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Zusammenfassung 

Künstliche Nanomaterialien eignen sich aufgrund ihrer winzigen Größe und 
der damit verbundenen interessanten Eigenschaften für zahlreiche biologische 
und medizinische Anwendungen. Die Wechselwirkungen auf zellulärer Ebene 
hängen von einer Vielzahl unterschiedlicher Faktoren ab. Um die Wirksamkeit 
und Toxizität von Nanopartikeln einschätzen zu können, ist es notwendig, ihre 
zelluläre Aufnahme, ihren intrazellulären Transport und letztendlichen intrazel-
lulären Verbleib sowie die durch sie ausgelöste Zellantwort zu verstehen. Die 
genannten Faktoren werden ihrerseits von den physikalisch-chemischen Parame-
tern des eingesetzten Nanomaterials wie z.B. Größe, Oberflächenchemie, Ober-
flächenladung und Elastizität beeinflusst.  

Durch Fluoreszenzmikroskopie lassen sich mit einer Vielzahl kommerziell er-
hältlicher, fluoreszierender Reporterfarbstoffe viele zelluläre Funktionen abbil-
den und auswerten. Zur bildbasierten Quantifizierung von Zellmerkmalen (engl. 
Image Cytometry) eignen sich Computer-basierte Algorithmen sehr gut, da Ver-
fälschungen durch die subjektive Wahrnehmung und Beobachtungsperspektive 
des Experimentators vermieden werden können. Diese im folgenden als Digital 
Image Cytometry bezeichnete Methode profitiert von automatisierter Mikrosko-
pie, da eine große Anzahl von Zellen abgebildet werden muss, um in der Lage zu 
sein, einzelne Populationen zu identifizieren und statistisch aussagekräftige Re-
sultate zu erzielen. 

Diese Methode wurde in der vorliegenden Arbeit zur Untersuchung der 
Auswirkung von plasmonischen Gold-Nanopartikeln (Au NP) auf die Morpholo-
gie und die Lebensfähigkeit von menschlichen Endothel- und Epithelzellen 
(HUVEC- und HeLa-Zellen) angewandt. Die verwendeten 4-5 nm großen Au NP 
sind mit Polymethacrylsäure umhüllt und ihre physikalisch-chemischen Eigen-
schaften sind nahezu vollständig beschrieben. Mehr oder weniger identische 
Gold-Nanopartikel sind bereits in mehreren zuvor durchgeführten und entspre-
chend dokumentierten Studien eingesetzt worden und bieten interessante An-
wendungsmöglichkeiten im biomedizinischen Bereich. Die verwendeten Gold-
Nanopartikel werden nach der Aufnahme in intrazellulären lysosomalen Struk-
turen angereichert. Als Ergebnis des ersten Teils der Arbeit lässt sich eine signi-
fikante Auswirkung der eingesetzten Nanopartikel auf die Morphologie von Mi-
tochondrien und Lysosomen sowie auf die Struktur des Aktinzytoskeletts und 
insbesondere auf die Teilungsfähigkeit der Zellen (Proliferationsfähigkeit) be-
obachten. Bemerkenswert ist die Tatsache, dass die dafür ausreichende Dosis 
um ein bis zwei Größenordnungen geringer ist als diejenige, bei der akute Zyto-
toxizität und erhöhte Werte von reaktiven Sauerstoffspezies (ROS) gemessen 
werden. 

Der zweite Teil dieser Arbeit beruht auf Untersuchungen des Endozytose-
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Vorgangs von Polymer-Mikrokapseln. Diese stellen ein interessantes Trägersys-
tem dar, um Wirkstoffe in das Zellinnere zu transportieren und dort freizuset-
zen. Nach der Aufnahme durch Lipid Raft-vermittelte Phagozytose durchlaufen 
die Kapseln eine intrazelluläre Kaskade von immer azidischer werdenden 
Vesikeln. Durch das Einbringen eines pH-sensitiven Fluoreszenzfarbstoffs in die 
Kapseln kann ihr Aufnahmevorgang mittels der damit assoziierten Ansäuerung 
zeitaufgelöst abgebildet werden. Die Kinetik des Ansäuerungs-prozesses hängt 
dabei maßgeblich von der Elastizität der Kapseln ab. Weiche Partikel mit hoher 
Elastizität werden schneller in Lysosomen transportiert als weniger elastische. 
Außerdem wird mit diesem Sensorpartikelsystem die Relevanz der V1G1-
Untereinheit der an der Ansäuerung lysosomaler Vesikel beteiligten vakuolären 
ATPase verifiziert. 
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Abstract 

Due to their small size and related interesting properties, artificial nanoma-
terials are utilized for a great number of biological and medical applications. 
Cell entry routes, intracellular trafficking and processing of nanoparticles, which 
determine their fate, efficiency, and toxicity, are depending on various parame-
ters of the specific nanomaterial, such as size, surface charge, surface chemistry 
and elasticity. Nanoparticle-cell interactions are typically elucidated by means of 
fluorescence microscopy. Cell functions can be observed by a multiplicity of 
commercially available probes. For the quantification of cell features from    
images (image cytometry), computer-based algorithms are favoured to avoid 
bias introduced by the subjective perception of the observer. By applying high 
throughput microscopy in combination with digital image cytometry the   
screening of high numbers of cells is made possible. With the large quantity of 
obtained data, cell populations can be identified and, in general, results that are 
statistically meaningful are obtained. 

In the first part of this work this method is applied in order to examine the 
cellular responses upon exposure to plasmonic poly(methacrylic acid)-coated 
gold nanoparticles (Au NPs) with respect to morphology and viability of human 
endothelial and epithelial cells (HUVECs and HeLa cells). Au NPs of 4-5 nm 
size were chosen which had been thoroughly characterized in terms of their 
physico-chemical parameters. These particles bear interesting properties for bi-
omedical applications and, for several years, have been in the focus of research. 
In this work significant impacts on mitochondrial and lysosomal morphology 
upon exposure to the Au NPs are reported. The alteration of the structure of 
the cytoskeleton and a dramatically reduced proliferation are described. Inter-
estingly, the smallest dose inducing the described cellular responses was of one 
or two magnitudes lower than those, where acute cytotoxicity and an increase in 
the production of reactive oxygen species (ROS) were observed.  

In the second part the process of endocytosis of polymer capsules is 
examined. These systems are seen as a promising tool for intracellular cargo 
delivery and release. After lipid raft-mediated phagocytosis, the capsules are 
transferred from the neutral extracellular medium to increasingly acidic 
intracellular vesicles. By embedding a pH-sensitive fluorescent dye into the 
cavity of the capsule the uptake process and the associated acidification can be 
monitored time-dependently. It is demonstrated that the kinetic of the 
acidification process strongly depends on the stiffness of the capsules. Soft 
particles with minor stiffness are transported faster into lysosomal structures 
than stiffer ones. Additionally, these sensor particles are used to confirm the 
importance of the V1G1-subunit of the vacuolar ATPase being responsible for 
vesicle acidification. 
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1. Introduction 

Nowadays nanotechnology is everywhere. Engineered nanomaterials can be 
found in everyday products but also in cutting-edge technology. Since the mid 
80’s, when the term “nanoparticle” (NP) first appeared, a completely new 
branch of science emerged. New tools were developed which allowed the       
systematic organization and manipulation of matter on the nanometer length 
scale. Today, nanomaterials are in the focus of research in several disciplines,        
including the application in molecular biology and medicine.[1–3]  

Being reduced to several nanometers the physico-chemical properties of  
matter change. This can be related to the following aspects: (i) Surface-
dependent properties of the bulk material such as chemical reactivity, soil-
repellant features, or surface conductivity are becoming more dominant due to 
the dramatically increased surface-to-volume ratio. (ii) Size-dependent effects 
become visible, detectable for instance as superparamagnetism. (iii) Quantum 
mechanical properties are altered which can result in new optical characteristics, 
for example size-dependent changes in the absorption/emission spectra.[1,4,5] 

Apart from interesting physico-chemical features for material sciences, 
nanomaterials bear superior properties for biomedical applications. They are 
small enough to be internalized by eukaryotic cells and can be targeted by sur-
face modifications or external stimuli to some degree.[6–8] Superparamagnetic   
nanoparticles (e.g. from iron oxide) and plasmonic nanoparticles (e.g. from gold) 
can both be applied for hyperthermia, but due to different underlying         
phenomena.[9–12] With magnetic nanoparticles energy from alternating magnetic 
fields is converted into heat while plasmonic NPs convert UV/visible light into 
heat radiation. Apart from that, luminescent NPs, such as quantum dots (QDs), 
are suitable for labeling or tracking purposes in molecular biology and medical 
diagnosis. This is due to their excellent optical characteristics, such as narrow 
emission/excitation bands or high photostability.[13–15] In addition, nanoparticles 
are utilized for intracellular sensing and delivery,[16–18] and researchers are trying 
to target diseases such as cancer or Alzheimer’s disease.[19–21] 

Although nanoparticles are already applied in vivo since the early 90’s, the 
interactions with biological systems are not entirely understood on the single 
cell level so far. During the last decade, huge efforts were spent to unravel the 
dependency between endocytic uptake and several parameters of the nano-
particulate material, such as size,[22,23] shape,[24] surface charge/chemistry[25–28] or 
stiffness[29–31] in vitro. Although this led to an improvement in the general under-
standing, most studies are lacking comparability, as the experimental conditions 
are extremely diverse. This applies to the selection of cells, the exposure      
conditions, different assay endpoints, or low significance of the studies carried 
out. Also, difficulties are the result of to the almost continuous creation of more 



Introduction 

2 
 

and more different nanomaterials and the fact, that the area of 
bionanotechnology is very interdisciplinary.[18]  

Generally, once suspended in biological fluids, proteins and other biomole-
cules are adsorbed on the nanoparticle surface forming a layer called protein 
corona. It is assumed that the biological identity of the NP and the interaction 
with cells are defined by this corona.[32–34] Upon cellular internalization, which 
typically happens through energy-dependent endocytic pathways, NPs are most-
ly transported to lysosomes (degradative intercellular organelles), where they 
are enriched.[27,28,35,36] Regarding in vitro experiments lysosomal accumulation is 
often accompanied by increasing cytotoxicity.[28,37] In animal models accumula-
tion of NPs was observed mainly in the liver, spleen, and kidneys.[38–40] 

 
Cytometry describes the measurement of cell properties. Nanoparticle-cell  

interactions are commonly studied with microscopy-based methods. The method 
of determining characteristics of cells from microscope images is referred to as 
image cytometry. Many nanomaterials are intrinsically fluorescent or are de-
signed to be functionalized easily with fluorescent dyes. Hence, fluorescence mi-
croscopy or variants of this method are typically used for imaging. Biological 
systems can have complex architecture, but the building blocks, i.e. individual 
cells, appear to be rather similar, as the same substructures (i.e. nucleus, outer 
plasma membrane, cytoskeleton, mitochondria, certain vesicles, etc.) can be 
found inside most of them. All of these unique substructures have unique   
properties (e.g. specific architecture or certain constituents). Based on these 
properties they can be recognized within any cell and thus, if stained and     
imaged appropriately, in any image representing a cell. Therefore, a visual  
model can be created, which describes how a cell, which was treated with cer-
tain dyes or exhibits certain fluorescent patterns, typically appears on a micro-
graph. Based on this model a computer is now able to “see” and identify any cell 
being similar to the proposed model, including its constituents. As a result, the 
examination process can be automated. The computer-aided process of assessing 
cell properties is referred to as digital image cytometry in the following. This 
kind of image analysis is not reflecting the subjective perception of the experi-
menter any more. Additionally, the analysis process is much faster and the 
number of analyzable cells is dramatically increased, together with the statisti-
cal significance of the obtained results. 

This principle of digital image cytometry is utilized in high content analysis 
(HCA)1. HCA is used to describe the screening and examination of thousands of 
cells (“content”) in microscope images generated usually by automated micro-
scopes in high throughput. HCA is mostly applied in biotechnological research, 
drug discovery, and in the workflow of pharmaceutical industry. It is either used 

                                                 

1 also referred to as high content screening (HCS) 



Introduction 

3 
 

to identify substances that trigger desired cellular responses, or for assessing 
cytotoxicity in vitro.[41–43] Generally, it is regarded as a “multiparametric interro-
gation of cellular processes in any format”.[41] Important research fields where 
HCA-based assays were employed, are for instance neurobiology[44,45], 
oncology[46,47], cell signalling[48,49], or target identification and validation.[50,51]  

In basic research in the field of nanobiotechnology, multiparametric re-
sponse- and cytotoxicity studies are needed to be able to fully correlate cell 
functions with the parameters of the deployed nanomaterial in a systematic 
manner. Remarkably, such questions can often be answered with one HCA-
based approach by multiplexing different assays with fluorescent probes spread 
across the visible spectrum.[41] In addition, this knowledge may help to estimate 
health and environmental hazards upon disposal of and exposure to certain po-
tentially toxic nanomaterials.  

 
So far, several published studies can be found utilizing HCA in a broader 

context for assessing nanoparticle-cell interactions: An extensive work about the 
cytotoxicity of cationic and anionic amine-modified polystyrene NPs 
(dh ≈ 50 nm)2 including seven different cell lines3 was performed by Anguissola 
et al. The analysis of the HCA data revealed that for cationic NPs, first (in 
terms of lowest concentration of NPs) lysosomal alkalinization occurs, which is 
followed by the loss of mitochondrial membrane potential, nuclear condensation, 
the increase of cytosolic calcium levels, and finally the disturbance of the 
integrity of plasma membranes. The effects were observed in a certain order but 
at similar concentrations, where viability (in terms of cell count) was decreased. 
For anionic particles these effects could not be observed in the investigated 
range of NP-concentrations.[28]  

Similarly, but less well-performed, cellular responses were assessed upon ex-
posure to L-cysteine-stabilized Au NPs4 and 3 nm-sized cadmium telluride 
(CdTe) quantum dots using HCA by Jan et al. Interestingly, cellular prolifera-
tion and mitochondrial membrane potential were already reduced at concentra-
tions almost two orders of magnitude lower (≈ 1 nM) than those where acute 
cytotoxicity was observed (> 50 nM) in terms of reduced cell count and loss of 
plasma membrane integrity.[52]  

The cellular effects of gold nanoparticles were also investigated by Soenen et 
al. They reported that exposure to poly(methacrylic acid)-coated NPs of 4 nm 
in diameter and concentrations above 50 nM reduced cellular viability, cell size, 
cell proliferation, and differentiation in endothelial cells. Additionally, neurite 
outgrowth was impeded in neural progenitor cells. Furthermore, deformations in 

                                                 

2 dh = hydrodynamic diameter 
3 1321N1, SH-SY5Y, Raw267.4, A549, hCMEC, HepG2, and HEK293 cells 
4 Jan et al.[52] did not provide any further characterization in their work 
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the actin and tubulin cytoskeleton were observed.[53]  
Solmesky et al. utilized HCA for studying the toxicity of lipid-based nano-

particles in fibroblasts (dh ≈ 100 nm) depending on the nanoparticle surface 
charge at physiological pH.[54] Several parameters were assessed including via-
bility, proliferation and morphological changes of mitochondria. Cationic nano-
particles turned out to be the most cytotoxic in terms of cell viability, which is 
also in line with previous findings.[25,55] In addition, a decrease in mitochondrial 
elongation was observed.[54]  

These studies were selected because the benefits of the application of HCA, 
and such the benefit of digital image cytometry, are comprehensively de-
monstrated. Especially in the first article, the authors could reconstruct the cel-
lular mechanisms, which eventually lead to cell death upon exposure to nano-
particles, in a very systematic manner.[28]  

1.1. About this Thesis 

Similar to industrial processes, many experimental tasks in the laboratory 
can be simplified or handled more efficiently by computer-based automatization. 
In particular, this applies to data processing as no complex machinery is re-
quired. In this work, it is described how the application of digital image 
cytometry can help to investigate the interaction of nanomaterials with cells, as 
well as, possibly answering many questions in this regard. From the point of 
computer science, this includes the application of autonomous image acquisition 
with automated microscopes, subsequent image processing of multidimensional 
data sets, identification of relevant structures (segmentation), measuring and/or 
tracking of certain properties, and finally data evaluation including the repre-
sentation of the results. Many experiments involving imaging of biological   
samples can be set up in such a way that enables fast and efficient processing 
later on. Ideally, due to the bunch of different parameters generated by      
computer vision-based image analysis, more image details are accessible and 
more features can be quantified to draw statistically sound conclusions. In com-
parison to manual methods the throughput is dramatically higher.  

 
This work is based on several studies with different focuses (Publications, 

§ 6), which are already published or close to publication. They are dealing with 
cellular responses to nanoparticles and endocytic pathways of polymer-based 
sensor microcapsules. To create a coherent presentation of the results, the con-
tent of these studies is reassembled with respect to the application of digital 
image cytometry. It is illustrated how this technique can be used to study up-
take rates, intracellular transport, and cellular responses to nanomaterials quan-
titatively. Formally, this thesis is a cumulative work.  

In the second chapter the concept of digital image cytometry is introduced, 
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involving the prerequisites for the experimental design, image acquisition, image 
processing, image segmentation, and feature extraction. In the next chapter the 
cellular responses upon exposure to gold nanoparticles are addressed, which 
were investigated with this technique. Here, especially the detection of altera-
tions in cellular/subcellular morphology is described. Finally, in the fourth 
chapter, the usage of polymer microcapsules for the exploration of the cellular 
endocytic machinery in a wider context of image cytometry is explained.  
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2. Digital Image Cytometry 

In digital image cytometry, measurements of cell properties are derived from 
microscopic images (in 2D or 3D) by applying algorithms. This approach is 
closely linked to computer vision, as the automatic recognition (segmentation) 
of individual cells is required. All cellular features with unique morphometric, 
densiometric or textural properties can be investigated provided that their    
imaging is possible.[56,57] In combination with high-throughput microscopy, valu-
able data sets containing profiles of thousands of individual cells can be ob-
tained within a short time. Digital image cytometry is the basis for high content 
analysis, which is used in biological research and drug discovery, to identify sub-
stances altering the cellular phenotype in a desired manner.[41,43] 

Comparing the results from image cytometry with classical flow 
cytometry/imaging flow cytometry[58], discrepancies are present when applying 
the two techniques to similar cell samples.[59,60] In the case of flow cytometry, 
fluorescence-labeled cells pass a laser beam one by one. From the momentary 
pulse of emitted photons caused by single cell-crossing events the amount of 
fluorescence can be used to correlate the labeling efficiency with cellular func-
tioning. Differences may be caused by the fact that the imaging conditions are 
completely different and thus, the results have to be carefully normalized to be 
comparable in absolute values. 

The main advantage of imaging cytometry is the usage of digital microscopy 
and therefore the capability to “look into the cell” with high spatial resolution. 
Hundreds of parameters can be quantified which are not accessible by classical 
flow cytometry. Finally, the capability to analyze time-lapse image data lends 
itself to observations of the evolution of certain parameters over time, by follow-
ing individual cells during movement or tracking particles during cellular up-
take.[41,43] 

2.1. Requirements 

Digital image cytometry is typically performed on image sets gathered by 
fluorescence microscopy, as this microscopy technique allows for visualizing spe-
cific structures exclusively. However, for automated computer vision, it is man-
datory to additionally obtain information of features of the cellular framework 
for cell identification (Image Segmentation, § 2.4).  

In conventional absorption light microscopy, image contrast is generated by 
an inhomogeneous absorption or scattering profile of the specimen, which can be 
altered by introducing dyes. Distinct structures are only capable of being dif-
ferentiated in case they bear different optical properties. All colors are usually  
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registered in the same image. In contrast, in fluorescence microscopy structures 
of interest are fluorescently labeled with dyes emitting at different wavelengths 
upon excitation. The fluorescence, i.e. the photon counts originating from spe-
cific cellular structures, is registered in different channels depending on the 
wavelength. The absolute fluorescence intensity is ideally proportional5 to the 
amount of introduced dye, which, in turn, scales with the concentration of the 
labeled structures or the internalized fluorescent nanomaterial.      

2.1.1. Visualizing the Cell 

Fluorescent molecules can be specifically introduced into cells by selecting 
one method out of a great number of various established ones. Thereby, live-cell 
imaging requires different approaches in contrast to the observation of fixed 
(preserved) cells. For live-cell imaging cells can be transfected (i.e. modifying 
the genetic information) to induce transient or stable expression of fluorescent 
proteins linked to target structures.[61] As another approach, several fluorescently 
labeled compounds are commercially available, which can penetrate the outer 
cellular membrane and can either bind selectively to cellular organelles, or are 
enriched within intracellular environments being characterized by a low pH (e.g. 
lysosomes) or enhanced membrane potential (e.g. mitochondria). Immunofluo-
rescence describes the usage of fluorescently-labeled antibodies to identify cer-
tain antigens in a very specific manner.[62] As antibodies cannot penetrate the 
outer cellular plasma membrane due to their large size (around 160 kDa), only 
antigens which are presented on the outer cellular plasma membrane are detect-
able in live-cell imaging. Nonetheless, for fixed tissue, immunofluorescence is a 
widely used method, as cellular plasma membranes can be permeabilized by de-
tergents, which facilitate the use of antibodies.[63]    

2.1.2. Nanomaterials 

The interaction of nanomaterials with cells can either be measured directly 
(e.g. by tracing materials with fluorescent markers) or indirectly by studying 
cellular responses upon exposure. In image cytometry both approaches can be 
combined. Relative uptake rates can be determined, nanoparticle transport can 
be examined by correlating their fluorescence patterns spatially with the intra-
cellular distributions of specific cellular structures (direct approaches), and in 
addition, changes in cellular morphology and functioning can be investigated 
(indirect approach). 

                                                 

5 depending on the optical properties of the fluorescent complex and the instrumentation. 
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2.2. Image Acquisition and Image Resolution 

The value of the data which are obtained by image cytometry, is strongly 
dependent on the capabilities of the optical system used for imaging. For   
meaningful interpretations of the results, one has to be aware of the capabilities 
and limits of the image acquisition system. Unfortunately, a perfect visual copy 
of the fluorophore distribution inside a specimen cannot be obtained. Every im-
age obtained with an optical system without super-resolution capabilities is 
blurred due to the system’s characteristic point spread function (PSF). The PSF      
describes how a single point source is seen by the detector in any optical system, 
influenced by the diffraction-limited nature of photon propagation. 

Due to the relatively large spatial dimension of the PSF regarding a 
widefield fluorescence microscope, images acquired from any fluorophore in the 
specimen are blurred because many undesired photons from unfocussed optical 
sections are included. Hence, the detection volume in such a system can hardly 
be quantified.  

This problem can be circumvented by acquiring several optical slices around 
the desired axial position. Subsequently, the blur is reassessed to its origin (lo-
cation of the fluorophore) to inverse the effects of the PSF by means of numeri-
cal deconvolution of the image stack.  

 
Figure 2.1: Point spread function (PSF) and light path of a confocal laser 
scanning microscope. A: Cross-section of a three-dimensional PSF at y = 0 (left) 
and top-view of the same slice in the focal plane (z = 0). The detection volume is 
shaped as a rotational ellipsoid. B: Illustration of the light path inside a confocal laser 
scanning microscope. By adjusting the diameter of the confocal pinhole, ideally, only 
the first main maximum (red) of the PSF (shown in A) is detected with a confocal la-
ser scanning microscope to ensure a high depth of sharpness. A was taken from [64]; B 
was taken from [65]. 

In a confocal laser scanning microscope (cLSM) the light not originating 
from the focus is suppressed, in contrast to a conventional widefield microscope. 
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Firstly, due to higher detection sensitivity (use of photomultipliers instead of 
CCD cameras), fluorophore-excitation outside of the focus is minimized by de-
creasing the illuminating light intensity. Secondly, photons which do not origi-
nate from the axial position defined through the focal plane, are depleted by a 
small pinhole within the emission light path. Thereby, only the central part of 
every fluorophore’s PSF is “cropped” and additional axial resolution is gained. In 
such a setup, the recorded signal behind the pinhole is influenced by the illumi-
nation and the detection pathway. Both contribute to blur due to the combined 
effects of the PSFex, characterizing the illuminating light path of the instrument 
and the PSFem of the optical path of the detection setup. If the dimensions or 
the full width at half maximum of the PSFex is larger, but in the same range as 
the PSFem, then the resolving capability is governed mainly by the lateral and 
axial size of the PSFex and can be approximated as stated in Eq. 2.1 and Eq. 
2.2.[66] 

 = 0.51
 Eq. 2.1     

 

 
= 0.88 − √ −  Eq. 2.2     

Here, λex is the excitation wavelength, n corresponds to the refractive index 
of the surrounding medium, and NA is the numerical aperture of the used objec-
tive. The thickness of a single optical slice (dslice), i.e. the slice which is con-
tributing to one single image, can be estimated with the full width at half max-
imum of the PSFem (Eq. 2.3).[65] 

 

 
= + √2

 Eq. 2.3     

In Eq. 2.3, raxial was calculated based on Eq. 2.2, dpinhole is the back-projected, 
object-related, diameter of the confocal pinhole (i.e. the size of the pinhole as 
seen in the focal plane), n corresponds to the refractive index of the surrounding 
medium, and NA is the numerical aperture of the used objective. 

Due to their small size classical optical imaging of nanomaterials is strongly 
limited by diffraction. In widefield or confocal laser scanning microscopy the 
integrated fluorescent intensity originating from a certain volume can be used to 
calculate intracellular concentrations, although distinct nanostructures might 
not be resolvable when lying adjacent to it. The fluorescence readout of 
nanomaterials equipped with sensing capabilities can often be used to character-
ize their intracellular environment. This often correlates with their intercellular 
location, although imaging is limited by diffraction.[67] 
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2.3. Image Processing 

For image segmentation (Image Segmentation, § 2.4), uniform datasets are 
required. Therefore, appropriate handling of artifacts originating either from the 
optical imaging itself or from the digitizing of the underlying signals, is needed 
to minimize intensity non-uniformities. Possible error sources have to be identi-
fied and considered during image restoration. In case of confocal fluorescence 
laser scanning microscopy, images are only slightly blurred by out-of-focus in-
formation, but suffer from non-uniform illumination and noise.[68] In the latter 
case, especially Poisson-distributed shot noise originating from photon detection 
at low count rates is unavoidable. Examples of methods correcting for non-
uniform illumination are (i) the morphological opening of the corresponding im-
age for background extraction, (ii) the subtraction of a blurred version of the 
image from the original one, or (iii) the adaption of a parameterized surface or 
grid of cubic splines6 to the image and normalization of the intensity values 
based on the computed fit (Figure 2.2).[69,70] All methods have advantages and 
disadvantages; especially the first approach requires knowledge about the size 
distribution of the structures to be segmented. Image restoration regarding shot 
noise is typically performed by deconvolution or filtering.[69,71] Noise reduction by 
deconvolution typically yields better results. While working with large image 
sets this approach requires excessive computational time and hence, Gaussian 
smoothing or especially median filtering is often favored.     

 
Figure 2.2: Correction of image non-uniformities due to misaligned illumi-
nation. A: Fluorescence microscope image showing human cervical cancer cells 
(HeLa) cells with internalized microcapsules (green, red) and non-uniform background 
in the transmission channel. B: Spline-surface fit to the background. C: Corresponding 
image after background subtraction. This Figure was created by the author for the pur-
pose of illustration. 

                                                 

6 Splines are piece-wise defined polynomial functions.  

A

20µm
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2.4. Image Segmentation 

By means of image segmentation, a digital image is partitioned into its   
constituent regions to locate objects or certain patterns. Starting from early age, 
the visual cortex in our brain is trained to identify and allocate objects in the 
image stream generated by our visual system. Although the human brain can 
easily recognize the boundaries of an individual cell inside tissue under the mi-
croscope, segmentation remains the most difficult task in computer vision.[69] For 
each segmentation problem, the image constituents are modeled (e.g. stained 
nuclei are bright and round). Based on this model, the segmentation algorithms 
are selected. In the following paragraphs several segmentation methods most 
often used are briefly introduced. For practical application in image cytometry, 
a combination of several segmentation methods is typically used in combination 
with morphological image processing based on the theory of mathematical mor-
phology. The latter case comprises the application of non-linear operations 
which alter shape (shrinking/expanding) or morphology (hole-filling, gap-
closing, intersectioning) of features in an image.[69]  

 
Figure 2.3: Segmentation by thresholding. A, B: Different thresholds were ap-
plied to a fluorescence image showing cell nuclei. C: Histogram in logarithmic scale of 
the fluorescence image shown in A and B with the corresponding thresholds. This Fig-
ure was created by the author for the purpose of illustration. 

2.4.1. Thresholding 

In the simplest case, image structures of interest (for instance particles or 
cell nuclei) are well-separated and brighter than the background. Segmentation 
is performed by finding all connected components brighter than a suitable 
threshold (Figure 2.3). Uniform image datasets are favored where all images 
were acquired under exactly the same conditions, and one global and manually-
set threshold can be used to segment all structures of interest. For more com-
plex problems several approaches exist in literature to determine appropriate 
thresholds locally.[72] Clumped objects are not separated by thresholding. 
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2.4.2. Watershed Segmentation and Voronoi-Based Approaches 

Confluent cells, for instance, are clustered and can barely be divided and 
segmented by thresholding (Thresholding, § 2.4.1). For such complex structures, 
watershed segmentation[73,74] or Voronoi-based segmentation[75] has been proven 
to be very useful. Depending on the staining, cells are typically (i) less intense 
at the borders in comparison to the average intensity at the perinuclear region 
or the opposite is true where (ii) cell outlines show a strong contrast and bright 
intensity. The first case is obtained when staining the cytoplasm, whereas a 
more inhomogeneous pattern is typically achieved after application of cyto-
skeletal stains. In the latter case especially ruffles along the outer membrane are 
highlighted. 

 
Figure 2.4: Segmentation of cells. A-C: Two channels of a fluorescence image of 
fixed HeLa cells stained with Hoechst 33342 (nuclei, blue channel, A), and with fluores-
cently labeled wheat germ agglutinin (plasma membrane, green channel, B). The over-
lay of both channels is shown in C. D: The result of seeded (seeds were obtained from 
the coordinates of the nuclei shown in A) watershed segmentation on a Sobel-filtered 
(edge enhanced) version of the image shown in B. E: Voronoi diagram[76] based on the 
positions of the nuclei. F: Voronoi-based segmentation as described by Jones et al.[75]. 
For comparison, corresponding objects in E and F are shaded and objects touching the 
border are not outlined. This Figure was created by the author for the purpose of illus-
tration. 

“Watershedding” requires a gradient intensity towards the object borders. 
Thereby, when image intensity is interpreted as topographic relief, cells can be 

A B C

D FE
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thought of as mountains separated by valleys in such an intensity landscape.    
Watershed segmentation can be imagined as submerging the “image landscape” 
in water, i.e. filling all local minima, and creating boundaries along the lines 
where different water sources meet in case the water gauge is increased locally 
and different catchment basins are going to be connected.[73,74] Direct application 
of the watershed algorithm, as sketched above, leads to oversegmentation (de-
tection of an erroneous high number of separated regions) due to noise and local 
gradient irregularities.[69] In digital image cytometry this problem is normally 
solved by providing the algorithm with “seeds” based on the coordinates of 
unique cellular structures from a parallel image. In case nuclei are stained, they 
serve as superior markers (“primary objects”), usually being well-separated and 
easily segmentable by applying a global threshold (Figure 2.4, D).  

Voronoi-based segmentation also requires a set of primary objects limiting 
the number and constraining the position of potential “secondary objects”. For 
each seed a discretized approximation of its Voronoi region7 (Figure 2.4, E-F) is 
calculated on a manifold with a metric controlled by local image features.[75] 

2.4.3. Shape-Based Segmentation 

For segmentation of objects which are either not separated by less intense 
borders or, when no markers are provided, the inclusion of additional features 
into the segmentation model is required in order to transform the image struc-
tures into other ones, which can be segmented by simple peak-finding algo-
rithms.  

The Hough transform is a feature extraction technique which can be used to 
emphasize structures of any shape.[69,77] In the case of analytically describable 
shapes, such as lines or circles, a weight is assigned to each pixel of an image, 
which can be seen as the “probability” of being the origin of an earlier defined 
parameterized pattern.  

For the detection of circular structures (circle Hough transform, CHT) for 
example, the sum of pixel intensities along a circle of radius r around each pixel 
pxi is calculated for each pixel, yielding the two-dimensional so-called “accumu-
lator matrix”. In this representation, pixels, which are the origins of circular 
structures of radius r in the original image, appear as bright spots (Figure 2.5). 
By finding the coordinates of the local maxima in the accumulator matrix, cir-
cular structures are registered. In most cases the last task requires additional 
post-processing and filtering to suppress unwanted side lobs. The CHT is ex-
tremely helpful to segment spherical particles in microscopic images which nei-
ther show a peak with Gaussian intensity distribution, nor occur in clusters, nor 
are aggregated (Figure 2.5). By extending the CHT algorithm the identification 

                                                 

7 Voronoi diagrams describe a distance-controlled partitioning of a plane into regions based 
on seeds, cf. Figure 2.4, E.[76] 
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of circular objects bearing different sizes is possible (e.g. fluorescently labeled 
polymer capsules, § 4.1), cf. Figure 2.6.  

 

Figure 2.5: Circle Hough transform. A: Noisy fluorescence image of hollow and 
aggregated microcapsules. B, D: Accumulator matrix return from a classical circle 
Hough transform for circles with d = 4.2 µm. C, E: Accumulator matrix obtained from 
a modified algorithm (Figure 2.6) for identification of center coordinates for capsules 
with d < 7 µm. For registration of the different images one capsule is highlighted with 
an arrow. This Figure was created by the author for the purpose of illustration. 

 

 

Figure 2.6: Diameter-detecting, modified circular Hough transform. A: In 
fluorescence micrographs, hollow microcapsules appear as circular objects with in-
creased intensity along the shell. By determining the integrated intensity I along a do-
nut or radius r and thickness Δr for each pxi the function I(r, Δr) is obtained. When 
“finding” a shell with origin at pxi and radius rC, I(rC) is strongly increased. B: I(rC) is 
assigned to the accumulator matrix (Figure 2.5, E). C: Coordinates and radius rC of 
the detected structure are obtained. This Figure was created by the author for the pur-
pose of illustration. 
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Figure 2.7: Example for densiometric features extraction. Illustration of the 
image processing steps to obtain the densiometric feature ”integrated intensity” of na-
noparticles associated with cells (objects) imaged in an additional fluorescence channel. 
A-B: For Voronoi-based cell segmentation images of the nuclei (stained with 4’,6-
diamidino-2-phenylindole, DAPI, blue) and of the outer plasma membrane (stained with 
AlexaFluor488-labeled wheat germ agglutinin, WGA-AF488, yellow) were used. C: As-
sociated red fluorescence signal of internalized nanoparticles. D: Results of the seg-
mentation procedure. At the bottom, the line intensity profile of the plasma membrane 
stain along the dashed line is shown. E: Shapes of the obtained cell objects. At the bot-
tom the line intensity profile of the cell objects along the dashed line is shown and cell 
#20 and #29 are highlighted. F: Overlay of cell object outlines and nanoparticle signal. 
The integrated nanoparticle intensity IInt is calculated per cell (densiometric feature) 
and assigned to the corresponding object. In general, the integrated intensity is propor-
tional to the total amount of a fluorescent compound per object. Thus, in this case, the 
integrated nanoparticle intensity IInt can be related to the total uptake of nanoparticles. 
For each cell object, IInt is calculated as the mean NP intensity <I> per cell × the area 
of each object. For clarification in 1D the total uptake IInt along the line profile would 
be determined as the object length d times the mean NP intensity <I> within the   
corresponding object (example calculation for cell #20: IInt,C20 = <IC20> · dC20 = 47.6 
NP intensity units/µm-1). This Figure was created by the author for the purpose of il-
lustration and can also be found in Pelaz et al.[83]  
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2.6. Feature Correlation 

Different approaches exist, to investigate the spatial arrangement of intra-
cellular structures from fluorescence microscope images. With the measures in-
troduced below, the degree of co-localization of different patterns being captured 
in two different fluorescence channels, can be quantified (Table 2.3).[84]  

2.6.1. Intensity-Based Correlation 

Pearson’s correlation coefficient Rr can be used to determine the similarity 
of two patterns. In the context of digital image cytometry, Rr (Eq. 2.4) can be 
calculated based on the patterns visible in two distinct fluorescence channels 
either per image or per underlying cell object (in case statements regarding dif-
ferent cell populations are needed). Pearson’s correlation coefficient is defined as 
the covariance of the intensity values of the two patterns divided by the    
product of their standard deviations and is widely used in pattern recognition.[69] 

 = ∑( − ) ∙ ( − ̅)∑( − ) ∙ ∑( − ̅) ∈ −1,1  Eq. 2.4     

Considering two fluorescent channels R and G, then Ri or Gi, respectively, is 
the intensity of the ith voxel while  and ̅ are the mean values of all voxel in-
tensities in the corresponding channel. A positive value for Rr indicates a high 
degree of co-localization or high pattern similarity, while negative values indi-
cate exclusion. As the average image intensities are included, this coefficient is 
only slightly biased by different background levels of the two images.[84] If the 
correction for the average image intensities is not performed (e.g. to compare 
different labeling efficiencies), then Manders’ co-localization coefficient M (Eq. 
2.5) is obtained.[85] 

 = ∑( ∙ )∑ ∙ ∑ ∈ 0,1  Eq. 2.5     

2.6.2. Object-Based Correlation 

In object-based correlation, the spatial arrangement of objects in two dis-
tinct channels is analyzed. Therefore, firstly, both images need to be binarized 
by an appropriate segmentation routine (e.g. thresholding) before calculation of 
either Rr or M. Still, the underlying intensity values of the objects can be used 
as weightings.  

In cases of asymmetrical co-localization (Table 2.3, Example 4) where Pear-
son’s or Manders’ coefficients are less meaningful, the use of Manders’ distinct 
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2.7. Object Tracking and Digital Video Analysis 

Trajectories of individual objects can be extracted from time-lapse fluores-
cent micrographs by digital video analysis.[86] The time evolution of the distribu-
tion of objects (Eq. 2.8) can be used to determine the progression of certain fea-
tures associated with the objects over time on the level of individual objects 
(e.g. cells or particles). 

 ( , ) = ( − ( )) Eq. 2.8     

In Eq. 2.8, ( ) represents the location of the ith object in a field of N par-
ticles at time t. In each frame in a sequence of video images, the objects’ coordi-
nates and corresponding features (Feature Extraction, § 2.5) are identified by 
segmentation (Image Segmentation, § 2.4). The trajectories ( , ) are produced 
by matching up locations in each image with corresponding locations in latter 
images. To link objects in two successive frames, the most probable set of N 
identifications between N locations in two consecutive images is required. Mod-
els of the underlying dynamics (e.g. Brownian motion for particles) are often 
considered to increase corrected linking of object coordinates. In addition, 
unique object features might be included into the probability calculations. Final-
ly, gap closing, merging and splitting steps are needed to correctly handle ob-
jects missing in certain video frames (i.e. out of focus).[81,86,87]  
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3. Cellular Responses to Nanoparticles 

Besides beneficial aspects of nanoparticle-uptake by cells, such as for the 
purpose of labeling, diagnosis, or cancer treatment[88,89], the exposure of cells to 
colloidal nanoparticles can also trigger concentration-dependent responses, in-
cluding harmful effects which ultimately leads to cell death.[90] For nanometer-
sized particles, the specific endocytic uptake mechanism strongly depends on 
physico-chemical parameters such as size, shape, surface change, elasticity, and 
surface chemistry.[91,92] In addition to external parameters, such as temperature, 
time, or the cell type used, the composition of their outermost hydrophilic shell 
is influencing the attachment of biological molecules in physio-logical environ-
ments, forming the so called nanoparticle protein corona. Thus, the particles are 
shielded and specific bare surface functionalities might not come into contact 
with membrane moieties. Due to this process the initial interaction of nanopar-
ticles with the outer plasma membrane may either be weakened due to charge 
screening by attached serum proteins or altered by possible ligand-receptor in-
teractions of specific proteins of the nanoparticle corona. Altogether, the corona 
determines the interaction of nanoparticles with cellular membranes, further 
uptake, and intracellular trafficking in physiological surroundings.[93,94] 

Here, the cellular responses to well-characterized gold nanoparticles (Gold 
Nanoparticles, § 3.2) were investigated in different studies.[36,40] The application 
of digital image cytometry is demonstrated exemplary, based on the work “Col-
loidal Nanoparticles Induce Changes in Cellular Morphology” by Ma & Hart-
mann et al.[36] Firstly, the cellular uptake efficiency was examined and secondly, 
the effect on morphology upon exposure to gold nanoparticles was studied in 
different types of cells and was related to the nanoparticles’ acute cytotoxicity 
in vitro. 

In addition in vitro uptake studies and investigations of the endocytic path-
ways of iron oxide and iron platinum nanoparticles were performed during this 
work.[27,67,83] As they are not directly comparable to gold nanoparticles, which are 
subject of most of the underlying publications, for detailed results in this re-
gards, the reader should refer to the Appendix.  

3.1. Endocytic Pathways 

Endocytosis describes the active transport of particles or molecules across 
the cellular plasma membrane. During this process, invaginations are formed 
along parts of the outer membrane in contact with the particulate material. By 
off-pinching, intracellular vesicles (endosomes) are formed containing the inter-
nalized molecules (Figure 3.1). Cellular nutrient supply and cellular shape and 
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containing vesicles are transported into the perinuclear region while their pH is 
lowered either by vacuolar H+-ATPases (V-ATPases), large multi-subunit com-
plexes being able to pump protons into the lumen of organelles or in the extra-
cellular medium,[106] or due to fusion with other vesicles of already much lower 
pH.[29,107] For functioning of a number of cellular organelles acidic pH is required 
and thus intracellular pH levels are highly regulated.[108] Acidification is funda-
mental for endosomal ligand-receptor dissociation, for proper functioning of hy-
drolases in lysosomes, for antigen-processing in immune cells, for neurosecretion, 
and for molecule sorting in the trans-Golgi network.[109,110]  

3.2. Gold Nanoparticles 

The gold nanoparticles (Au NPs) used in this context were obtained by fol-
lowing the Brust method[111] and rendered water-soluble by polymer coating with 
amphiphilic dodecylamine-modified poly(isobutylene-alt-maleic anhydride) 
(PMA) molecules. The hydrophobic dodecylamine side chains of dodecylamine-
modified PMA are intercalating with hydrophobic dodecanethiol ligands at-
tached to the nanoparticle surface. Water-solubility is provided by the hydro-
philic PMA backbone (Figure 3.3, A).[25,112–114] To visualize the particles with 
fluorescence microscopy, their shell was additionally functionalized with fluores-
cent dyes. 

 
Figure 3.3: Characteristics of PMA-coated Au nanoparticles. A: Scheme of a 
polymer-coated NP before phase transfer into aqueous solution. The hydrophobic 
dodecylamine side chains of dodecylamine-modified PMA are intercalating with hydro-
phobic dodecanethiol ligands attached to the nanoparticle surface. The thickness of the 
polymer shell is not sketched in scale. In water the maleic acid anhydride rings of the 
PMA backbone will open. B: Typical transmission electron micrograph of dried poly-
mer-coated Au NPs. C: Typical core size (dc) distribution. This Figure was adapted 
from Figure SI-II.1 taken from Ma et al.[36] 

Gold nanoparticles obtained analogously have been characterized well and 
are widely used in many laboratories for diverse applications within the last 
decade. The particles are colloidally stable with a narrow size distribution (4-
5 nm core diameter dc as derived from TEM images, cf. Figure 3.3, B-C, and a 
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hydrodynamic diameter dh of 10-14 nm determined by dynamic light scattering). 
Due to the carboxylic groups, which are formed on the PMA backbone upon 
transfer into aqueous solution, the surface of the nanoparticles is negatively 
charged. This can be seen in zeta-potentials ζ being typically below -30 mV, as 
obtained by laser Doppler anemometry.[25,36,40,83,114] The particles are internalized 
by many types of cells and regarding toxicity, reported IC50 concentration val-
ues vary from a few hundred nM[53,115] until a few µM or even mM[116,117] depend-
ing on the surface coating, the cell types used, and the incubation conditions. 

3.3. Cellular Morphology 

Eukaryotic cells are complex and highly organized structures containing 
numerous internal organelles and substructures. Once internalized, 
nanomaterials can trigger various concentration-dependent responses. Some of 
them can be observed microscopically, because they induce changes in cellular 
morphology. Firstly, endocytic compartments are affected, as nanomaterials are 
typically endocytosed and enriched in lysosomes, leading for instance to lyso-
some alkalinization. Apart from the visible impacts such as lysosome swelling, 
the lysosome-based degradative pathway-autophagy is interrupted, which leads 
to a perturbation of cellular homeostasis.[118] Secondly, alterations in mitochon-
dria morphology are an indicator of increased levels of reactive oxygen species 
(ROS), which according to several studies is accompanying exposure to Au 
NPs.[119,120] Thirdly, in the presence of nanoparticles, actin fibers and thereby the 
cellular cytoskeleton are affected. As the cytoskeleton is responsible for anchor-
ing organelles and general structural integrity, eventually, impacts on global cell 
morphology-associated parameters such as cell shape, cell spreading, cell adhe-
sion, and cell growth can be observed.[121,122]  

In the following, several parameters are introduced (Table 3.1), which can 
be assessed by digital image cytometry. They are suitable to assay the cellular 
answer upon exposure to gold nanoparticles, designed as introduced in “Gold 
Nanoparticles” (§ 3.2). The results obtained by this solely microscopy-based ap-
proach are shown in the following, and are related to the performance of classi-
cal cyto- and genotoxicological assays in “Colloidal nanoparticles induce changes 
in cellular morphology” by Ma & Hartmann et al.[36] The complete study can be 
found in the Appendix. 
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Structure Parameter Feature Type Derived from Trend 

    HUVEC HeLa

Uptake pat-
tern 

Integrated 
intensity 

densiometric NP fluorescence/ 
LAMP1 (AB) 

+++ + 

Viability/ 
Proliferation 
rate 

Proliferation 
rate 

densiometric DNA synthesis -- - 

Cell mor-
phology 

Area morphometric Actin (phalloidin) -- - 

Lysosomes Fraction of 
cell area 

morphometric LAMP1 (AB) / 
Actin (phalloidin)

++ ++ 

Mitochondria Zernike 0th 
order 

morphometric CellLight - mito-
chondria 

+++ + 

Cytoskeleton Actin: Texture 
contrast 

textural Actin (phalloidin) + -- 

Table 3.1: Example parameters obtained by digital image cytometry for 
quantification of cellular responses upon exposure to Au NPs. The different 
feature types are explained in “Feature Extraction” (§ 2.5). The responses of human 
umbilical vein endothelial cells (HUVEC) and human cervical cancer cells (HeLa) are 
shown in the trend column. AB = antibody.  

3.3.1. Uptake Pattern 

Negatively charged, PMA coated nanoparticles (Gold Nanoparticles, § 3.2) 
are endocytosed by cells and eventually enriched in lysosomal structures, simi-
larly to polyelectrolyte microcapsules (Internalization Pathways and Intracellu-
lar Fate of Microcapsules, § 4.2), which are introduced in the next chapter. Alt-
hough the final intracellular target is similar, the endocytic routes, the uptake 
kinetics, and the uptake rates differ strongly.  

The uptake of Au NPs and the kinetics of lysosomal enrichment were exam-
ined in human umbilical vein endothelial cells (HUVECs) and human cervical 
cancer cells (HeLa) cells using digital image cytometry and mass spectrometry 
(Figure 3.4 and Figure 3.5). Obviously Au NPs were endocytosed by cells of 
both types in a concentration-dependent manner (Figure 3.4), whereas the in-
ternalized amount after 24 h was one order of magnitude higher in case of 
HUVECs. The nanoparticles were enriched in LAMP1-positive lysosomal com-
partments. In case of HeLa cells a rather linear increase of lysosomal nanoparti-
cle density could be observed (Figure 3.5, B), while for HUVECs a saturation 
effect became visible for t > 4 h, i.e. the largest fraction of nanoparticles was 
transported into the lysosomes within the first four hours (Figure 3.5, C). The 
saturation was confirmed by mass spectrometry, indicating that intercellular 
gold levels barely increase from 4 h to 16 h exposure to Au NPs (Figure 3.5, D).  
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Figure 3.4: Concentration-dependent uptake of Au NPs in HUVECs und 
HeLa cells. Displayed are the median integrated fluorescence intensities ± up-
per/lower quartile of Au NPs inside HUVECs (A) and HeLa cells (B) as measured by 
digital image cytometry after 24 h of exposure. The insets show the distribution of inte-
grated intensities f(INP) per cell and sample upon exposure to Au NPs at concentration 
cNP. This Figure was adapted from Figure SI-XI.3 taken from Ma et al.[36] 

 
Figure 3.5: Kinetics of lysosomal enrichment of Au NPs inside HeLa and 
HUVE cells. A: Based on fluorescence microscope images the density of Dy636-
labeled Au NPs (b) is measured inside lysosomes which are identified from LAMP1-
positive organelles (a). This is done by segmentation of the lysosomes (c) and subse-
quent evaluation of the average fluorescence intensity along the lysosome objects in the 
channel displaying the signal of the Au NP (d), cf. “Object-Based Correlation” 
(§ 2.6.2). B: Kinetic of lysosomal Au NP density INP(lyso) (Eq. 2.7) in HeLa cells. 
C: Kinetic of lysosomal Au NP density INP(lyso) in HUVE cells. The absolute intensi-
ties are not comparable between HUVECs and HeLa cells as the uptake rate of HeLa 
cells was much lower and a different detector gain had to be used. D: The observed 
saturation of intralysosomal Au content for t > 4 h in case of HUVECs independent on 
concentration was confirmed by mass spectrometry for t = 4 h and t = 24 h. This  
Figure was adapted from Figure SI-XI.2 taken from Ma et al.[36] and Figure 4 taken 
from Kreyling et al.[40] 
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It has to be noted that both types of cells were cultured in different media 
with unequal amounts of serum added (10 % fetal bovine serum in case of HeLa 
cells vs. 2 % serum content in case of HUVECs). In basal media (i.e. without 
serum) the uptake rates are generally higher. No protein corona is forming 
around the nano-particles and initial attachment between NPs and the outer 
cellular plasma membrane is strongly determined by electrostatic 
interactions.[123] The difference between uptake in serum-containing (10 %) and 
serum-free medium of 3.5 nm-sized iron-platinum (FePt) nanoparticles by HeLa 
cells have been observed to be around a factor of ten at 37 °C.[123] However, in 
the previous example the uptake in serum-containing medium was compared to 
basal medium without any proteins at all, i.e. where nanoparticles completely 
lacked a protein corona.  

The spatial correlation with other endocytotic than LAMP1-positive vesicles 
was not investigated for the used Au NPs. In previous studies the intracellular 
pathways of bigger (dc = 11 nm), but similarly coated iron oxide nanoparticles 
were examined in human breast adenocarcinoma cells (A549).[27] In the latter 
case an increase in co-localization with endosomes in the first 10 hours after ad-
dition was observed, while the final enrichment in lysosomes occurred later 
(> 10 h) than for the smaller Au NPs in HUVECs and HeLa cells. 

3.3.2. Cellular Proliferation 

Cytotoxicity of nanomaterials is typically assessed by measuring the meta-
bolic activity of the exposed cells with Resazurin/Alamar Blue or MTT 
assays[53,124,125]. Apart from that, cellular proliferation is a sensible viability indi-
cator, because cell growth can be affected at much lower concentrations as cyto-
toxic effects are detectable with standard cytotoxicity assays. By directly meas-
uring DNA synthesis, cellular proliferation can be examined by digital image 
cytometry in a very elegant way: DNA synthesis can be monitored by measuring 
the incorporation of the thymidine-analog EdU (5-ethynyl-2’-deoxyuridine). 
EdU can be detected by a copper-catalyzed click-reaction between its alkyne 
group and an azide group-containing fluorescent indicator dye, turning nuclei of 
proliferated cells fluorescent.[126] After segmentation (Image Segmentation, § 2.4) 
of all cell nuclei based on a reference staining, the EdU content of each nucleus 
can be assessed as densiometric feature (Feature Extraction, § 2.5) based on the 
fluorescence of the indicator dye (Figure 3.6, A-C). As the fluorescence intensity 
of the indicator dye is correlated with the amount of newly synthesized DNA, 
the percentages of cells having undergone certain phases of the cell cycle can be 
estimated.  
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Figure 3.6: Changes in cellular proliferation upon exposure to Au NPs. 
A: Similar fluorescence images, as the one shown, were used to obtain quantitative 
results. Nuclei of all cells were stained with Hoechst 33342 (blue) for reference. The 
DNA of nuclei of proliferated cells contains green-fluorescent EdU-AlexaFluor 488 
(AF488). B: After segmentation of all reference nuclei, proliferated cells can be de-
tected by analyzing the fluorescence intensity profile of Hoechst 33342 (blue arrow) and 
EdU-AF488 (green arrow) of all cells. Depending on the nuclei’s green fluorescence 
intensity cells are classified as non-proliferated (*) or proliferated (**), i.e. having 
undergone at least one S-phase of mitosis. Shown are the data for untreated HUVECs 
after 24 h. C: Intensity distribution of HUVECs treated with cNP = 0.59 nM for 24 h. 
D: Rate of proliferated cells as obtained for HUVECs upon exposure to Au NPs for 
24 h at indicated concentrations. E: Similar results obtained for HeLa cells. Shown are 
the mean values ± standard deviation for N = 3 experiments. The cNP,50 values were 
derived from a sigmoidal fit to the data and represent the point of inflection. This Fig-
ure was adapted from Figure SI-IX.7 and Figure SI-IX.8 taken from Ma et al.[36] 

Based on this approach the proliferation rate of HUVECs and HeLa cells 
upon exposure to Au NPs was examined. As can be seen in Figure 3.6, D-E, 
cellular proliferation was disrupted at (0.54 ± 0.05) nM (HUVECs), and 
(0.12 ± 0.08) nM (HeLa cells), respectively, as measured after 24 h of exposure 
to Au NPs. Even in cell samples exposed to high concentrations of Au NPs, 
EdU-positive cells could be found after 24 h (always more or less 25 %), indicat-
ing, that cells already in the mitotic S-phase in the beginning of the experiment 
are not interrupted in their cell cycle. Due to the intracellular presence of this 
type of Au NPs a certain cellular function, required for the initiation of the mi-
totic S-phase, might be inhibited.  

According to Ma et al., viability after 24 h of exposure, as probed by classi-
cal cytotoxicity assays, is only reduced at concentrations being more than one 
order of magnitude higher (> 10 nM for HUVECs and > 100 nM for HeLa 
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cells).[36,53] 

3.3.3. Cell Shape 

The cellular shape is described by morphometric features, accessible after 
segmentation based on a membrane, cytoskeleton or cytoplasm stain. As follows 
the cell cross-sectional area (“cell area”) of HUVECs and HeLa cells upon expo-
sure to Au NPs was examined based on a staining of the actin cytoskeleton with 
fluorescently labeled phalloidin. 

 
Figure 3.7: Changes in cell cross-sectional area upon exposure to Au NPs. 
A: Fluorescence image tiles showing actin cytoskeleton (green), nuclei (blue), and in-
ternalized Au NPs (red) of control cells and cells exposed to Au NPs at cNP = 100 nM. 
B: Distribution of cell areas f(Acell). C: Derived median values ± upper/lower quartile 
for the cell areal Acell. This Figure was adapted from Figure 1 and Figure SI-IX.4 taken 
from Ma et al.[36] 

Upon exposure to Au NPs, for cNP > 2 nM (HUVECs) and cNP > 10 nM the 
area per cell in a non-confluent cell layer was significantly reduced (Figure 3.7). 
Interestingly, the average shape, as expressed by the form factor (data shown in 
Ma et al.[36]), did not change in the case of HUVECs and was only slightly al-
tered for cNP > 10 nM when HeLa cells were examined. The expression given by 
the example images in Figure 3.7, A, that cells tended to be more star-like upon 
exposure to Au NPs at high concentrations, is misleading, because the average 
shape of the whole cell population only changed in size. Indeed the contrast of 
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the actin filaments (shown in green in Figure 3.7, A) changed (Actin Filaments, 
§ 3.3.6). 

3.3.4. Lysosomal Swelling 

As determined by employing correlation analysis (Uptake Pattern, § 3.3.1), 
Au NPs were enriched in LAMP1-positive lysosomal structures over time. Pre-
vious studies have shown that large amounts of aggregated Au NPs inside the 
lysosome can lead to alkalinization and disturbance of the lysosomal functioning 
up to alteration in morphology, such as swelling.[118,123,127] In this context lyso-
some swelling was investigated by comparing the projected area of all lysosomes 
per cell Alyso with the total area of each cell Acell, as illustrated in Figure 3.8. 
Lysosomes were immunofluorescently labeled with anti-LAMP1 antibodies. 

Figure 3.8: Determination of lysosomal 
area fraction. For determination of the ly-
sosomal area fraction Alyso/Acell the area occupied 
by lysosomes Alyso, as obtained from segmentation 
of an image showing fluorescence staining of ly-
sosomal structures (yellow), is divided the cell 
cross-sectional area Acell, which can be derived 
from segmentation of a fluorescence staining re-
flecting the cell area, e.g. membrane staining 
(green). This Figure was created by the author for 
the purpose of illustration. 

As displayed in Figure 3.9, the fraction of cell area occupied by lysosomes 
increased from 13 % up to 22 % in the case of HUVECs, and from 6 % up to 
12 % for HeLa cells, respectively. In both cases the total projected area and, 
accordingly, the total volume of all LAMP1-positive organelles doubled in size 
in comparison to the total cell area. Regarding individual lysosomes, swelling 
was visible especially in HUVECs, whereas in HeLa cells the number of ly-
sosomes seems to increase (Figure 3.9, A). 

Acell

Alyso

membrane segmented cell

lysosomes
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Figure 3.9: Changes in fraction of cell area occupied by lysosomes upon 
exposure to Au NPs. A: Fluorescence image tiles showing lysosomes (yellow) of 
control cells and cells exposed to Au NPs at cNP = 100 nM. B: Distribution of the 
lysosomal area fraction f(Alyso/Acell), cf. Figure 3.8 for illustration. C: Derived median 
values ± upper/lower quartile for the lysosomal area fraction Alyso/Acell. This Figure 
was adapted from Figure 1 and Figure SI-XI.4 taken from Ma et al.[36] 

3.3.5. Mitochondrial Morphology 

Mitochondria are important cellular organelles responsible for bioenergetic 
and redox homeostasis and calcium regulation. They are membrane-bound or-
ganelles of highly dynamic nature, constantly undergoing structural transitions. 
Fusion and fission events are balanced at a steady state. Several studies re-
vealed that cells with a high fusion to fission ratio tend to have long and highly 
inter-connected mitochondria, whereas cells with a low fusion to fission ratio 
have a multiplicity of mitochondria that are more sphere-shaped.[128,129]  

Several authors claim that exposure of cells to Au NPs has impact on mito-
chondria. For instance exposure to Au NPs is often accompanied by an increas-
ing intracellular level of ROS, which is typically associated with disturbed mito-
chondrial functioning.[119,120,130]  

The success of measuring the shape distribution of mitochondria by digital 
image cytometry strongly depends on the success of the segmentation procedure 
(Image Segmentation, § 2.4). For this study, mitochondria were fluorescently 
labeled by targeting mitochondrial E1 alpha pyruvate dehydrogenases with a 
green fluorescent protein (GFP) fusion construct packet in commercially availa-
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ble modified baculoviruses.[131] As mitochondria can be quite small (1-10 µm in 
length), a sufficient resolution is needed for imaging, ideally supported by 
deconvolution of the data sets to reduce blur. Especially HUVECs have very 
long and interconnected spindle-like mitochondria, which are difficult to seg-
ment properly (Figure 3.11, A). The approach used for segmentation is illustrat-
ed in Figure 3.10 and is based on several subsequent segmentation steps with 
different underlying methods to separate clumpy or interconnected structures. 
Bad segmentation results (e.g. of severely clustered mitochondria) were recog-
nized automatically and excluded from the analysis. Technical details can be 
found in § VIII.2 of the supplementary information of Ma et al.[118] 

Figure 3.10: Segmenta-
tion procedure of mito-
chondria. A: Fluorescence 
image of HUVECs treated 
with NPs at 12.5 nM show-
ing mitochondria (CellLight 
Mitochondria-GFP) in the 
green channel after decon-
volution. B-F: Same clip-
ping after subsequent steps 
of the segmentation proce-
dure. A detailed description 
including this Figure can be 
found in the supplementary 
materials of Ma et al.[36] 

As visible in Figure 3.11, A, the shape of mitochondria changed dramatically 
after exposure to Au NPs in the selected cell lines. In case of HUVECs the 
shape changed with increasing concentration of Au NPs from long thread-like 
structures to polliwog-like forms and finally to small dots with decreasing size. 
Mitochondria of HeLa cells were already more round shaped in the control 
group than those of HUVECs under the same conditions. Still, a clear change to 
smaller and even rounder structures was also observed in the case of HeLa cells. 
For both types of cells the described transition can be quantified by calculating 
the “roundness” of the structures in terms of the Zernike coefficient Zmito of 0th 
order (Table 2.1), as shown in Figure 3.11, B-C. From a sigmoidal fit of the da-
ta, the critical concentration cNP,50 could be derived which was twice as high for 
HUVECs (with cNP,50 = 4.4 nM) than for HeLa cells (with cNP,50 = 2.3 nM). 
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Figure 3.11: Changes in mitochondrial shape upon exposure to Au NPs. 
A: Fluorescence image tiles showing mitochondria (green) of control cells and cells 
exposed to Au NPs at cNP = 100 nM. B: Distribution of the Zernike coefficient of 0th 
order f(Zmito) describing mitochondrial shape, cf. Table 2.1 for morphometric features. 
C: Derived median values ± upper/lower quartile for the Zernike coefficient of 0th or-
der Zmito. The cNP,50 values were derived from a sigmoidal fit to the data and represent 
the point of inflection. This Figure was adapted from Figure 1 and Figure SI-XII.3 
taken from Ma et al.[36] 

As there is a clear form-function relationship for mitochondria,[132] obviously, 
the intracellular presence of Au NPs leads to malfunctioning mitochondria 
above a certain concentration including the disturbance of the cellular apparatus 
responsible for mitochondrial fusion.[128] The direct role of the Au NPs and also 
their responsible constituent remain unclear, because mitochondrial fusion and 
fission activity is influenced by many parameters, such as the level of the mito-
chondrial membrane potential.[132] Interestingly, the increase in intracellular ROS 
levels, which is typically accompanying mitochondrial malfunction, was first 
detectable at a concentration more than twice as high (cNP > 10 nM) as such, 
where shape alterations were observed initially, as demonstrated by Ma et al.[36]  
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3.3.6. Actin Filaments 

Actin filaments are dynamically emerging structures which form the cyto-
skeleton and hence represent the scaffold for many cellular processes. As cell 
morphology is maintained by actin filaments, if changes in cellular shape occur 
(as observed in Cell Shape, § 3.3.3), it could be due to a disruption of these 
structures. In previous studies the following indications were demonstrated: On 
the one hand diameter, stretching state, and density of actin filaments in human 
dermal fibroblasts were affected in a concentration-dependent manner upon 
treatment with Au NPs and on the other hand the intracellular actin fiber dis-
tribution was altered.[133,134]  

 
Figure 3.12: Changes in texture of actin filaments upon exposure to Au 
NPs. A: Fluorescence image tiles showing actin filaments (red) of control cells and 
cells exposed to Au NPs at cNP = 100 nM. B: Distribution of the actin filament texture 
contrast f(Tact,cont) on a length scale of 3 µm, cf. Table 2.2 for textural features. C: De-
rived median values ± upper/lower quartile for the actin filament texture contrast 
Tact,cont. The cNP,50 value was derived from a sigmoidal fit to the data and represent the 
point of inflection. This Figure was adapted from Figure 1 and Figure SI-XIII.3 taken 
from Ma et al.[36] 

On this account, the effect of Au NPs on the intensity pattern of fluores-
cently-labeled actin filaments was examined by determining the actin staining 
contrast Tact,cont for each cell object as an example for a textural feature (Table 
2.2). Extensive details can be found in Ma et al.[36] 
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Actin fibers were affected by exposure to the Au NPs as shown in Figure 
3.12. The actin texture contrast Tact,cont, calculated on a length scale of 3 µm, 
varied strongly for different concentrations of Au NPs in the case of HUVECs, 
and decreased significantly for cNP > 3.3 nM in the case of HeLa cells. A direct 
effect of Au NPs on actin filament polymerization was observable “in the test 
tube” for cNP < 1 nM in additionally performed control experiments.[36]  
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4. Investigating the Endocytic Pathways of 
Micron-Sized Carrier Particles 

4.1. Multilayer Microcapsules as Research Tool for Cell Biology 

Polymer capsules, e.g. hollow microparticles, as synthesized through use of 
layer-by-layer (LbL) assembly of oppositely charged polyelectrolytes (Figure 
4.1),[135] are internalized by several types of eukaryotic cells including primary 
cells as well as immortal cell lines. They are seen as a promising delivery system 
for biomedical applications.[136] In addition, they are a well-suited model system 
for systematic investigations regarding endocytotic pathways, since their differ-
ent physico-chemical properties can be tuned independently.[137] Size[138,139] and 
shape[140–142] can be varied by using different template cores, and the sign of the 
surface charge is simply determined by the charge of the outermost layer. Stiff-
ness can be tuned by variation of the number of polymer layers or by the poly-
mer materials used.[143–145] (as published in Hartmann et al.[29]) 

 

 
Figure 4.1: Synthesis of polyelectrolyte multilayer capsules. Layer-by-layer, 
polyelectrolytes (PE) of alternating charge are adsorbed around template particles of 
various possible shapes containing embedded cargo molecules. By dissolution of the 
template material, hollow microspheres are obtained. Depending on the molecular 
weight, macromolecules are trapped inside the cavity of the capsules, while ions or 
small molecules can penetrate the shell, which can be utilized for sensing applications. 
This Figure was created by the author for the purpose of illustration. 
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Condition Concentration Associated pathway(s) Inhibition

Cell incubation at 4 °C  All 100 % 

Methyl-beta-
cyclodextrin 

2000 μM Lipid rafts and lipid-raft-
mediated macropinocytosis 

93 % 

Bafilomycin A1 1 µM Phagocytosis 84 % 

Concanamycin A 0.5 µM Phagocytosis 63 % 

Cytochalasin D 20 µM Phagocytosis 49 %8 

Amiloride 500 µM Macropinocytosis 38 % 

Nocodazole 1 µM Endocytosis 23 % 

Heparinases 5 U Adsorptive mechanisms 17 % 

Chlorpromazine 15 µM Clathrin-mediated endocytosis 16 % 

Dynasore 80 µM Clathrin- and lipid 
rafts/caveolae-mediated endocy-
tosis 

14 % 

Potassium depletion  Clathrin-mediated endocytosis → 0 % 

Nystatin 10 µg/mL Lipid rafts/caveolae 1 % 

Cell incubation in se-
rum-free medium 

 Determined by the adsorbed pro-
teins 

-26 % 

Table 4.1: Endocytic pathways of PEM capsules into MDA-MB-231 breast 
cancer cells. By interfering with certain cellular uptake mechanisms (i.e. by use of 
pharmaceutical/chemical inhibitors or by alteration of the cellular environment) the 
resulting internalization rates were determined by confocal laser scanning microscopy. 
A detailed description of the used inhibitors and their associated pathways, and the 
original data can be found in Kastl et al.[136], cf. the Appendix. 

The mechanisms underlying the uptake of polyelectrolyte microcapsules 
(PEMs) were investigated manually9 by determining the absolute numbers of 
internalized capsules per cell upon different exposure conditions, based on 3D 
image stacks (details can be found in Kastl et al.[136], cf. the Appendix). The up-
take mechanism could be separated into two processes. Firstly, due to sialic ac-
ids, which form the terminal groups of many glycoproteins present in the outer 
cellular plasma membrane, the negative charge on the cell surface (glycocalyx) 
is increased.[148] PEMs are carrying strongly charged domains on their surface. 
This results in electrostatically driven interactions between the plasma mem-

                                                 

8 cLSM delivered erroneous results regarding the efficiency of inhibition, due to lack of opti-
cal resolution. TEM characterization showed a near-complete loss on internalization upon dis-
ruption of the actin cytoskeleton with cytochalasin D.[136] 

9 In this early work the uptake of PEMs into MDA-MB-231 and A549 cells was investigated 
by eye-based manual counting of internalized capsules based on certain criteria. This exhaustive 
work was a decisive factor to develop and/or implement and finally apply techniques of digital 
image cytometry for assessing the interaction of nanomaterials and cells with computer-aided 
approaches.  
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brane and PEMs, once capsules are in close proximity with a cell. In connection 
to that, active “grapping” of capsules could be seen in phagocytes such as mono-
cyte-derived dendritic cells.[149] Secondly, once attached, strong action reorgani-
zation and filopodia formations occurred, and the formation of phagocytic cups 
could be observed (Figure 4.2). Eventually, PEMs were transported via multiple 
internalization pathways across the plasma membrane, as shown in Table 4.1. 
In the beginning of the engulfment process, capsule co-localization with lipid 
rafts occurred. These structures are fluctuating nano-scale assemblies of 
sphingolipids, cholesterol, and proteins and are responsible for membrane organ-
ization, signaling, and trafficking.[101,136] Possibly due to the large size of PEMs 
(around 3 µm) clathrin-mediated pathways could be excluded. Upon cytosolic 
invagination, transport into perinuclear, strongly acidic vesicles was observed. 
These vesicles are co-localizing with LAMP1 which is a marker for phago-
lysosome maturation.[105,136,150]    

4.3. Elasticity Versus Acidification 

The impact of certain physico-chemical particle properties, such as: 
size,[151,152] shape,[24] and charge[25,27] on the internalization behavior of cells is 
more or less well investigated. Certainly, several other physical properties re-
main with unclear roles regarding particle uptake. PEMs are excellent for per-
forming systematic investigations, and since many of their properties can be 
modified without influencing other ones (Polyelectrolyte Multilayer Capsules, 
§ 4.1), their stiffness can be varied exclusively to study possible dependencies 
between particle uptake and particle elasticity.[29] 

Upon internalization by endocytic processes, microcapsules are transferred 
from the neutral extracellular medium to increasingly acidic intracellular vesi-
cles of different maturity, finally ending up in LAMP1-positive lysosomal struc-
tures.[136] Thus, the present stage in the uptake and trafficking cascade can be 
monitored by the local pH around each capsule (Figure 4.3). For this purpose 
capsules were loaded with the pH-sensitive fluorophore seminaphtharhodafluor 
(SNARF) whose emission changes color (from red in neutral to yellow/green in 
acidic environments) depending on the local pH.[153–155] For evaluation, capsules 
were segmented by employing a modified Hough transform (Shape-Based Seg-
mentation § 2.4.3) and tracked in successive images frames (Object Tracking 
and Digital Video Analysis, § 2.7). Each capsule-internalization process was 
quantified by a set of two parameters, cf. Figure 4.3: (i) The processing time 
tP10% or tP50%, respectively, was introduced as the period of time from the first 
contact tC of a capsule with the cell, following its engulfment and finally partial 
acidification (10 % or 50 %). (ii) The acidification time tA describes the duration 
of the acidification process from high to low pH. More detail can be found in 
Hartmann et al.[29], cf. the Appendix. 
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Figure 4.3: Microcapsules with pH-sensing capability. A: Typical time lapse 
recording of one pH-sensitive, SNARF-filled microcapsule during its uptake by a HeLa 
cell. The images (overlay of green and red fluorescence and of bright-field micrograph) 
recorded at a temporal resolution of 120 s allow the trajectory of the capsule to be de-
termined (scale bar: 5 µm). B: The ratio of red-to-green fluorescence Ir/Ig of the cap-
sule has been determined for each image (Shape-Based Segmentation, § 2.4.3) and is 
plotted versus the incubation time t. The time points corresponding to the images 
shown in A are labeled as a - f. A ratio of Ir/Ig ≈ 2.5 corresponds to a pH value of 7.4, 
while Ir/Ig ≈ 1 corresponds to local pH values below 4.5. The acidification time tA re-
flects the duration of the acidification process, while the processing time tP10% is deter-
mined as the period from the first contact of the capsule with the cell (b, high velocity 
v) until the beginning of the acidification process (red area) and tP50% as the period 
until the point of inflection of the readout curve (d). This Figure was adapted from 
Figure 2 taken from Hartmann et al.[29] 

The uptake process was monitored in different types of adherent cells for 
capsules made of two frequently used polymer systems (non-degradable poly-
mers: poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) 
(PAH), degradable polymers: dextran sulfate sodium salt (DextS) and poly-L-
arginine hydrochloride (PLArg)),[136,156] whereas the stiffness was varied in the 
range from 0.3 until 10 Nm-1 by adjusting the capsule shell thickness. For HeLa 
cells the dependencies are shown in Figure 4.4. 

The acidification behavior monitored by non-biodegradable PSS/PAH cap-
sules showed a different trend than those of biodegradable Dext/PLArg cap-
sules. In the first case the acidification time tA rose linearly with capsule stiff-
ness γ, whereas no such dependency was observed for the degradable capsules. 
The transition from neutral/slightly alkaline pH to the strongly acidic lysosomal 
environment is probably faster for degradable capsules. For the non-degradable 
capsules the duration of this process was longer and additionally slowed down 
with increasing capsule stiffness. In contrast, the processing time tP10% rose with 
the stiffness for both capsules, and for γ < 5 Nm-1 in first approximation even 
linearly (Figure 4.4, A).  
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Figure 4.4: Particle stiffness versus intracellular acidification. A, B: Acidi-
fication time tA and processing time tP10% of non-biodegradable PSS/PAH and biode-
gradable DextS/PLArg capsules with variable stiffness γ and of different average diame-
ter (size “S” and “L”), as recorded upon incubation with HeLa cells. Each data point 
corresponds to the median tA or tP10% value including confidence intervals (y-axis) ver-
sus the mean stiffness γ value ± standard error (x-axis), as obtained from at least 80 
capsules (time values) and 40 capsules (stiffness values). Stiffness values are based on 
measurements by atomic force microscopy (AFM). The dashed lines are only guides to 
the eye. Please note that the large error bars for tP10% and DextS/PLArg capsules 
(γ < 1 Nm-1, size “L”) result from the fact that these capsules are extremely fragile and 
thus, it is challenging to determine tC (membrane-attachment). This Figure was adapted 
from Figure 3 taken from Hartmann et al.[29] 

It can be concluded that the uptake process together with the following 
endosomal trafficking strongly depends on the particle stiffness. Further pro-
cessing and acidification in lysosomes are affected mainly by the particle chem-
istry.[29] 

4.4. Investigating Organelle Acidification with Sensor Particles 

The sensor particles introduced in “Elasticity Versus Acidification” (§ 4.3) 
can be utilized for several applications, such as: pH measurements inside the 
cytosol after photothermal release of pH-sensitive molecules upon laser irradia-
tion,[157] analyte sensing,[158] or they can be used to gain a deeper understanding 
of endocytotic processes on the microscopic level, for example organelle acidifi-
cation.[159] 

For the last case two applications are introduced: (i) By means of image 
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processing, measurements of the acidification process of microcapsules can be 
extended by following the spatial arrangement of fluorescently-tagged proteins 
associated with the uptake process in a parallel image. As microcapsules are 
identified in each image frame as unique objects during the segmentation pro-
cess, additional features in another fluorescence channel can be assigned to the 
capsule object.[29] (ii) Possible impacts of pharmaceutics or changes in cellular 
functioning on the endosomal acidification cascade can be studied.[155,159]  

As outlined in the first example, PEM capsules can be used to correlate the 
fusion frequency and trafficking of LAMP1-positive structures with the current 
stage in intracellular processing that is being reported indirectly by pH meas-
urements (Elasticity Versus Acidification, § 4.3). Therefore, HeLa cells were 
transfected to express LAMP1 labeled with GFP to allow live-imaging of lyso-
somes and the capsule acidification in parallel.[29] 

The mean fluorescence intensity of endogenous LAMP1-GFP associated  
spatially with each sensor capsule was strongly correlated with the reported pH 
(Figure 4.5). Immediately after engulfment, no fluorescence signal of LAMP1-
GFP could be associated with any capsule. With increasing fusion frequency of 
LAMP1-positive vesicles with the capsule-containing compartment, the local pH 
around the corresponding capsule was lowered (Figure 4.5, b-d) and the mean 
fluorescence of LAMP1-GFP (ILAMP1-GFP) increased until both measures (pH and 
LAMP1-GFP-fluorescence) reached a plateau and kept constant. Certainly, ei-
ther H+-pumps directly incorporated inside the membrane of the capsule con-
taining vesicle or fusion with acidic LAMP1-negative vesicles must play an ad-
ditional role, as likewise decreasing pH values were measured which were not in 
line with increasing LAMP1-GFP fluorescence (Figure 4.5, B/e). 

In the second example to be described in more detail pH sensor capsules 
were used to measure possible impacts on acidification upon modification of H+-
pumps. In detail, the importance of the V1G1-subunit of the V-ATPase was in-
vestigated in regulating the activity of the proton pump. This was realized by 
comparing the acidification patterns of single pH-sensitive PEMs during endocy-
tosis in either overexpressing V1G1- or V1G1-depleted cells. The subunit is a 
member of the peripheral stator stalk that connects the peripheral vacuolar V1-
domain with the membrane V0-domain of the enzyme (Figure 4.6).[160] 
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Figure 4.5: Distribution of 
LAMP-1 during capsule 
uptake in HeLa cells. 
A: Time lapse recording 
showing the fluorescence sig-
nal of LAMP1-GFP (magen-
ta), the red and green fluores-
cence channel of the capsule 
pH-readout and an overlay of 
all fluorescent channels with 
the corresponding bright-field 
image. B: for each image the 
ratio of red-to-green fluores-
cence Ir/Ig of the capsule has 
been determined and is plotted 
versus the incubation time t. 
The time points corresponding 
to the images shown in A are 
labeled as a - d. The ratio of 
Ir/Ig ≈ 2.5 corresponds to a 
pH value of 7.4, while Ir/Ig ≈ 1 
corresponds to local pH values 
below 4.5. In addition the 
mean fluorescence of LAMP1-
GFP (ILAMP1-GFP) over the cap-
sule area is plotted in blue. 
This Figure was adapted from 
Figure SI-16 taken from 
Hartmann et al.[29] 

The investigation was performed on HeLa cells. Stable HeLa clones 
(CTR #2, #1, #3, and #7) with either overexpressing V1G1- or V1G1-depleted 
cells were obtained by transfection, i.e. by interfering into the cellular gene ex-
pression machinery. This is typically achieved by inserting a circular vector of 
artificial DNA (plasmid) into the cells carrying the genes of interest together 
with suitable primers to enable transcription and as well, controlling the      
expression rates. In addition, genes are introduced delivering resistance against a 
certain antibiotic to allow specific selection of successfully modified cells after 
transfection.[61] In this specific case in clone #1 and clone #3 additionally to the 
endogenous expression, tagged V1G1 was expressed, whereas in clone #7 the 
endogenous V1G1 level was lowered. The altered expression levels of the V1G1-
subunit among the different clones were confirmed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis 
(Figure 4.7, A). As a control, cells carrying an empty plasmid were used. Details 
can be found in Ferraro, de Luca & Hartmann et al.[136], cf. the Appendix.  

10 µm

a

b

c

e

B

A

0 50 100 150 2000
0.5

1
1.5

2
2.5

3

t/min

I r/I g

0 50 100 150 200

0.1
0.2
0.3
0.4
0.5
0.6

I LA
M

P1
−

GF
P/a

.u
.

fit

a

d

c
b

eeeee

dddd

ccc



Investigating the Endocytic Pathways of Micron-Sized Carrier Particles 

45 
 

Figure 4.6: Structure of the V-
ATPase. The complex is composed 
of a peripheral domain V1 (yel-
low/orange), which is responsible for 
ATP hydrolysis, and an integral mem-
brane domain V0 (blue/grey) which is 
involved in proton transport across 
the membrane.[161] This Figure was 
taken from Forgac et al.[160], where a 
detailed description about the subunits 
(A-H, a-e, R735) can be found. Re-
printed by permission from Macmillan 
Publishers Ltd: Nature Reviews Mo-
lecular Cell Biology, copyright 2007. 

 

The acidification patterns of PEMs during uptake in these modified cells 
were quantified as described in “Elasticity Versus Acidification” (§ 4.3) by de-
termining the acidification time tA (Figure 4.3) of each capsule during uptake.  
The analysis revealed a delay in acidification present in both, in clones express-
ing additional tagged V1G1 (clone #1 and #3) and with V1G1 silenced (clone 
#7), cf. Figure 4.7, B-D. Particularly clone #1, which exhibited the highest lev-
el of V1G1, showed the slowest kinetic of acidification. In addition, the acidifica-
tion patterns were different among the different clones (data can be found in 
Ferraro et al.[136]). 

With the utilized pH sensor capsules it was possible to measure V-ATPase 
functioning directly. There are indications that correct intracellular protein lev-
els of the V1G1-subunit of the proton pump are required for its proper function-
ing and organelle acidification confirming previous studies.[162–164] Despite these 
findings, further investigations are needed to resolve questions regarding the 
exact role of V1G1 in regulation of V-ATPase activity. 
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A 
 
 
 
B 

C Duration of acidification: tA (min) 

clone CTR#2 #1 #3 #7 

N 299 290 360 378 

median 18.77 25.30 19.52 20.40 

mean 21.95 30.94 24.12 24.90 

Q1 11.07 16.95 11.85 11.75 

Q3 27.83 39.57 29.85 30.51 

D

Figure 4.7: Acidification patterns of sensor capsules in either overexpress-
ing V1G1- or V1G1-depleted HeLa cells. A: Expression levels of V1G1 in the dif-
ferent clones. CTR #2 refers to a control clone. Additionally, tagged V1G1 was overex-
pressed in clones #1 and #3, while the endogenous expression level was lowered in 
clone #7. B: Examples of use of capsule-based sensors10 for real-time monitoring of 
acidification by tracking a single capsule (indicated by blue dashed circles) from the 
time of initial attachment to the cell until the completion of acidification. In the fluo-
rescence images sensor capsules appear green in neutral local pH and red in an acidic 
environment. The scale bars correspond to 5 µm. C: Table with number of evaluated 
trajectories N per clone, mean and median values for the acidification time tA as well 
as the corresponding upper and lower quartiles (Q1 and Q3). D: Box plot of acidifica-
tion times tA among the different clones. The acidification rate of clone #1 was signifi-
cantly lower than that of the control cells (p < 0.0001, *). P-values were obtained from 
a two-tailed Wilcoxon–Mann–Whitney test. Additional significance levels: p < 0.23 
(**), p < 0.17 (***). The Figure was adapted from Figure 1 and 4 taken from Ferraro 
et al.[159] 

                                                 

10 In this example capsules were used that were loaded with fluorescein isothiocyanate 
(FITC) and rhodamine isothiocyanate (RITC). The fluorescence intensity of FITC strongly 
decreases in acidic environments. RITC (pH-insensitive) was used as a reference dye. Details are 
described by Ferraro et al.[159] The ratio of FITC/RITC-fluorescence was determined over time 
and is plotted in Figure 4.7, A. 
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5. Conclusions and Outlook 

In the previous chapters the uptake and endocytic pathways of two classes 
of nano/micromaterials (Au NPs and sensor microcapsules) which are both fre-
quently used in nanobiotechnology, were examined. Hereby, the primary focus 
was put on the application of digital image cytometry to gather robust and sta-
tistically meaningful results.  

For measuring the impacts of Au NPs on cellular morphology several assays 
were presented where the concept was borrowed from high content analysis. The 
comparison with results obtained by classical viability assays (MTT and 
resazurin-based) confirming the significance of the observed effects. Abnormali-
ties in morphology occurred at even lower nanoparticle concentrations, as re-
quired for the onset of reduced cellular viability. Especially mitochondrial mor-
phology turned out to be a well-accessible and reliable indicator for gold nano-
particle-induced cellular stress.[36] Several studies exist where no cytotoxicity is 
attributed to Au NPs of similar size.[116,165] This evaluation is outdated,[53,122] and 
it has to be noted that most of these findings are based on classical viability 
assays – the same which neither reported acute cytotoxicity below NP concen-
trations of 100 nM in this case. Regarding PMA-coated Au NPs, the underlying 
mechanisms causing the cellular cytotoxic responses are not entirely understood. 
In another study by Kreyling et al. it was demonstrated that inside cells the 
surface coating of such PMA-coated Au NPs comes off in vivo and in vitro.[40] 
Hence, cytotoxic potential might be attributed to either the bare Au core which 
possesses some catalytic activity, the polymer shell, the fluorescent dye, or to 
potentially released gold ions.[36] The observed inhibition of proliferation at in-
credibly low concentration of Au NPs was also reported by others,[52,166] but 
strange to say, was overlooked by Soenen et al. who studied gold nanoparticles 
of similar characteristics in a multiparametric approach.[53] Although Au NPs are 
probably residing in lysosomes after uptake, they are assumed to block the func-
tion of heparin-binding proteins being responsible for cellular proliferation.[167]  

Polymer capsules are seen as promising vehicles for intracellular cargo de-
livery, release and sensing.[168–170] Thus, the cellular parameters which, for in-
stance, determine uptake rates or release kinetics are of great interest. On the 
one hand large (> 3 µm) polymer capsules are not suitable for in vivo applica-
tions as they might cause clogging of blood vessels. On the other hand they 
serve as perfect model systems for systematic studies regarding uptake,[136,171,172] 
processing,[142,156] and release.[157,173] Due to their large size they are easy to trace 
with optical microscopy and can carry enormous amounts of cargo molecules. 
The proteins associated with capsule uptake can be elucidated by correlating 
their spatial distribution over time with the localization of capsules in a very 
efficient manner (such as LAMP1, as illustrated in Figure 4.5).  
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By combining capsule tracking and cell segmentation/identification, release 
patterns and release kinetics of polymer capsules of different architectures can 
be monitored with high throughput. An example for the realization of an assay 
in this regard is described in the following: To study the release profile of poly-
mer capsules with different architecture, dequenching ovalbumin (DQ-OVA) 
labeled with boron-dipyrromethene (BODIPY) serves as a well-suited model 
drug when encapsulated.[149,156] Inside the capsule the green fluorescence of the 
dye BODIPY is almost completely self-quenched due to the close proximity of 
the dye molecules inside non-fragmented ovalbumin.[174] Inside intact polymer 
capsules slightly red fluorescent excimers are formed due to the high dye con-
centration. This red fluorescence signal or the signal of an additionally loaded 
reference dye would act as a staining to identify and track the capsules during 
uptake. Upon enzymatic degradation (which would take place after cellular in-
ternalization) the green fluorescence intensity of BODIPY would be dramati-
cally increased and potentially released fragments of DQ-OVA would become 
visible. In combination with single cell identification and tracking, the release 
per capsule and per cell volume/area could be determined with the aid of a 
computer, as shown exemplarily in Figure 5.1. Either average release profiles or 
the processing of single capsules could be monitored quantitatively by digital 
image cytometry of time lapse image data. 

 

Figure 5.1: Assay for live-monitoring of intracellular release mediated by 
polymer capsules based on digital image cytometry. RAW 264.7 macrophages 
are targeted with biodegradable polyelectrolyte microcapsules loaded with BODIPY-
labeled DQ-OVA. A: Example image showing cells in transmission mode. Nuclei are 
shown in blue (Hoechst 33342) and capsules in red. Intracellularly degraded DQ-OVA 
is shown in green. Release in cell #7 and cell #13 is marked with arrows. B: Cells can 
be identified based on their nuclei and the outlines are obtained from the edge-enhanced 
transmission image (Sobel gradient,[69] image not shown). Released DQ-OVA is detected 
by green fluorescence not co-localizing with red areas. C: Illustration of the final seg-
mentation result. This Figure was created by the author by applying the proposed algo-
rithm on unpublished image data from Mikhail Zyuzin.  
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As demonstrated, digital image cytometry is a powerful tool which simplifies 
the assessment of processes on the cellular and subcellular level based on high-
throughput fluorescence microscopy and image processing. It is closely related to 
flow cytometry but in comparison to this techniques the list of accessible cell 
features is increased dramatically.[41,43] The cell segmentation in flow cytometry 
is “solved” by subsequent passing of individual cells through the exciting laser 
beam. Accordingly, cell recognition in digital image cytometry is more challeng-
ing and requires specific stainings in combination with sophisticated computer 
vision algorithms. Inappropriate segmentation parameters may lead to inaccu-
rate results including artifacts and/or methodical errors.  

In addition the endpoints of the assays have to be selected carefully. The 
classical mistake which can be made (also in classical flow cytometry) is caused 
by cytotoxicity-induced cell loss. The profile of the remaining cells does not rep-
resent the original population, as the residual cells might behave abnormally in 
some way making them resistant to the toxic impulse. 

The major advantage of digital image cytometry in comparison to flow 
cytometric approaches is the ability to “look into the cell” in high spatial resolu-
tion, to examine cells in their natural state11, and to measure kinetics. After the 
measurement, an individual cell is not lost and can be examined again at a later 
point in time. This can be used either (i) to determine the evolution of global 
features, i.e. similar to measuring several samples representing different points 
in time with the flow cytometer, or (ii) for tracking of individual cells and   
evaluation of certain features on the single cell level over time. An example for 
the first option is shown in Figure 5.2 where the mitochondrial membrane po-
tential (reported by a fluorescence dye) upon treatment with a chemotherapeu-
tic agent is assessed in human promyelocytic leukemia cells (HL-60) time-
dependently. From the data the evolution of different cell populations (cells 
with hyperpolarized and depolarized mitochondrial membranes) can be observed 
in a high temporal resolution. Every outlier can be traced back to the underly-
ing image, and finally to the underlying cell object. 

Still, for all these kinds of measurements the segmentation of cells in every 
single image frame is required. This implies that on the one hand, the staining 
techniques have to be optimized carefully to avoid any interference with the cell 
viability and the actual measurements. On the other hand, large quantities of 
multidimensional image data whose processing is time consuming and requires 
computing power are produced for automatic segmentation and feature extrac-
tion. Finally, data evaluation and an appropriate representation of the obtained 
results are a challenge, as the datasets are highly multidimensional.  

                                                 

11 no detachment and transfer into certain buffers prior to cytometric measurements is re-
quired. 
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Figure 5.2: Digital image cytometry for time-resolved densiometric meas-
urements. The mitochondrial membrane potential Δψm of human promyelocytic leu-
kemia cells (HL-60) upon treatment with a chemotherapeutic agent cytarabin (AraC) is 
indicated by the fluorescence of the dye tetramethylrhodamine ethyl (ITMRE). TMRE and 
AraC were added at t = 0 min. A: In untreated control cells the mitochondrial mem-
brane potential is not affected. B: In treated cells hyperpolarization of mitochondrial 
membranes can be observed before apoptosis occur. The part of the intensity distribu-
tion representing cells with hyperpolarized mitochondrial membranes is marked with 
(*); the part representing apoptotic cells is labeled with (**). The dashed line is drawn 
to allow comparison of the ITMRE values between treated and untreated cells. C: Fluo-
rescence micrograph showing cells in suspension with high membrane potential (yel-
low, *) and apoptotic cells with depolarized mitochondrial membranes (**). Nuclei were 
stained in blue (Hoechst 33342). This Figure was created by the author for the purpose 
of illustration. 

For segmentation of the image data acquired from living cells, DNA stains 
(e.g. Hoechst 33342), commonly used for identification of primary cell nuclei 
(Image Segmentation, § 2.4), can cause problems, since they interfere with DNA 
replication and exhibit phototoxicity.[175] Similar problems can be attributed to 
membrane stains, as certain receptors might be blocked or undesired cellular 
responses might be triggered. Consequently, the stain concentrations should al-
ways be kept as low as possible even if the quality of the acquired images is re-
duced by low fluorescence signals. Drawbacks in image quality can usually be 
solved with appropriate image restoration algorithms or are of no consequence 
due to the high number of analyzed cells. 

 A very important point for the successful application of digital image 
cytometry is the conceptual design of the experiment. Almost all experimental 
and technical parameters are interrelated. For instance, the fluorescence     
characteristics of nanomaterials should not interfere with the dyes introduced 
for later cell segmentation. Image resolution is competing with temporal resolu-
tion which in turn is limited by the total cell count and the number of different 
conditions/samples (e.g. wells) to be captured. High cell numbers are desired for 
high statistical significance. For cell tracking, quite a high temporal resolution is 
needed for correct cell identification in consecutive time-lapse image frames. On 
the contrary, a high temporal resolution also limits the total cell count.  
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Recently, several optical “super-resolution” methods have been developed  
that are capable of resolving nanostructures down to several tens of nanome-
ters.[176,177] The concept of digital image cytometry presented aims at generating 
data that represents thousands of individual cells. Yet, super-resolution micro-
scopes are rather slow and hard to automatize. In addition, when covering a 
comparable growth area with a similar number of cells, the data output would 
be extreme and slow to process with conventional work stations. Realistically, 
imaging is limited to subcellular structures or macromolecules in this case. 
Then, the challenge of image segmentation lies more in recognizing different 
intracellular compartments than in the detection of whole cells. However, as 
demonstrated in this work, when assessing the cellular interaction with 
nanomaterials, it is often not even necessary to resolve individual particles as 
the cellular response is well-detectable. 

 
High throughput microscopy in combination with digital image cytometry can 
help to answer the following questions with high statistical relevance:  

i) How many nanoparticles are internalized? 
ii) Where are they intracellularly transported to?  
iii) How do they affect cells?  

Within the field of nanobiotechnology particle-cell interactions, intracellular 
release, sensor particle readout, and particle-induced cellular responses are gen-
erally suitable problems for future investigation aided by the introduced meth-
odology. The development of serious nanomedicine is an emerging and fast 
growing field. Hence, reliable and sensitive assays are needed to probe nanopar-
ticle functioning and cytotoxicity at an early stage, where digital image cytome-
try does function as a valuable research tool. 
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6. Publications 

The publications providing the basis for this thesis were sorted correspond-
ing to the major topics of this thesis and their publication date. Off-topic scien-
tific contributions are summarized under “Miscellaneous”. Review articles and 
conference proceedings are listed at the end of this section. 

For each topic, a short description is given and the author’s contribution is 
highlighted. The full articles can be found in the Appendix. 

6.1. Cellular Responses to Nanoparticles 

Several types of nanomaterials have already been approved for in vivo appli-
cations, such as iron oxide NPs for contrast enhancement in MRI. Nonetheless, 
exposing cells to colloidal nanoparticles can result in concentration-dependent 
harmful effects. In the articles presented the effects of different nanomaterials on 
various eukaryotic cell types were elucidated by performing several quantitative 
approaches based on digital image cytometry. 

In the first work “Quantification of the Internalization Patterns of 
Superparamagnetic Iron Oxide Nanoparticles with Opposite Charge”[27] the up-
take patterns of oppositely charged iron oxide nanoparticles were analyzed by 
performing a quantitative correlation analysis of the intracellular locations of 
the nanomaterials and different cellular organelles (i.e., endosomes, lysosomes) 
using images obtained by confocal fluorescence laser scanning microscopy. 
Strong differences in cellular uptake of anionic versus cationic particles were 
observed. In the book chapter “Investigating Nanoparticle Internalization Pat-
terns by Quantitative Correlation Analysis of Microscopy Imaging Data”[67] the 
focus is placed on the applied methodology firstly introduced in [27]. 

The composition of the outermost hydrophilic shell of a nanoparticle influ-
ences the attachment of biological molecules in physiological environments form-
ing the so called nanoparticle protein corona which in turn governs the initial 
interaction of nanoparticles with cellular membranes and further uptake and 
intracellular trafficking. In “Effect of Surface Functionalization with Poly-
ethylene Glycol (PEG) of Polymer-Coated Nanoparticles on Human Serum Al-
bumin Adsorption and Cell Uptake”[83] the implications of enshrouding polymer-
coated iron platinum NPs with polyethylene glycol on the adsorption of proteins 
and cellular uptake was assessed.  

Before any acute cytotoxicity becomes visible cellular gene expression levels 
and morphological changes in subcellular structures can be observed. Especially 
the last issue was addressed in “Colloidal Nanoparticles Induce Changes in Cel-
lular Morphology”[36]. Computer vision was applied to probe shape alterations in 
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cellular organelles, such as lysosomes or mitochondria, and to monitor changes 
of more macroscopic parameters, such as cell shape and cytoskeletal texture 
based on fluorescence microscope images. Upon exposure to small-sized (5 nm) 
polymer coated Au NPs, the morphology of several cellular structures was al-
ready significantly changed at concentrations one order of magnitude lower than 
those at which cellular viability is decreased. 

In collaboration with Philipp Nold and Prof. Dr. Cornelia Brendel from the 
Division of Hematology at the University Medical Center in Marburg/Giessen 
the potential of Au NPs for labeling of mesenchymal stem cells (MSCs) during 
bioreactor-aided expansion was investigated in “Gold Nanoparticle-Labeling of 
Bioreactor-Expanded Human Mesenchymal Stem Cells”. The experimental pa-
rameters were optimized to detect a low number of Au labeled MSCs inside tis-
sue by mass spectroscopy, ultimately aiming to trace MSC migration in vivo 
after intravenous re-introduction. The amount of Au NPs required for sufficient 
labeling has already affected cellular migration and proliferation significantly, 
which might exclude nano-sized Au particles as a labeling reagent for this pur-
pose. 

In “In Vivo Integrity of Polymer-Coated Inorganic Colloidal 
Nanoparticles”[40] the integrity of polymer coated Au NPs with excellent colloidal 
stability was addressed. For the observation of bio-distribution and retention 
times polymer and core material were radioactively labeled. The data indicate 
that upon intravenous administration into rats a partial separation of polymer 
shell and inorganic NP core occurred. Considering additional in vitro experi-
ments, the degradation might be caused by proteolytic enzymes.  

1) C. Schweiger*, R. Hartmann*, et al., “Quantification of the Internalization 
Patterns of Superparamagnetic Iron Oxide Nanoparticles with Opposite 
Charge”, J. Nanobiotechnology 2012, 10, 28.[27] 

2) R. Hartmann, et al., “Investigating Nanoparticle Internalization Patterns by 
Quantitative Correlation Analysis of Microscopy Imaging Data”, in Inorg. 
Nanoparticles vs Org. Nanoparticles, 2012, p. 181.[67] (book chapter) 

Experimental: Cell culture and in vitro uptake experiments, immuno-
fluorescence  
Data analysis: revealing uptake pathways using quantitative correlation 
analysis 
Manuscript: Preparation of the corresponding section of the supplemen-
tary materials and preparation of book chapter[67] 

3) B. Pelaz, P. d. Pino, P. Maffre, R. Hartmann, et al., “Effect of Surface 
Functionalization with Polyethylene Glycol (PEG) of Polymer-Coated 
Nanoparticles on Human Serum Albumin Adsorption and Cell Uptake”.[83] 
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(submitted to ACS Nano)  

Data analysis: Quantification of nanoparticle uptake rates by 3T3 cells  
Manuscript: Preparation of corresponding parts of the supplementary 
materials 

4) X. Ma*, R. Hartmann*, et al., „Colloidal Nanoparticles Induce Changes in 
Cellular Morphology”.[36] (accepted for publication in Nano Today after 
revision)  

Experimental: Development of assays probing changes in morphology, cy-
totoxicity assays, helium ion microscopy 
Data analysis: Digital image processing, segmentation, feature extraction, 
result compilation  
Manuscript: Major contribution to the preparation of the manuscript and 
the supporting information  

5) P. Nold*, R. Hartmann*, et al., “Gold Nanoparticle-Labeling of Bioreactor-
Expanded Human Mesenchymal Stem Cells”. (working title, in preparation)  

Experimental: Cell culture und in vitro uptake, proliferation and migra-
tions assays 
Data analysis: Assay readout 
Manuscript: Major contribution to the preparation of the manuscript and 
the supporting information  

6) W. Kreyling, […], R. Hartmann, et al., “In Vivo Integrity of Polymer-Coated 
Inorganic Colloidal Nanoparticles”, DOI: 10.1038/NNANO.2015.111.[40]  

Experimental: Cell culture und in vitro NP uptake and degradation ex-
periments 
Manuscript: Preparation of corresponding parts of the supplementary 
materials 

* equally contributing authors 
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6.2. Investigating the Endocytic Pathways of Micron-Sized Carrier 
Particles 

Polyelectrolyte multilayer capsules (PEMs) are seen as carrier vehicles with 
high potential for biomedical applications. Understanding the internalization 
pathway of these systems is mandatory for their future design of biocompatible 
and effective therapeutic delivery systems (e.g. for cancer).  

In the first article “Multiple Internalization Pathways of Polyelectrolyte Mul-
tilayer Capsules into Mammalian Cells”[136] the endocytic uptake mechanisms of 
PEM capsules were investigated thoroughly by image cytometry. By switching 
off certain endocytic pathways with specific chemical inhibitors and by correla-
tion of the intracellular localization of PEMs upon internalization with 
endocytic markers, an uptake mechanism could be identified “strongly depend-
ent on cholesterol-rich domains and organelle acidification” but “independent of 
clathrin and caveolae”.[136] The impact of mechanical parameters of the used par-
ticles on the uptake efficiency still remained uninvestigated. In addition, the 
question arose whether a correlation between the current progression in the up-
take process and the local pH around a capsule was possible.  

Both issues were further investigated in the second publication “Stiffness-
Dependent In Vitro Uptake and Lysosomal Acidification of Colloidal 
Particles”[29]. Here, pH-sensitive fluorescent dye molecules where embedded into 
PEMs and a quantitative method was developed which allowed these systems to 
be tracked with sufficient temporal resolution during cellular uptake, thus allow-
ing a sophisticated quantitative analysis of their endocytic processing. The par-
ticle systems used were characterized particularly with respect to their mechani-
cal properties, as the applied assembly method allowed for reproducible tuning 
of particle stiffness without changing other parameters, such as size, surface 
charge, or surface chemistry. Hence, a correlation between uptake/acidification 
patterns and particle elasticity was possible. Based on the statistical analysis of 
hundreds of single particle trajectories, the authors found a significant impact of 
particle stiffness on particle internalization and acidification. 

Finally, this approach was used to unravel the role of the V1G1-subunit of 
the V-ATPase, a multi subunits large H+-pump, for its interplay in lysosomal 
acidification in “Capsule-Based Fluorescent Sensors for Measuring Acidification 
of Endocytic Compartments in Living Cells with Altered Expression of V-
ATPase Subunit V1G1”[159]. By comparing the acidification patterns of single pH-
sensitive PEMs during endocytosis in either overexpressing V1G1- or V1G1-
depleted cells the importance of the V1G1-subunit on organelle acidification was 
demonstrated. 
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7) L. Kastl, D. Sasse, V. Wulf, R. Hartmann, et al., “Multiple Internalization 
Pathways of Polyelectrolyte Multilayer Capsules into Mammalian Cells”, 
ACS Nano 2013, 7, 6605–6618.[136] 

Experimental: Monitoring of pH during capsule uptake  
Data analysis: Aggregation of results 
Supervision of Christiane Ranke’s (co-author) bachelor thesis  

8) R. Hartmann, et al., “Stiffness-Dependent In Vitro Uptake and Lysosomal 
Acidification of Colloidal Particles”, Angew. Chemie Int. Ed. 2015, 54, 
1365–1368.[29]  

Conceptual design 
Experimental: Synthesis and characterization of pH-sensitive polyelectro-
lyte microcapsules (except elasticity measurements); cell culture (isola-
tion of primary cells, maintenance of cell lines) & in vitro uptake experi-
ments 
Data analysis: Development of a Matlab-based toolbox 
(“ParticleAnalyzer”) for digital image cytometry, particle tracking and 
automated trajectory analysis 
Manuscript: Preparation of manuscript and supporting information 

9) M. M. Ferraro*, M. d. Luca*, R. Hartmann*, et al., “Capsule-Based 
Fluorescent Sensors for Measuring Acidification of Endocytic Compartments 
in Living Cells with Altered Expression of V-ATPase Subunit V1G1”.[159] 
(submitted to BMC Biol.)  

Experimental: Cell culture and in vitro uptake experiments of pH-
sensitive particles 
Data analysis: Particle tracking and quantitative analysis  
Manuscript: Preparation of corresponding parts of the supporting infor-
mation, data visualization and illustrations 

* equally contributing authors 
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6.3. Miscellaneous 

Additional projects which are thematically not related to the scope of this 
thesis are mentioned in the following.  

10) K. Baum, R. Hartmann, et al., “Three-Dimensional Surface Reconstruction 
within Noncontact Diffuse Optical Tomography Using Structured Light”, J. 
Biomed. Opt. 2012, 17, 126009.[178]  

Experimental: Software development for acquisition and analysis of dif-
fuse optical tomography data 
Manuscript: Major contribution 

This work was not performed under the supervision of Prof. Dr W. J. Parak 

11) M. Mahmoudi, […], R. Hartmann, et al., “Cell-Imprinted Substrates Direct 
the Fate of Stem Cells“, ACS Nano 2013, 7, 8379–84.[179] 

Experimental: Cell culture and differentiation experiments, imaging 

12) M. Mahmoudi, […], R. Hartmann, et al., “Temperature: the ‘Ignored’ Factor 
at the NanoBio Interface“, ACS Nano 2013, 7, 6555–6562.[123] 

Data analysis: Development of a Matlab-based toolbox for cell segmenta-
tion and quantification of nanoparticle uptake (“High Content Screening” 
assay) 
Manuscript: Preparation of corresponding parts of the supplementary 
materials 

13) X. Yu, D. Y. Lei, F. Amin, R. Hartmann, et al., “Distance Control In-
Between Plasmonic Nanoparticles via Biological and Polymeric Spacers”, 
Nano Today 2013, 8, 480–493.[180] 

Data analysis: Image segmentation and processing for determination of 
radial distribution functions 

14) S. Carregal-Romero, P. Guardia, X. Yu, R. Hartmann, et al., „Magnetically 
Triggered Release of Molecular Cargo from Iron Oxide Nanoparticle Loaded 
Microcapsules“, Nanoscale 2014, 7, 570-576.[181] 

Data analysis: Image segmentation and processing for the quantification 
of remaining cargo material in polyelectrolyte multilayer capsules after 
photo-thermal release 
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15) P. K. Harimech*, R. Hartmann*, et al., „Encapsulated Enzymes with 
Integrated Fluorescence-Control of Enzymatic Activity”. J. Mater. Chem. B 
2015, 00, 1–7.[158] 

Experimental: Synthesis of enzyme containing polyelectrolyte multilayer 
capsules and imaging 
Data analysis: Video segmentation and processing of time-lapse confocal 
fluorescent microscopy data to determine enzyme reaction kinetics inside 
micron-sized bioreactors 
Manuscript: Major contribution to the preparation of the manuscript 

16) A. Ott, X. Yu, R. Hartmann, et al., “Light-Addressable and Degradable 
Silica capsules for Delivery of Molecular Cargo to the Cytosol of Cells”, 
Chem. Mater. 2015, 27, 1929-1942.[127] 

Data analysis: Contribution of algorithms for data analysis 
Manuscript: Preparation of corresponding parts of the supplementary 
materials 

17) D. Kuhn*, R. Hartmann*, et al., „Cellular Uptake and Cell-to-Cell Transfer 
of Polyelectrolyte Microcapsules within a Triple Bi-Culture System 
Representing Parts of the Respiratory Tract”.[149] (accepted for publication at 
S.T.A.M.)  

Experimental: Cell culture and imaging 
Data analysis: Quantification of uptake rates of polyelectrolyte multi-
layer capsules by primary cells within a 3D cell model 
Manuscript: Major contribution to the preparation of the manuscript and 
the supporting information  

18) W.-C. Liao, C.-H. Lu, R. Hartmann, et al., “ATP-Triggered Release of 
Macromolecular and Nanoparticle Loads from Aptamer/DNA-Crosslinked 
Microcapsules”.[182] (submitted to Adv. Func. Mat.)  

Experimental: Conceptual design, capsule template synthesis  

* equally contributing authors  
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6.4. Review Articles 

The current knowledge regarding the interaction of colloidal nanoparticles 
with cellular membranes was summarized in “Interaction of stable colloidal na-
noparticles with cellular membranes.”[183] (as of 2013). In “Fluorescence-based 
ion-sensing with colloidal particles”[184] problems accompanying fluorescence-
based ion-sensing with colloidal particles were addressed. 

19) M. Mahmoudi, […], R. Hartmann, et al., “Interaction of Stable Colloidal 
Nanoparticles with Cellular Membranes”, Biotechnol. Adv. 2014, 32, 679–
92.[183] 

Manuscript: Minor contribution  

20) S. Ashraf, […], R. Hartmann, et al., „Fluorescence-Based Ion-Sensing with 
Colloidal Particles“, Curr. Opin. Pharmacol. 2014, 18C, 98–103.[184] 

Manuscript: Minor contribution 

6.5. Conference Proceedings 

The contributions to the following scientific conferences were published in-
side conference proceedings: 

21) K. Baum, R. Hartmann, T, et al., in Eur. Conf. Biomed. Opt., 2011,        
p. 80881V–80881V.[185] 

22) R. Hartmann, et al., in Eur. Biophys. J. WITH Biophys. Lett., 2011,        
p. 227.[186] 

23) R. Hartmann, et al., in Eur. Biophys. J. WITH Biophys. Lett., 2013,      
pp. S112–S112.[187] 
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7. Abbreviations 

3T3 - murine fibroblast cell line
A549 - human breast adenocarcinoma cell line 
AB - antibody
AF - AlexaFluor
AFM - atomic force microscopy
AraC - cytarabin
ATP - adenosine triphosphate
BODIPY - boron-dipyrromethene
CCD - charge coupled device
CdTe - cadmium telluride
CHT - circular Hough transform
cLSM - confocal laser scanning microscopy
CTR - control
DAPI - 4’,6-diamidino-2-phenylindole
DextS - dextran sulfate sodium salt
DNA - deoxyribonucleic acid
DQ-OVA - dequenching ovalbumin
EdU - 5-ethynyl-2’-deoxyuridine
FePt - iron-platinum
GFP - green fluorescent protein
HCA - high content analysis
HCS - high content screening
HeLa - human cervical cancer cell line
HL-60 - human promyelocytic leukemia cell line 
HUVEC - human umbilical vein endothelial cell line 
LAMP1 - lysosomal associated protein 1
LbL - layer-by-layer
MDA-MB-231 - breast cancer cell line
MRI - magnetic resonance imaging
MSC - mesenchymal stem cell
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 
NA - numerical aperture
NP - nanoparticle
PAH - poly(allylamine hydrochloride)
PE - polyelectrolytes
PEG - polyethylene glycol
PEMs - polyelectrolyte microcapsules
PLArg - poly-L-arginine hydrochloride
PMA - poly(isobutylene-alt-maleic anhydride) 
PSF - point spread function
PSS - poly(sodium 4-styrenesulfonate)
QD - quantum dot
ROS - reactive oxygen species
SDS-PAGE - sodium dodecyl sulphate polyacrylamide gel electro-
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phoresis
TEM - transmission electron microscopy
TMRE - tetramethylrhodamine ethyl
V-ATPases - vacuolar H+-ATPases
WGA - wheat germ agglutinin
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P
olyelectrolyte multilayer (PEM) cap-
sules constitute a promising delivery
system1 for biomedical applications.

The capsules are formed by sequential addi-
tion of oppositely charged polyelectrolytes
onto a spherical template in a process
called layer-by-layer assembly.2�4 Thewhole
system is stabilized predominantly by elec-
trostatic interaction of the components.
However, other types of stabilization pro-
cesses have been used to create more
sophisticated capsule systems.5,6 After

addition of a defined number of layers to
the template, the template is chemically
dissolved to obtain hollow capsules. The
great advantage of these carrier systems
is that PEM capsules can be modified with
different functionalities.7,8 For example, car-
go molecules (e.g., analyte-sensitive fluoro-
phores, drugs, oligonucleotides, proteins)
have been encapsulated within the cavity
of PEM capsules.9,10 Analyte-sensitive fluoro-
phores in the cavity provide information about
the environment in which the capsules are
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ABSTRACT Polyelectrolyte multilayer (PEM) capsules are carrier vehicles with great

potential for biomedical applications. With the future aim of designing biocompatible,

effective therapeutic delivery systems (e.g., for cancer), the pathway of internalization

(uptake and fate) of PEM capsules was investigated. In particular the following

experiments were performed: (i) the study of capsule co-localization with established

endocytic markers, (ii) switching-off endocytotic pathways with pharmaceutical/chemical

inhibitors, and (iii) characterization and quantification of capsule uptake with confocal and

electron microscopy. As result, capsules co-localized with lipid rafts and with phagolyso-

somes, but not with other endocytic vesicles. Chemical interference of endocytosis with

chemical blockers indicated that PEM capsules enter the investigated cell lines through a

mechanism slightly sensitive to electrostatic interactions, independent of clathrin and

caveolae, and strongly dependent on cholesterol-rich domains and organelle acidification. Microscopic characterization of cells during capsule uptake

showed the formation of phagocytic cups (vesicles) to engulf the capsules, an increased number of mitochondria, and a final localization in the perinuclear

cytoplasma. Combining all these indicators we conclude that PEM capsule internalization in general occurs as a combination of different sequential

mechanisms. Initially, an adsorptive mechanism due to strong electrostatic interactions governs the stabilization of the capsules at the cell surface.

Membrane ruffling and filopodia extensions are responsible for capsule engulfing through the formation of a phagocytic cup. Co-localization with lipid raft

domains activates the cell to initiate a lipid-raft-mediated macropinocytosis. Internalization vesicles are very acidic and co-localize only with

phagolysosome markers, excluding caveolin-mediated pathways and indicating that upon phagocytosis the capsules are sorted to heterophagolysosomes.

KEYWORDS: polyelectrolyte multilayer capsules . mechanisms of internalization . cancer cells . pharmacological inhibitors .
phagocytosis . macropinocytosis . clathrin mediated uptake . lipid rafts . caveolin mediated uptake . intracellular localization .
lysosomes . endosomes . actin cytoskeleton . colloids . layer by layer assembly
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dispersed.11,12 Biodegradable capsules promote the
release of cargo from the cavity over time indepen-
dently from an external trigger.13�15 Other functional
groups (e.g., polyethylene glycol (PEG), colloidal nano-
particles, and proteins) can be integrated in the poly-
electrolyte layer or attached to the surface of the
PEM capsules. Surface modification of these capsules
with PEG molecules increases the colloidal stability of
the system due to the low fouling properties of these
molecules, but their uptake by cells is reduced.16,17

By embedding magnetic nanoparticles18,19 or by link-
ing molecules with molecular recognition properties
(e.g., DNA, antibodies, proteins),20 PEM capsules can be
either locally accumulated or targeted to specific cell
populations,21,22 respectively. Modifying the capsule
wall with plasmonic nanoparticles23�25 allows for con-
trolled opening of single capsules and release of cargo
inside the cells with light as an external trigger.26,27 The
materials selected to synthesize as well as to func-
tionalize the capsules (i.e., the polyelectrolytes for
the shell and the type of core template) determine
the physicochemical properties of the PEM capsules
(e.g., biodegradability, size, charge density, colloidal
stability, molecular recognition, stimuli sensitivity,
responsiveness).28�31

Despite the great biomedical potential of these
carrier systems and the multiple biological potential
applications already described in the literature, path-
ways for the internalization of PEM capsules and a
correlation of their physicochemical properties and
their intracellular fate still require further investigation.
Reports in the literature indicate that incorporation of
the capsules occurs spontaneously. For a more specific
uptake, an improvement of the molecular recognition
properties of the capsules would be required. Inter-
nalization has been demonstrated to be non-cell spe-
cific for a variety of cell lines.32 Several groups have
suggestedmacropinocytosis or lipid rafts asmain entry
pathways into eukaryotic cells, based on the use of one
or two pharmacological inhibitors.14,33,34 However, it is
well known that no chemical inhibitor is absolutely
specific for exclusively one pathway,35 and thus addi-
tional studies are required. In general, the internaliza-
tion of capsules by cells appears to be a highly energy-
consuming, actin-mediated process, which depends
on microcapsules' intrinsic factors, such as their phys-
icochemical properties, rather than on the cell type.
Although the exact mechanism of cellular uptake is
still not fully unraveled, some important parameters
that regulate this process have been recently eluci-
dated. For instance, the overall charge of capsules has
been demonstrated to play a role in capsule uptake.
In analogy to smaller colloidal nanoparticles, charged
capsules are ingested faster than uncharged ones,16

and positively charged capsules are found to be en-
gulfed more than negatively charged ones.36 Anyhow,
adsorption of cell medium proteins to the capsule

surface tends to reduce differences in surface chemistry
in the case of long incubation times. Softness also plays
a role, as hydrogel-based capsules tend to accumulate in
late endosomes,10,37 in comparison tomore rigid capsules,
which end up in the phagolysosome.
In order to understand the uptake of PEM capsules

by cells, it is helpful to understand the available body of
literature on particle incorporation by cells in general.
The plasma membrane of eukaryotic cells is a crucial
interface that delimits the intracellular from the extra-
cellular space. Since the 1970s, the plasma membrane
is described according to the fluid mosaic model,
which gives fluidity, dynamics, and asymmetry to this
interface.38 It is formed by a lipid bilayer made out of
amphipathic lipids (phospholipids, glycolipids, and
cholesterol) as well as of several kinds of associated
proteins (integral and peripheral proteins, as well as
glycoproteins). Cholesterol hinders solidification at low
(room) temperature and prevents the membranes
from becoming too fluid at high temperatures. By
forming plasma membrane vesicles, cells can incorpo-
rate solids and liquids ranging from the nanometer
up to the micrometer scale by numerous endocytic
processes.39,40 Roughly, endocytosis can be divided into
phagocytosis (engulfment of large objects) and pinocy-
tosis (macropinocytosis, lipid rafts, clathrin-dependent,
caveolin-dependent, and clathrin- and caveolin-
independent pathways).41,42 Despite the common
thought that only phagocytes are able to perform
phagocytosis, most eukaryotic cells preserve this
function.43 The entry of solutes and liquids into the cell
via endocytic pathways involves multiple stages. First,
objects are taken up in plasma membrane invagina-
tions toward the cytosol. Inward invaginations include
lipid rafts, clathrin- or caveolin-mediated pathways,
as well as clathrin- and lipid-rafts-independent path-
ways, whereas an outward engulfment of objects is
more characteristic for phagocytosis andmacropinocy-
tosis. These invaginations are then pinched-off to form
plasma-membrane-containing vesicles. Second, these
vesicles mature into different specialized structures,
i.e., phagosomes, endosomes, caveosomes, andmacro-
pynosomes, depending on the endocytic machinery
being activated, thus enabling sorting of the cargo.
Finally, the cargo is delivered into intracellular compart-
ments (e.g., lysosomes, phagolysosomes), recycled back
to the plasmamembrane, or transported across the cells
(i.e., transcytosis). The morphological or biochemical
distinction between the different endocytic path-
ways (clathrin- and caveolin-(in)dependent mechan-
isms, macropinocytosis, and phagocytosis) is quite diffi-
cult. During vesicle maturation there is a sequential
fusion and fission of different endocytic vesicles and
molecular markers where vesicular contents are bidirec-
tionally exchanged. Thus, constituents from the plasma
membrane, endosomes, and lysosomes appear in
all of these endocytic vesicles.43 Nevertheless, each

A
RTIC

LE
Appendix 

 

 
 

  

A-I.4



KASTL ET AL . VOL. 7 ’ NO. 8 ’ 6605 6618 ’ 2013

www.acsnano.org

6607

internalization mechanism exhibits several characteris-
tic patterns, which are not entirely selective. As pointed
out before, phagocytosis and macropinocytosis imply
the formation of membrane protrusions to incorporate
cargo, whereas all other pathways involve inward
invaginations. Furthermore, phagocytosis can be distin-
guished from macropinocytosis by the type of exvagi-
nation formed. In the case of the macropinocytosis, the
plasmamembrane formsa kindof “arm” to surround the
loose cargo (mostly liquids and small solutes). However,
in the case of phagocytosis there is a formation of a sort
of “cup” that tightly wraps around the cargo (mostly big
solids). In both cases, the kinds of vesicles formed are on
the micrometer scale, which fits the size of the capsules
as investigated in this study. Other types of endocytic
pathways (i.e., clathrin- and caveolin-dependent and
-independent mechanisms as well as lipid rafts) involve
rather small membrane-bound vesicles (usually below
300 nm), and the scission from the plasma membrane
is mostly dependent on the presence of dynamin.40

Clathrin-dependent internalization processes are char-
acterized by the presence of several adaptor proteins
and by a clathrin coating. These routes are mostly
associated with receptor-mediated endocytosis.41 Lipid
rafts are stationary vesicles on the plasma membrane.
Like caveolin vesicles, they are cellular domains rich in
cholesterol and sphingolipids, which lead to regions of
enhancedpacking and reduced fluidity. The presence of
caveolae in the vesicles distinguishes lipid rafts from
caveolin-dependent uptake processes. Cholesterol ap-
pears to be a key player in the formation of lipid rafts.
The pH also plays a role in distinguishing the different
internalizing vesicles.Most of the sorting vesicles reduce
their pH upon maturation, thus reaching the lowest
valuewhenmeeting the lysosomes or phagolysosomes,
with the exception of the caveosomes, which are char-
acterized by a neutral/slightly alkaline pH.44

In this study, the internalization mechanism of
PEM capsules by mammalian cells was elucidated.
The contribution of this article is the systematic study
of the role of different endocytic processes on the
internalization of PEM capsules by cells.

RESULTS

Microscopic Characterization of Capsule Uptake. The inter-
nalization of PEM capsules of different sizes by living
cells is a well-established process, independently shown
by several groups.32,45 Despite their relatively “large”
size (normally a few μm) (Figure SI-1), PEM capsules are
easily incorporated not only by specialized phagocytic
cells (e.g., macrophages, dendritic cells) but also by a
great variety of different cells (e.g., embryonic fibroblasts,
neuro- and glioblastoma cells, epithelial cancer cells)
including primary cells in culture (Figures 1, 2, and SI-3)
(e.g., monocyte-derived dendritic cells, bone marrow
mouse cells, and astrocytes)14,46 (Figure SI-3.2.A H).
However, primary hippocampal neurons in culture took

up capsules very inefficiently (Figure SI-3.1.D F). In our
study PEM capsules composed of PSS/PAH (polystyrene
sulfonate/poly(allylamine hydrochloride)) as a proto-
type of synthetic nondegradable capsules and of pARG/
DEXS (poly-L-arginine/dextrane sulfate) as a prototypeof
biodegradable capsules were used. Experiments were
mainly performed on the example of the breast cancer
cell line MDA-MB-231, but for comparison of the results
obtained, A549 lung cancer cells were also used
(Figure SI-7). Electron microscopy images clearly show
that the uptake of the capsules by the cells does not
interfere with their viability. Infoldings of the inner mem-
brane of the mitochondria were perfectly defined and
did not collapse. The number and the size of some
mitochondria were, however, increased. This would be
consistent with the assumptions that (i) the uptake is an
energy-consuming process and that (ii) lipid recovery to
the plasma membrane is being performed. Furthermore,
the nuclear membranes were also found to be intact
and the chromatin to be perfectly distributed over the
nucleus. All these signs indicate that cell viability was not
impaired by uptake of the capsules. The idea that the
internalization of PEM capsules is an active process was
confirmed upon the sensitivity of uptake to a decrease in
the incubation temperature (Figure 3.A).

A closer look at the interaction of PEM capsules
with MDA-MB-231 breast cancer cells shows that the
filopodia of the cells surround the capsules to stabilize
them at the cell membrane (Figure 1.A). Extension
of the plasma membrane (membrane ruffling and
redistribution of the actin cytoskeleton) to engulf the
capsules occurs (cf. Figure 1), rather than the formation
of invaginations, which would have to be pinched off.
This suggests the exclusion of pathways like clathrin-
and caveolin/lipid rafts-(in)dependent mechanisms.
The formation of a phagocytic cup can be clearly seen
in Figure 1.B and 1.C, thus pointing out phagocytosis
rather than macropinocytosis as the internalization
pathway (for more images concerning the internaliza-
tion of PEM capsules by different kinds of cells via

CLSM, TEM, and SEM see Figure SI-3).
Intracellular Localization of PEM Capsules. The study of

intracellular trafficking was performed by observing
theco-localizationofPEMcapsuleswithendocyticmarkers
(see Table 2). There are two commonways to perform co-
localization. One method uses the labeling of constitu-
ents (e.g., lysosomal-associated membrane protein 1
(LAMP1), caveolin, early endosome antigen 1 (EEA1),
clathrin) of specific organelles involved in internalization
pathways (i.e., phagolysosomes, caveolae vesicles, early
endosomes, clathrin pits, respectively) with fluores-
cent molecules. In the other method, the so-called
“pulse-chase” analysis,47,48 the cells are exposed to
markers with known uptake pathways (e.g., cholera
toxin B1 (CTXB) as a marker for lipid rafts). In both
cases the location of the fluorescent PEM capsules
within these organelles can be confirmed by the
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co-localization between the fluorescent marker and
the capsule. We observed that after an initial
engulfment of capsules in types of phagocytic cups
(Figure 1), there is a co-localization of the capsules
with lipid rafts (marked with CTXB) (Figure 2.A).
Lipid rafts are functional membrane microdomains
enriched in cholesterol, specific proteins, and
glycosphingolipids.49 The observed co-localization

of PEM capsules with structures containing LAMP1,
which is a marker for phagolysosomes at a very early
and later stage of phagocytosis48,50 (Figure 2.B),
demonstrates that phagosomes are the final localization
of the capsules. Few signs of co-localization with other
endocytic vesicles such as endoplasmic reticulum (ER),
caveolin, endosomes,10 and clathrin were observed
(Figure SI-4.1).

Figure 2. Co localizationoffluorescently labeledPSS/PAHcapsules (green inAor red inB)withamarker for lipid rafts (cholera toxin
B1 (red) in A) andwith LAMP1 (green), a protein highly expressed in phagolysosomes'membranewith CLSM (B). TheMDA MB 231
cell's nucleus is shown inblue.Anorthogonal view fromdifferentplanes (x/y, x/z, ory/z) of theconfocalmicroscope image shows the
co localization of the capsules with the different cellular structures.

Figure 1. Microscopic characterization of capsule cell interactions. Cultured MDA MB 231 breast cancer cells were incubated
with fluorescently labeled PSS/PAH capsules whose walls were modified with electron dense gold nanoparticles (highlighted
with a star). (A, B) Scanning electrommicroscopy (SEM) images of the cells' plasma membranes. (A) The formation of filopodia
(highlighted with arrows) to stabilize the capsules as well as (B) the formation of a phagocytic cup (highlighted with arrows) to
engulf the PEM capsules can be clearly seen in these pictures. (C) Confocal laser scanning microscope (CLSM) images showing
the reorganization of actin cytoskeleton (red) to internalized PEM capsules (green, highlighted with a star) in the same kind of
phagocytic cup. The cell nucleus is shown inblue. (D) Transmissionelectronmicroscope (TEM) imageof a cell elongating its body
to engulf several capsules.13
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The results obtained by the co-localization of
capsules with different endocytic markers (Figure 2
and Figure SI-4.1 and SI-4.2) together with the
results obtained by the microscopic analysis of
internalization (Figure 1) suggest an exclusion of

pathways such as clathrin- or caveolin-mediated
endocytosis. On the contrary, they indicate that
other processes, lipid rafts, macropinocytosis, or
phagocytosis, are involved in the uptake of PEM
capsules.

Figure 3. Pharmacological/chemical inhibition of all known internalization pathways. (A) Quantification of capsule uptake
inhibition as described in theMethods section. *See comments in Table 1. (B) CLSM images of MDA MB 231 breast cancer cells in
the presence or absence (control cells) of the different inhibitors. The cytoskeleton (red), phagolysosomes (pink), and the nucleus
(blue) of the cells were stained to assess internalization of FITC modifiedPSS/PAH capsules (green). The length of the scale bar is
20 μm. (C) Positive effect of cytochalasin D on the inhibition of gold nanoparticle modified PSS/PAH capsule internalization
assessed inmore detail. TEM images ofMDA MB 231 breast cancer cells in the absence of capsules and inhibitor (control), absence
of inhibitor but incubatedwith capsules (capsules), and treatedwith cytochalasinDprevious to capsule incubation (cytochalasinD).
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Pharmacological/Chemical Inhibition of Endocytic Pathways
and Quantification of PEM Capsule Uptake. To date, the most
efficient, reliable, and affordable tool for testing en-
docytosis is chemical inhibition of internalization.35

Therefore, the endocytic pathways used by PEM cap-
sules were characterized on the basis of their differ-
ential sensitivity to pharmacological/chemical inhibi-
tors (Figure 3 and Figure SI-6). However, nonspecific
effects of such inhibitors have been reported and thus
need to be considered upon data analysis.35 MDA-
MB-231 breast cancer cells were treatedwith different
inhibitors of known internalization pathways (see
Table 1 and SI §2 for a precisedescription of all inhibitors
used), and the number of internalized capsules per cell
was calculated (Figure 3). Concentrations were chosen
in a way that the inhibitors are active, but still not
harmful to cells, as determined via viability assays
(Figure SI-5). From the statistical analysis of capsule
uptake (cumulative distribution functions, CDFs), which
is available in the Supporting Information, we derived a
meanblocking efficiency of each inhibitor. The results of
inibition of capsule uptake for PSS/PAH-based capsules
andMDA-MB-231 breast cancer cells are summarized in
Table 1. Similar results were obtained for pARG/DEXS-
based capsules and MDA-MB-231 breast cancer cells
and PSS/PAH-based capsules and A549 human lung
cancer cells (cf. the Supporting Information).

(i) Cell surface heparan sulfate proteoglycan-
mediated internalization is ruled by electrostatic inter-
action between the negatively charged glycocalix
and the charged particles.51 Atomic force microscopy
measurements of adhesive forces between capsules
and cell membranes showed that the uptake of PEM
capsules correlates with the adhesion of capsules
to the outer cell membrane.36 Indeed, treatment with
heparinases that hydrolyze proteoglycans52 showed a

17% decrease in the uptake of PEM capsules (Figures 3.
A, 3.B, and SI-6.1). Thus, electrostatic interactions
are indeed responsible for an effective cell capsule
interaction by improving capsule attachment to the
negatively charged cell surface.

(ii) Cytoskeleton assembly: The intracellular locali-
zation and motility of endocytic organelles is linked
to microtubules and to actin filaments, which provide
molecular motors to sort, transport, and mature the
different endocytic/phagocytic vesicles. Mostly all up-
take processes, except macropinocytosis and phago-
cytosis, appear to be enhanced by, but are not strictly
dependent on, a functional cytoskeleton. Intact micro-
tubules are required for vesiclematuration.43,53 Actin and
microtubule polymerization around the nascent vesicles
(i.e., macropinosomes and phagosomes) is responsible
for the formation of large F-actin-coated vesicles. This
constitutes a feature of all types of phagocytosis54 and
macropinocytosis. Use of F-actin and microtubule depo-
lymerizing drugs such as cytochalasins and nocodazole,
respectively, completely blocks theseprocesses.55 Never-
theless, F-actin has been lately described to be involved
in the plasma membrane rearrangement during pro-
cesses such as ruffling, migration, and phagocytosis.43

Furthermore, actin polymerization around the emerging
phagosome is a feature of all types of phagocytosis.54

Incubation of MDA-MB-231 breast cancer cells with
cytochalasin D clearly disturbed the internalization of
PEM capsules. Unexpectedly, a reduction of “only” 49%
of capsule uptake could be stated by CLSM (Figures 3.A
and 3.B, and SI-6.2). However, a closer look at the cell
membrane with TEM confirmed a complete abolish-
ment of capsule uptake when actin polymerization was
blocked (Figures 3.C, 4, and SI-8). It seems that although
attachment to the plasma membrane and an attempt
at internalization were visible with the CLSM, the actin

TABLE 1. Summary of the Results (in descending order) Obtained by Quantification of PSS/PAH Capsule Internalization

by MDA MB 231 Breast Cancer Cells upon Interfering with All Known Pathways

pharmacological/chemical inhibitor or alteration of the

cellular environment concentration associated pathway

quantification of

inhibition references

cell incubation at 4 �C all 100%
methyl beta cyclodextrin 2000 μM lipid rafts and lipid raft mediated macropinocytosis 93% 35, 59
bafilomycin A1 1 μM phagocytosis 84% 64, 65, 67, 68
concanamycin A 0.5 μM phagocytosis 63% 64, 65, 67, 68
cytochalasin D 20 μM phagocytosis 49%a 43
amiloride 500 μM macropinocytosis 38% 35, 52, 59
nocodazole 1 μM endocytosis 23% 69 72, 43, 53
heparinases 5 U adsortive mechanisms 17% 73
chlorpromazine 15 μM clathrin mediated endocytosis 16% 35, 52
dynasore 80 μM clathrin and lipid rafts/caveolae mediated endocytosis 14% 74
potassium depletion clathrin mediated endocytosis f0% 35
nystatin 10 μg/mL lipid rafts/caveolae 1% 35
cell incubation in serum free medium determined by the adsorbed proteins 26%

a CLSM delivered erroneous results regarding the efficiency of inhibition, due to lack of optical resolution. TEM characterization showed a near complete loss on internalization
upon disruption of the actin cytoskeleton with cytochalasin D (Figures 3.C, 4, and SI 8). However we were unable to do quantification due to the limitation of this technique to
process a significant amount of images over time.
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cytoskeleton was not able to reorganize properly and
invagination of the vesicles into the cytosolic side of the
cells was not completed (Figures 3.C, 4, and SI-8). On the
other hand, the cellular uptake of capsules was slightly
sensitive (23% reduction of uptake) to microtubule
polymerization, as demonstrated upon incubation with
nocodazole (Figures 3.A, 3.B, and SI-6.2). The higher
sensitivity to cytochalasin compared to nocodazole
and the fact that to internalize these kind of capsules,
the endocytic vesicles have to be around 2 4 μm in
diameter (which is considered large) confirmed the as-
sumption that the phagosome size governs the type of
motor system used.56 Whereas small endocytic vesicles
(<1 μm) are transported along the microtubules, bigger
endocytic vesicles (e.g., phagosomes) travel along the
actin cytoskeleton. These results highlight the utiliza-
tion of the actin microfilaments to propel the capsule-
containingendocytic vesicle andgive additional evidence
for phagocytosis as a final uptake modus.

(iii) Clathrin- and caveolin/lipid-raft-mediated en-
docytosis: Certain cellular internalization proteins involved
in the clathrin- and caveolin-mediated endocytosis, such
as clathrin or EEA1 and caveolin, respectively, did not
colocalize with the PEM capsules (Figure SI-4.1). However,
capsules did co-localize with lipid rafts and phagocytosis
markers such as CTXB and LAMP1 (Figures 2 and SI-4).
CTXB binding does not necessarily correlate with caveo-
lae vesicles,49 thus establishing a difference between
caveolin-dependent pathways and lipid rafts. These
results suggested an exclusion of clathrin- and caveo-
lin-mediated endocytosis. However, they do not ex-
clude lipid rafts, macropinocytosis, or phagocytosis as
uptake pathways. Indeed, PEM capsules were not inter-
nalized through clathrin-mediated endocytosis, as
chlorpromazine (Figures 3.A and SI-6.4) or potassium
depletion (Figure 4), which are specific blockers of this
pathway,35 did not influence their uptake. The caveolin-
mediated pathway can be excluded because the pH of
the endocytic vesicles was not alkaline44 (Figure 5). The
pH of these vesicles during capsule uptake was mea-
sured by tracking pH-sensitive capsules in confocal
images.57 The results indicated that the capsules were
in an acidic environment, thus being in accordancewith
the co-localization studies (Figure SI-4) showing no
signs of localization of the capsules with caveolin. Fur-
thermore, treatment of breast cancer cells with dyna-
sore (Figures 3.A, 3.B, and SI-6.4), which inhibits the
scission of dynamin-dependent vesicles from the plas-
mamembrane58 and the induction of clathrin- and lipid
raft-dependent and -independent endocytosis had no
effect on the uptake of PEM capsules. Taking these
results together, it can be concluded that neither cla-
thrin- nor caveolin-mediated endocytosis is participat-
ing in the internalization of PEM capsules. However, the
results do not provide a profound statement about the
involvement of lipid rafts and do not exclude macro-
pinocytosis or phagocytosis.

Lipid-raft-mediated endocytosis (which may be
dependent or independent of caveolae) aswell asmacro-
pinocytosis, which has been described as a sort of
lipid raft-dependent and receptor-independent form of
endocytosis,59 are sensitive to drugs that alter the struc-
ture of cholesterol-rich plasma membrane domains.60

These drugs include methyl-beta-cyclodextrin (MβCD)
and nystatin, which respectively deplete and sequestrate

Figure 4. TEMcharacterization of the internalization of gold
nanoparticle modified PSS/PAH capsules by MDA MB 231
breast cancer cells in the presence and absence (control)
of the different pharmacological/chemical inhibitors of
different cellular processes that have been associated with
specific pathways. Negative and positive controls are cells
treated without and with capsules, respectively. The length
of the scale bar is 3 μm.

A
RTIC

LE
Appendix 

 

 

  

A-I.9



KASTL ET AL . VOL. 7 ’ NO. 8 ’ 6605 6618 ’ 2013

www.acsnano.org

6612

cholesterol from the plasma membrane of the cells.
Surprisingly, only cholesterol depletion by treatmentwith
MβCD induces an almost complete (93%) loss of capsule
internalization (Figures 3.A, 3.B, 4, and SI-6.3), whereas
cholesterol sequestration evoked by nystatin had no
effect on the internalization of the capsules (Figures 3.A,
3.B, 4, and SI-6.3). These results demonstrate a crucial role
of cholesterol in the packing of the plasma membrane
to engulf the capsules. However, they do not distinguish
between lipid rafts and the related macropinocytosis. In
summarywehaveobserved thatPEMcapsules co-localize
with lipid rafts (marked with CTXB), and the uptake is
strongly sensitive toMβCD,which sequestrates cholester-
ol from the plasmamembrane andhas a significant effect
on the cytoskeleton, especially on the dispersion of a
cortical F-actin.61 However, it is not sensitive to dynasore
or potassium depletion. Furthermore, the size of the lipid
rafts is normally significantly smaller than the size of the
capsule.Gatheringup thedata concerning the roleof lipid
rafts and macropinocytosis in the uptake of capsules, it
can be concluded that lipid-raft-mediated macropinocy-
tosis, but not lipid rafts, plays an important role in the
uptake of PEM capsules at the level of capsule invagina-
tion to the cytosolic side.

(iv) Phagocytosis vsmacropinocytosis: These forms
of cellular entry lack distinctive pharmacological tools
to be distinguished. As already introduced, they can be
differentiated from other forms of endocytosis due to
the formation of large, outward vesicles (phagosomes

and macropinosomes). The formed vacuoles are plas-
ma membrane derivates and lack specific proteins/
lipids or coatings. These vesicles undergo a series of
fusion events with other intracellular vesicles, thus
changing their composition upon maturation. Due to
the lack of pharmacological targets, it is very difficult to
selectively distinguish one from another. Alteration of
the intracellular/intravacuolar acidification with selec-
tive drugs is the best choice to study macropinocytosis
and phagocytosis because these drugs have the
fewest collateral effects on other pathways.35 Amiloride
inhibits the sodium proton (Naþ/Hþ) exchange and
causes strong cytosolic acidification. As a result, amilor-
ide is commonly used to inhibit (macro)pinocytosis.52,62

However, its specificity is limited, as amiloride deriva-
tives have been reported to also induce actin reorgani-
zation.35 Bafilomycin A1 is a strong inhibitor of the
vacuolar type Hþ-ATPase (V-ATPase), which is respon-
sible for the acidity of lysososomes, the biogenesis of
phagolysosomes and for the degradation of endocy-
tosedmaterial.63 Duringphagosomebiogenesis a proper
lysosomal acidification is required, thus making phago-
cytosis sensitive to this antibiotic.55,64,65

As seen in Figures 3.A, 3.B, and SI-6.5, treatment
of breast cancer cells with bafilomycin A1 exhibited a
significantly strong reduction (84%) of PEM capsule
uptake, whereas incubation with amiloridemoderately
(38%) decreased their uptake. Treatment with conca-
namycin A, an analogue of bafilomycin A1, showed the

Figure 5. The acidification of endocytic vesicles of MDA MB 231 breast cancer cells was measured by tracking pH sensitive,
SNARF filled PSS/PAH capsules in confocal images. The intensity ratio of the two emissions of each capsule can be used to
estimate the local pH around the capsule (depicted in red ≈ pH 7 to blue ≈ pH 5 in the graphs).
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same effect on diminishing the capsule uptake.
These results were confirmed qualitatively with TEM
(Figures 4 and SI-8).

The reduction of internalization mediated by amilor-
ide together with the results obtained previously (lipid
raft co-localization and MβCD sensitivity) confirms the
role of lipid-raft-mediated macropinocytosis as stated
before. However, the almost complete reduction of
capsule uptake obtained by disrupting the acidification
and biogenesis of the phagolysosome after bafilomycin
A1 treatment strongly involves phagocytosis at the inter-
nalization stage of capsule sorting. This is also supported
by the co-localization of capsules with LAMP1, the strong
sensitivity of uptake to cytochalasin D, and the formation
of large phagocytic cups observed before.

(v) Disruption of plasma membrane fluidity: When
MDA-MB-231 breast cancer cells were cooled from
37 �C to 4 �C, there was a complete inhibition (100%)
of the internalization of the capsules (Figures 3.A, 3.B,
and SI-6.6). At low temperatures the plasmamembrane
loses fluidity and increases rigidity; that is, the rapid
lateral and slow axial movement of proteins and
lipids is impaired. These movements are essential, for
example, for receptor-mediated endocytosis. However,
an increase in the plasma membrane rigidity also has
a negative effect on the formation of protrusions
that engulf the capsules. This kind of treatment served
additionally as a control for achieving a complete uptake
inhibition.

(vi) Inhibition of the opsonization of the capsules by
pretreating the MDA-MB-231 breast cancer cells with-
out nutrients (preincubation in serum-free medium)
previous to and during the cell treatmentwith capsules
significantly increased the internalization of the capsules
compared to control cells (Figures 3.A, 3.B, and SI-6.7).
These results give evidence that the mechanism of
internalization of the capsules might not be determined
by the serum proteins (mostly receptor-mediated66)
that could adhere to the surface of bare capsules.
These results help to relate the internalization patterns
of the capsules with their physicochemical properties.
Thus, providing the capsules with a surface chemistry
that blocks protein coating might help to predict the
behavior of these capsules. Additionally, by avoiding
capsule serum protein interaction, the charge density
of the capsules is maintained and the electrostatic inter-
action with the negatively charged glycocalix of the
cells is preserved. Thus, the important role of an adsorp-
tive mechanism of internalization to stabilize the cap-
sules at the cell membrane previous to internalization is
confirmed.

DISCUSSION

The results presented provide a more detailed anal-
ysis compared to other publications that aim only at
a single pathway.10,14,33,66 Previous reports focused on
collateral studies concerning either the co-localization

of PEM capsuleswith one or a fewmarkers of endocytic
vesicles, or inhibited only one pathway. In the frame of
this work, several markers and inhibitors of mostly all
uptake pathways were studied via optical and electron
microscopy. The internalization of PEM capsules was
quantified with several approaches.
Within the frame of this systematic study it can be

concluded that different internalization modes are
activated to incorporate PSS/PAH-based PEM capsules
by MDA-MB-231 breast cancer cells. Our results show
(i) an adsorptive mechanism responsible for the pri-
mary cell capsule contact due to electrostatic interac-
tions between the capsules and the negatively charged
glycocalix; (ii) the formation of filopodia and a strong
actin reorganization to form large protrusions (in the
form of a cup) to engulf the capsules similar to phago-
cytic processes; (iii) a co-localization with lipid rafts and
phagolysosomes, but not with caveolin, clathrin, or ER;
(iv) dynamin-independent internalization; (v) the ab-
sence of inhibition by nystatin, chlorpromazin, and
potassium depletion; and (vi) the inhibition of uptake
by cytochalasin D, MβCD, bafilomycin A1 and its ana-
logue, concanamycin A, and to a lesser extent amiloride
and nocodazole.
On one hand, we have presented evidence, in accor-

dance with other publications,14 that discards clathrin-
mediated endocytosis and assesses the involvement of
lipid rafts in the uptake of PEM capsules. However, our
results indicate that the involvement of lipid rafts con-
tributes to amore complex pathway rather thanbecom-
ing solely responsible for it. Due to the large size of the
capsules and the small size of clathrin or caveolin/lipid
raft vesicles,40�42 it was expected that these processes
were not involved in the direct uptake of capsules. We
could easily exclude associated internalization routes.
Nevertheless, since previous works showed that 300 nm
to 1 μm, soft, hydrogel, silica capsules were internalized
via clathrin-mediated endocytosis,37 wewanted to test if
this mechanism was involved in the uptake of bigger,
more rigid capsules.
According to the results, there was a lack of co-

localization of the capsules with characteristic markers
for clathrin-mediated endocytosis (EEA1, clathrin), and
the uptake was insensitive to all pharmacological/
chemical inhibitors used for this pathway (chlorpromazin,
dynasore, and potassium depletion).
Interestingly, regarding lipid rafts, our results ex-

cluded caveolin-mediated endocytosis but not caveo-
lin-independent lipid rafts. First, there was not a
co-localization of the capsules with the caveosomes
(stained by caveolin). Second, caveosomes are trans-
ported within the cell along microtubules, and inhibi-
tion of microtubule formation with nocodazole had
little effect on the internalization of the capsules.
Finally, caveosomes have a different pH (neutral) and
a different content compared to endosomes (acid) and
do not end up fusing with lysosomes.75 In contrast,
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the vesicles involved in the internalization of the
capsules are clearly acidic11,57 and possess lysosomal
markers (LAMP1).48 As seen in Figure 5, the pH of the
internalized vesicles is acidic from almost the begin-
ning of the uptake process. Lipid rafts are commonly
stabilized with caveolin. If caveolin-mediated path-
ways were involved, the internalizing vesicles should
show, at least initially, a more neutral pH proper for the
caveosomes. The steady decline in the luminal pH of
the vesicles transporting the capsules is associated
with phagosome maturation, and therefore this result
represents a sign of phagocytosis.50 Additionally, it is
well known that the surface area of phagosomes can
be increased by replenishing the plasma membrane
with endosomal, ER, and post-Golgi membranes.76�78

In Figure 2.B, a large phagolysosome (stained by
LAMP1) containing approximately four capsules is
clearly visible, thus confirming the ability of these cells
to increase the surface area of phagolysosomes to
engulf large objects. Proteomics and biochemical anal-
ysis have demonstrated that several proteins from
the ER (e.g., calnexin) are present in the membrane
of phagolysosomes or phagosomes during their bio-
genesis.65,79,80 Furthermore, Desjardins et al. proposed
an ER-mediated phagocytosis where ER is recruited to
the plasma membrane to supply membrane for the
formation of the phagocytic cup.65 This would explain
the drastic increase in the size of phagolysosomes
upon capsule uptake observed in Figure 2.B, where a
vesicle containing several capsules can be clearly seen.
Although our results showed few signs of co-localiza-
tion of the ER (labeled by calnexin) with the capsules
after 4 h (Figure SI-4.1.F), we observed a co-localization
with the plasma membrane (stained with wheat germ
agglutinin) (Figure SI-4.1.F). This gives an indication of a
possible recruitment of the ER to the plasma mem-
brane. The lack of co-localization with the ER can be
explained either because the ER is not involved in
this kind of internalization pathway (ER-independent
phagocytosis)48 or because of the (late) time frame
selected for microscopic visualization (i.e., 4 h). Calnex-
in is a protein present in early forming phagosomes
at early stages of phagocytosis, such as the phagocytic
cup, and suffers fast (after 1 h) degradation upon
phagosome maturation.65 During the biogenesis of
phagocytic structures, the decrease in calnexin corre-
lates with LAMP1 accumulation,65 which indeed con-
firmed our results.
Concerning the caveolin-independent lipid rafts,

macropinocytosis-mediated lipid rafts play an impor-
tant role at an early stage of the capsule internalization
process after the formation of the phagocytic cup,
i.e., at the level of invagination of endocytic vesicles
containing the capsules to the cytosolic side of the
cell. This is supported by the co-localization of the
capsules with lipid rafts (CTXB) and the sensitivity of
uptake to amiloride (a Naþ/Hþ pumpblocker related to

macropinocytosis59) but not to dynasore (an inhibitor
influencing the lipid rafts), but also by the size of lipid
rafts compared to the capsules and to the initial
formation of a phagocytic cup,which strongly depends
on the actin cytoskeleton. Furthermore, the uptake of
the capsules after 4 h was completely inhibited by
MβCD, which removes cholesterol from cultured cells,
thus inhibiting membrane packing at a first stage but
also uptake-associated processes such as macropino-
cytosis and lipid rafts.
Cellular incubation with bafilomycin A1 and its ana-

logue concanamycin A disturbed the capsule uptake in
a concentration-dependent manner. Both are specific
inhibitors of the vacuolar-type Hþ-ATPase, which pre-
vents reacidificationof the lysosome,11 which is required
for the maturation of the phagosomes. Treatment with
amiloride (which also affects acidification) had a less
significant effect on the uptake of PEM capsules com-
pared to MβCD or bafilomycin A1.
These results, together with the co-localization stud-

ies that demonstrate a primary localization in plasma
membrane invaginations (enriched in cholesterol and
glycosphingolipids) and a final localization in phago-
lysosomes located in the perinuclear region, suggest
a multistep mechanism of PEM capsule internalization.
This mechanism combines lipid-raft-mediated macro-
pinocytosis and phagocytosis. Such a synergism has
already been described for the entry of the bacterium
Mycobacterium tuberculosis and the HIV virus.81 Further-
more, a possible role of lipid rafts in the phagolysosome
maturation80 cannot be excluded, as co-localization of
CTXB with LAMP1 was observed in the presence of the
capsules (Figure SI-4.2).
Obviously, the generality of results raises the ques-

tion of whether the results are limited to one type of
capsules (PSS/PAH-based) and one type of cell line
(MDA-MB-231) as used here. The polyelectrolytes PSS/
PAH have been chosen as a prototype, as these materi-
als are synthetic and thus nondegradable, and most
capsule-based studies in the literature are related to
this system. There is no special feature based on which
MDA-MB-231 have been chosen, besides the fact that
several of our previous studies were based on these
cells. We repeated some of the inhibition experiments
for two other configurations. In the first set we used the
same cell type (i.e., MDA-MB-231) but incubated them
with capsules produced with different polyelectrolytes
(pARG/DEXS) and, thus, different surface chemistries.
The pARG/DEXS system is also known to be a prototype
of biodegradable capsules. In the second set of experi-
ments, we took a different cell line (A549 human lung
cancer cells) and incubated themwith the samecapsules
(i.e., PSS/PAH). As can be seen in the data presented in
the Supporting Information (§7), the results are highly
similar, which suggests that the results obtained in this
work are not limited to the special capsule cell config-
uration but rather are valid in a broader context. It has to
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be pointed out that for the work presented here no
functionalization of the capsule surface with active
(e.g., targeting) molecules such as antibodies, PEG, and
peptideswas performed, and thus capsule uptake has to
be considered nonspecific. Therefore, we cannot ex-
clude that the internalization pathway might be altered
in the casewhere anactivemodificationof the surfaceof
the capsules is performed.
Summarizing, PEM capsule entry begins with the

formation of a phagocytic cup, followed by a lipid-raft-
mediated macropinocytosis and a final activation of
the phagocytic machinery to sort PEM capsules in the
heterophagolysosomes.

CONCLUSIONS

The aim of this research article was to elucidate
and to fully describe the role of all endocytic pathways
in the uptake patterns of PEM capsules. The compre-
hensiveness of this work is based on using different
methods, i.e., morphological characterization and
pharmacological/chemical inhibition of capsule inter-
nalization and capsule organelle co-localization. Data
suggest that multiple internalization pathways are
involved at different stages of PEM capsule uptake.
First of all, adsorptive mechanisms due to the electro-
static interactions induce a nonspecific, initial interac-
tion of the capsules with the cells. Second, strong actin
reorganization and filopodia formation occur to form a

phagocytic cup (proper for phagocytosis65) to stabilize
the capsules at the plasma membrane. At the early
stage of engulfment, the capsules co-localize with the
lipid rafts and require cholesterol-rich lipid domains,
which are responsible for a proper cytosolic invagina-
tion. Due to the capsule size being larger than lipid
rafts, the independence on an active dynamin, and the
acidity of the internalizing vesicles (which exclude
caveolin-mediated endocytosis), lipid-raft-mediated
macropinocytosis plays a decisive role at this early
stage of internalization. Clathrin-mediated endocytosis
can be excluded due to the insensitivity of capsule
uptake to chlorpromazine as well as to Kþ-depletion
and to dynasore. The absence of co-localization with
calnexin, amarker for early, new-forming phagosomes,
suggests that phagocytosis is not involved at this early
stage of endocytosis. Upon cytosolic invagination, the
PEM capsules are transported to the perinuclear cyto-
plasma of the cells within acidic vesicles. The trans-
membrane signaling cascade that might be activated
remains unclear. However, a local membrane-induced
polymerization of actin on the cell surface, as well as
the requirement of vesicle acidification and the strong
co-localization with LAMP1 is typical at all stages of
phagolysosome maturation.79,82 Consequently, in the
last step of capsule uptake the phagocyticmachinery is
activated to transport PEM capsules until they reach
their final location, the heterophagolysosomes.

METHODS

For more details regarding the experimental section and
additional results, the reader is referred to the Supporting
Information.

Synthesis of Fluorescent Gold Nanoparticle Functionalized PEM cap
sules. The synthesis (SI §1) of poly(sodium 4 styrenesulfonate)
and poly(allylamine hydrochloride) (PSS/PAH) and of poly L argi
nine and dextran sulfate (pARG/DEXS)13 capsules functionalized
with gold nanoparticles and fluorescein isothiocyanate (FITC) was
carried out following our previous protocols.83 Gold nanoparticles
and FITCwere used for visualizationwith the electronmicroscope
and with the optical microscope, respectively.

Cell Culture and Treatment. MDA MB 231 human breast adeno
carcinoma cells and A549 human lung cancer cells (see SI §2) were
seeded and grown overnight in growth medium (DMEM supple
mented with 10% fetal bovine serum, insulin, and 1% penicillin/
streptomycin). PEM capsules were added at a concentration of 20
capsules per cell and incubated for 4 h, at 37 �C and 5% CO2. In the
case of incubation with the different pharmacological/chemical
inhibitors (see SI §2), the inhibitors were diluted in medium at
concentrations (given in Table 1) that were determined to be
nontoxic to the cells by cytotoxicity assays (see§5 andFigure SI 5 of
the Supporting Information). Control cells were treated with medi
umonly, insteadof inhibitor solution. The inhibitorswere added1h
previous to capsule incubation and were maintained for 4 h.

In the case of potassium depletion, the cells were first
incubated with a hypotonic medium (EMEM/H2O, 1:1) for 5
min at 37 �C, then with isotonic medium A (100 mM NaCl in
50 mM HEPES pH 7.4) for 10 min at 37 �C, and finally with
isotonic medium B (100 mM NaCl, 1 mM CaCl2, 2.5% w/v BSA in
50 mM HEPES pH 7.4) for 30 min at 37 �C. Control cells were
incubated with both isotonic media (A and B), supplemented
with 10 mM KCl in order to avoid Kþ ion exchange.

Immunofluorescence. MDA MB 231 cells were fixed and per
meabilized previous to incubation with the primary and the
secondary antibodies (see Table 1 in the SI, §2) and to the
staining of the cytoskeleton with phalloidin/tetramethylrhoda
mine and of the cells' nuclei with DAPI (40 ,6 diamidino 2
phenylindole). If required, staining of the cell membrane with
wheat germ agglutinin/tetramethylrhodamine was performed
just before permeabilization. Finally, the cells were mounted on
slides using Flouromount G.

Confocal Laser Scanning Microscopy. To visualize the capsules
and different stained cellular structures, a CLSM 510 Meta
(Zeiss) microscope was used. It was equipped with a laser diode
emitting at 405 nm, an argon laser with a line at 488 nm, and a
helium neon laser for excitation at 543 and 633 nm, respec
tively. Images were taken with a Plan Apochromat 63�/1.40
oil DIC M27 objective, and the pinhole was set to 0.86 1.32 airy
units.

Tracking the pH of the Medium Surrounding Capsules to Establish the
Acidification of Endocytic Vesicles Involved in the Uptake of PEM Capsules.
The acidification of endocytic vesicles of MDA MB 231 cells was
measured by tracking pH sensitive, SNARF filled PEM capsules
in confocal images. The emission of SNARF (excitation: 488 and
543 nm) was recorded at 550 615 and 615 700 nm. The ratio
of both emission intensities was plotted against the time.

Ultrastuctural Analysis via TEM. For transmission electron
microscopy, MDA MB 231 cells were treated according to Ito
and Karnovsky.84 Postfixation was performed in 1% osmium
tetroxide for 1 h at room temperature followed by an overnight
incubation with 0.3% uranyl acetate dissolved in 50 mM ma
leate buffer (pH 5.0). Samples were embedded in Epon accord
ing to standard procedures. Thin sections were contrasted
with lead citrate and examined with a Zeiss EM 109S electron
microscope equipped with a TRS wide angle dual speed CCD
camera.
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Quantification of the Inhibition of Capsule Uptake. The cellular
uptake of capsules was quantified by manual CLSM image
analysis. All images were acquired and evaluated as z stacks.
Capsules surrounded by lysosomal associated membrane pro
tein 1 were always classified as intracellular. Capsules clearly
surrounded by actin were classified as intracellular, but were
distinguished from capsules that were only located between
densely grown cells. Also, visible deformation of capsules, which
can be frequently observed after capsule uptake (once they are
already located in the phagolysosome), was considered as an
indication of intracellular localization. Dividing and not fully
depicted cells were not taken into account. Please note that we
purposely decided against flow cytometry, although this would
have allowed for a higher number of investigated cells. With
flow cytometry it is not straightforward to distinguish between
capsules just adherent to the outer cell membrane and actually
internalized capsules,85 whereas this was easily possible with
CLSM with the above described criteria.

Following the scheme for CLSM detection of capsules, the
number of intracellular capsules was individually determined for
each cell. For every inhibitor concentration, two or three inde
pendent experiments with at least 100 cells analyzed per experi
mentwere conducted. To check for classificationbias, parts of the
image analysis were performed as single blinded analyses.

Instead of plotting the number of internalized capsules
per cell in the format of a histogram, data are presented
as cumulative distribution functions (see SI §6). The CDF 0 e
p(Nin) e 100% represents the probability of a cell having 0 to
Nin capsules internalized. As an example, p(2) = 0.87 signifies
that 87% of the analyzed cells do not have more than two
capsules internalized (i.e., either 0, 1, or 2 capsules per cell). CDF
plots for at least three independent experiments were arithme
tically averaged directly without weighting and merged into
one diagram. The standard deviation was calculated from the
deviation of the independent CDFs of the three different
experiments per each data set.

For the sake of clarity and for a better comparison of the
results obtained for all inhibitors, the total efficiency of inhibition
was presented. To address the total efficiency ET of inhibitionwith
one single value, the areaAI linedby theCDF I(N) for inhibited cells
and the line p = 1 was determined and divided by the area AC
enclosed by the graph of the control C(N) and p = 1. Finally, the
effectiveness of one inhibitor was calculated as ET = 1 AI/AC.
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Stiffness-Dependent In Vitro Uptake and Lysosomal Acidification of
Colloidal Particles**
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Abstract: The physico chemical properties of colloidal par
ticles determine their uptake into cells. For a series of micro
particles only one parameter, the mechanical stiffness, was
varied, whereas other parameters such as size, shape, and
charge were kept constant. The uptake was monitored in situ by
analyzing individual particle trajectories including the progress
of endocytosis, derived from local pH measurements around
each particle. Evidence is presented that soft particles with low
stiffness are transported faster to lysosomes than stiffer ones.

The number of applications based on the interaction of
colloids with cells has been increasing steadily over the past
few years, mostly for sensing or delivery based applications.
As most of the approaches require particle internalization,
cellular uptake mechanisms have been heavily studied.[1]

Unfortunately, the ultimate goal, to entirely correlate the
uptake process with the physico chemical particle properties,
is not trivial, in particular as many of these properties are
interrelated.[2] Thus, it is extremely challenging to obtain
consistent studies, in which only one particular parameter of
the particles is varied, while all other properties are held
constant. Properties that have been studied systematically
comprise particle size,[3] shape,[4] and charge.[5] While size,
shape, and charge are the “standard” well investigated
parameters influencing in vitro particle incorporation by
cells, there are many additional well defined physical proper
ties, for instance particle stiffness, which might also play an
important role. Dependent on their stiffness, hollow micro
particles are compressed and deformed upon cellular inter
nalization.[6, 7] Based on theoretical considerations Yi et al.
claimed that cellular processing of deformable particles might
be different to that of stiffer counterparts, because these
particles are less prone to membrane wrapping.[8] Hydrogel
based nanoparticles with a Young�s modulus between 30 and
140 kPa were found to be internalized more efficiently by

RAW 264.7 macrophages than softer (< 30 kPa) or stiffer
(> 140 kPa) nanoparticles.[9] Liu et al. reported that the
uptake rate of flexible micron sized hydrogel particles (15
35 kPa) was higher than that of less elastic ones (75 160 kPa)
by HepG2 cells.[10]

Polymer capsules, for example, hollow microparticles
synthesized by layer by layer (LbL) assembly of oppositely
charged polyelectrolytes,[11] are a well suited model system
for systematic investigations, since their various physico
chemical properties can be tuned independently.[12] Size[13]

and shape[14] can be varied by using different template cores,
and the sign of the surface charge is simply determined by the
charge of the outermost layer. Stiffness can be tuned by
variation of the number of polymer layers or by the polymer
materials used.[15, 16] Thus, polyelectrolyte capsules are a con
venient particle system to investigate stiffness dependent in
vitro uptake by cells, in a way such that particle size, shape,
charge, and surface chemistry remain constant, while stiffness
is varied. Most important, with this system it is possible to
change exclusively one parameter, whereby the outer surface
remains the same, and physicochemical parameters other
than stiffness are fully maintained.

Upon internalization, capsules (i.e. particles) are taken up
via endocytic processes and are transferred from the neutral
extracellular medium to increasingly acidic intracellular
vesicles of different maturity, and finally end up in the
lysosome.[17] The local pH around each particle can be used as
readout that describes its present stage of uptake. For this
purpose particles can be loaded with pH sensitive fluoro
phores such as fluorescein based dyes[18, 19] and seminaphtha
rhodafluor (SNARF),[19, 20] which allow for the time resolved
detection of the local pH around the capsules in extra and
intracellular environments.[6, 20, 21]

Based on LbL assembly[11] around sacrificial CaCO3

template cores we synthesized pH sensitive capsules with
a different number of layers to vary capsule stiffness with two
frequently used polymer systems (nondegradable polymers:
poly(sodium 4 styrenesulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH); degradable polymers: dextran sulfate
sodium salt (DextS) and poly l arginine hydrochloride
(PLArg);[17,22] cf. Figure 1a). Two batches of template cores
with resulting diameters of 4.1 mm (size “S”) and 4.7 mm (size
“L”) were used. The pH sensitivity was achieved by embed
ding SNARF 1[19, 20] labeled dextran into the cavity of the
capsules. Response curves relating the ratio of red (Ir ; 615
700 nm) to yellow (Ig; 560 615 nm, shown in green) fluores
cence Ir/Ig(pH) were obtained for each type of capsule
(Figure 1b). With this setup changes in pH could be
monitored down to values around 4.5. However, SNARF 1
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embedded in biodegradable DextS/PLArg capsules was
slightly less sensitive at lower pH values.

The stiffness of the capsules in solution was determined by
atomic force microscopy (AFM) for each type of capsule[16]

(Figure 1c). As expected, the stiffness of the capsules
increased with the number of polyelectrolyte layers. Presum
ably this is a direct consequence of the shell thickness, which
increases with the number of polyelectrolyte layers. In
particular, in case of the DextS/PLArg capsules there were
batch to batch variations of the absolute stiffness values (cf.
the Supporting Information (SI), Figure SI 5).

The uptake process was monitored in different adherent
cells (cell lines as well as primary cells). Upon internalization,
the local environment of the capsules changed from neutral
(cell medium) to strongly acidic (lysosome), which can be
seen by the ratiometric readout of the pH sensitive fluoro
phores embedded in the capsules[20,21] (Figure 2a). First
(image A), each capsule is located in neutral/slightly alkaline
cell medium, thus leading to high, constant Ir/Ig values. At one
point in time, here defined as tC, the particle touches the cell
surface (image B) and then it moves along the outer plasma
membrane, as visible by the red emission which demonstrates
extracellular location. It is then engulfed by the cell, as
visualized by the change in fluorescence, and subsequently
passed to more and more acidic compartments (images C and
D), until at one point the pH seems to remain constant. At
this point (image E) the capsule reaches its final destination,
the lysosome.[17] If the pH decreases below 4.5 changes to an

even more acidic environment are no longer observable due
to the limited sensitivity of the pH indicator used (Figure 1b).
Figure 2b shows that the pathway of uptake is not necessarily
continuous, as can be seen by the jump of the pH values along
the trace in image D at t = 525 min. We speculate that at this
point in time the capsule containing vesicular compartment
may have fused with a vesicle of potentially much lower pH.
(A correlation of fusion events of acidic vesicles with the pH
values of the capsule containing compartment can be found in
Figure SI 16.) In order to derive quantitative data from the Ir/
Ig(t) traces we define tA as the acidification time and tP10%/tP50%

as the processing time. The processing time is the duration
from the first contact tC (membrane attachment) of the
capsule with the cell, following its incorporation and finally
partial acidification (10 % or 50 %). The acidification time
describes the duration of acidification from high to low pH
following the sigmoidally shaped time dependent (Ir/Ig)(t)
curve (Figure 2b, for more details see Figure SI 9).

The uptake of microcapsules can differ significantly
between different cell types and capsule materials.[6, 17] In
most previous studies research focused on quantifying the
amount of incorporated capsules versus time, while in this
work the acidification and processing time of individual
capsules was quantified during uptake. Whereas PSS/PAH
and DextS/PLArg capsules are differently processed by cells
(nondegradable versus degradable),[22] both are internalized
in a similar way and are ultimately located in the lysosomes.[17]

It has to be noted that the acidification time and processing
time, tA and tP50%, respectively, depend on the cell line used

Figure 1. a) Sketch of one polyelectrolyte capsule, which comprises
Nbi 2 bilayers, each composed out of one negatively charged (PE�
(purple), PSS, or DextS) and one positively charged (PE+ (light blue),
PAH, or PLArg) polyelectrolyte layer. Due to the positively charged
outermost layer the whole particle is positively charged (cf. Figure SI
7). pH sensitive fluorophores SNARF 1 conjugated to dextran are
located inside the cavity. b) The red to green ratio (false colors) of the
fluorescence signal Ir/Ig from the capsule cavity depends on the local
pH around each capsule. Response curves are shown for capsules of
2 16 bilayers (bl) of size “S” (green: DextS/PLArg, blue: PSS/PAH)
and are normalized to pH 7.4 (cell media). The solid lines (labeled
“Avg”) show the average response curves for both types. The insets
(scale bar: 2 mm) show fluorescence microscopy images of capsules at
neutral (red fluorescence) and acidic pH (green fluorescence). c) The
dependence of the mechanical stiffness g for the different capsules
(d�4.1 mm, size “S”) as determined by AFM is plotted versus on the
number of bilayers Nbi making up the capsule shell. The dashed lines
are guides to the eye only.

Figure 2. a) Typical timelapse recording of one PSS/PAH capsule
(Nbi 8, size “L”) during its uptake by a HeLa cell. The images (overlay
of green and red fluorescence and the brightfield micrograph) recorded
at a temporal resolution of 120 s are used to determine the trajectory
of the capsule (scale bar: 5 mm). b) The ratio of red to green fluores
cence Ir/Ig of the capsule has been determined for each image and is
plotted versus the incubation time t. The time points corresponding to
the images in (a) are labeled A F. A ratio of Ir/Ig�2.5 corresponds to
a pH 7.4, while Ir/Ig�1 corresponds to local pH<4.5 (Figure 1b). The
acidification time tA reflects the duration of the acidification process
while the processing time tP10% is determined as the period from the
first contact of the capsule with the cell (B, high velocity) until the
beginning of the acidification process (red area) and tP50% as the
period until the point of inflection of the readout curve (D).
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(see Figure SI 14). There is also a significant difference
between the capsule types (PSS/PAH versus DextS/PLArg,
and batch “S” versus “L”) regarding tA, while the values for
tP50% are comparable for both materials. The differences are
more distinct for HeLa cells than for phagocytes such as
monocyte derived macrophages (MDM) and monocyte
derived dendritic cells (MDDC), which are known for rapid
phagocytosis of micron sized particles.

In the following we focused on HeLa cells, in order to
probe for the dependence of uptake on the stiffness of the
capsules (as calibrated in Figure 1c). The data shown in
Figure 3a demonstrate that independent of the particle size of
the nondegradable PSS/PAH capsules the acidification time tA

increases linearly with capsule stiffness g, whereas for
degradable DextS/PLArg capsules there is no such depend
ency. In other words, for the degradable capsules the
transition from neutral/slightly alkaline extracellular pH to
the highly acidic pH of lysosomes is faster. In comparison, for
the nondegradable capsules the duration of this process is
longer and in addition becomes even slower with increasing
capsule stiffness. The dwelling time for the capsules in the
cascade of intracellular vesicles during internalization thus
may be different for the two types of capsules. In contrast, the
processing time tP10% increases with the stiffness for both
capsules, for g< 5 N m�1 in a first approximation even linearly
(Figure 3b). Hence, tP10% is universally determined by g. The
acidification time only reflects the duration of the event
where the local pH of the particle containing vesicle is
lowered, whereas the processing time also comprises the full
uptake process. This involves the duration of engulfment by

the cellular plasma membrane, pinching off into an endocytic
vesicle, and subsequent processing to more acidic environ
ments. While tA is fully derived from a sigmoidal fit to the
response function Ir/Ig(t), it is not biased. In contrast, the
processing time requires the determination of the time of first
contact tC with the cellular plasma membrane for each
capsule. Hence, this parameter is less robust, as tC is difficult
to determine accurately especially if the substrate is very
crowded and particles are passed between cells before they
are fully endocytosed. From our results we conclude that the
uptake itself and the subsequent endosomal trafficking is
strongly dependent on the stiffness of the particle, while
further processing and acidification is governed mainly by the
particle chemistry.

After contact with cells up to their internalization,
particles undergo a cascade in which the particle containing
intracellular vesicles grow steadily in size, for example by
fusion with other (smaller) vesicles.[23] From a mechanistic
point of view one can regard this cascade as an intracellular
sorting mechanism. Particles are passed from one vesicle to
a subsequently larger one by fusion. Upon each fusion step
the pH is lowered, which has been observed by fluorescence
staining of acidic vesicles while the pH value around the
capsule is recorded (see Figure SI 16). In a simplified view
one can imagine that upon such sorting the stiffness plays
a decisive role. The more flexible the particle, the better it can
adopt its shape and allow evolution of vesicular containers.
Thus, less deformable, that is, stiffer particles that can follow
shape fluctuations to a lesser degree are more prone to delay
their processing within this cascade. The same has been
observed for particles that are agglomerated and therefore
less “flexible” towards well dispersed particles.[23] Our data
clearly demonstrate that the transport of particles from the
outer cellular membrane to the lysosome is determined by the
mechanical properties of the particles, that is, by the stiffness
of the particles.

One might speculate that these findings could be recip
rocal. This would lead to a situation in which cells with higher
deformability would be more efficient at incorporating
a given type of particle. For such an analysis the data shown
in Figure 3b would need to be related with the stiffness of
cells. It is clearly known from the literature that cell stiffness
can differ significantly for different cells types. For instance,
cancerous cells are softer than their noncancerous counter
parts (MCF7 versus MCF10).[24] While measurements of cell
stiffness as obtained with optical tweezers indicate the global
stiffness of cells in suspension,[24] measurements with AFM
indicate the local stiffness of adherent cells.[25, 26] The softest
part of a cell is the nuclear region and the cell becomes stiffer
towards its exterior regions.[26] Concerning the cells as
investigated in this study, the following elastic moduli are
known from the literature: HeLa: (105� 17) kPa[27] and (13�
7) kPa,[28] A549: (12� 5) kPa,[29] MDM: (44� 9) kPa (podo
some containing regions) versus (8� 2) kPa (podosome free
regions)[30] and HUVEC: (6� 5) kPa.[26] If we compare these
values with our data shown in Figure SI 15 no direct
correlation of processing times tP with the elastic moduli E
of cells can be concluded, which is likely because these values
cannot be compared directly to those from other studies. For

Figure 3. a) Acidification time tA and b) processing time tP10% of
PSS/PAH and DextS/PLArg capsules with variable number of bilayers
Nbi and different average diameters as recorded upon incubation with
HeLa cells. For each number of bilayers Nbi the stiffness g was taken
from Figure 1c and then tA and tP10% were plotted against g. Each data
point corresponds to the median tA or tP10% value including confidence
intervals (y axis) versus the mean stiffness g value �standard error
(x axis), as obtained from at least 80 capsules (time values) and 40
capsules (stiffness values). The dashed lines are guides to the eye
only. Please note that the large error bars in (b) for tP10% and DextS/
PLArg capsules (Nbi 1, size “L”) result from the fact that these
capsules are extremely fragile and thus the determination of tC

(membrane attachment) is challenging.

Angewandte
Chemie

1367Angew. Chem. Int. Ed. 2015, 54, 1365 –1368 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Appendix 

 

 

  

A-I.19



such data future AFM experiments would be required, in
which the elastic moduli are recorded under controlled
conditions.

Our study demonstrates how the cellular uptake of
particles indeed is controlled by basic physico chemical
parameters such as low stiffness. A comprehensive picture
about such dependencies will make it possible to synthesize
particles with defined cellular interaction patterns. In addition
the introduced system might improve our understanding of
specific endocytic mechanisms related to lysosomal acidifica
tion.

Experimental Section
Polyelectrolyte capsules composed out of different polymers (biode
gradable/non biodegradable) and having different stiffnesses
(adjusted by varying the number of adsorbed layers) loaded with
SNARF 1 were synthesized according to procedures described in the
literature.[17, 21, 22] Force spectroscopy measurements in aqueous solu
tion were performed with a Nanowizard I device from JPK Instru
ments. The capsule uptake by cells (HeLa, A549, MDM, MDDC, SH
SY5Y, and HUVEC) was monitored by confocal laser scanning
microscopy (LSM Meta 510, Zeiss) with a temporal resolution of Dt<
2 min. Image processing and capsule tracking was performed with
Matlab (MathWorks). A detailed description can be found in the
Supporting Information.
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1. Cell Culture 

Adenocarcinomic human alveolar basal epithelial 
(A549) cells and Human cervical cancer (HeLa) cells 
were maintained in Dulbecco’s Modified Eagles 
Medium (DMEM, Sigma-Aldrich, Germany, #D6546) 
with 4.5 g L-1 glucose supplemented with 10 % fetal 
bovine serum (FBS, Biochrom, Germany, #S0615), 
1 % penicillin/streptomycin (P/S, Sigma-Aldrich, 
#P4333) and 2 mM L-glutamine (Sigma-Aldrich, 
#G7513) at 5 % CO2 and 37 °C. 

Neurons (SH-SY5Y cells) were maintained in 
Dulbecco’s Modified Eagles Medium/Ham’s Nutrient 
Mixture F12 (DMEM/F-12, Sigma-Aldrich, #D6421) 
supplemented with 15 % FBS, 1 % P/S, and 2 mM L-
glutamine at 5 % CO2 and 37 °C. 

Human umbilical vein endothelial cells (HUVECs) 
were cultured in Endothelial Cell Growth Medium 
(ECGM, PromoCell, Germany, #C-22010) at 5 % CO2 

and 37 °C. 
Monocyte derived macrophages (MDMs) and 

monocyte derived dendritic cells (MDDCs) were 
obtained from peripheral blood monocytes following 

the protocol from Sallusto et al.[1]. Briefly, monocytes 
were isolated from buffy coats (blood donation service 
Universitätsklinikum Giessen Marburg, Giessen, 
Germany) by using density gradient centrifugation in 
Ficoll-Paque (GE Healthcare, Germany, #17-1440-02) 
and matured in RPMI 1640 (Sigma-Aldrich, #R0883) 
supplemented with 5% heat-inactivated, pooled) 
human serum (blood donation service, Zentrum für 
Klinische Transfusionsmedizin, Tübingen, Germany), 
1 % P/S and 2 mM L-glutamine at 5 % CO2 and 37 °C. 
Monocytes were matured in the presence of 34 ng mL-

1 human IL-4 (New England Biolabs, Germany, 
#8919SC) and 50 ng mL-1 human GM-CSF (New 
England Biolabs, #8922SF) for 7-9 days to obtain 
MDDCs, whereas for the generation of MDMs no 
additional supplements were used.  

2. Polyelectrolyte multilayer capsules 

2.1. Synthesis 

pH-sensitive capsules with a different number of 
layers to vary capsule elasticity (1, 2, 4, 6, 8, 12 and 
16 bilayers, Nbi) were synthesized with 2 frequently 
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used polymer systems (non-degra
poly(sodium 4-styrenesulfonate), 
and poly(allylamine hydrochlorid
PAH, degradable polymers: 
Mw ≈ 40 kDa, DextS and poly-L-a
70 kDa, PLArg). Based on layer-
polyelectrolytes of alternating char
around sacrificial template core
published protocols.[2, 3] The pH
achieved by embedding SNARF-1
into the cavity of the capsules f
precipitation method.[5] For all caps
class of polyelectrolytes but diffe
core templates from the same bat
same size distribution) were used to 
due to different sizes. For 
polyelectrolytes two different batche
different size (“S”: smaller, “L”: la
mechanical properties were prepared
range of elasticity values, cf. Figure 

3.1.1. Chemicals 

PSS (Mw ≈ 70 kDa, #243051), PA
#283223), DextS (Mw ≈ 40 kDa  
(Mw ≈ 15-70 kDa, #P7762), ca
dehydrate (CaCl2, #223506), so
(Na2CO3, #S7795) and ethylene
acid disodium salt dihydrate (EDT
#E5134) were purchased fr
(Germany), SNARF-1 dextran
#D3304) from life technologies (U
chloride (NaCl, #HN00.2) was 
(Karlsruhe, Germany). Deioniz
MilliQ® Academic, Millipore, Bille
resistance greater than 18.2 MΩ c
experiments.  

3.1.2. Procedure 

CaCO3 microparticles were p
temperature (RT) from solutions of C
under vigorous stirring in the pr
dextran. 1 mL of aqueous solutio  
1.4 mL SNARF-1 dextran 70 kDa (0
mixed in a glass vial. During 
(1000 rpm) 1 mL of aqueous solu
(0.33 M) solution was added qu k
stirrer was turned off and particle gr
after additional 2 min by centrifugat
were washed three times with ddH2O
used for the layer-by-layer 
polyelectrolytes.  

Biodegradable capsules w
depositing alternating layers of ne
DextS (2 mg mL-1 in 0.5 M NaC

2 

gradable polymers: 
 Mw ≈ 70 kDa,  PSS 
ride), Mw ≈ 56 kDa, 

dextran sulfate, 
arginine, Mw ≈ 15-
by-layer assembly 

arge were adsorbed 
ores according to 
pH-sensitivity was 
1[4]-labeled dextran 

 following the co-
apsules of the same 
erent wall thickness 
atch (having all the 
to minimize artifacts 
r each class of 
ches “S” & “L” with 
 larger) and unequal 
red to cover a broad 
re SI-5).  

 PAH (Mw ≈ 56 kDa, 
, #42867), PLArg 
calcium chloride 
sodium carbonate 

nediaminetetraacetic 
DTA disodium salt, 
om Sigma-Aldrich 
an (Mw ≈ 70 kDa, 
(USA)  and sodium 
obtained from Roth 
ed water (ddH2O, 

illerica, USA) with a 
m−1 was used for all 

prepared at room 
f CaCl2 and Na2CO3 
esence of SNARF-1 
n of CaCl2 (0.33 M), 
 (0.5 mg mL-1) were 

g magnetic stirring 
olution of Na2CO3 

ickly. After 30 s the 
 growth was stopped 
gation. The particles 

O and then directly 
er assembly of 

ere obtained by 
 negatively charged 
aCl) and positively 

charged PLArg (2 mg mL-1 in 
charged microparticles as desc
For coating with each layer th
suspended in 1 mL of polyele
dissolution of the cores was ca
complexion with EDTA (1 mL, 

Non-biodegradable capsule
using PSS as negatively and
charged polymers.  

Samples carrying 1, 2, 4, 6
synthesized in both cases. 

2.2. Characterization 

The size distributions of
multilayer (PEM) capsules 
confocal laser scanning f
micrographs (cf. Figure SI-1). T
structure were examined by
scanning electron microscopy (T
the mechanical properties were 
force microscopy (AFM) mea

3.1.3. Size distribution 

Size distributions (cf. Figu
from fluorescent micrographs 
Figure SI-1) taken at pH 7 in
regarding the image acquisitio
Capsules being in focus were au
and quantified with respect to 
for details). More than 200 cap
each case.  

Figure SI-1 – Fluorescent micro
microcapsules. The fluorescence i
and DextS/PLArg (right) capsules
recorded between 560 and 615 n
false colors) and > 615 nm (“re

in 0.5 M NaCl onto the 
escribed previously.[2, 6]  
 the microparticles were 
electrolyte solution. The 
 carried out by Ca2+ ion 
L, 0.2 M, pH 6.5).  
ules were obtained by 
and PAH as positively 

, 6 and 8 bilayers were 

of the polyelectrolyte 
s were derived from 
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. The shell-thickness and 
by transmission- and 
 (TEM and SEM), while 
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s of PEM capsules (cf. 
 in DMEM. For details 
ition we refer to § 3.1. 
 automatically segmented 
to size (we refer to § 3.2 
apsules were analyzed in 
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images, and the corresponding overlays
were taken at pH 7 in DMEM. It can be s
SNARF-dextran is attached to the inne
capsules instead of being homogeneous
capsule cavity.[7] 

3.1.4. Shell thickness 

The shell thickness was determ
images of 70 nm thin capsule c
Figure SI-3) and derived fr
measurements of dried (collapsed) c
SI-4). 

I) obtained from ultrathin cross

PEM capsules were embedd
described by Pretzl et al.[8]. The
performed with an ultramicrotome 
Germany) and the sections were ima
3010 (Jeol, Japan). The shell thick
extracting cross-sectional intensity 
analyzed with Matlab (MathWorks, U

“S” (small) “L

 d/µm 
Nbi PSS/ 

PAH 
DextS/ 
PLArg 

2 3.88 ± 
0.46 

4.02 ± 
0.35 

4 4.26 ± 
0.47 

4.11 ± 
0.43 

8 4.12 ± 
0.43 

4.18 ± 
0.42 

12 4.22 ± 
0.52 
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0.43 

16 4.24 ± 
0.52 

4.18 ± 
0.53 
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8 4.7
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Figure SI-2 – Size distribution of m
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3 
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ss-sections 
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e (EM UC7, Leica, 
maged using a JEM-
ness was derived by 
y profiles that were 
s, USA).  

 
“L” (large) 

 
d/µm 

PSS/ 
PAH 

DextS/ 
PLArg 

4.62 ± 
0.38 

4.41 ± 
0.41 

4.66 ± 
0.49 

4.62 ± 
0.35 

4.72 ± 
0.29 

4.67 ± 
0.34 

icrocapsules. The size 
 d were obtained from 
ith Nbi = 2-16 bilayers 

egmented into two 
The outer membrane 
lyte shell, while the 
dextran adhering to 
ectrolyte shell. The 
reasing thickness of 
ution of the CaCO3-
 of thinner capsules 

with less bilayers the leakage o
of the capsules is higher due to
shell. Shell-attached dextran 
capsule stiffness. As the fl
attributed to SNARF-labeled 
the capsule shell in fluoresc
aqueous solution (cf. Figure
phenomenon is not an artifact c
drying of the capsules during s
embedding into epoxy resin. 

 

Figure SI-3 – Shell thickness (TEM).
70 nm thick cross-section of a PSS
of 4 bilayers (Nbi = 4, size “L”) em
Cross-section of PSS/PAH-capsule
4, 6, and 8 bilayers in higher 
micrograph of DextS/PLArg caps
Cross-section of DextS/PLArg-c
Nbi = 1, 4, 6, and 8 bilayers in high
thickness of only the outer layer d
composed of polyelectrolytes mea
and d2 included also a porous stru
SNARF adhering to the inner surfa
shell. f) Thickness values for 
biodegradable PSS/PAH and biod
capsules measured for Nbi = 1-8 

II) derived from collapsed
force microscopy (AFM)

AFM imaging of collapsed
out in intermittent contact m

e of SNARF-dextran out 
 to higher porosity of the 
n might influence the 
fluorescence which is 

 dextran is also higher in 
escence micrographs in 
re SI-1) the observed 

ct caused by the ethanol-
g sample preparation for 

 
). a) TEM micrograph of a 
SS/PAH capsule composed 

embedded in epoxy resin. b) 
ule membranes for Nbi = 1, 
er magnification. c) TEM 
psules with 4 bilayers. d) 
capsule membranes for 

igher magnification. e) The 
 d1 which is supposed to be 
easured from TEM images 
structure which is probably 
rface of the polyelectrolyte 

or d1 and d2 for non-
iodegradable DextS/PLArg 

 (size “L”). 

ed capsules by atomic 
) 

ed capsules was carried 
 mode at the MFP-3D 
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(Asylum Research, Santa Barbar  
was combined with the optical mic
200 (Zeiss, Jena, Germany). Silic  
(NSC 36, no Al coating, Mikr
Estonia) with a nominal spring con
were used. Measurements were perfo
liquid cell filled with deionized 
Academic, Millipore, Billerica, U
adhesion of the capsules the glass su
with one bilayer of polyethylenimin
Collapse of the capsules was achiev
the capsules directly on the subs
capsules (4 to 8 bilayers) were treate
for 1 min in an ultrasonic bath prio  

The thickness of the capsules m
(dAFM) (cf. Figure SI-4), is betwee
Figure SI-3). SNARF-dextran prese
compressed during the drying proces

Figure SI-4 – Shell thickness (AFM)
PSS/PAH and DextS/PLArg caps
composed of 1-8 bilayers (size “L”) o
measurements. 

3.1.5. Mechanical properties 

Force spectroscopy measurement
at the Nanowizard I® (JPK ns
Germany) which was combined w
optical microscope Axiovert 20
Germany). As a probe we used tip-
cantilevers (NSC 12, no Al coati
Tallinn, Estonia) with nominal sp
0.65 and 14 Nm-1. These cantilevers 
gluing a glass sphere of collo
(diameter 30-40 µm, Polysciences
Eppelheim, Germany) with two c
glue (UHU Endfest 300, UHU Gm
Bühl, Germany) under their very
probe). The exact spring consta  
cantilevers was determined prior to
from their thermal vibration spect
method[9]). Before probing the m
cantilever’s optical lever sensitivity
by pressing the cantilever against th
glass substrate. All measurements w

4 

a, CA, USA) which 
icroscope Axiovert 

on nitride cantilevers 
ikroMasch, Tallinn, 
onstant of 0.6 Nm-1 

erformed in the MFP 
ed water (MilliQ® 
 USA). To ensure 
 substrate was coated 

ine (PEI) and PSS. 
ieved through drying 
bstrate. More rigid 
ated with ultrasound 

or to drying. 
 measured by AFM 
een d1 and d2 (cf. 

esent in d2 might be 
cess of the capsules. 

 

M). Shell thickness of 
psules, respectively, 
) obtained from AFM 

ents were carried out 
Instruments, Berlin, 
 with the inverted 
200 (Zeiss, Jena, 
-less silicon nitride 

ating, MikroMasch, 
spring constants of 
rs were modified by 

olloidal dimensions 
es Europe GmbH, 
 component epoxy 
GmbH & Co. KG, 
ery front (colloidal 
nt of the employed 
 to any modification 
trum (thermal noise 
microcapsules, the 
ity was determined 
 the non-deformable 
s were performed in 

home-built Petri dishes (diamete
filled with ddH2O. To promote
glass bottom of the dishes were
of each PEI and PSS. The sti
shell was obtained as the slope o
recorded force vs. deformati
deformations in the order o  
representative force-deformati
displayed in Figure SI-6. Obtai
in Figure SI-5. 

Figure SI-5 – Stiffness γ of PSS/
capsules, respectively (size “S”: 
dotted line). 

The leakage of SNARF-dext
during dissolution of the sacrif
strongly depended on t
polyelectrolyte shell and decr
numbers of polymer layers. 
SNARF-dextran was attached
membrane of the capsules
homogeneously distributed 
Figure SI-1 and Figure SI-3
influenced the stiffness of the ca

Figure SI-6 – Representat
characteristics of 4-bilayer DextS/P
linear fits in the small deformatio
Δd) yielding the capsule’s stiffness 
“L”: dashed line).  

3.1.6. pH-response 

The fluorescence response o
to changes in pH was measur
containing capsules to cell cul
with differently adjusted pH-v
main manuscript). The fluo

eter 2 cm, height 0.5 cm) 
ote capsule adhesion the 
ere coated with one layer 
stiffness of the capsules’ 
e of the linear part of the 
ation curves for small 
f the shell thickness. A 
ation characteristic is 
tained results are shown 

 

SS/PAH and DextS/PLArg 
”: dashed line, size “L”: 

extran out of the capsules 
rificial core-templates[10] 
he thickness of the 
creased with increasing 

s. As the encapsulated 
ed rather to the inner 
les instead of being 
inside the cavities[7] (cf. 

3) it might have also 
 capsules. 

 

tative force-deformation 
S/PLArg microcapsules and 
ation regime (deformation: 
ss (size “S”: solid line, size 

e of the SNARF-capsules 
sured by adding a drop 
culture medium samples 

values (cf. Figure 1b, 
uorescent readout was 
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measured using confocal laser scann
described in § 3.1 with the difference
in pH-adjusted cell media were im
conventional glass slide. For 
approximately 200 capsules were 
average red/green ratio at a 
concentration. We note again that 
fluorescence is displayed in false col

3.1.7. Zeta-potential 

The Zeta potential (ζ) was meas
dynamic light scattering (DLS) using
ZS (Malvern Instruments, UK)
DextS/PLArg PEM capsules tur
higher positive potential than their 
counterparts made from PSS/PAH (c

Figure SI-7 – Zeta-potential (ζ) 
DextS/PLArg capsules, respectively, 
bilayers (size “S”) derived from DLS me

3. Uptake studies 

For tracking the internalizati n
PEM capsule systems 15.000 ce ls/
into each well of an 8-well µ-slide
#80826), whereby the growth area 

1 cm2, filled with 300 μL mediu
performed on the next day. 

3.1. Live confocal fluorescence m

The capsule uptake was studied
laser-scanning fluorescence microsc
Meta, Zeiss) equipped with a p
(Pecon, Germany) to maintain the 
with 5% CO2. Prior to im
approximately 7 capsules/cell were
lapse image series were acquire
Apochromat 63x/1.40 Oil DIC 
SNARF-1 was excited at 543 nm (w
and its fluorescence was recorded 
615 nm (“green” channel, false col
(“red” channel). To minimize 
acquisition parameters were tu
fluorescence at very low excitation p
sampling frequency was set to .

5 

ning microscopy as 
nce that the capsules 
imaged on top of a 
r each pH-value 
imaged to obtain the 
a specific ionic 

at in the images the 
colors. 

asured in ddH2O by 
ing a Zetasizer Nano 
K). Biodegradable 
ned out to carry a 
ir non-biodegradable 
 (cf. Figure SI-7). 

 

) of PSS/PAH and 
, composed of 2-16 

measurements. 

ion of the different 
lls/well were seeded 
ide (Ibidi, Germany, 
ea of each well was 

ium. Imaging was 

 microscopy 

ied using a confocal 
oscope (CLSM 510 
 portable incubator 
e µ-slides at 37 °C 
image acquisition 

ere added and time 
ired using a Plan-
C M27 objective. 
 (with a HeNe-laser) 
d between 560 and 
olor) and > 560 nm 
ze bleaching the 

tuned to detect 
n power. The lateral 
0.32 µm while the 

temporal resolution was set t  
the acidification rate during up
The absolute axial position of 
dish substrate/medium was de
the z-position of the increas
photons in this boundary laye
same lateral position were 
internalized capsules, one slice
above the substrate which was t
cell interior. Another slice was
to resolve capsules located on to
of the confocal system was ad
thick sections in both cases. 
recovered before each time poin
autofocus routine. After acquisit
reduced by calculating the pr
of both slices for further analysi

Figure SI-8 – Time lapse image s
Three representative time points o
tracing PSS/PAH capsules (Nbi = 
uptake by HeLa cells are dis
fluorescence of the SNARF-filled ca
(> 615 nm), b) shows their fluo
channel (560-615 nm), and c) sho
channels with the corresponding
white arrows highlight a capsule w
from red to green, indicating its
lysosomal compartment. 

3.2. Image processing 

For automated image 
segmentation, tracking and visua
developed using Matlab (Ma
following the workflow (Figu
briefly. First, photon shot noise
channel was reduced by med
background was completely 
threshold (Figure SI-9b.1). 

o 45-150 s, depending on 
uptake of each cell type. 
of the boundary layer µ-
determined by detecting 
ased level of scattered 
yer. Two images of the 
re acquired: To catch 
lice was imaged 2.2 µm 
s typically located in the 
as obtained 3 µm higher 
 top of cells. The pinhole 
adjusted to image 2 µm 

es. This alignment was 
oint by a software-based 
isition the dimension was 
rojection along the z-axis 
ysis.  

 

e series of capsule uptake. 
s of a typical image series 

 8, size “L”) during their 
displayed. a) shows the 
 capsules in the red channel 
luorescence in the green 
shows the overlay of both 
ng brightfield image. The 
le which shows a transition 
its transfer into an acidic 

 processing, capsule 
sualization a toolbox was 
athworks, USA). In the 

igure SI-9) is described 
ise in the red and green 
edian-filtering and the 

 removed by defining a 
). As a microcapsule 
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typically appears as a slightly f
confocal fluorescence image a 
transformation[11] was computed 
capsules positions and their cor
automatically to create masks for
value readout (Figure SI-9). It turn
case of several clustered capsules 
with high capsule density this segm
performed better than object 
thresholding strategies. Each pixel w
the origin of a parameterization of a 
radius as the structure to be found
pixel intensities which were hit b
calculated and assigned to the r
circle. Basically each pixel was tes
was likely to be the origin of a ci
By doing so the center positions o
identified. A classical Hough transfo
the radius of the round features 
identify the position and the dim
capsule a parameterization of a do
with a shell thickness of 0.64 µm 
pixel the radius r of this structure w
given boundaries (derived from th  
the capsules), and the underlying pix
summed up as a function of r. The p
maximum of this function was 
capsule radius, and the correspondi
assigned to the initial pixel. For e
original image a number represe in
to be the center of a capsule w
obtained. The local maxima in 
depiction were identified as the cent
being present in the current fr
computational time the transform
calculated for image regions in w
present. These regions were 
morphological area opening to r
smaller than the capsules, morpholo
a disk-shaped structuring element to
the capsule walls, and finished by f
the image (i.e. filling “empty” cap
maxima (i.e. capsule center posit
the modified Hough transform w
image dilation and stored. Final  
performance was evaluated for each
to reduce artifacts. The coordinates 
position y position, radius) were use
for each capsule (ROI) in the red a
respectively. Within this mask th
intensity ratio red/green (Ir/Ig) wa  
noise-corrected raw data (Figure S
the local pH. To obtain the progress
time for each capsule during upt

6 

 filled circle in a 
a modified Hough 
d to identify all 
corresponding radii 
for further intensity 
rned out that in the 

es or image regions 
egmentation method 
 identification by 
l was considered as 
 a circle with similar 
nd. The sum of all 

t by the circle was 
origin pixel of the 
tested if its position 
ircle of given radius. 
 of all circles were 
sform does not yield 
s it is finding. To 
dimension of each 
nut-shaped structure 
 was used. For each 
e was varied within 
e size distribution of 

pixel intensities were 
e position of the first 
s identified as the 
ding maximum was 
r each pixel in the 
nting the probability 

with radius r was 
in this probability 
enters of all capsules 

frame. To reduce 
rmation was only 
hich capsules were 

 obtained by a 
 remove structures 
logical closing with 

t to fill dark gaps in 
y filling all holes in 
capsules). The local 
itions) generated by 

ere emphasized by 
ly the segmentation 
ach detected capsule 
es and the radius (x 
sed to create a mask 
 and green channel, 

 the average pixel 
s calculated from the 
 SI-9b.1) indicating 
ession of Ir/Ig versus 
uptake and cellular 

trafficking (further referred t
capsule-tracking routine was 
inspired by the particle tracking
by John Crocker et al.[12], and p
Danial Blair and Eric Dufr
procedure resulted in almost gap
capsule trajectories. Finally 
checked manually and errone u
where corrected by adjusting 
needed. 

Figure SI-9 – Overview over 
workflow. Time lapse image ser
uptake were acquired with a
fluorescence microscope. To derive
indicated image processing routin
with zero intensity are colored in 
per-pixel red/green ratio only pix
above a certain threshold in both c
(colored in green in b.4). 

3.3. Trajectory processing 

For illustration a typical t
Figure 2 (main manuscript). Fr
processing times tP10% i.e. tP50%

acidification time tA were der
time is the time from the first 
attachment, as visible from the 
the capsule with the cell, wh
microcapsule until its acidifica

 to as “trajectory”) a 
as applied, which was 
ing algorithms developed 
d provided for Matlab by 
ufresne. The described 
gap-less two-dimensional 
y each trajectory was 
ous lateral displacements 
g the capsules ROIs if 

 

er the image processing 
series of cellular capsule 

an automated confocal 
rive capsule-trajectories the 
tines were applied. Pixels 

in blue. For calculating the 
pixels with intensity values 
h channels were considered 

l trajectory is shown in 
From each trajectory the 

0%, respectively, and the 
derived. The processing 
st contact tC (membrane-
he brightfield images) of 
which is taking up the 
ication. The acidification 
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time describes the duration of aci
to low pH following the s
Consequently, the experimental data
the following curve: (Ir/Ig)(t) = 

t50%)/Δt))+Rb.  

Figure SI-10 – Example trajectories of
of different thickness in HeLa cells. On
SNARF-response curves of 2, 4 and 16 b
and c) non-biodegradable PSS/PAH cap
shown during uptake by HeLa cells. Ir/I
to neutral pH while capsules with Ir/Ig ≈
acidic vesicles. On the right side corresp
images are shown for the time points 
green arrow inside the graph. The 
capsule is highlighted with a white ar
length is 5 µm.  

Hereby, the acidification time

ΔtA = t90%-t10% = 2Δt· ln(9). The tim
t10% are derived from 
(Ir/Ig)(t10%) = 0.9·(Ra-Rb)+Rb and (Ir/I

Rb)+Rb. In other words: ΔtA is th
acidification process of a single part
(main manuscript). The processing t
endpoints tP10% and tP50% are derived 
tP10% = t10%-tC and tP50% = t50%-tC. I
uptake trajectory is defined by 
parameters: tA and tP10% or tP50%, resp

4. Elasticity dependent intracellula

In this section additional fi r
which show the influence of t
thickness and the used polyel
biodegradable PSS/PAH vs. 
DextS/PLArg) on the endocytic p

7 

idification from high 
sigmoidal curve. 

ata were fitted with 
 (Ra-Rb)/(1+exp((t-

 

 of PSS/PAH capsules 
On the left side typical 
6 bilayer thick (cf. a, b 
apsules (type “S”) are 

/Ig ≈ 2.5 corresponds 
≈ 1 are located inside 

esponding microscopic 
ts A-D marked with a 
e respective tracked 
arrow. The scale bar 

ime is defined as 

ime points t90% and 
the equations 

/Ig)(t90%) = 0.1·(Ra-

the duration of the 
article, cf. Figure 2b 
g times for different 
ed from these data as 
 In this way each 
y two quantitative 
spectively. 

ular processing 

gures are presented 
 the capsule shell 
yelectrolytes (non-
s. biodegradable 
 processing during 

uptake by HeLa cells. In Figure
11 typical trajectories from cap
thickness (Nbi = 2, 4 and 16, si
and the pH-response during nt
For each trajectory the durati
displayed (acdidification tim  
time is shown (tP10%). Typical ev
pH-response curve (A: first app
first contact with cell which in
later, C: partial acidification,
acidified) and the correspondin
are given showing the particu
Figure SI-12, Figure SI-13 a
acidification times tA and the 
and tP50% are shown and corre
stiffness γ. 

Figure SI-11 – Example trajec
capsules of different thickness in
side typical SNARF-response curve
thick (cf. a, b and c) biodegradab
(type “S”) are shown during 
Ir/Ig ≈ 2.5 corresponds to neutral 
Ir/Ig ≈ 1 are located inside acidic v
corresponding microscopic images
points A-D marked with a green arr
respective tracked capsule is highlig
The scale bar length is 5 µm. 

ure SI-10 and Figure SI-
apsules of different shell 

, size “S”) were selected 
internalization is plotted. 
tion of acidification is 

e tA) and the processing 
l events are marked in the 
ppearance of capsule, B: 

 internalizes the capsules 
n, D: capsule is fully 

ding microscopic images 
icular point in time. In 

and Figure SI-14 the 
e processing times tP10% 

rrelated with the particle 

 

jectories of DextS/PLArg 
 in HeLa cells. On the left 
rves of 2, 4 and 16 bilayer 
able DextS/PLArg capsules 
g uptake by HeLa cells. 
al pH while capsules with 
c vesicles. On the right side 
ges are shown for the time 
arrow inside the graph. The 
hlighted with a white arrow. 
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Figure SI-12 – Acidification time 
different stiffness in HeLa cells. The
reflecting the duration of acidification 
for non-biodegradable PSS/PAH a
DextS/PLArg capsules of batch “S” (a)
In c)-d) the obtained tA-values are di
average stiffness γ of the respective caps
point corresponds to the median proces
upper and lower quartile (y-axis) versus
value ± standard deviation (x-axis), a
least 80 capsules (time values) and 40
values). 

Figure SI-13 – Processing time tP10
different stiffness in HeLa cells. The 
measured between first contact and th
acidification process upon interna
biodegradable PSS/PAH and biodegra
capsules of batch “S” (a) and batch “
obtained tP10%-values are displayed v
stiffness γ of the respective capsule typ
corresponds to the median proce
value ± upper and lower quartile (y-ax
stiffness γ value ± standard deviation (
from at least 80 capsules (time value
(stiffness values). 

8 

 

 

 tA for capsules af 
he time period tA is 

on during endocytosis 
and biodegradable 

(a) and batch “L” (b). 
 displayed versus the 
apsule type. Each data 
essing time tA value ± 
us the mean stiffness γ 

, as obtained from at 
 40 capsules (stiffness 

 

 

10% for capsules af 
e time period tP10% is 
 the beginning of the 
rnalization of non-
radable DextS/PLArg 
“L” (b). In c)-d) the 

 versus the average 
type. Each data point 
ocessing time tP10% 
axis) versus the mean 
n (x-axis), as obtained 
ues) and 40 capsules 

Figure SI-14 – Processing tim
different stiffness in HeLa cells. 
measured between first contact 
during internalization of non-biod
biodegradable DextS/PLArg capsu
batch “L” (b). In c)-d) the ob
displayed versus the average stiff
capsule type. Each data point cor
processing time tP50% value ± uppe
axis) versus the mean stiffness γ va
(x-axis), as obtained from at lea  
and 40 capsules (stiffness values). 

4.1. Acidification and proc
types of cells 

Capsule acidification and proce
various types of cells including cel
such as HeLa cells, A549 cells, MD
neurons and HUVECs. Biod
biodegradable capsules with 4 bil
used. The corresponding data is s

Figure SI-15 – Acidification and
types of cells. The acidification tim
time tP50% (b) of PSS/PAH and
(Nbi = 4, size “L”) as recorded
different types of cells. For neuron
umbilical vein endothelial cells (HU
conditions only few uptake events w
point corresponds to the median v
quartile. 

5. Distribution of LAMP1 du
acidification 

Lysosomal associated prot
glycoprotein, mostly situated at 
of late endosomes and lysoso e

 

 

me tP50% for capsules af 
 The time period tP50% is 

ct and 50%-acidification 
odegradable PSS/PAH and 
sules of batch “S” (a) and 
obtained tP50%-values are 
tiffness γ of the respective 
corresponds to the median 
pper and lower quartile (y-
value ± standard deviation 

st 80 capsules (time values) 
 

rocessing in different 

cessing was investigated in 
cell lines and primary cells 

DMs, MDDCs, SH-SY5Y 
iodegradable and non-
bilayers of type “L” were 
hown in Figure SI-15. 

 

nd processing in different 
 time tA (a), and processing 
nd DextS/PLArg capsules 
ed upon incubation with 

rons (SH-SY5Y) and human 
HUVECs) under the present 
s were observed. Each data 
n value ± upper and lower 

during processing and 

rotein 1 (LAMP1) is a 
 at the luminar membrane 
mes and commonly used 
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as a marker for acidic vesicles.[9, 13

trafficking of acidic vesicles durin
HeLa were transfected to express
with green fluorescent protein (GF
imaging of lysosomes and the capsu
parallel. 

For the experiment approximate
well were seeded into an 8-well Ib
12 hours 2 µL of CellLight Lysos
2.0 (life technologies, #C1059
corresponding to 20 virus particles p
capsule uptake experiments we
described in § 3. In addition 
fluorescence GFP was excited at 
Argon-laser and emitted photon
between 505 and 550 nm. For eac
intensity of LAMP1-GFP was me
capsule area to detect the amount 
incorporated into the endocytic vesi
internalized capsule. In addition th
of LAMP1-positive vesicles 
Fluorescent micrographs and 
trajectory are shown in Figure SI-16

Figure SI-16 – Distribution of LAMP
uptake in HeLa cells. In a) a time 
displayed showing the fluorescent sign
(magenta), the red and green fluoresce
capsule (Nbi = 4, size “L”) pH-readout a
fluorescent channels with a brightfield im
image the ratio of red-to-green fluore

9 

13] To correlate the 
ring capsule uptake 
ss LAMP1 labeled 

GFP) to allow live-
psule acidification in 

ately 5,000 cells per 
 Ibidi µ-slide. After 
omes-GFP BacMam 
596) were added 
s per cell. After 24 h 
ere performed as 
n to the capsule 

at 488 nm using an 
ons were recorded 
each time point the 
measured along the 
nt of LAMP1 being 
esicle containing the 
the fusion frequency 

was monitored. 
 a corresponding 
16. 

 

MP-1 during capsule 
e lapse recording is 

ignal of LAMP1-GFP 
scence channel of the 
t and an overlay of all 

d image. In b) for each 
orescence Ir/Ig of the 

capsule has been determined an
incubation time t. The time poin
images shown in a) are labeled
Ir/Ig ≈ 2.5 corresponds to a pH va
corresponds to local pH values b
(main manuscript). In addition th
LAMP1-GFP (ILAMP1-GFP) over the 
blue.  

Immediately after capsule 
signal of LAMP1-GFP could b
capsules (cf. Figure SI-16a). Af
incubation the first fusion of A
with the capsule-containing 
observed (cf. Figure SI-16b). W
frequency the local pH around
(cf. Figure SI-16c) and th  
LAMP1-GFP (ILAMP1-GFP) 
endocytic vesicles in which ca
continued to rise until both
LAMP1-GFP-fluorescence) rea
kept constant. 

We speculate that the fusio
vesicles which should be acidic
in pH of the larger capsule-conta

6. Integrity-investigations of c

To investigate possible r
elasticity-independent acidificat
DextS/PLArg capsules the 
46 h upon contact with cells was
to spot capsule fragmentation o
conjugate DQ-ovalbumin 
encapsulated into 2-16 bilayer 
either composed out of PS /P
following the protocol described
DQ-OVA is composed out of B
protein ovalbumin. Due to the 
dye molecules the green fluores
dye is almost completely 
forming dye excimers are s
fluorescence signal. Upon e
inside cells the fluorescence is 
independent on pH. Due 
internalized capsules filled 
easily recognized (bright gre
potential released fragments of
disruption becomes visible.[2]  

and is plotted versus the 
oints corresponding to the 
led as A - D. A ratio of 
value of 7.4, while Ir/Ig ≈ 1 
s below 4.5, cf. Figure 1b 
 the mean fluorescence of 
e capsule area is plotted in 

le uptake no fluorescent 
d be associated with the 
 After several minutes of 
LAMP1-positive vesicles 
g vesicles could be 
. With increasing fusion 
nd the capsules dropped 
e mean fluorescence of 

associated with the 
capsules were contained 

oth measures (pH and 
reached a plateau and 

sion of LAMP1-positive 
dic mediate the decrease 
ntaining vesicles. 

f capsules 

 reasons for the fast 
cation of bio-degradable 
integrity within the first 

as examined. To be able 
n or release of cargo the 
 (DQ-OVA) was 
er thick capsules being 
S PAH or DextS/PLArg 
bed by Rivera Gil et al.[2] 
f BODIPY dye-saturated 
e close proximity of the 
rescence of the BODIPY 
 self-quenched[14] and 
 showing a light red 
enzymatic degradation 

is dramatically increased 
e to these properties 
with DQ-OVA can be 
reen fluorescence) and 

 of DQ-OVA or capsule 
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Figure SI-17 – Probing proteolyti
microcapsules. DQ-OVA-filled micro
increase in green fluorescence after inte
cells (indicated by white arrows) indepen
of bilayers (Nbi = 2 and 16). Even
fragmentation occurs. The scale bar corr

For the experiment DQ-OVA oa
2-16 bilayers were prepared as de
replacing SNARF-1 by DQ-OVA (1
technologies, #D12053). Approxi
per well were seeded into an 8-
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Background 
In order to process multiple reactions efficiently 
and timely, eukaryotic cells are compartmental-
ized into distinct membrane-bound organelles. 
Intracellular pH plays a pivotal role in cellular 
processes and is highly regulated in every orga-
nelle [1]. Indeed, proper function of a number of 
organelles requires acidic pH. Acidification has 
multiple roles: for instance, it is fundamental for 
ligand-receptor dissociation in endosomes, for 
activation of hydrolases in lysosomes, for antigen 
processing in immune cells, for sorting of mole-
cules in the Trans Golgi Network, and for 
neurosecretion [2, 3]. Acidification of compart-
ments is accomplished by vacuolar H+-ATPases 
(V-ATPases), large multi-subunit complexes that 
are able to pump protons into the lumen of the 

organelles or in the extracellular medium [4, 5]. 
Also, the structural stability and function of pro-
teins are tightly associated with pH [6]. For ex-
ample, it has been shown that mutations in the V-
ATPase, responsible for acidification of the Golgi 
compartment, result in impaired glycosylation of 
proteins [7]. Alteration of acidification is a hall-
mark of a number of diseases including cancer [8, 
9]. In fact, in several important human diseases, 
such as renal tubular acidosis, osteopetrosis, 
diabetes and defects in sperm maturation, acidifi-
cation defects are detected [1, 5]. In cancer cells, 
acidification is of great importance as it affects 
invasion properties being required for activation 
of secreted lysosomal hydrolases in order to de-
grade the extracellular matrix [8, 9]. Indeed, V-
ATPases are considered as promising pharmaceu-

Abstract 

Background: Acidification of eukaryotic cell compartments is accomplished by vacuolar H+-
ATPases (V-ATPases), large multi-subunit complexes which are able to pump protons into the lu-
men of organelles or in the extracellular medium. Here, the role of the V1G1 subunit of V-ATPases 
in regulating the activity of the proton pump is investigated. 

Results: Firstly, stable cell lines overexpressing V1G1 or V1G1-depleted were constructed. Secondly, 
fluorescent capsule-based pH sensors were used to monitor acidification before and during inter-
nalization by modified and control living cells. The intracellular pH measurements indicate a delay 
in acidification in either overexpressing V1G1 or V1G1-depleted cells compared to controls. Finally, 
transmission electron microscopy and confocal microscopy further demonstrate uptake of the cap-
sule-based sensors and subsequent engulfment in acidic vesicles in both modified cell lines. 

Conclusions: Capsule-based fluorescence sensors represent practical biosensors for real-time and 
non-invasive ratiometric read-out of cellular proton concentrations inside endocytic compartments. 
The use of capsule-based pH sensors allowed for demonstrating the importance of the V1G1 subu-
nit in V-ATPase activity concerning intravesicular acidification. 
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Methods 

Materials 

Poly(sodium 4-styrenesulfonate) (PSS, Mw 
~70.000 kDa, #243051), poly(allylamine hydro-
chloride) (PAH, Mw ~56.000 Da, #283223), calci-
um chloride dehydrate (CaCl2, Mw = 147.01 Da, 
#223506), sodium carbonate (Na2CO3, Mw = 
105.99 Da, #S7795), dextran (Mw ~ 2000.000 Da, 
#95771), fluorescein 5(6)-isothiocyanate (FITC, 
Mw = 389.38 Da, #46950), rhodamine B 
isothiocyanate (RITC, Mw = 536.08 Da, #R1755), 
ethylenediaminetetraacetic acid disodium salt 
dihydrate (EDTA, #E5134) were purchased from 
Sigma-Aldrich. Amino dextran (AM-dextran, Mw 
~500.000 Da, #D-7144) was obtained from Invi-
trogen. Gold colloids 5 nm were obtained from 
(#EM.GC15) BBI International and bis(p-
sulfonatophenyl)phenylphosphine dihydrate 
dipotassium salt (#15-0463) from Stream Chemi-
cals. All chemicals were used as received. Ul-
trapure water with a resistance greater than 18.2 
MΩ/cm was used for all experiments. 

Cell cultures 

All cells were cultured in phenol-red free Dulbec-
co’s Modified Eagles Medium (DMEM, Sigma-
Aldrich, Germany, #D6546) supplemented with 
10% fetal bovine serum (FBS, Biochrom, Germa-
ny, #S0615), 1 % penicillin/streptomycin (P/S, 
Sigma-Aldrich, Germany, #P4333) and 2 mM L-
glutamine (Sigma-Aldrich, Germany, #G7513) at 
5 % CO2 and 37 °C.  

Generation of stable cell lines 

Stable cell lines over-expressing and/or silencing 
V1G1 were generated using pCDNA3_2xHA-V1G1 
or sh-RNA V1G1 plasmids (sc-36797-SH, Santa 
Cruz Biotechnology), respectively. Stable cell lines 
were selected by adding G-418 (1 mg/mL, 
Calbiochem) to cells transfected with HA-V1G1 or 
Puromycin (3 µg/mL, Sigma-Aldrich) to V1G1-
silenced cells. Cells were kept in selective media 
for about two weeks or until clones were visible. 
About 10 independent clones were picked for each 
sample and propagated. Lysates of some of the 
clones were processed for Western blot analysis 
to verify V1G1 overexpression or silencing. HA 
control cells were transfected with an empty vec-
tor and selected with G-418, while sh-control cells 
were transfected with a control sh-plasmid and 
selected with puromycin. After the selection the 
clones over-expressing HA-V1G1 were cultured in 
medium supplemented with 0.25 mg/mL G418, 
whereas V1G1-silenced clones and control cells 
were maintained in medium supplemented with 
0.75 µg/mL puromycin. 

Western Blotting (WB) 

HeLa cells were lysed in RIPA buffer (Sigma-
Aldrich) plus proteinase inhibitors cocktail (Roche). 

Lysates were loaded on SDS-PAGE and separated 
proteins were transferred onto PVDF membranes 
from Millipore. The filter was blocked in 5 % milk 
in phosphate buffered saline (PBS) for 30 minutes 
at room temperature, incubated with the appro-
priate primary antibody mouse monoclonal anti-
V1G1 (1:100, sc-25333, Santa Cruz Biotechnolo-
gy) and mouse monoclonal anti-tubulin (1:3000, 
clone B512, Sigma-Aldrich), and then with a sec-
ondary antibody conjugated with HRP (1:5000, 
G21040 Invitrogen). Bands were visualized using 
Western blot Luminol Reagent (Santa Cruz). 

Synthesis of capsule-based pH sensors 

The preparation of capsule-based pH sensors was 
carried out following our previous protocol [31]. 
Briefly, 0.615 mL 0.33 M CaCl2, 0.615 mL 0.33 M 
Na2CO3, 0.4 mL FITC-dextran solution (30 µM), 
and 0.37 mL RITC-dextran solution (30 µM) were 
rapidly mixed and thoroughly agitated on a mag-
netic stirrer for 30 s at room temperature. After 
the agitation, the precipitate was separated from 
the supernatant by centrifugation (4500 rpm, 5 s) 
and washed three times with water. Then, the 
resulting CaCO3 particles, containing FITC-dextran 
and RITC-dextran, were subjected to the LbL 
deposition of PSS (2 mg/mL, 0.5 M NaCl, pH = 
6.5) and PAH (2 mg/mL, 0.5 M NaCl, pH = 6.5) 
polyelectrolytes (15 minutes under agitation) to 
give the following multilayer wall architecture: 
(PSS/PAH)5. Short ultrasound pulses were applied 
to the sample prior to the addition of each poly-
electrolyte in order to prevent particle aggrega-
tion. The decomposition of the CaCO3 core, result-
ing in hollow microcapsules, was achieved by 
treatment with 1 mL EDTA (0.2 M, pH 7.0) fol-
lowed by triple washing with water. The micro-
capsules were stored as suspension in water at 
4 °C.  

Synthesis of gold nanoparticle-functionalized 
capsules 

To visualize the capsules with the transmission 
electron microscope, we added electron-dense 
gold nanoparticles (Au-NPs) into the walls. The 
synthesis was carried out as follows. In a vial 
equal volumes (1.2 mL) of aqueous CaCl2 and 
Na2CO3 solutions (0.33 M) were mixed in the 
presence of 1.54 mL of dextran (13 mg/mL). The 
solution was thoroughly mixed on a magnetic 
stirrer for 30 s and afterwards, the mixture was 
left without stirring for 3 minutes. After three 
washing steps with Milli-Q water, the resulting 
particles were coated with one bilayer of polyelec-
trolytes (CaCO3@(PSS/PAH)). Then, the coated 
cores were functionalized with phosphine-
stabilized Au-NPs following our previous protocols 
[44]. Afterwards, 4 more bilayers of (PSS/PAH) 
were added. The dissolution of the cores was 
carried out as described above. The final architec-
ture of the capsules was therefore (PSS/PAH)Au-
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NPs(PSS/PAH)4. We incorporated dextran (2000 
kDa) into the CaCO3 cores, as dissolution of cores 
including dextran by addition of EDTA is faster 
than that of cores without dextran. Naturally, in 
this way traces of dextran remain in the capsule 
cavities after core dissolution [44].  

Characterizations of capsules  

Capsule size was determined from fluorescence 
micrographs. The diameter of the microcapsules 
produced was 2.6 + 0.3 µm (N = 4130).  

The Zeta potential (ζ) of the capsules was 
measured in Milli-Q water by dynamic light scat-
tering (DLS) using a Zetasizer Nano ZS (Malvern 
Instruments, UK). The results were averaged 
from 3 parallel measurements. All microcapsules 
used in this work had a zeta potential value of 
11.9 + 0.2 mV. 

The capsule number per volume was deter-
mined with a haemocytometer under an optical 
microscope. A drop of a diluted solution of cap-
sules was added onto the chamber and the num-
ber of capsules in the volume defined by the 
haemocytometer was counted by using a 20X 
objective in phase contrast mode. The capsules 
concentration was estimated to be around 1.5·108 
capsules mL-1.  

Spectrofluorometer and confocal intensity 
titrations 

For in vitro spectrofluorometric titrations, first, 
the pH of the cell medium was adjusted to various 
pH values ranging from 2.0 to 8.0 (by 1 M NaOH 
or 1 M HCl). The pH of the final solutions was 
checked with a pH meter (Professional-Meter PP-
50, Sartorius). Then, 10 µL of capsules (1.5·108 
capsules mL-1) were mixed with an excess of cell 
medium to buffer ratio of about 1:10 and meas-
ured with a Fluorolog (FL3–122) fluorescence 
spectrometer equipped with a 450 W Xenon short 
arc lamp (Ushio-UXL-450S-O) as the source of 
excitation. Emission spectra were collected at 
500–550 nm (λexc tat on = 488 nm) for FITC and 
565–625 nm (λexcitat on = 543 nm) for RITC. For in 
situ confocal microscopy titrations, 10 µl capsules 
suspension aliquots (with the same buffers used 
for each pH point) were pipetted on coverslips. 
Confocal scans were normally performed with a 
Leica TCS SP5 (Leica Microsystems, Germany) or, 
where indicated, with a CLSM 510 Meta (Zeiss, 
Germany). Laser power, acquisition parameters 
and excitation light exposure times were adjusted 
to optimize signal-to-noise ratios and minimize 
photobleaching and were kept constant through-
out each pH titration series. FITC was excited at 
488 nm with an argon laser and its fluorescence 
was collected between 505 and 530 nm (‘green’ 
channel). RITC was exited at 543 nm using a 
helium neon laser; the fluorescence was detected 
with a long-pass filter >560 nm (‘red’ channel).  

Live confocal fluorescence microscopy 

For internalization of the capsule-based pH 
sensors, approximately 10,000 cells per cm2 were 
seeded in a sterile microscopy chambers (8-well 
µ-slide, Ibidi) in complete DMEM. Before analysis, 
cells were incubated with 15 capsules/cell in L-15 
medium (without phenol red, Leibowitz medium, 
GIBCO). 

For capsule tracking experiments, Clone #1 
and #3 (overexpressing V1G1), clone #4 (silenc-
ing V1G1) and stably transfected HeLa cells with 
sh-control plasmids (CTR #2) were selected. 
15,000 cells/well were seeded into each well of an 
8-well µ-slide (Ibidi, Germany, #80826). The µ-
slides were transferred to a CLSM (CLSM 510 
Meta, Zeiss, Germany) equipped with a portable 
incubator (Pecon, Germany) and maintained at 
37 °C with 5 % CO2. Immediately before image 
acquisition, approximately 15 capsules/cell were 
added and a time-lapse image series was ac-
quired using a Plan-Apochromat 63x/1.40 Oil DIC 
M27 objective. To minimize the effect of 
photobleaching, the acquisition parameters were 
tuned to detect FITC/RITC-fluorescence at very 
low excitation power. Images were acquired with 
a lateral sampling frequency of 0.2 µm and a 
temporal resolution of 150 s. To image capsules 
being already internalized (a) and those still ad-
hering to the outer plasma membrane on top of 
the cells (b), two images at the same lateral posi-
tion but different axial positions were acquired. 
For (a) one slice was imaged 2.2 µm above the 
substrate, which was typically located in the cell 
interior. For (b) another image was obtained at a 
position 3 µm higher to resolve capsules located 
on top of cells. The pinhole of the confocal system 
was adjusted to capture 2 µm thick sections in 
both cases. This alignment was recovered before 
each time point by a software-based autofocus 
routine which was searching for the boundary 
layer µ-dish substrate/medium characterized by 
an increased level of scattered photons. After 
acquisition, the projection along the z-axis of both 
slices was calculated and used for further analysis. 
The described procedure resulted in almost gap-
less two-dimensional capsule trajectories. 

Ultrastuctural analysis via Transmission 
Electron Microscopy (TEM) 

For TEM analysis, samples were chemically fixed 
with glutaraldehyde. For the chemical fixation 
protocol, the different clones were seeded in a 
Petri dish (Ø 100 mm) until 80 % confluence and 
then were treated with the sensor capsules (20 
capsules/cell) for 1 h and 24 h. Cells were placed 
in the fixative solution (2.5 % glutaraldehyde) for 
45 min at room temperature (RT). Afterwards the 
cells were collected with a scraper and concen-
trated via centrifugation, discarding the superna-
tant. Postfixation was performed in 1 % osmium 
tetroxide for 1.5 h at 4 °C. Then, cells were dehy-
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drated in grading series of acetone, infiltrated 
with an EPON:acetone mixture, and finally em-
bedded in pure EPON resin. Resins were polymer-
ized at 60 °C for 48 h. Ultra-fine sections were 
contrasted with 2 % aqueous uranyl acetate for 
30 min at RT first and followed by exposure to 
Reynolds´s lead citrate for 10 min at RT. Sections 
were imaged with a JEOL JEM 1010 (100 kV) 
transmission electron microscope equipped with a 
Bioscan Gatan wide angle slow scan CCD camera.  

Confocal immunofluorescence microscopy 

HeLa cells stably transfected with sh-control 
plasmids (CTR #2), clones HA-V1G1 #3, and sh-
V1G1 #7 were selected for co-localization studies. 
(PSS/PAH)5 capsules, carrying only dextran-RITC 
into the cavities, were produced by following the 
procedure described above. Cells were grown on 
11-mm round glass coverslips; 1 h and 24 h be-
fore the fixation, the cells were incubated with 15 
capsules/cell in complete DMEM. Then, the cells 
were fixed in 3 % paraformaldehyde (PFA, Sigma-
Aldrich), permeabilized with piperazine-N,N′-bis(2 
ethanesulfonic acid) (PIPES)-Saponin 0.1 %, and 
incubated with primary antibodies for 1 h. After 3 
washes with PBS-Saponin 0.1 %, the cells were 
incubated for 30 min with the secondary antibod-
ies and then with DAPI dye (1 µg/mL). The fol-
lowing antibodies were used: mouse anti-Lamp1 
at a 1:250 dilution (H4A3, Developmental 
Hybridoma Bank University of Iowa), goat anti-
mouse AlexaFluor488 at a 1:500 dilution (A11001, 
Invitrogen). Subsequently, cells were viewed with 
a CLSM microscope (TCS-SP5; Leica, Germany) 
equipped with a laser diode emitting at 405 nm, 
an argon-ion laser with a line at 488 nm, and a 
helium-neon laser for excitation at 543 nm. The 
fluorescence signal of DAPI was detected after 
filtering with a band pass filter within the range 
415-500 nm, the fluorescence signal of 
AlexaFluor488 was detected with a band pass 
filter 510-550 nm, and the fluorescence signal of 
RITC was detected with a 560 nm long pass filter. 
Images were taken with a HCX PL APO lambda 
blue 63.0 x 1.40 oil-immersion objective and a 
pinhole aperture of 1 Airy unit.  

 
Additional material  
Additional File 1: Calibration of capsule-
based pH sensors. Figure S1 shows the pH-
dependence of capsule fluorescence in pH-
adjusted cell medium, as measured with a fluo-
rescence spectrometer. Figure S2 shows the 
CLSM micrographs of capsule-based pH sensors in 
pH-adjusted cell medium between pH 2.0 and pH 
8.0 (FITC was excited at 488 nm and RITC at 
543 nm). 
Additional File 2: Capsule tracking meas-
urements. This file includes the complete and 
detailed description of the tracking measurements 
and data analysis. 

Additional File 3: Data from tracking experi-
ments. In this file additional trajectory patterns 
are discussed which are observed in 21 % of all 
analyzed trajectories.  
Additional File 4: Mean velocity profile of 
capsule-based pH sensors during acidifica-
tion. Figure S7 shows the mean velocity profile of 
capsule-based pH sensors during acidification. To 
obtain the data all single trajectories where shift-
ed by that point in time where the Ig/Ir-value has 
dropped to 50 % of its initial value (t50%, cf. Fig-
ure S4). Finally, the corresponding velocity values 
v(t-t50%) were averaged over all trajectories per 
sample to obtain <v>(t-t50%). It can be seen that 
on average the beginning of the acidification pro-
cess is correlated to a significantly higher capsule 
velocity. Notably, the velocity of capsule-based 
pH sensors being internalized by clone #1 (HA-
V1G1 cells) is slightly higher. 
Additional File 5: Ultrastuctural Analysis via 
transmission electron microscopy. This file 
includes the detailed description of the method 
used for TEM analyses and provides additional 
ultrastructural images (Figures S8-S11) of HA-
V1G1, sh-V1G1 and control cells (CTR #1 and CTR 
#2) showing the interaction of the capsules with 
different cellular structures at different time laps-
es (1 h, 24 h).  
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Quantification of the internalization patterns of
superparamagnetic iron oxide nanoparticles
with opposite charge
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and Pilar Rivera Gil2*

Abstract

Time resolved quantitative colocalization analysis is a method based on confocal fluorescence microscopy allowing

for a sophisticated characterization of nanomaterials with respect to their intracellular trafficking. This technique was

applied to relate the internalization patterns of nanoparticles i.e. superparamagnetic iron oxide nanoparticles with

distinct physicochemical characteristics with their uptake mechanism, rate and intracellular fate.

The physicochemical characterization of the nanoparticles showed particles of approximately the same size and

shape as well as similar magnetic properties, only differing in charge due to different surface coatings. Incubation of

the cells with both nanoparticles resulted in strong differences in the internalization rate and in the intracellular

localization depending on the charge. Quantitative and qualitative analysis of nanoparticles organelle colocalization

experiments revealed that positively charged particles were found to enter the cells faster using different

endocytotic pathways than their negative counterparts. Nevertheless, both nanoparticles species were finally

enriched inside lysosomal structures and their efficiency in agarose phantom relaxometry experiments was very

similar.

This quantitative analysis demonstrates that charge is a key factor influencing the nanoparticle cell interactions,

specially their intracellular accumulation. Despite differences in their physicochemical properties and intracellular

distribution, the efficiencies of both nanoparticles as MRI agents were not significantly different.

Keywords: Superparamagnetic iron oxide nanoparticles (SPIONs), Intracellular distribution, Charge, Coating, Size,

Quantitative correlation analysis, Colocalization

Background
The interaction of nanomaterials with cells and tissues is

a key factor when considering their translation into clin-

ical applications. Especially an effective accumulation of

nanoparticles (NPs) inside certain tissues is beneficial for

a great number of applications, such as hyperthermia,

contrast enhancement in magnetic resonance imaging,

cell tracking or theranostics [1-7]. Apart from colloidal

stability, which is essential to ensure reproducibility as

well as to influence the amount of cellular loading and

toxicity, the surface chemistry/properties of the NPs

control their cellular interactions [8]. Predominantly size,

shape and surface charge of NPs influence their cellular

internalization and distribution and thus their effective

performance.

The overall uptake rate of nanoparticulate objects and

their respective pathway of internalization can be

manipulated by surface charge [9-11]. In general,

cationic NPs have been found to display excellent prop-

erties for tracking applications as they enter cells with

higher effectiveness [12] due to the interaction with the

negatively charged glycocalix [13]. However, a higher de-

gree of toxicity is often associated with these systems

[14-17]. Nevertheless, also negatively charged NPs are

massively incorporated by cells. In this respect it has to

be mentioned that charged NPs strongly interact with

serum proteins to form a protein corona [18-21], whose
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formation also depends on the NP charge. The rate of

NP uptake is important, as insufficient cellular accumu-

lation of NPs e.g. magnetic NPs can lead to deficient

usage for example as imaging probes [22].

Thus a precise knowledge of their internalization

mechanisms, endosomal sorting and resulting intracellular

pathways are crucial aspects governing their fate, efficiency

or toxicity. So far most of the techniques employed to

study NP-cells interactions are based on qualitative ana-

lysis; thus being prone to subjectivity or to errors in the in-

terpretation of results.

Typically intracellular trafficking is studied using fluores-

cence microscopy. By comparing the fluorescent pattern of

labeled and internalized NPs with the distribution of cellu-

lar organelles possible intracellular pathways can be derived

for the material. Following endocytic uptake, NPs are gen-

erally trapped in vesicular compartments. The detection

and imaging of typical proteins associated to those enclosed

structures allows their identification and allocation in for

example endosomes or lysosomes. If such image material is

super-imposed with signal gained for example from labeled

NPs, structures associated with NP uptake, transport and

processing can be identified. To analyze the uptake and en-

richment of NPs inside a certain organelle fluorescent label-

ing of both, the nanomaterial and the organelle is typically

performed. The uptake study is based on the correlation of

the emission of the labeled nanomaterial with fluorescence

signal of the organelle. If both structures are colocalizing

within the detection volume the overlay of the correspond-

ing two fluorescence image channels (for example red and

green) would result in a new color value (yellow). In a

qualitative manner the degree of colocalization can be esti-

mated by looking at the super-imposed image. As a matter

of fact, any processing having impact on the image’s histo-

gram is influencing the “amount of yellow” in the overlay

and altering the subjective impression of the degree of colo-

calization. For a sophisticated correlation of the image

material of both structures, several approaches to perform

a quantitative colocalization analysis exist. In intensity-

based methods voxel or pixel intensities in both fluores-

cence channels are correlated by calculating for example

Pearson’s or Manders’ colocalization coefficients [23,24]. In

Li’s approach the correlation between the variations of the

intensity-distributions within both channels are analyzed

[25]. In object-based approaches the imaged structures are

transformed into binary objects and the overlap is quanti-

fied [24]. In live-cell imaging also methods for trajectory

correlation of those binary objects have been introduced

[26]. Nevertheless, as long as single nanoparticle detection

and tracking is hard to realize by conventional confocal mi-

croscopy the relevance of trajectory correlation is quite low,

although the results seem to bear good prospects due to

the discrimination of false colocalization caused by low

axial resolution.

In order to validate our analysis methodology as well

as to correlate differences in the physicochemistry of the

NPs to different cellular behavior, the NPs were synthe-

sized according to different protocols to produce NPs

with different physicochemical properties. Especially sur-

face chemistry and thus an opposite charge was selected

on purpose, to influence the internalization rates of the

NPs and thus proof our methodology. Due to the differ-

ent synthetic protocols used, the colloidal stability and

the size distribution of both NPs were also altered.

According to their great potential in biomedical applica-

tions [6,7,27,28], superparamagnetic iron oxide NPs

(SPIONs) were selected as systems to investigate NP

internalization patterns; firstly qualitatively via flow cyto-

metry (Fluorescence-Activated Cell Sorting, FACS) and

Confocal Laser Scanning Microscopy (CLSM) and then

by quantitative correlation analysis. Additionally, possible

alterations in the relaxation times in A549 lung carcin-

oma cells were quantitatively evaluated.

Results
Water-soluble SPIONs were synthesized either via aqueous

coprecipitation [29] or via thermal decomposition of or-

ganometallic precursor molecules with subsequent phase

transfer to aqueous solution [30-32]. Both methods lead to

hydrophilic NPs suitable for biomedical applications.

The different synthesis strategies for formation of γ-Fe2O3

NPs clearly had an impact on the resulting NP morphology.

Inorganic cores generated by aqueous co-precipitation fol-

lowing Massart’s protocol [29] were found to be inhomogen-

ously spherically-shaped. Those coming from thermal

decomposition of organometallic precursor molecules in or-

ganic solvent had homogenous, almost spherical shape and

better size distribution. Analysis of the Fe2O3 core diameters

(i.e. the inorganic Fe2O3 part without the organic surface

coating) on transmission electron microscopy (TEM) micro-

graphs revealed mean diameters of 10.4±2.4 nm and

10.8±0.12 nm for the synthesis performed in aqueous and

organic solution, respectively (see Additional file 1: Figure SI-

1.c in the SI). Adsorptive attachment of poly(ethylene imine)

(PEI) to stabilize the NPs in solution completed the synthesis

of positively charged γ-Fe2O3-PEI NPs. In contrast, hydro-

phobic interaction via intercalation of polymer (poly(iso-

butylene-alt-maleic anhydride), PMA) strands between

surfactant alkyl chains formed the final step in producing

hydrophilic negatively charged γ-Fe2O3-PMA NPs [33]. It is

important to point out that coupling PEI to the γ-Fe2O3 NPs

turned out to be essential to stabilize the NPs generated by

aqueous co-precipitation in solution. The absence of PEI led

to strong agglomeration, making some kind of

characterization procedure of the NPs (cf. Additional file 1:

Figure SI-1.f) difficult. Hydrodynamic diameters for the two

polymer-modified formulations, γ-Fe2O3-PEI and γ-Fe2O3-

PMA NPs as measured by dynamic light scattering in
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ultrapure water amounted to 16±5 nm and 22±7 nm, re-

spectively (cf. Table 1). Both types of NP suspensions exhib-

ited unimodal size distributions and zeta potentials of

comparable absolute value, in numbers +53±11 mV for γ-

Fe2O3-PEI and −38± 6 mV for γ-Fe2O3-PMA (cf. Table 1).

The impact of the preparation technology on magnetic

features of the samples was investigated by monitoring the

field-dependent magnetization with a SQUID (Supercon-

ducting QUantum Interference Device) system (cf. Table 1

and Additional file 1: Figure SI-2). All recorded curves

showed lack of remanence and typical sigmoidal character-

istics. The reader is referred to the SI (Additional file 1: }

SI-1 and } SI-2) for a detailed description of the synthesis

and physicochemical characterization of both NP

formulations.

When incubating the lung carcinoma cell line A549 with

fluorophore-bearing γ-Fe2O3 NPs, different uptake patterns

were qualitatively observed for the two species. First of all

it has to be remarked that due to a significant inferior col-

loidal stability of γ-Fe2O3-PEI-FITC NPs in growth

medium (10 % serum-containing media) compared to γ-Fe

2O3-PMA-Dy636 NPs it turned essential to establish a suit-

able exposure NP dose as well as the composition of the

cell media, in which both NP systems had sufficient col-

loidal stability. An iron ([Fe]) concentration of 1 μg/ml in a

5 % serum-containing media turned out to be a good com-

promise between agglomeration, cell survival, and optical

detection. Higher concentrations gave a better fluores-

cence signal (due to the fluorophores in the NP shell) but,

in the case of γ-Fe2O3-PEI-FITC NPs suffered from strong

agglomeration problems. NPs at lower concentrations

were difficult to detect optically (cf. Additional file 1:

Figure SI-6.a.i). It has to be pointed out that the concentra-

tions are not absolutely comparable in terms of NPs per

volume, as the mass comprises besides the inorganic

Fe2O3 cores also the organic coating around their surface,

which is different for both types of preparations. The

quantity of serum proteins had to be lowered from 10 %

(corresponding to the normal A549 growth media) to 5 %

(cf. Additional file 1: Figure SI-6.a.ii and SI-6.a.iii). After

having established the cell culture and NP incubation con-

ditions the uptake of both formulations was studied with

FACS and with CLSM. Positively γ-Fe2O3-PEI-FITC and

negatively γ-Fe2O3-PMA-Dy636 charged NPs were inter-

nalized in a steady manner over the examined period of 24

hours. Nevertheless, the uptake of γ-Fe2O3-PEI-FITC NPs

was taking place to an extent of about 40% within the first

4 h after incubation (cf. Figure 1). In contrast to that, γ-Fe

2O3-PMA-Dy636 NPs were found to accumulate in cells

only to a small extent within the first hours. The major

fraction of these NPs was incorporated between time

points 4 and 24 hours (cf. Figure 1), mostly after 8 h (cf.

Additional file 1: Figure SI-6.b). Single-peaked mean fluor-

escence intensity signals indicated that there were no cell

population subsets with lower degrees of NP incorpor-

ation. Incubation of the cells under the same circum-

stances as for FACS measurements and characterization

by CLSM confirmed these results (cf. Additional file 1:

Figure SI-6.b.i). Interestingly, negatively charged γ-Fe2O3-

PMA-Dy636 NPs were faster incorporated by the cells in

the presence of positively charged γ-Fe2O3-PEI-FITC NPs

(cf. Additional file 1: Figure SI-6.b.i and SI-6.b.vi). These

results suggest that upon concomitant incubation, com-

plexes from positively and negatively charged NP were

formed due to electrostatic interaction, finally leading to

an increase in the uptake rate of the negatively charged

NPs.

The impact of different charge and surface coating of

both NP carriers on their intracellular pathways was ana-

lyzed by CLSM. For this purpose A549 cells, which were

exposed to both NPs for different periods of time (indi-

vidually or concomitantly) were stained for different

organelles i.e. early endosomes, lysosomes, actin cyto-

skeleton and the plasma membrane (cf. Additional file 1:

SI-6.b). Figure 2 shows the results of the intracellular

localization of the NP complexes, whereby positively and

negatively NPs were added simultaneously to the cells.

In addition, the colocalization of each NP carrier with

the different organelles upon time can be seen in

Additional file 1: Figure SI-6.b. After 30 min the first

fluorescent signal of γ-Fe2O3-PEI-FITC NPs was detect-

able. However the γ-Fe2O3-PMA-Dy636 NPs were firstly

visualized after 60 min. Interestingly, at this early time

points negatively charged γ-Fe2O3-PMA-Dy636 NPs

clearly colocalized spatially with early endosomes near to

the plasma membrane, whereas the positively charged

counterparts, γ-Fe2O3-PEI-FITC NPs, were not found in-

side the endosomes. The endosomes migrate towards

lysosomal structures wherein the first NPs were detect-

able after approximately 4 8 hours. After 24 h most of

the NPs γ-Fe2O3-PEI-FITC as well as γ-Fe2O3-PMA-

Dy636 were found inside the lysosomes. One can specu-

late that the absence of γ-Fe2O3-PEI-FITC NPs in the

endosomes is due to the presence of PEI, which might

manage to transfer the NPs out of the endosomes due to

the proton-sponge effect [34]. In this case the NPs

Table 1 Physicochemical parameters of SPIONs as used in this work

hydrodynamic diameter [nm] polydispersity index zeta potential [mV] saturation magnetization [emu g-1]

γ Fe2O3 PEI 16.2 ± 5.4 0.144 ± 0.019 +53.2 ± 11.0 23.7

γ Fe2O3 PMA 22.1 ± 7.1 0.321 ± 0.025 38.0 ± 5.6 16.4

Schweiger et al. Journal of Nanobiotechnology 2012, 10:28 Page 3 of 11

http://www.jnanobiotechnology.com/content/10/1/28

Appendix 

 

 

  

A-I.51



should be found free in the cytosol of the cell. To con-

firm this assumption, the actin cytoskeleton was stained

and the possible colocalization of the free NPs was stud-

ied. As can be seen in Figure 2 (see also Additional file 1:

Figure SI-6.b.vii), γ-Fe2O3-PEI-FITC NPs were not found

at detectable level in the cytosol of the cells. As expected

γ-Fe2O3-PMA-Dy636 NPs were also not found there but

rather inside vesicular structures as their counterparts,

γ-Fe2O3-PEI-FITC NPs did.

Colocalization studies via CLSM images without further

data treatment are merely qualitative in nature so that dif-

ferent labeling efficiencies of the two NP systems as well as

the different optical properties of the fluorophores conju-

gated to the NPs can induce erroneous interpretations. In

order to get absolute comparability between the intracellular

localization of γ-Fe2O3-PEI-FITC and γ-Fe2O3-PMA-Dy636

NPs a quantitative colocalization analysis of both NPs with

the different organelles was performed upon time (cf. Meth-

ods and Supporting Information) [35]. As can be seen in

Figure 3, the results confirmed the qualitative analysis by

looking at the overlay of the different fluorescence channels

(cf. Figure 2). Immediately after addition of the NPs to the

cells, γ-Fe2O3-PEI-FITC NPs did not colocalize with the

endosomes (cf. Figure 3.a) though in contrast γ-Fe2O3-

PMA-Dy636 NPs did to some extend (cf. Figure 3.b). Ap-

proximately 45 % of all γ-Fe2O3-PMA-Dy636 NP signal was

overlapping with the endosomes but only 22 % of endosome

signal was overlapping with the NPs at 4 h incubation time.

At later points of time both NP types were found in the

lysosomes (cf. Figure 3.c and 3.d). A significant fraction of

γ-Fe2O3-PEI-FITC NPs colocalized with lysosomal struc-

tures after 8 h incubation time, but quite few lysosomes

contained NPs. Interestingly, the analysis suggests that at

early incubation times some γ-Fe2O3-PEI-FITC NPs were

already in the lysosomes. After 24 h incubation time, a large

fraction of γ-Fe2O3-PEI-FITC and γ-Fe2O3-PMA-Dy636

NPs colocalized with the lysosomes and a large fraction of

lysosomes were containing NPs of both nature.

Finally, the impact of different charge and surface coat-

ings of both NP carriers on their magnetic properties was

studied. Relaxation parameters were gathered for agarose

phantoms containing either freely dispersed NPs (γ-Fe2O3-

PEI-FITC or γ-Fe2O3-PMA-Dy636) or cells loaded with

certain amounts of SPIONs following incubation. Para-

meters of manufactured phantoms containing doped cells

were dependent on the effective amounts of iron per cell.

As expected, A549 incubation with high iron molarities

caused non-proportional enhancement of intracellular ac-

cumulation. For γ-Fe2O3-PEI-FITC NPs, maximum incu-

bation with a total of 100 μg [Fe] (as determined with ICP-

OES) for instance led to intracellular iron levels of 6.9 pg

per cell and subsequent relaxation rates R2* of 23.0 s-1,

where R2* is indicative of absolute proton relaxation and

signal darkening level. An identical application scheme of

Figure 1 Cellular uptake kinetics of nanoparticle formulations (a) γ Fe2O3 PEI FITC and (b) γ Fe2O3 PMA Dy636. Cells were incubated with

distinct amounts of the respective particle systems (1 μg/ml [Fe]) for time periods of 0 min (black line), 15 min (blue line), 60 min (green line), 4 h

(red line), and 24 h (purple line). Fluorescence intensities were recorded by means of flow cytometry for a total of 10,000 events on channels FITC

(excitation 488 nm) and APC A (630 nm).
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γ-Fe2O3-PMA-Dy636 NPs resulted in values of 1.4 pg per

cell and R2* of 8.2 s
-1. In comparison to that, relaxation

rates R2* reached 140 s
-1 and 134 s-1 for freely dispersed

PEI-FITC and PMA-Dy636 NPs at equal “incubation”

levels (data not shown). Despite the discrepancy in abso-

lute R2* numbers, the efficiency of both SPION set-ups

in reducing transverse relaxation times, often denoted

as relaxivity r2*, turned out to be almost equivalent as

derived from comparison of the slopes of the best-fit

lines: 1.70 μM-1 s-1 and 1.72 μM-1 s-1 for freely dispersed

PEI-FITC and PMA-Dy636 NPs (data not shown),

1.61 μM-1 s-1 and 1.58 μM-1 s-1 for cell containing PEI-

FITC and PMA-Dy636 NPs, respectively (cf. Figure 4).

Discussion
Several models are reported concerning the internalization

of differently charged SPIONs [36]. However, only little

efforts have been made so far to directly compare NP sys-

tems of equal dimensions and opposite charge with re-

spect to their cellular uptake rate and intracellular fate.

Especially a profound quantification of the colocalization

of the NPs with different cellular structures is missing.

Consequently, our approach consisted in eliminating size

and shape as a key factor for NP uptake by keeping the

dimensions of the two formulations constant. We

hypothesized that, under these circumstances, the invasion

into cells was predominantly dependent on the surface

properties provided by the polymer coating, i.e. surface po-

tential and the colloidal stability of incubated carriers.

Firstly, the synthesis strategy seems to affect the mag-

netic properties of the fabricated SPIONs. It is well-known

that magnetization of inorganic colloids is determined pri-

marily by their crystal diameter [37]. The results from

TEM statistical analysis display a number-weighted and

Figure 2 Intracellular localization of SPIONs. Cells were incubated concomitantly with both SPIONs (γ Fe2O3 PEI FITC and γ Fe2O3 PMA Dy636)

at a final concentration of 1 μg/ml [Fe] for time periods of 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h. Cells were then stained with wheat germ

agglutinin, for EEA1 and for LAMP 1 to visualize the Plasma Membrane (white), the Endosomes (yellow) and the Lysosomes (red), respectively.

Fluorescence images were recorded with a LSM. Additionally, the same experiments were performed with cells incubated with each NP system

(see Additional file 1).
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therefore one-dimensional quantity (cf. the TEM data in

Additional file 1: Figure SI-1.c). As the magnetic moment

of nanoparticles depends on their volume, the relative con-

tribution of particles with larger size to the overall

magnetization is higher. A mathematical approximation of

a volume-weighted mean for both samples gave values of

11.5 nm each. Since mean diameters are virtually equal, we

speculate that microstructural features of the magnetic cores

are responsible for the different saturation magnetizations.

On the one hand, the crystalline domains in the γ-Fe2O3-

PMA NPs might be smaller than those in the γ-Fe2O3-PEI

NPs. Another explanation for the differing Msat values might

be the existence of a magnetically dead layer on the maghe-

mite surface which does not contribute to the collective

magnetic moment of γ-Fe2O3 NPs. The general reduction in

magnetization with respect to bulk maghemite can be attrib-

uted to several mechanisms such as spin canting or spin-

glass-like behavior of the surface spins, both of them being

effects which become more and more important with de-

creasing particle size [38,39]. Polymer shielding of the naked

Fe2O3 cores induced further lowering of gram-standardized

saturation magnetizations, which becomes logical as the or-

ganic material does not add to the magnetic properties of

the respective particle systems. As already pointed out, direct

mass-correlated comparison of both types of NPs is compli-

cated due to the fact that they have different surface coatings

and thus mass contributions of organic material. Moreover,

organic ligands used to stabilize SPIONs might lead to

quenching of surface magnetic moments [40]. The sigmoidal

curves displayed in the SI (Additional file 1: }2) are indicative

for superparamagnetism of both γ-Fe2O3-PEI and γ-Fe2O3-

PMA NPs. This feature is not only beneficial due to the

availability of giant magnetic moments, but also due to the

Figure 3 Quantification of colocalization. Manders’ coefficients M1 and M2 represent the correlation between the intracellular locations of

γ Fe2O3 PEI (green) and γ Fe2O3 PMA (pink) with early endosomes (yellow) and lysosomes (red), respectively.

Figure 4 Relaxation rates R2* of agarose phantoms containing

105 cells doped with SPIONs. Data points represent intracellular

iron levels after incubation with increasing amounts of γ Fe2O3 PEI

(▪) and γ Fe2O3 PMA (□), respectively (1, 10, 30 and 50 μg [Fe]).
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reduction in agglomeration tendency which is attributable to

complete paramagnet-like loss of magnetization at zero ex-

ternal fields.

Secondly, differences in the charge of the NPs clearly

affected their intracellular internalization route, rate and

distribution. This statement was achieved by combin-

ation of the results obtained FACS and with CLSM

followed by a time resolved quantitative analysis of the

internalization patterns of both NP types. The conclu-

sions drawn by eye-based interpretation of superim-

posed, fluorescent images presenting the distribution of

NPs and certain cellular structures are strongly biased by

any acquisition parameters and image processing. For a

first impression or a proof of principle this method may

be sufficient but the generalization of any observation

has to be not taken literally. The averaging over colocali-

zation data of several individual experiments and the im-

aging of various cells for each data point is needed. For

quantification, the described procedure of time-resolved

colocalization analysis is a well suited tool that certainly

helps to retrace NP internalization in a reproducible

manner.

The saturable, steady, but non-linear uptake pattern of

positively charged γ-Fe2O3-PEI NPs strongly suggests ad-

sorptive endocytosis as the main mechanism of cell up-

take. This is supported by the fact that electrostatic

interaction between the positively charged NPs and the

negatively charged glycocalix certainly favors fast attach-

ment to the cell membrane and subsequent ingestion of

cationic species. It also goes along with the fact that the

colloidal stability of the γ-Fe2O3-PEI NPs is limited. Fur-

thermore, it has to be noted that positively charged NPs

have been reported to interact differently with serum

proteins at physiological pH than negatively charged NPs

[21]. Different protein coronas are likely to influence cellular

uptake. Finally, from the CLSM images of the cells incubated

with positive γ-Fe2O3-PEI NPs over time and over different

concentrations (cf. Additional file 1: Figure SI-6) it can be

observed that accumulation of the positively charged NPs in

the extracellular side of the cell membrane plays a key role,

not only on the adsorption to the cell membrane (as com-

mented before) but also on the fast rate of internalization. It

appears that uptake of the positively charged NPs occurred

only after membrane accumulation of the NPs, thus directly

related to a specific NP concentration. These results sug-

gested that there might be a concentration threshold respon-

sible for the fast internalization as it happens for zwitterionic

NPs [41]. Above the threshold NPs are rapidly internalized,

however below this threshold NPs should be less efficiently

internalized. Thus special attention should be paid to this

insight. On the other hand, negatively charged γ-Fe2O3-

PMA NPs seem to follow common endocytic internalization

processes and even receptor-mediated endocytosis cannot be

excluded. The uptake was steady and constant over time

and more important, it was independent from membrane

accumulation, thus excluding unnecessary thresholds. Fur-

thermore, the negatively charged NPs strongly interact

with serum proteins leading to the formation of a protein

corona around the surface of the NPs [19-21]. Many of

these proteins have specific ways of cellular entry. For ex-

ample transferrin, which has been demonstrated to adsorb

to the surface of negatively charged PMA-coated NPs [42]

is well known to internalize via receptor-mediated endo-

cytosis [43]. In this way, the uptake of these NPs may be

controlled by the protein corona.

Sufficient and fast loading of certain cell types with

SPIONs is for example desired for tracking purposes via

magnetic resonance imaging [44]. The reason for this is the

concentration-dependent enhancement of transverse pro-

ton relaxation in the vicinity of areas containing magnetic

iron oxide NPs, thus leading to quick fading of MR signals

and gain of contrast in T2-weighted images [45]. Based on

the quantification of the intracellular iron concentration via

ICP-OES (cf. Additional file 1: Figure SI-5), γ-Fe2O3-PEI

NPs accumulate to a higher degree inside the cells com-

pared to the negative γ-Fe2O3-PMA NPs. Thus γ-Fe2O3-

PEI NPs should perform better than their anionic counter-

part when being used for cell tracking tasks. However, it

has to be pointed out that despite an optimization of the

cell culture media and NP dose (i.e. reduced serum quantity

as well as adequate NP dose) to increase the stability of the

γ-Fe2O3-PEI-FITC NPs, agglomeration was still observed

for this formulation and the agglomerates were strongly

attached to the cell membrane (cf. Additional file 1: Figure

SI-6.a.ii and SI-6.a.iii). Trypsinization of the cells did not re-

move the agglomerates of γ-Fe2O3-PEI-FITC NPs attached

to the cell membrane and thus signal could also result from

γ-Fe2O3-PEI-FITC NPs only adherent to the outer cell

membrane.

Finally, as an alternative way for probing the efficiency

of both types of NPs as contrast agents for MRI, agarose

phantoms containing NP-labeled cancer cells were

subjected to MR measurement sequences. Phantom

matrices act as versatile human tissue equivalents, as

alteration of their basic composition allows for the imita-

tion of specific intracorporal regions and appendant

relaxation properties [46]. Most effective signal darken-

ing in T2-weighted MRI maps, denoted as high absolute

relaxation rate values R2*, was observed for freely

dispersed NPs and, to a lower extent, cell dispersions

carrying large amounts of γ-Fe2O3-PEI NPs. As a more

reliant measure of proton relaxation yield/efficiency,

transversal relaxivity r2* values were calculated by

normalization of the results to the iron concentration.

The differences in relaxivity r2* between freely dispersed

NPs and cell-confined NPs were relatively small and

were supposed to result from less efficient proton spin

interaction of magnetic NPs upon entrapment inside
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cells or cell organelles. Thus, besides concentration of

magnetic materials as the main factor for signal improve-

ment, intracellular confinement plays a second, yet sub-

ordinate role in this context and has an impact on the

detected proton relaxation times [47]. Coming back to

the magnetization properties of the tested NP formula-

tions, we predicted higher molar relaxivities for the sys-

tem γ-Fe2O3-PEI due to enhanced magnetic interactions

with surrounding proton spins. Surprisingly, the efficien-

cies of both tested NP formulations were found to be in

the same range.

Conclusions
The physicochemical properties of the generated NPs

(mainly charge and colloidal stability) were found to be

a key factor governing the internalization into cells.

The internalization patterns (i.e. uptake rates and intra-

cellular localization) of SPIONs synthesized either dir-

ectly in water or in organic solutions and with

opposite charged, were completely different. The use of

qualitative techniques like FACS and CLSM give inter-

esting initial information in this regard however, a

quantitative analysis is crucial to make statistically rele-

vant conclusions. By real time quantitative correlation

analysis the kinetic of NP internalization could be elu-

cidated. Negatively charged SPIONs were found firstly

in endosomes and lately in lysosomes whereas posi-

tively charged SPIONs were found exclusively inside

lysosomes. Interestingly, not all the involved vesicles

were found to be colocalizing with the NPs all over

the time. Thus, elucidating dynamics in NPs trafficking

inside the cells depending on their charge.

Methods
For a detailed description of the experimental procedure

as well as for other additional experiments, the reader is

referred to the supporting information (Additional file 1).

Nanoparticle synthesis

γ-Fe2O3 NPs were prepared following standard protocols

since the acquirement of exact information about the

crystalline structures of these kind of NPs is very contro-

versial [48]. γ-Fe2O3 NPs were synthesized either via

aqueous coprecipitation, according to the Massart proto-

col [29] or via thermal decomposition of organometallic

precursor molecules following a published protocol by

Hyeon and co-workers [30].

Physicochemical characterization

Hydrodynamic diameters and ζ-potentials of hydrophilic

NPs after polymer functionalization were assessed by

dynamic light scattering (DLS). For magnetization

studies, the lyophilized NP materials were placed into a

Magnetic Property Measurement System MPMSW

equipped with a 5 T magnet (Quantum Design, San

Diego, CA) using superconducting quantum interfer-

ence device (SQUID) technology.

Cell culture and uptake studies

The human lung adenocarcinoma cell line A549 was

maintained in Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with 10 % serum. The uptake

kinetics was analyzed with (1) flow cytometry and (2)

CLSM. For (1), some cells were incubated with either

γ-Fe2O3-PEI-FITC or with γ-Fe2O3-PMA-Dy636 NPs at

fixed iron concentrations (1 μg/ml). The concentration

of iron [Fe] was measured by ICP-OES (inductively

coupled plasma - optical emission spectroscopy) (see

Additional file 1: }1.g). Following determined incuba-

tion times (0 min, 15 min, 60 min, 4 h, 24 h), cells

were analyzed with respect to their fluorescent inten-

sity via FACS, using a FACSCanto II (BD Biosciences,

San Jose, CA). For (2), the cells were incubated with

each NP system as well as with both NP systems con-

comitantly (Additional file 1: Figure S6.b). Each NP

species was diluted to a final iron concentration of

1 μg/ml and again the cells were incubated for differ-

ent periods of time (30 min, 1 h, 2 h, 4 h, 8 h and

24 h). Cells were prepared for labeling as described in

the supporting information. The cell membrane was

stained with fluorescent wheat germ agglutinin and

actin was colored applying fluorescent phalloidin

(results are presented in the SI, Additional file 1:

Figure SI-6). To visualize the metabolic pathways of

the NPs, immunostainings of lysosomal structures and

early endosomes were performed. Lysosomes were

stained using monoclonal mouse anti-human LAMP1/

CD107a antibodies (Developmental Studies Hybridoma

Bank), while early endosomes were labeled with poly-

clonal rabbit anti-human EEA1 immunoglobulin (Cell

Signaling). To excite and collect all fluorescence mar-

kers i.e. both types of NPs, cell membrane, actin cyto-

skeleton, lysosome and endosome simultaneously, the

secondary antibodies used for the cellular structures

had to be carefully chosen to minimize crosstalk, espe-

cially between the NPs and the cell membrane. There-

fore the dyes conjugated to the antibodies were

selected to absorb in the UV region of the spectra. In

detail donkey anti-mouse DyLight405-ABs (Jackson

ImmunoResearch) were used at 1 μg/ml to detect the

LAMP1 specific primary antibodies while goat anti-

rabbit AlexaFlour430 conjugated immunoglobulin (Invi-

trogen) was used as a secondary antibody for early

endosomes at 30 μg/ml (both diluted in PBS contain-

ing 1 % BSA). For examination a LSM 510 Meta

(Zeiss) microscope was used equipped with lasers emit-

ting at 405, 488, 543 and 633 nm.
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Quantitative analysis of colocalization studies

The intracellular distributions of both nanoparticle

species were correlated with the locations of early endo-

somes and lysosomes over time to study the intracellular

trafficking of both systems (see Additional file 1: SI, }7).

Therefore, A549 adenocarcinoma cells were incubated

with either γ-Fe2O3-PEI-FITC or with γ-Fe2O3-PMA-

Dy636 NPs at fixed iron concentrations (1 μg/ml) for dif-

ferent periods of time followed by an immunostaining of

either early endosomes or lysosomes, performed as

described above. For each of the combinations given in

Additional file 1: SI, }7, Table 1 at least 20 cells were

imaged using a highly corrected CLSM. The degree of

colocalization of fluorescence signal originating from

nanoparticles and labeled endosomes (EEA1) or lysosomes

(LAMP1) was quantified by calculating Manders’ distinct

colocalization coefficients M1 and M2 for the confocal

image material: M1 ¼
∑Ri;coloc

∑Ri
∈ 0; 1½ ! andM2 ¼

∑Gi;coloc

∑Gi
∈ 0; 1½ !

Ri and Gi are the pixel intensities of pixel i in channel R

(nanoparticles) and G (endosomes or lysosomes). “coloc”

are pixels in which colocalization was observed. In our

calculations M1 represents the degree of colocalization

of fluorescence signal from one nanoparticle species with

signal coming either from stained endosomes or lyso-

somes while M2 covers the situation with regard to the

organelles. An image providing a high value of M1 but a

low value for M2 can be interpreted as follows: Most of

the detected particles are present in the particular cellu-

lar compartments but the largest fraction of these orga-

nelles is not including nanoparticles anyhow.

Agarose phantom relaxometry

A549 cells were plated at a density of 100,000 cells per well

and were incubated with suspensions of SPIONs of differ-

ent types γ-Fe2O3-PEI and γ-Fe2O3-PMA) and concentra-

tions (1, 10, 30 and 50 μg/ml) for 24 hours. After PBS

washing and trypsinization, cell numbers were counted

using a Neubauer chamber. Quantification of cell-

internalized iron was realized by ICP-OES after cell lysis in

concentrated nitric acid (600 μl) for 4 hours. Phantoms for

MR relaxometry were produced by dispersing 105 SPION-

doped A549 cells in agarose (1 %w/v). Magnetic resonance

(MR) imaging studies concerning the T2 and T2* relax-

ation times of the respective phantoms were carried out

on a 7 T Bruker ClinScan 70/30 USR (Bruker BioSpin,

Rheinstetten, Germany). For measurements of transverse

T2 relaxation times, spin-echo multicontrast sequences

were run at TR values of 2000 ms, varying spin echo times

TE (10 120 ms with an increment of 10 ms), field of view

75x75 mm, matrix 128x128 and slice thickness 0.6 mm.

Data quantification was achieved by evaluating such cre-

ated DICOM images. Relaxation times T2 could be derived

by analyzing regions of interest (ROI) within T2 maps

generated by the overlay of successive spin-echo images,

using a monoexponential fitting of the signal intensity (I)

decay curve: I(t) = I0exp(−t/T2), where I0 is the signal mag-

nitude at equilibrium and t the particular echo time.

Effective transverse relaxation times (T2*) were calculated

from T2*-weighted images taken with the following set-

tings: gradient-echo multicontrast with TR=350 ms, mul-

tiple spin echo times TE (3 32 ms), field of view 89x89

mm, matrix 128x128, slice thickness 0.5 mm. T2* values

were obtained correspondingly by fitting the MRI signal

intensities of the acquired maps versus echo times TE.
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 Summary     Exposure of cells to colloidal nanoparticles (NPs) can have con-

centration-dependent harmful effects. Mostly, such effects are monitored 

with biochemical assays or probes from molecular biology, i.e. viability as-

says, gene expression profiles, etc., neglecting that the presence of NPs can 

also drastically affect cellular morphology. In the case of polymer-coated Au 

NPs we demonstrate that upon NP internalization, cells undergo lysosomal 

swelling, alterations in mitochondrial morphology, disturbances in actin and 

tubulin cytoskeleton and associated signaling, reduction of focal adhesion 

contact area and number of filopodia. Appropriate imaging and data treat-

ment techniques allow for quantitative analyses of these concentration-

dependent changes. Abnormalities in morphology occur at similar nanoparti-

cle concentrations as the onset of reduced cellular viability. Cellular mor-

phology is thus an important quantitative indicator to verify harmful effects 

of NPs to cells, without requiring biochemical assays but relying on appropri-

ate staining and imaging techniques. 

 

 

Introduction 

Colloidal nanoparticles (NPs) are incorporated by 

living cells, regardless of whether this is intended for 

certain delivery applications (i.e. tumor targeting), 

or not due to leakage of NPs into the environment 

(i.e. air, water) [1]. Once in contact with cells, the 
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typical uptake scenario involves endocytosis [2-4]. 

Interaction of NPs with cells has been demonstrated 

to trigger dose-dependent effects in cells (which 

obviously strongly depend on the nature of NPs and 

on the type of cells), which can ultimately lead to 

cell death. Details about the uptake mechanisms of 

NPs by cells, as well as the molecular signaling cas-

cades which are being triggered also involving mo-

lecular mechanisms for toxic effects are well de-

scribed in the literature [5-7]. Most of these studies 

aim at understanding the interaction of NPs with 

cells at a molecular level. However, effects of the 

NPs on cells are also manifested at the level of cell 

morphology.  

In multiple studies the disruption of organelles and 

other subcellular structures caused by NPs have been 

reported. Gold NPs for example have been described 

to have a profound effect on several intracellular 

organelles/structures and functions associated with 

morphological changes. First, this applies to mito-

chondria. Mitochondria are one of the most im-

portant organelles in cells. Disruption of mitochon-

dria can result in a wide range of diseases and disor-

ders. It has been reported that the decrease of mito-

chondrial activity reflects acute cytotoxicity of col-

loidal NPs. Many studies have found that exposure of 

cells to Au NPs was accompanied by an increased 

level of reactive oxygen species (ROS), which is asso-

ciated with malfunctioned mitochondria. Pan et al. 

observed that Au NPs of an average diameter of 

1.4 nm induce cytotoxicity by oxidative stress, which 

is indicated by endogenous ROS production, com-

promised mitochondrial potential, integrity, and 

mitochondrial substrate reduction [8]. Interestingly, 

Chompoosor et al. reported that 2 nm Au NPs with 

different hydrophobic alkyl tails could generate 

significant amount of ROS at concentrations that do 

not even affect mitochondrial activity [9]. Wang et 

al. speculated that the selective targeting and dam-

aging effects of Au nanorods to the mitochondria of 

cancer cells could be used in tumor therapy, while 

normal cells maintain intact mitochondria [10]. Se-

cond, effects on lysosomes have been reported. Most 

NPs will eventually be accumulated inside acidic 

organelles after following their endocytic pathway. 

Being the major degradative compartment of eu-

karyotic cells, the lysosome is a high capacity orga-

nelle responsible for macromolecular homeostasis. 

Previous work has shown that large amounts of Au 

NPs aggregated in the lysosomes can lead to lyso-

some alkalinization. This is associated with the im-

pairment of vacuolar V-ATPases, which regulate 

lysosome acidification. Consequently, the lysosome-

based degradative pathway-autophagy is affected, 

which leads to a disruption of cellular homeosta-

sis [11]. Swelling of lysosomes upon NP enrichment 

has also been reported [12, 13]. Third, NPs have 

been shown to interfere with the cellular cytoskele-

ton. The cytoskeleton is responsible for anchoring 

organelles, maintaining cell morphology, and inter-

cellular connections. Previous findings by Pernodet 

et al. indicate that the diameter, the stretching 

state, and the density of actin filaments in human 

dermal fibroblasts were affected in a concentration-

dependent manner upon treatment with Au NPs. 

These effects might cause major changes in cell 

shape, cell spreading, cell adhesion, and cell 

growth [14, 15]. The same group also found that 

different sized Au NPs (13 or 45 nm) can induce 

cytoskeletal filament disruption to a different ex-

tent, without changing actin or beta-tubulin protein 

levels [16]. A further study by Yang et al. showed 

that the actin F-fibers were disrupted to various 

extents depending on the aggregation state of Au 

NPs. The authors reported varying decrease in F-

actin fiber intensity and thickness and the appear-

ance of actin dots. The lack of actin-fiber formation 

and the appearance of actin dots rather than long 

fibers were correlated with the presence of Au NPs 

in the cytosol which were thought to cause 

depolymerization of actin [17]. Furthermore, the 

morphology of cell junctions may be subject to 

changes [18] following NP exposure. The intracellu-

lar disruption of the cytoskeletal network caused by 

Au NPs has been found to be associated with the 

disruption of cell-cell adhesion. It was found that 

exposure to highly concentrated Au NPs will signifi-

cantly reduce the area of focal adhesion complexes 

(FACs) which leads to an increase in the amount of 

free vinculin, a major structural component of 

FACs [19]. Lin et al. also found different sized Au 

NPs could cause loosening of the intercellular tight 

junctions that are joining individual cells [20]. Final-

ly, NP impact on the cytoskeleton may influence 

cellular migration. Rafailovich's group found that the 

presence of Au NPs in human adipose-derived stro-

mal cells could result in a concentration-dependent 

increase in population doubling times, a decrease in 

cell motility, and cell-mediated collagen contrac-

tion [21]. Considering that cell migration plays a 

crucial role in tumor growth and metastasis, there-

fore, NPs that can impede the mobility of tumor 

cells are of great interest in preclinical research. In 

summary, there is clear evidence that the uptake of 

Au NPs by cells has a (concentration-dependent) 

effect on their morphology. 

In the present work, we provide a comprehensive 

study on how in vitro uptake of Au NPs affects cellu-

lar morphology and intracellular orga-

nelles/structures. Thus, the focus of this work is not 

on signal pathways, but rather on morphological 

changes.  

Polymer-coated, anionic Au NPs were chosen for this 

study [22-24]. These NPs have been fully character-

ized for their colloidal properties and interaction 

with cells within the last 10 years. They are 

colloidally stable with a narrow size distribution 

(4.8 ± 0.7 nm core diameter) [25, 26]. These NPs are 

incorporated by cells via endocytic pathways and 

accumulated inside acidic intracellular vesicles, in 

particular lysosomes [27-29]. In contrast to other NPs 

such as cadmium selenide (CdSe) or silver (Ag) NPs 
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Figure 1     Morphological changes of different cellular structures without and after cNP = 100 nM Au NP treat-

ment in HUVECs and HeLa cells. All scale bars correspond to 50 µm except for lysosomes and mitochondria 

(10 µm). Lysosomes were stained with anti-lysosomal associated protein 1 (LAMP1) antibodies (shown here in 

yellow false colors). Mitochondria were stained by expressing green fluorescent protein GFP-labeled E1 alpha 

pyruvate dehydrogenase in the cells (shown in green). Actin fibers were stained by phalloidin (shown in green), 

nuclei stained with DAPI (shown in blue), together with the red fluorescence of incorporated NPs. Tubulin was 

stained using an anti-alpha tubulin antibody (shown here in red). Vinculin was stained with an anti-vinculin 

mouse monoclonal antibody (shown in green), together with actin staining with phalloidin (shown in red). 

the Au NPs are not composed of an intrinsically toxic 

material such as Ag or CdSe NPs, yet several concen-

tration-dependent cytotoxic responses such as pro-

duction of ROS have been described in vitro [19, 30]. 

Reported IC50 concentration values for particles of 

similar size distribution vary between a few hundred 

nM [19, 31] and a few µM or even mM [32, 33] de-

pending on surface coating, the cell types used and 

incubation conditions. The NPs used in the present 

study are bigger than the ultra-small clusters of 

1.3 nm core size Au NPs for which size-specific ef-

fects have been reported [8]. In the case of the here 

used 4-5 nm core diameter NPs toxic effects do not 

only originate from their surface coating, but also 

due to the Au core [30], which possesses some cata-

lytic activity. For this study two well established and 

commonly used mammalian cell lines were used. 

These were the human umbilical vein endothelial 

cells (HUVECs) and the human cervical cancer cell 

line (HeLa).  

Materials and Methods 

Polymer-coated Au NPs [22-24] with a core diameter 

of dc = 4 ± 1 nm (as determined by transmission elec-

tron microscopy (TEM)), a hydrodynamic diameter of 

dh = 12 ± 3 nm (as determined from the number 

distribution of dynamic light scattering (DLS) in wa-

ter), and a zeta-potential of ζ = -30 ± 2 nm (as de-

termined from laser Doppler anemometry (LDA) in 

water) were used, cf. the Supporting Information for 

the raw data. Due to a fluorophore which is located 

inside the inner hydrophobic polymer shell [34], and 

thus in first order not present at the NP surface, 

these NPs are fluorescent and thus can be visualized 

with confocal microscopy. HUVECs and HeLa cells 

were exposed to the NPs at concentrations ranging 

from 0.1 - 200 nM (in serum containing medium, for 

details cf. the Supporting Information). Their uptake 
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was quantified by confocal microscopy and standard 

viability and proliferation assays (Live/Dead Viability 

Assay [35], Cell Proliferation Assay [36], Resazurin 

Assay [37], and MTT Assay [38]). Different cellular 

structures (lysosomes, mitochondria, actin and mi-

crotubule network, vinculin, and filopodia) were 

optionally labeled by immunostaining or transfec-

tion, and changes in their geometry, as well as 

changes in the morphology of the whole cell (i.e. 

cell spreading) were analyzed from fluorescence or 

atomic force microscopy (AFM) images by digital 

image analysis tools. In addition, the effects of the 

NPs on expression of genes related to the cytoskele-

ton, as well as actin- and tubulin polymerization 

assays were carried out [39, 40].  

Results and Discussion 

1. Au NP location and internalization rate  

As expected the Au NPs were internalized by both 

HeLa cells and HUVECs. While we did not make at-

tempts to unravel the detailed uptake pathways (i.e. 

by blocking of certain pathways by specific inhibitors 

or by colocalization experiments with objects of 

known pathways of internalization) it is known from 

previous experiments with NPs of similar surface 

chemistry that they are endocytosed by cells [19]. 

Experiments have shown contribution of 

macropinocytosis (see for example the formation of 

macropinocytic cups upon NP internalization, cf. 

TEM images in the Supporting Information) as well as 

caveolin-mediated endocytosis [28]. Presence of the 

Au NPs in the lysosomes after cellular internalization 

was proven by colocalization of the fluorescence-

labeled NPs with green fluorescent protein (GFP)-

labeled lysosomal associated protein 1 (LAMP1), 

employing confocal laser scanning microscopy. 

LAMP1 which was expressed in HUVEC and HeLa cells 

as a marker for lysosomal membranes (cf. the Sup-

porting Information for data). Quantification of in-

ternalized NPs demonstrate that the uptake rate was 

higher and that transport of the Au NPs into the 

lysosomes (25, 50, 100 nM) by HUVECs (in 2% serum 

supplemented medium) was faster than by HeLa cells 

(in 10% serum supplemented medium). In case of 

HUVECs saturation of cells with NPs was already seen 

after less than 5 hours, whereas in HeLa cells the 

amount of internalized NPs still increased after 

15 hours. After 24 hours of incubating cells with NPs 

at concentrations cNP > 5 nM (at lower concentrations 

the signal of the fluorescently-labeled Au NPs was 

too weak for reliable quantitative analysis, i.e. in 

the range of the auto-fluorescence of cells). In the 

case of HUVECs incubation with the double amount 

of NPs (from 25 to 50 nM) resulted also in more or 

less the double amount of internalized NPs while this 

was not observed for HeLa cells where the internali-

zation rate slightly decreases with increasing con-

centration of NPs. This again points out that inter-

nalization of the Au NPs by HeLa cells is less effec-

tive. Even within 24 hours of exposure HeLa cells 

were not saturated with Au NPs at the used concen-

trations. Uptake of the Au NPs by HeLa cells thus 

follow a much slower kinetics compared to the 

HUVECs (all raw data are shown in the Supporting 

Information). We have also noted that differences in 

the amount of serum in the culture medium may play 

a role in the NP uptake, as serum in general reduces 

NP uptake [26]. 

2. Effect of Au NPs on cell viability, pro-

liferation, and other indicators 

It is well known that even inert Au NPs can cause 

cytotoxic effects on cells at elevated exposure con-

centrations and times. In order to investigate a use-

ful range of concentrations we took into account two 

considerations. First, in case of biological in vitro 

labeling experiments NP concentrations are typically 

chosen in the range of a few to a few tens of nM, in 

order to provide sufficient effect. Second, as accord-

ing to Paracelsus everything at high enough concen-

tration is toxic, we performed in vivo toxicity exper-

iments with zebra fish embryos. Exposure of 

zebrafish embryos to NP concentrations up to 700 nM 

was not significantly associated with mortality or any 

morphological abnormality (data are presented in 

the Supporting Information), which demonstrates the 

relatively low toxic profile of the here used Au NPs. 

Guided by these two considerations we decided to 

investigate NP concentrations in the range from 0.1 

to 100 nM, which covers the range of typical in vitro 

applications, but does not cause any acute abnor-

mality in vivo. Using this range of concentrations we 

performed several standard biochemical assays to 

investigate the concentration-dependent effect of 

Au NPs on HUVECs and HeLa cells. As exposure time 

for all following experiments we chose 24 h. In a 

first set of assays effects on cellular enzymatic activ-

ity were probed: i) oxidation of resazurin/Alamar 

blue by cellular dehydrogenases (Resazurin as-

say/Alamar blue assay), likely by mitochondrial en-

zymes, ii) reduction of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) by 

oxidoreductases (MTT assay), and iii) conversion of 

cell permeable calcein acetoxymethyl (AM) by 

esterases (first part of a commercial Live/Dead as-

say). In HUVECs the resazurin as well as the MTT 

assays showed reduction of cell viability at around 

cNP,50 ≈ 10 nM (all raw data can be found in the Sup-

porting Information, a summary of all effects is 

shown in Table 1), whereas in case of the Alamar 

blue and the “Live” assay these effects were detect-

ed at higher concentrations of NPs. In the case of 

HeLa cells effect of NPs on cell viability was much 

lower, and exposure with NPs up to concentrations 

of 100 nM could in most assays not reduce viability to 

its half. Still, also in HeLa cells concentration 
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Table 1     Summary of the experimental results, in which cellular reaction to exposure to Au NPs was 

probed. Reactions are shown in the trend column. cNP,50 describes the NP concentration at which half of the 

maximum effect was obtained. If a sigmoidal fit could be applied to the data the uncertainty is given in addi-

tion. The full data sets corresponding to this table are shown in the supporting information. Ab = antibody.  

Feature Parameter Variable Derived from 

Trend cNP,50 range [nM] 

HUVEC HeLa HUVEC HeLa 

NP uptake Integrated intensity INP NP fluorescence +++ +   

Viability Viability Vres Resazurin -- - 3.5-11-33  

VAB Alamar blue -- o 55-65-77  

VMTT MTT -- - 2.7-8.4-27  

Dead/Live D Live/Dead stain + + 30+ 80+ 

Proliferation rate p DNA synthesis -- - 0.49- 

0.54-0.59 

0.073-

0.12-0.20 

ROS R Pyocyanin/N-

acetyl-L-cysteine 

++ + 10+ 10+ 

Cell morphology Area Acell CellMask blue -- - 18-26-37 39-49-61 

Actin (phalloidin) 
-- - 2+ 10+ 

Form factor Fcell o -  8+ 

Lysosomes Area Alyso LAMP1 (Ab)  +++ o 5+  

Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / 

actin (phalloidin) 

++ ++ 30+ 10+ 

Intensity Ilyso LAMP1 (Ab)  o +  10+ 

Mitochondria Form factor Fmito CellLight - mito-

chondria 

++ ++ 3.0-4.7-7.3 2.0-2.5-3.1 

Zernike 0th order Z0
mito +++ + 2.9-4.4-6.8 1.8-2.3-2.9 

Cytoskeleton Filopodia: Area Avinc Vinculin (Ab) -- - 50+ 50+ 

Afilo 

AFM 

-- o/- 2+ 25+ 

Filopodia: Number Nfilo -- - 2+ 50+ 

Filopodia: Volume Vfilo - - 2+ 25+ 

Filopodia: Height hfilo o o   

Actin: Texture 

contrast 

Tact,cont 

Actin (phalloidin) 

+ -- 5+ 1.7-3.3-6.3 

Actin: Texture 

correlation 

Tact,corr + - 5+ 5+ 

Tubulin: Texture 

contrast 

Ttub,cont 

Tubulin (Ab) 

+ / 50+ / 

Tubulin: Texture 

correlation 

Ttub,corr - / 10+ / 

Gene expression CALD1 

RT-PCR array 

+ + 12+ 25+ 

CCNA1 + + 50+ 25+ 

CYFIP2 ++ ++ 25+ 25+ 

IQGAP2 + ++ 50+ 12+ 

MAPK13 +++ + 25+ 50+ 

MAPT ++ o 25+  

PPP1R12A + o 50+  

PPP1R12B + ++ 50+ 12+ 

TIAM1 + ++ 50+ 12+ 

VASP o +  (50+) 
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dependent reduction in cell viability was observed. 

In a second assay format cellular proliferation was 

probed in terms of measuring DNA synthesis (see the 

Supporting Information for the details and the data). 

For both cell lines inhibition of proliferation was 

already caused by NP concentrations well below 

1 nM. Cellular proliferation thus is at least sensitive 

to one order of magnitude lower NP concentrations 

than cellular viability. In a third assay we probed for 

direct damage: In the “Live/Dead” assay a cell-

impermeable ethidium homodimer only stains cellu-

lar nuclei in case their membrane is damaged in the 

form of perforation. Altogether the cNP,50 values 

obtained from the Live/Dead assay were in the range 

of a few tens of nM. Images of the outer cell mem-

brane with Helium Ion Microscopy also show disrup-

tion of the cellular plasma membrane at high NP 

concentrations (see the Supporting Information for 

images). In a fourth assay type we probed for the 

generation of reactive oxygen species (ROS), which 

are typically associated with cytotoxic effects, using 

CellROX Green as the probe. For both cell types we 

found cNP,50 values of around 10 nM.  

First, these data (cf. Table 1) show that significant 

reduction in cellular proliferation starts already at 

least at one order of magnitude lower Au NP concen-

trations, which corresponds to the concentration at 

which cellular viability is affected. Second, viability 

of HeLa cells is less influenced by the exposure to Au 

NPs than HUVECs. Onset of oxidative stress (produc-

tion of ROS) starts at similar NP concentrations as 

required to reduce cell viability. More dramatic 

effects such as permeation of nuclear membranes 

occur at even higher NP concentrations. Summing 

up, these data indicate that first toxic effects of Au 

NPs can be already noted at NP concentrations well 

below 1 nM (proliferation), whereas typical onset of 

drastic reduction in cell viability requires exposure 

concentrations in the order of 10 nM. 

3. Lysosomal swelling caused by 

endocytosed Au NPs 

Staining of the lysosomes (yellow stain in the corre-

sponding image in Figure 1) as well as of the cyto-

skeleton allows for relating the average sectional 

area of lysosomes Alyso to the cell cross-section area 

Acell in a defined intracellular plane. Thereby, a use-

ful measure, the fraction of cell area which is occu-

pied by lysosomes Alyso/Acell can be derived. The 

results clearly indicate that lysosomes start to swell, 

i.e. increase their size, upon exposure of cells to 

NPs, whereby the effect was higher for HUVECs than 

for HeLa cells (cf. Table 1). Just looking at the size 

of lysosomes already allows for pre-estimating 

whether NPs are present. cNP,50 values, e.g. the re-

quired NP concentration at which half of the effect 

is observed, are in the order of 10 nM. In summary, 

exposure of cells to NPs causes swelling of lysosomes 

and thus leading to an increased fraction of intracel-

lular space which is occupied by lysosomes.  

4. Loss of mitochondrial structure caused 

by NPs 

Staining of the mitochondria (green stain in the cor-

responding image in Figure 1) allowed for observing 

changes in the morphology of the mitochondria upon 

cellular exposure to Au NPs. Data show that upon 

presence of NPs there is a significant shape change 

from more thread-like elongated to smaller spherical 

structures. This can be quantified by calculating the 

form factor Fmito and the Zernike moment of 0th or-

der  Z0
mito, cf. Table 1 and the Supporting Infor-

mation. Both measures describe the transition from 

an indefinitely extended object (F, Z0 = 0) to a 

spherical object (F, Z0 = 1) [41], cf. the Supporting 

Information. The results clearly indicate dramatic 

changes in mitochondrial morphology upon exposure 

to NPs. As mitochondria are the “power plant” of 

cells thus energy availability might be affected. For 

both investigated cell types the cNP,50 values were 

between 1 and 10 nM, and thus well below NP con-

centrations in which reduction of cellular viability 

was detected. Thus, reduction in cellular viability 

might be interpreted as a consequence of mitochon-

drial impairment.  

5. Distortion of the cytoskeleton caused 

by NPs 

Staining of several components of the cytoskeleton 

was performed, cf. Figure 1. Actin was stained with 

fluorescence-labeled phalloidin, while specific anti-

bodies were used for tubulin and vinculin staining 

procedures. Even by microscopic inspection with the 

naked eye striking effects of the NPs on the mor-

phology of the cells were visible. Presence of NPs 

strongly reduced the cellular cross-section area Acell. 

In the case of HeLa cells NP exposure induced a more 

elongated, stretched cell shape, manifested by a 

reduction in the form factor Fcell, cf. Table 1. Actin 

fibers were directly affected by exposure to the NPs. 

In the case of HUVECs the elongated actin fiber bun-

dles shortened and rounded up. In the case of HeLa 

cells the actin fibers appeared smoother, indicated 

by a decreasing texture contrast Tact,cont [42]. For 

tubulin an increase in texture contrast Ttub,cont and 

decrease in texture correlation Ttub,corr was observed 

in case of HUVECs. Under high NP doses tubulin fi-

bers were arranged less compactly and became thin-

ner and longer. Visual inspection with the naked eye 

however leads to the conclusion that the tubulin 

network is less affected than the actin network by 

the presence of NPs. The cytoskeleton stabilizes 

cells in a dynamic way, based on continuous 

polymerization and depolymerization of fibers. For 

this reason control experiments without involving 

cells were performed, in which reduction of actin 

and tubulin polymerization upon presence of NPs was 

determined with biochemical assays. Data indicate 

that already NP concentrations below 1 nM signifi-

cantly reduce polymerization of both, actin and 
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tubulin, cf. the Supporting Information. Staining of 

vinculin indicated a reduction in focal adhesion con-

tact areas Avinc. Additionally, atomic force microsco-

py (AFM) data showed that, in particular, for HUVECs 

the number Nfilo and area Afilo of filopodia decreased 

upon exposure to NPs. Here again a clear difference 

between both cell types could be seen. Accompany-

ing gene expression assays revealed the upregulation 

of several genes which are related to the cellular 

cytoskeleton, cf. Table 1. Taken together the data 

demonstrate that NPs clearly have an impact on the 

cellular cytoskeleton, whereby detailed effects and 

in particular related NP doses vary between the 

investigated cell lines. In general HUVECs seem to be 

more affected than HeLa cells. Morphology changes 

occur at NP concentrations around cNP,50 ≈ 10 nM, 

though this number can be seen only as an indicator 

for the order of magnitude. In contrast, it is safe to 

suggest that changes in gene expression are detected 

only at much higher NP concentrations than changes 

in morphology. 

Conclusions 

There are many published records in which cytotoxic 

effects of NPs on cells have been observed. Many of 

these reports focus on biochemical assays, probing 

cell viability or measuring gene expression levels. In 

this work we demonstrate that effects are also di-

rectly visible by changes in cellular morphology. 

Though there is an impressive amount of studies 

available in literature, quantitative comparison is 

hindered by the fact that on the one hand toxicity 

strongly depends on the type of NPs and on the other 

hand the type of cells which have been used. In our 

study we performed many different assays with the 

same NP on two different types of cells, which al-

lows a quantitative comparison. In general, first 

effects upon exposure to NPs can be seen by a re-

duction in cellular proliferation rates. This effect 

already happens at NP concentrations one order of 

magnitude lower than the effects can be observed 

with standard cell viability assays. Also, changes in 

mitochondrial morphology are an early indicator of 

NP induced cellular damage. Then again lysosomal 

swelling and changes in cytoskeleton morphology 

occur at the same order of NP concentrations that 

cause significant reduction in cell viability. On the 

contrary, ROS production sets-on prominently only at 

even higher concentrations. These data suggest that 

not all indicators for NP toxicity have the same sen-

sitivity. Cellular proliferation clearly is an early 

indicator. Prior to changes in cellular viability are 

observable there are already detectable changes in 

(sub-) cellular morphology. Geometrical changes in 

certain cellular compartments occur already at sur-

prisingly low NP concentrations, in particular in 

mitochondria. In this way, just by visual inspection 

of cells (upon appropriate immunostaining) NP-

related toxicity can be observed via morphological 

analysis. In our case of polymer-coated Au NPs, even 

at NP concentrations where no significant oxidative 

stress (ROS production) can be detected morphology 

can already be altered significantly. These morpho-

logical changes provide a reliable assessment for the 

effect of NPs on the cellular homeostasis. Therefore, 

the determination of toxic effects of NP exposure 

based on morphological features may be an attrac-

tive alternative methodology for situations in which 

fixed samples, such as tissue sample from a biopsy 

have to be inspected, and in which case the use of 

biochemical assays can no longer be applied. 
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I) Nanoparticle synthesis 

I.1) Synthesis of gold nanoparticles (Au NPs) 

I.2) Synthesis of amphiphilic polymer 
functionalized with TMR-cadaverine 

I.3) Polymer coating of Au NPs 

I.1) Synthesis of gold nanoparticles (Au NPs) 

Gold nanoparticles (Au NPs) were synthesized 
following the Brust method [1] according to 
previously published protocols [2, 3]. Briefly, 0.300 g 
(0.9 mmol) of hydrogen tetrachloroaurate (III) 
(99.9 %, Alfa Aesar, #12325) was dissolved as 
aqueous gold precursor in 25 mL of Milli-Q water. 
This solution was mixed with a solution of 2.170 g 
(3.9 mmol) of tetraoctylammonium bromide (TOAB, 
Sigma-Aldrich, #294136) dissolved in 80 mL of 
toluene (Fluka, #89682). The mixture of both 
solutions was shaken vigorously for about 5 min. 
Hereby AuCl4

- ions were gradually transferred from 
the aqueous into the organic phase (toluene) through 
the formation of tetraoctylammonium-gold 
tetrachloroaurate ion pairs.  

AuCl4
- (aq) + N(C8H17)4

+ (tol)  
N(C8H17)4

+AuCl4
- (tol) 

Afterwards, the aqueous solution was discarded 
and the toluene solution containing the AuCl4

- ions 
was transferred to a 250 mL round bottom flask. A 
solution of 0.334 g (8.8 mmol) sodium borohydride 
(NaBH4, Sigma-Aldrich, #452882) in 25 mL of Milli-
Q water was added drop-wise to the vigorously stirred 
solution of gold precursor in toluene. The gold started 
to be reduced after a few seconds by sodium 
borohydride resulting in a change of colour from 
orange to violet. 

nAuCl4
- (tol) + 3ne-  4nCl- (aq) + Aun 

Then the growth of NPs was mediated by the 
residue of sodium borohydride, which reduced the 
remaining gold ions. After one-hour stirring, the 
solution was transferred to a separation funnel and the 
NPs were washed several times. The first washing 
step was performed with 25 mL of 0.01 M HCl, in 
order to remove the excess sodium borohydride. The 
second step was done with 25 mL of 0.01 M NaOH to 
remove the excess acid. Finally, four times washing 
with 25 mL of Milli-Q water was performed to 
remove salt residues from the HCl and NaOH washing 
steps. The resulting organic solution was transferred to 
a 250 mL round-bottomed flask and was stirred 
overnight to allow the NPs to reach a 
thermodynamically stable size distribution (Ostwald 

Appendix 

 

 

  

A-I.69



 
ripening process [4]). Next day,  
was carried out by adding 
41.7 mmol) of 1-dodecanethiol 
#471364) and heating the solution
3 hours. Hereby the dodecanethiol 
ions from the NP surface due t  
affinity of thiol groups to 
agglomerates were first removed 
700 rcf whereby the supernatant w
precipitate containing the agglome
Then the obtained NPs were 
methanol undergoing a selective 
process by centrifugation. After
supernatant the NP precipitate 
hydrophobic Au NPs was dissolved 
final concentration of 4 µM.  

I.2) Synthesis of amphiphilic pol m
with TMR-cadaverine 

First, following the previously r
procedure [6-9], an amphiph
poly(isobutylene–alt–maleic 
dodecylamine (PMA), was prepared
polymer is not only useful to transfe
NPs to aqueous solution [6, 10], but
attachment of other molecules cont
groups directly via amide bond
anhydride rings [7, 9, 11]. The poly
polyisobutylene-alt-maleic anhydr

backbone (Mw ≈ 6 kDa, Sigma-A
modified with dodecylamine hydrop
75 % of the anhydride rings of the p
are covalently linked via amide bo
groups of hydrophobic chains. Figur
structure of the polymer in detail
described in detail in Lin et al. [7] 

Figure SI-I.1: Structure of the synth
polymer (PMA). Polyisobutylene-alt
hydrophilic backbone (blue) modified 
hydrophobic side chains (red). 

In order to attach the tetra
cadaverine dye (TMR-cadaverin
λem = 571 nm, Molecular Probes, 
#A1318) to the polymer, 2 % of th
rings of the amphiphilic polymer wer

2 

 a ligand exchange 
 10 mL (8.450 g, 
ol (Sigma-Aldrich, 
on up to 65 °C for 
ol displaces the Br- 
to the high binding 
 gold [5]. Large 

 by centrifugation at 
as collected, and the 
rates was discarded. 
 precipitated with 
e size precipitation 
ter discarding the 
te containing the 
d in chloroform to a 

lymer functionalized 

y reported synthesis 
iphilic polymer, 

anhydride)–graft–
red. The amphiphilic 
sfer the hydrophobic 
ut it also allows the 
ntaining free amino 
nds to its maleic 
olymer consists of a 
ydride hydrophilic 

Aldrich, #531278) 
ophobic side chains. 
e polymer backbone 
bonds to the amine 
ure SI-I.1 shows the 
il. The synthesis is 

 
nthesized amphiphilic 
alt-maleic anhydride 
ed with dodecylamine 

tramethylrhodamine 
rine, λex = 544 nm, 
 Life Technologies, 
 the total anhydride 
ere modified by the 

reaction of the maleic anhydrid
group of the dye, leaving i
anhydride rings free (75 % are 
dodecylamine side chains). Bri
dissolved in chloroform wer  
0.5 M (in terms of monomer co
prepared amphiphilic polymer 
mixture was refluxed overnight
Then, the solvent mixture was e
modified polymer was redis
chloroform to obtain a final (m
of cP = 0.05 M (cf. Figure SI-I.2

Figure SI-I.2: Scheme of the linkag
dye 590 (black) via amide bonds t
the hydrophilic backbone of the am
The -NH2 group of the dye is used
backbone. 

I.3) Polymer coating of Au N

To calculate the amount 
synthesized NPs with the 
polymer Eq. SI-I.1 was used 

 V π ∙ c ∙ V ∙ d ∙ Rc
The variable cNP corre

concentration and V correspond
NP solution. cp is the monome
amphiphilic polymer dissolved i
represents the volume of the 
corresponds to the effective d
deff = dc + 2 ⋅ lsurfactant , which is t
of the inorganic core (dc) plus t
thickness of the surfactant she
lsurfactant ≈ 1.2 nm. Rp/area is the
monomers which need to be a
Aeff = 4π· (deff/2)2 of NP in mono

Thus, for all the experimen
polymer coated NPs were prepa
procedure: Au NPs 
deff = 4.8 nm + 2·1.2 nm = 7.2 n
cNP = 4 μM in chloroform) e

ride rings with the amino 
 in total 23 % of the 
re occupied by the linked 
Briefly, 2 mg of the dye 
e mixed with 400 µL of 
 concentration [7]) of the 
er solution. The reaction 
ght at room temperature. 
s evaporated and the dye-
dissolved in anhydrous 
(monomer) concentration 

2). 

 
kage of the TMR-cadaverine 
s to the anhydride rings of 
amphiphilic polymer (blue). 
sed for linkage to the PMA 

Ps 

t required to coat the 
 prepared amphiphilic 

[7, 12, 13]. R /
 Eq. SI-I.1 

rresponds to the NP 
nds to the volume of the 

mer concentration of the 
d in chloroform while Vp 
e polymer solution. deff 

e diameter of the NPs: 
s the sum of the diameter 
s two times the assumed 

shell that corresponds to 
the number of polymer 
e added per surface area 
nomer units/nm2.  
ents, several batches of 
pared with the following 

 (dc = 4.8 nm ⇒ 
nm; V = 1000 µL, 

were mixed with PMA 
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functionalized with TMR cada
chloroform (VP = 515 μL, cP = 0.05 
2) in a 10 mL round-bottomed flask.
stirred and the solvent was slowly 
the NP powder was dissolved 
borate buffer at pH 12 (SBB 12). T
buffer opens the remaining anhyd
negatively charged carboxyl groups 
increases the surface charge and 
water-soluble. 

Figure SI-I.3: Images of agarose gels o
with TMR-cadaverine in their polymer 
for 1 h in an electric field of 15 V·cm
(left) and UV (right) illumination. Imag
taken after 60 min. “+” and “-” indicate
electric field. The marked sections cor
containing bands that were cut to extract

Gel electrophoresis was used a
coating procedure in order to purify 
eliminate empty polymer micell
purpose, a 2 % agarose gel was pr
the agarose (2 g) with Tris-Bora
(TBE; 0.5x, 98 mL correspondin
addition, the polymer-coated Au NPs
glycerol (in order to increase th
sample) and with Orange G dye (  
sample mixture which is loaded on 
mixture was then placed into th
prepared gel. Applying an electric f
the negatively charged NPs will m
After one hour, the polymer-coated 
which can be distinguished from em
free dye molecules that move fa
smaller [6]. The band which contain
and placed into a dialysis me
molecular weight cut-off (MWCO))
buffer. Applying again an electric f
for ca. 20 min, which caused the NP
the gel, whereby they stayed tra
dialysis membrane. In order to be s
micelles were removed this proce
twice. Examples are shown in Figure

II) Nanoparticle characterization

The polymer-coated NPs were c
different methods. First, the inorgani
was derived from transmission ele
(TEM) images, cf. Figure SI-II.1. F

3 

adaverine dye in 
 M, Rp/area = 50 nm-

sk. The mixture was 
ly evaporated. Then 
in 50 mM sodium 

 The basic pH of the 
ride rings, leading to 
ps at that pH, which 
d renders the NPs 

 
s on which the Au NPs 
er shell had been run 
cm-1 under white-light 
ages of the gels were 
ate the direction of the 
orrespond to the NP-
act the Au NPs. 

 after the polymer 
fy the sample and to 
elles [6]. For this 
prepared by mixing 
orate-EDTA buffer 
ding to 98 g). In 
Ps were mixed with 
the density of the 
in order to label the 

on the gel) [14]. The 
the cavity of the 

c field of 15 V·cm-1, 
ove to the plus pole. 
ed NPs form a band 
 empty micelles and 
faster, as they are 

ains the NPs was cut 
membrane (50 kDa 
O)) filled with TBE 
c field of 10 V·cm-1 
 NPs to move out of 
trapped inside the 

e sure that all empty 
cedure was applied 
ure SI-I.3. 

ion 

e characterized with 
anic core diameter dc 
electron microscopy 
. For this purpose a 

drop of the NP solution was dri
low resolution TEM images 
only the Au core, but not t
around the NP surface (dodec
polymer) provide contrast [15, 1
NP diameter dc was generate
using a standard image analy
diameter of the inorganic cor
obtained was determined to b
Figure SI-II.1). 

Figure SI-II.1: TEM images of a s
coated NPs. The scale bar corre
these images a histogram of the dis
core diameter of the NPs was obtai

For measuring the hydrodyn
dynamic light scattering (DLS

Figure SI-II.2) and the zeta-p

Doppler anemometry (LD
Figure SI-II.3) a Malvern Zeta
red laser (632.8 nm) as light so
backscatter detection mode. All
measured in Milli-Q water usin
as described previously [13].  

Figure SI-II.2: Number distr
hydrodynamic diameter of polymer 
in water. 

Figure SI-II.3: Distribution of th
polymer coated Au NPs dispersed in

UV/vis absorption (cf. 
fluorescence (cf. Figure SI-II.5
samples dispersed in water we

dried on a TEM grid, and 
were recorded. Note that 
t the organic molecules 
decanethiol, amphiphilic 
, 16]. A histogram of the 

ated from these images 
sis software. The average 
core dc of the Au NPs 
 be 4.79 ± 0.70 nm (cf. 

 
a solution of dried polymer 

rresponds to 50 nm. From 
 distribution N(dc) of the Au 
tained. 

ynamic diameter dh with 
LS; dh = 12 ± 3 nm, cf. 

potential ζ with laser 

A; ζ = -30 ± 2 nm, cf. 
etasizer Nano ZS with a 
 source was used in 173° 
All the NP samples were 
sing polystyrene cuvettes 

 
stribution N(dh) of the 
er coated Au NPs dispersed 

 
 the zeta potential I(ζ) of 
d in water. 

 Figure SI-II.4) and 
5) spectra of the Au NP 

were recorded. From the 
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absorption spectra A(λ) the NP conc
calculated using the Lambert Beer la

 Amax = cNP·εNP·l 

Hereby, Amax is the absorpti  
surface plasmon resonance peak of
the NP concentration, l is the pa
cuvette in which measurements w

εNP is the molar extinction coefficien
wavelength of the absorption p
assumed to be εNP = 8.7 · 10
fluorescence of the NPs was measu
FluoroLog fluorimeter upo  
λex = 544 nm. 

Figure SI-II.4: UV/vis absorption spec
aqueous solution of free TMR-cadave
polymer-coated Au NPs without (“Au
TMR-cadaverine (“Au@PMA-dye”) in 
respectively. 

Figure SI-II.5: Fluorescence spectrum
Au NPs with TMR-cadaverine in their po

III)  Cell culture and nanopartic

HeLa cells (derived from cerv
taken from Henrietta Lacks) w
Minimum Essential Medium (MEM
#M4655) and Human Umbilical 
Cells (HUVECs) were cultured in
Growth Medium (ECGM, Promo e
22010). MEM medium was supplem
fetal bovine serum (Biochrom, Ge
and 1 % penicillin/streptomycin (P/S
#P4333). ECGM was supplemen
supplement mix (PromoCell, #C-392
HeLa cells or HUVECs were added
(1 cm2 per well, Ibidi, German
incubated at 37 °C and 5 % CO2 (al

4 

oncentration cNP was 
 law: 

Eq. SI-II.1 

on maximum at the 
of the Au NPs, cNP 
path length of the 
ere performed, and 

ent of the NPs at the 
peak, which was 
106 M-1cm-1. The 
sured with a Horiba 
n excitation at 

 
pectra as recorded in 
averine (“dye”), and 
Au@PMA”) and with 
in their polymer shell, 

 
um of polymer-coated 
 polymer shell. 

ticle exposure 

ervical cancer cells 
were cultured in 

EM, Sigma-Aldrich, 
l Vein Endothelial 
in Endothelial Cell 
Cell, Germany, #C-
lemented with 10 % 
Germany, #S0615), 
P/S, Sigma-Aldrich, 
ented with ECGM 
9215), and 1 % P/S. 
ed to 8 well μ-slides 
any, #80826) and 
(all incubation steps 

are at 37 °C; only pre-warm
the cells). After 24 h, the parti
was replaced by Au NP-co
additional 24 h unless otherwise

IV) Transmission electron m

Cells (grown on 35 mm c
#ym-2011A) were rinsed in pho
(PBS) for 3 times and th
glutaraldehyde (8 %, EMS, USA
(N-morpholino)propanesulfonic
(pH 7.0) for 10 h at room te
followed by secondary fixatio
tetraoxide for 1 h. Then, 
dehydrated through a graded 
70 %, 80 %, 90 % and 100 %  
propylene oxide, and embed
Ultrathin sections (80 nm) wer
knife using a Leica Ultracut 
EM UC6, Stockach, Germany
placed on 300 mesh copper g
with uranyl acetate and lead c
under the transmission electron
H-7650B).  

Transmission electron micr
of HUVECs and HeLa cells wit
shown in Figure SI-IV.1. As Fi
HUVECs as well as HeLa cell
some other substances outside
clusters around 200 nm in 
macropinocytosis plays a role in
Au NPs, as it can be seen 
macropinocytic cup wraps the 
Au NPs are taken up into the
accumulate in lysosomes (cf. F
arrows, as well the discussion in

HUVEC 

ed media were added to 
articular growth medium 
containing medium for 
ise stated. 

 microscopy of cells 

 corning culture dishes, 
hosphate buffered saline 
then fixed in 2.5 % 
SA, #16010) in 0.1 M 3-

nic acid (MOPS) buffer 
 temperature. This was 
tion with 1 % osmium 
 the specimens were 
d ethanol series (50 %, 
), and infiltrated through 
edded in epoxy resin. 
ere cut with a diamond 
 UCT microtome (Leica 
ny). The sections were 
r grids and post-stained 
d citrate for observation 
ron microscope (Hitachi, 

icroscopy (TEM) images 
ith incorporated NPs are 

Figure SI-IV.1 shows, in 
ells, Au NPs along with 
ide the cells form loose 
 diameter. Presumably 

e in internalization of the 
from the pictures that a 
he Au NP cluster. After 
the cells, they appear to 

Figure SI-IV.1, yellow 
 in § XI.1). 

 

HeLa 
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Figure SI-IV.1: TEM images of HUVE
after having been incubated with Au 
concentration of cNP = 25 nM for 24
correspond to 500 nm for A and B, 10
Yellow arrows indicate Au NPs present i

V) Atomic force microscopy of ce

After incubation with Au NPs, 
with atomic force microscopy (Nano
Santa Barbara, CA). Contact Mode (
for topological imaging, which w
phosphate buffered saline (PBS), usi
nitride lever cantilever (SNL  
k = 0.08 N·m-1, resonance frequenc
Bruker, Karlsruhe, Germany). The 
was adjusted to 0.8 V. The scanning
to be 40x40 µm2 for imaging the w
scan angle was set to 90o. 

VI) Helium ion microscopy 

For helium ion microscopy (H
seeded on glass cover slips (d 
Germany, #P231.1). After 24 h the c
to the NPs at concentrations bet
After additional 24 h the cells wer
glutaraldehyde (8 %, EMS, USA, 
added directly to the cell medium 
by three washing steps with PB  
samples were treated with 2 % glutar
paraformaldehyde (8 %, EMS, USA
0.1 M sodium cacodylate buffer 
Aldrich, #20840) for 90 min 
ethanol-water mixtures with i
content (30 %, 50 %; 70 %, 95 %, a
10 min per step. Finally critical p
performed using a Polaron E
Technologies, UK). The samples we
HIM ORION PLUS from Zeiss at a
of 19.5 mm, with an accelerating vo
and a beam current of 0.8-0.9 pA. 
used to compensate charging. Im
distribution of secondary electron
backscattered helium ions. The latt
materials with high atomic numbers 

As visible in Figure SI-VI.1 
disruptions occur in case of HUVE
attributed to the exposure to Au NPs
interpretation is strengthened 
backscattering images of such stru
SI-VI.2) which show an incr
backscattered ions probably due to th
NPs. 

5 

VECs and HeLa cells 
u NPs at a final NP 
24 h. The scale bars 
100 nm for C and D. 
t in lysosomes. 

cells 

s, cells were imaged 
a oscope IV, Veeco, 
e (CM) was utilized 

 was performed in 
using a silicon-tip on 
, spring constant 

ency f = 12-24 kHz, 
e deflection set point 
ing area was chosen 
 whole cell, and the 

 (HIM) cells were 
 = 15 mm, Roth, 

e cells were exposed 
ween 0 and 100 nM. 
ere fixed with 1 % 

 #16010), which was 
for 10 min, followed 
S. Subsequently, the 
taraldehyde and 4 % 
SA, #157-8-100) in 

er (pH 7.2, Sigma-
and dehydrated in 
increasing ethanol 
, and 3 x 100 %) for 
l point drying was 

E3000 (Quorum 
 were imaged with a 
t a working distance 
voltage of 36.5 keV, 
. A flood gun was 
Images show the 

rons or Rutherford 
tter images highlight 
rs such as Au.  

 local membrane 
ECs, which may be 
Ps. In addition, this 
 by Rutherford 

tructures (cf. Figure 
ncreased level of 
o the presence of Au 

Figure SI-VI.1: HIM images (s
HUVEC and HeLa cells after expos
HUVECs the surface becomes local

 

Figure SI-VI.2: Rutherford back
disruptions (HUVECs, cNP = 25 nM

VII) Confocal microscopy of

Imaging was performed w
scanning microscope (CLSM 5
equipped with lasers allowing e
543, and 633 nm. Details rega
given in the descriptions of the 

 
 (secondary electrons) of 
posure to Au NPs. In case of 
cally disrupted. 

 
ckscattering at membrane 

nM). 

 of cells 

 with a confocal laser 
 510 Meta) from Zeiss, 
g excitation at 405, 488, 
garding the imaging are 
e corresponding assays.  
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VIII) Data analysis of geometric
fluorescence images 

VIII.1) Cells 

VIII.2) Subcellular structures 
(mitochondria/lysosomes) 

VIII.3) Geometrical features 

VIII.4) NP uptake 

To extract geometrical f
information and NP uptake from flu
in a high throughput manner Cel
Matlab (Mathworks) were used. 

VIII.1) Cells 

To quantify the effect of NP 
morphology several geometrical
calculated, based on cross-secti s
individual cells. Cells were autom
from 2D fluorescence images in 
based on the fluorescent pattern o
and nuclei. The identification of clu
out to be quite challenging. Therefor
objects) were identified first, in or
outlines of the whole cells (second
easily in a second step [17]. Thus, 
was performed as follows: First, 
segmented based on their DAP
(Figure SI-VIII.1.1, a) by threshold
as primary objects. Around ea
corresponding cell body (second
derived from actin-staining (Figure S
using the “propagation”-algorithm 
CellProfiler. Manual post-processing
cells and correction of erroneous seg
was performed with a graphical use
in Matlab (Mathworks). The obtai
converted into binary images and se
parameters were calculated (listed b
VIII.1, c-d). 

6 

ical features from 

features, texture 
fluorescence images 
ellProfiler [17] and 

P exposure on cell 
cal features were 
ons of hundreds of 
matically identified 
 low magnification, 
 of the cytoskeleton 
clumpy cells turned 
fore, nuclei (primary 
 order to obtain the 
ndary objects) more 
s, image processing 
t, cell nuclei were 
PI-staining pattern 
lding and identified 
each nucleus the 
ndary object) was 

re SI-VIII.1.1, b), by 
 [18] provided by 

ing (removal of dead 
egmentation results) 
ser interface written 
tained shapes were 
 several geometrical 
 below) (Figure SI-

Figure SI-VIII.1: Cell segmentatio
image of non-treated HUVECs, sho
(phalloidin-TMR) in the red cha
(DAPI) in the blue channel. (c
segmentation procedure is shown. 
which were used to derive all g
shown. 

VIII.2) Subcellular structures 
(mitochondria/lysosomes) 

The segmentation of subc
difficult, as shapes can vary fro
(e.g. mitochondria of untreated
shaped forms (e.g. mitochondr
increasing concentration of 
objects (e.g. lysosomes, dam
Object identification was p
fluorescence confocal micros
Figure SI-VIII.2, a). In case of m
quality was enhanced by e
maximum likelihood estim
algorithm, using a theoretical 
Apart from being able to cope 
the segmentation routine shou
staining intensity variations
background in an intracellula
(unfocussed structures), especi
region, where the lysosoma
density is significantly highe  
the cell. To obtain satisfac
thresholding steps were perfo
was roughly segmented by
thresholding following the 
Figure SI-VIII.2, b). This step w
scattered structures in the outer 
clumpy structures in the er
obtained objects were processe
based thresholding approach s

 
tion example. Fluorescence 

showing (a) the cytoskeleton 
hannel and (b) the nuclei 
(c) The outcome of the 

n. (d) The resulting objects 
l geometrical features are 

bcellular structures was 
from spindle like objects 
ted cells) over polliwog 
dria of cells exposed to 

 NPs) to simple round 
damaged mitochondria). 

performed based on 
roscopy 2D slices (cf. 
f mitochondria the image 
employing a classical 

timation deconvolution 
al point spread function. 

e with different shapes, 
ould be able to handle 
ns. In addition the 

ular region is not dark 
cially in the perinuclear 

mal and mitochondrial 
r than in outer regions of 
actory results multiple 

formed: First, the image 
by adaptive two-class 
 Otsu-method [19] (cf. 
p was applied to separate 
er region of the cell from 
perinuclear region. The 
sed again with an object 

 using the MoG (Mixture 
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of Gaussian) algorithm provided by
(cf. Figure SI-VIII.2c). Third, to 
which were still including more than
objects were classified with respect 
and area (cf. Figure SI-VIII.2, d). Co
objects with only one structure of in
and show a much lesser texture ent
including more than one or clumpy 
objects which showed a high text
segmented a third time, again follow
two-class thresholding approac  
method [19], which was used alrea
segmentation step (cf. Figure SI-VI
size distribution of all resulting o e
and large objects very excluded f
Finally, texture and intensity of all 
was determined and several geometr
calculated based on their shape 
below) (cf. Figure SI-VIII.2, f). 

Figure SI-VIII.2: Segmentation of 
fluorescence image of HUVECs treated w
showing mitochondria (CellLight Mitoch
green channel (a) after deconvolutio
subsequent segmentation procedure step

VIII.3) Geometrical features 

Form factor: For the identified o
[µm2], as well as their perimet
determined. From these parameter  
was calculated. Examples are giv
VIII.1. 

 F = 4·π·A/P2 

Zernike moments: Zernike mome
used for automatic recognitio
characteristics in fluorescence 
describe the decomposition of an ima
orthogonal set of polynomials simil
Fourier coefficients are used to d
series. In this work only the 0th m
to describe whether a shape is s
(Z0 = 1) or more spindle like (Z0 =

7 

 by CellProfiler [17] 
to indentify objects 
an one structure, the 
ct to texture entropy 
Correctly segmented 
f interest are smaller 
entropy than objects 
y structures. Fourth, 
xture entropy were 

llowing the adaptive 
h using the Otsu-
ready for the initial 
VIII.2, e). Fifth, the 
bjects was analyzed 
 from the analysis. 
ll individual objects 
etrical features were 
 (features are listed 

 
of mitochondria. A 
d with NPs at 12.5 nM 

ochondria-GFP) in the 
tion and (b-f) after 
eps . 

 objects their area A 
eter P [µm] was 

rs the form factor F 
given in Table SI-

Eq. SI-VIII.1 

ments are commonly 
ition of pattern 
imaging [20]. They 
image object onto an 

ilar to the way that 
 decompose a time 
oment Z0 was used 

 similar to a disk 
= 0). Examples are 

given in Table SI-VIII.3. 

Feature  
A [µm²] 0.78 0.3

P [µm] 3.1 2.5

F 1 0.7

Z0 1 0.5

Table SI-VIII.3: Features us
mitochondria, and lysosomal shape
A = area, P = perimeter, F = fo
moment of order 0, d corresponds 
the example shapes, if being represe

Lysosomal fraction: To 
swelling upon exposure to NPs
all lysosomes in a confocal 2D
the cell area Acell, cf. Figure
occupied by lysosomes was obta
image containing the fluores
stained lysosomes using ma
the obtained shape of each 
§ VIII.1) the number of po
corresponding binary image 
divided by the total cell area. 

Figure SI-VIII.4: The lysosomal 
dividing the area occupied by lyso
of the whole cell (Acell). Left im
plasma membrane, scale bar: 20 µm

Texture: To quantify the tex
staining, several Haralick te
calculated [21]. These features 
co-occurrence matrix, containi
how pixel intensities or co
horizontal orientation. Example
SI-VIII.5. 

Texture   
Tcont [a.u.] 36 4.2 

Tcorr [a.u.] -0.5 -0.6 

Table SI-VIII.5: Features used to
actin and tubulin staining of cells 
texture contrast, Tcorr = texture corr

VIII.4) NP uptake 

The relative amount of fluo
by individual cells was estima
images. In addition to the fluore
nuclei and cytoskeleton the si

   

.39 0.2 0 

2.5 2.2 2 

.76 0.5 0 

0.5 0.25 0 

used to describe cell, 
apes upon exposure to NPs. 
 form factor, Z0 = Zernike 
ds to the semi-minor axis of 
esented by an ellipse. 

 investigate lysosomal 
Ps the total area Alyso of 
2D-slide was divided by 
ure SI-VIII.4. The area 
btained by binarizing the 

rescence information of 
nual thresholding. Along 
 cell  (as described in 
positive pixels in the 
e was determined and 

 
al fraction is calculated by 
sosomes (Alyso) by the area 
image: blue: nuclei, red: 
µm. 

texture of actin or tubulin 
texture features were 

es are derived from the 
ining information about 
correlated spatially in 
ples are given in Table 

   
0.6 0 7.8 

0.3 0 0.7 

 to describe the texture of 
ls treated with NPs. Tcont = 
orrelation. 

luorescent NPs taken up 
mated from fluorescence 
orescence information of 
 signal of the NPs was 
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recorded in a third channel. Along th
obtained in § VIII.1 the fluorescenc
internalized NPs was summed u
integrated intensity INP per cell [22].

IX) Cell viability, proliferation, e

IX.1) Resazurin assay 

IX.2) Alamar blue assay 

IX.3) MTT assay 

IX.4) Live/dead assay 

IX.5) Proliferation assay 

IX.6) Oxidative stress 

A selection of standard assays 
cytotoxic effects of NPs on cells in 
These data show the different conce
which effects occur. 

IX.1) Resazurin assay 

First, cell viability in the prese
investigated with resazurin assay
HeLa cells were seeded in 96-
Aldrich, #CLS3603) at a density of 
µL medium per well (each well ha
cm2), and were grown for 24 h in cel
Then the cells were rinsed 
supplemented cell growth medium c
at different resulting concentrations 
the wells (100 µL medium per wel
were adjusted in a way that 
concentrations was covered. The cel
at 37 °C and 5 % CO2 for 24 h. Af
were rinsed with PBS and a freshly 
of 90 % medium and 10 % resazurin
#TOX8) was added to the wells.
incubated for 3 h at 37 °C and 5 % C

Non-fluorescent resazurin is ox
cells to fluorescent resorufin. 
fluorescence intensity is a measure 
the cells. After incubation, the fluor

spectrum I(λ, cNP) of the solution wa
fluorometer (Fluorolog-3, Hori a

Hereby, the wells were excited at 
fluorescence emission was record
650 nm, cf. Figure SI-IX.1.  

HUVEC 

8 

 the area of each cell 
ence intensity of the 
 up, yielding the 
. 

, etc. 

 used for analysis of 
in vitro was applied. 
ncentration ranges at 

esence of NPs was 
ays. HUVECs and 
well plates (Sigma 
of 5000 cells in 300 
 had an area of 0.3 
cell growth medium. 
 with PBS and 
 containing Au NPs 

ns cNP was added to 
ell). Concentrations 

 a wide range of 
cells were incubated 
After that, the cells 
ly prepared solution 

urin (Sigma-Aldrich, 
lls. The cells were 
 CO2.  
oxidized by living 

n. Therefore, the 
re of the viability of 
uorescence emission 

 was recorded with a 
iba Jobin Yvon). 

at λex = 560 nm, and 
rded from 572 to 

HeLa 

Figure SI-IX.1: Resorufin fluoresc
on cells incubated with different co
and resazurin for (a) HUVECs, and

The intensities between 6
averaged and subtracted as 
intensity average between 583 
the maximum of the emis
background corrected averag
I(cNP) were plotted versus the 
Figure SI-IX.2. The cell viab
defined as normalized inten i
IX.1. 

 Vres(cNP) = I(cNP) / I(cNP =

The concentration-depen
intensities I(cNP) were then fitte
function shown in Eq. SI-IX.2, 
cNP,50, Imin, Imax, and p. Here
concentration at which viabili
reduced to half of its activity, a
minimum and the maximum 
dependent intensity maxima I(c

 I(c )=
Imax-Imin

1+(
cNP,50

)
p +

The resulting viability data a
IX.2. As expected, upon a cer
cell viability is reduced. HUVE
than HeLa cells to incubation w

HUVEC 

Figure SI-IX.2: Cell viability Vres

resazurin test, in dependence of th
The results are presented as m
deviation (SD). 

IX.2) Alamar blue assay 

Second, as an additional
viability, the commercially a
was used. Regarding the pr
Alamar blue assay is very sim
assay [23]. 

HeLa cells or HUVEC
5000 cells/well in black, clear-
and were allowed to settle over
incubated for 24 h with the 
concentrations (from cNP = 0 to
the Alamar Blue assay (M

 
escence spectra as recorded 
t concentrations cNP of NPs 
nd (b) HeLa cells.  

 640 to 650 nm were 
s background from the 
3 to 587 nm, which was 
ission spectrum. The 

aged intensity maxima 
he concentration cNP, cf. 
iability Vres was hereby 
sity maxima, cf. Eq. SI-

= 0) Eq. SI-IX.1   

pendent fluorescence 
itted using the sigmoidal 
2, with the fit parameters 
ereby, cNP,50 is the NP 
bility of cells has been 
, and are Imin and Imax the 
m of the concentration-
(cNP). 

+Imin Eq. SI-IX.2   

a are shown in Figure SI-
certain NP concentration 
VECs are more sensitive 
 with the NPs. 

HeLa 

res, as determined with the 
f the NP concentration cNP. 
 mean value ± standard 

nal assay probing cell 
vailable Alamar blue test 
probing principles the 
similar to the resazurin 

Cs were seeded at 
-bottom 96-well plates 

vernight. Cells were then 
Au NPs at the indicated 
 to 100 nM), after which 
Molecular Probes, life 
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9 
 

technologies, #DAL1025) was performed according to 
the manufacturer’s protocol. Fluorescence readouts 
were performed using an Optima FluoStar plate reader 

instrument (λex = 560 nm; λem = 590 nm). Data 
analysis was performed as described in § IX.1. Data 
are expressed as mean + SD (n = 4).  

The results of the Alamar blue test are reported in 
Figure SI-IX.3. For the HUVECs, the NPs resulted in 
a reduction of cell viability at high NP concentrations, 
with the cell viability being significantly reduced at 
cNP = 100 nM. For the HeLa cells, no significant toxic 
effects were observed for NP concentrations up to 
100 nM. 

HUVEC Hela 

Figure SI-IX.3: Cell viability VAB, as determined with the 
Alamar blue test, in dependence of the NP concentration 
cNP. The results are presented as mean ± SD for 4 
independent measurements. 

IX.3) MTT assay 

Third, cell viability was probed with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. For the assay HUVECs and 
HeLa cells were seeded in 24-well plates (Greiner 
Bio-One, #662160) at a density of 50000 cells per 
well (1 mL/well, 1.9 cm2 area per well) one day prior 
the planed experiments. Cells were then incubated 
with the Au NPs for 24 h at the indicated 
concentrations (from 0 to 200 nM). After extensive 
washing an MTT cell proliferation assay (Roche, 
#11465007001) was performed according to the 
manufacturer´s instructions. Briefly, 500 µL of regular 
cell media were added to the cells and then 
supplemented with 50 µL MTT1 solution. After 
4 hours 500 µL of solubilization solution (MTT2) 
were added. An analysis of the absorbance maximum 
Amax at 590 nm wavelength in an Agilent 
Technologies 8453 UV-Vis spectrophotometer was 
done after an overnight incubation. The MTT test is 
based on the cleavage of the yellow tetrazolium salt 
MTT in the presence of an electron-coupling 
reagent [24]. NAD(P)H-dependent cellular 
oxidoreductase enzymes are capable of reducing the 
tetrazolium salt MTT to insoluble formazan, that has a 
purple color, which can be analyzed by measuring 
absorbance at 590 nm. This bioreduction occurs only 
in viable cells, and is related to NAD(P)H production 
through glycolysis. Therefore, the amount of formed 

formazan dye, directly correlates to the number of 
metabolically active cells in the culture. The cell 
viability was defined as  

 VMTT(cNP) = Amax(cNP)/Amax(cNP = 0) 

The cell viability VMTT was plotted against the NP 
concentration cNP, cf. Figure SI-IX.4. The resulting 
viability data VMTT(cNP) as obtained from the MTT 
test are displayed in Figure SI-IX.4. The data 
demonstrate that HUVECs are more sensitive to 
exposure with NPs than HeLa cells.  

HUVEC HeLa 

Figure SI-IX.4: Cell viability VMTT, as determined with the 
MTT test, in dependence of the NP concentration cNP. The 
results are presented as mean ± SD for n = 3 independent 
measurements. 

IX.4) Live/dead assay 

Forth, a commercially available live/dead assay 
was performed. Cell viability upon exposure to NPs 
was assessed by discriminating live and dead cells in 
fluorescence micrographs, using the LIVE/DEAD 
Viability/Cytotoxicity Kit (Molecular Probes, life 
technologies, #L3224). The kit contains two dyes: i) 
non-fluorescent cell-permeant calcein acetoxymethyl 
(AM) which enters live cells and is enzymatically 
converted into fluorescent calcein by intracellular 
esterases. ii) upon binding to DNA the fluorescence of 
live cell-impermeant ethidium homodimer (EthD-1) is 
strongly increased. The latter stains dead cells. 
Additionally, the nuclei of all cells (live and dead) 
were stained with Hoechst 33342 which is specific to 
DNA to allow automatic segmentation to simplify the 
readout of the assay. 

Briefly, cells were seeded into an 8-well Ibidy µ-
slide (12,500 cells/well). After 24 h NPs were added 
at various concentrations (cNP = 0 - 100 nM). After an 
additional 24 h incubation cells were washed twice 
with PBS and stained referring to the instructions of 
the kit. Living cells were stained with calcein AM at a 
concentration of 12.5 µM, while EthD-1 was used at 
40 µM (HeLa cells) and 200 µM (HUVECs) to stain 
dead cells. In addition, all nuclei were counterstained 
by Hoechst 33342 (Molecular Probes, life technology, 
#H1399) at 30 µg/mL. After 10 min incubation time 
imaging was started while the staining solution 
remained on the sample. 

Imaging was performed with a fluorescent 
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widefield microscope (Zeiss, Axiove
was excited at λex =  nm (30 nm 
filter) and emission was recorded
(40 nm width band-pass filter: 
Excitation of EthD-1 was perfor
(50 nm width band-pass filter) whil
were detected using a λem = 615 nm
(red channel). Hoechst 33342 wa
λex = 365 nm and the emission 
λem = 440 nm (20 nm width ba
channel).  

A total area of 10 mm2 was im
allowing the analysis of 3000-6000
SI-IX.5). For evaluation the m
processed using MATLAB (M
CellProfiler [17] in the following 
whether a cell was stained green or r
segmented based on the Hoechst sta
of each nucleus the corresponding m
the green and red channel were calcu
dead cells two distinct populations 
mean intensity of calcein (ICalcein) is p
mean intensity of EthD-1 (IEthD-1) in
(cf. Figure SI-IX.5, b-c). Those sca
gating of individual populations a
calculation of the ratio D of dead
defined as the ratio of the ave a
fluorescent cells to the average 
fluorescent cells. The resulting data
three individual experiments ± SD) 
SI-IX.6. 

a)  

 

 

b) 
 
 
 
 

c) 
 
 
 
 
 
 
 

Figure SI-IX.5: Cell viability assessed
ratio of dead/live cells. In a) a typical fl
shown after staining live cells with C
dead cells with EthD-1 (red), and nuclei 
in blue. The scale bar corresponds to 
plots are showing gated populations of
by red dashed line), and dead cells f
growth medium only, and (c) expo
concentration of cNP = 100 nM for 24 h (

10 

vert 200M). Calcein 
m width band-pass 
ed at λem = 535 nm 
r: green channel). 
med at λex = 555 nm 
hile emitted photons 
nm long-pass filter 

was excited around 
 was detected at 

nd-pass filter: blue 

aged for each well, 
00 cells (cf. Figure 
micrographs were 
(Mathworks) and 

g way: To identify 
r red all nuclei were 

stain. Along the area 
g mean intensities in 
lculated. For live vs. 
ns appear when the 
is plotted against the 
 in logarithmic scale 
scatter plots allowed 
 and simplified the 
ead to living cells, 
rage number of red 
e number of green 
ata (mean values of 
) is given in Figure 

 

 

sed by calculating the 
l fluorescence image is 
 Calcein AM (green), 
lei with Hoechst 33342 
to 50 µm. The scatter 
 of living (surrounded 
s for HUVECs (b) in 
posed to NPs at a 
h (c).  

HUVEC 

Figure SI-IX.6: Rate of dead vs. 
from a fluorescence cell staining s
cells, respectively. The results are 
for 3 independent measurements. 

IX.5) Proliferation assay 

The effect of the Au NPs on
investigated by directly measur
monitored by the incorporatio
analog EdU (5-ethynyl-2 -́deox
detected by a copper-catalyzed 
its alkyne group and an az
fluorescent dye [25].  

Briefly, cells were seeded i
slide (12,500 cells/well). A
medium was exchanged with
10 µM EdU (Molecular Prob
#A10044) and NPs were 
concentrations (cNP = 0 - 1
control .59cine (Sigma Aldric
a concentration of 5 µM (HUVE
cells). Cholchicine is an inhi
segregation during mitosi  
proliferation. After additional 2
cells were fixated and perme
EdU was labelled with Al
(Molecular Probes, life techno
following the protocol of Salic 
reaction cocktail for one µ-sl
mixing 800 µL ddH20 with 2
(Sigma Aldrich, #T1503) b
100 mM CuSO4 (Sigma Ald
10 mM AlexaFlour azide, and 2
acid (Sigma Aldrich, #2555
30 min. Additionally, the nuc
labelled with Hoechst 33342 (
technologies, #H1399) for 30 m

Imaging was performed 
widefield microscope (Zeiss, A

AlexaFluor 488 was exited at
width band-pass filter) and em

λem = 535 nm (40 nm width b
channel). Hoechst 33342 w

λex = 365 nm and the emis

λem = 440 nm (20 nm width b
channel). 

A total area of 10 mm2 w

HeLa 

vs. live cells D, as derived 
g specific for live and dead 
re presented as mean ± SD 

 on cell proliferation was 
uring DNA synthesis, as 

ation of the thymidine-
oxyuridine). EdU can be 
ed click-reaction between 

azide group-containing 

d into an 8-well Ibidy µ-
fter 24 h the growth 
ith medium containing 

robes, life technologies, 
re added at various 
00 nM). As a negative 
h, #C3915) was added at 
VECs) and 10 µM (HeLa 
nhibitor of chromosome 
s and suppresses cell 
l 24 h of incubation the 

meabilized. Incorporated 
AlexaFluor 488 azide 

hnologies, #A10266) by 
ic et al. [25]. Briefly, the 
slide was prepared by 

 200 µL of 1.7 M Tris 
buffer pH 8.5, 10 µL 
ldrich, #61230), 5 µL 

d 200 µL 0.5 M ascorbic 
5564) and applied for 
uclei of all cells were 
 (Molecular Probes, life 
min at 10 µg/mL.  
d with a fluorescent 
, Axiovert 200M). EdU-

at λex = 480 nm (30 nm 
mission was recorded at 

 band-pass filter: green 
 was excited around  

ission was gated at 

 band-pass filter: blue 

as imaged for each well, 
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allowing for the analysis of 
(cf. Figure SI-IX.7). To determine 
rate p the micrographs were 
MATLAB (Mathworks) and CellPr
following way: First, the Hoechst-st
segmented, representing all cells 
non-proliferated) present in the curre
the mean fluorescence intensity in 
(IHoechst) per nuclei was determined
mean intensity of EdU-Alex Fl
corresponding green channel (IEdU

nucleus the logarithm of both i
plotted in a scatter plot to allow for 
gating of proliferated cells from non
similar to analyzing flow cytometry
SI-IX.7, b-c). Finally the fraction 
cells from all cells was calculated fo
averaged for each concentration. Fig
the mean values ± SD resulting from
experiments. 

a) 

 

 

b) 
 
 
 
 

c) 

d)  
 
 
 
 
 
 
 

e) 

Figure SI-IX.7: Cell proliferation ass
fluorescence image is shown for HUV
quantitative results (scale bar: 100 µm
cells are stained with Hoechst 33342
proliferated cells show green fluorescen
scatter plots are showing two popula
dashed red line: the left spot in each 
non-proliferated cells, while the ri
generated by proliferated cells. Shown 
the positive control, (c) the negative c
analyzed, and (e) cells being exposed
0.59 nM. 

11 

of 3000-6000 cells 
ne the proliferation 
e processed using 
llProfiler [17] in the 

stained nuclei were 
ls (proliferated and 
rrent frame. Second, 
in the blue channel 
ned, as well as the 
aFlour 488 in the 

dU-AF488). For each 
ntensity values was 
or identification and 
on-proliferated ones, 
try data (cf.  Figure 
n p of proliferated 
 for each image and 
igure SI-IX.8 shows 

rom three individual 

 

 

assay. In a) a typical 
VECs used to derive 

µm). The nuclei of all 
42 (blue), while only 
cence in addition. The 
ulations divided by a 
h plot is representing 
right population is 
n are the data for (b) 
 control, (d) all cells 

sed to NPs at cNP = 

HUVEC 

Figure SI-IX.8: Proliferation rat
synthesized DNA of cells after 24
results are presented as mean ±
measurements. 

IX.6) Oxidative stress 

Sixth, oxidative stress w
CellROX as the probe. HeLa ce
seeded at 20000 cells/well in n
plates (Greiner Bio One, Wemm
allowed to settle overnight, afte
incubated with Au NPs at cNP 
Then, the cells were washe  
incubated with 10 µM CellRO
Probes, life technologies, #C10
were then washed 3 times with
additional incubation for 30
medium. Then, the cells were w
and the fluorescence signal w
Wallac Envision plate reader

excitation filter at λex = 480 nm

at λex = 540 nm. As a positiv
incubated with 0.5 % H2O2 f  
with CellROX Green. Data are
untreated control cells (= 10
(n = 4). As toxic effects occur
for oxidative stress have b
20000 cells based on the ce  
Alamar Blue assay (cf. Figure S

The relative level R of ROS
measurements is shown in 
HUVECs, an increase in ROS 
NP concentrations. For HeLa ce
increasing at higher NP concen
themselves are not very high a
than those of HUVECs. This m
lower toxicity of the NPs to HeL
HUVECs. 

HeLa 

rate p, as derived freshly 
24 h of NP exposure. The 
± SD for 3 independent 

 was measured using 
 cells and HUVECs were 
 non-transparent 96 well 
mel, Belgium) and were 

fter which the cells were 
 = 0 - 100 nM for 24 h. 

d 3 times with PBS and 
ROX Green (Molecular 
10444) for 45 min. Cells 
ith PBS, followed by an 
30 min in full culture 
 washed twice with PBS, 
 was measured using a 
er instrument with an 

nm and an emission filter 

itive control, cells were 
or 1 h prior to incubation 
are expressed relative to 
100 %) as mean + SD 
urred, the data obtained 
 been normalized for 
ll viability data from the 
 SI-IX.3). 
S as calculated from the 

n Figure SI-IX.9. For 
S can be seen at higher 

 cells, the level of ROS is 
entrations, but the values 
h and significantly lower 
s may in part explain the 

eLa cells as compared to 
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HUVEC 

Figure SI-IX.9: ROS levels R after expo
are presented as mean value + SD for 
measurements.  

X) Analysis of general cell morph

Concerning cell morphology fir
Acell of each cell was determined. A
to the NPs for 24 h, cells were washe
and fixed for 15 min at room temp
paraformaldehyde. The fixative wa
cells were washed twice with PBS (5
which cells were permeabilized 
Triton X-100 (1 %) for 10 min at 
Cells were then blocked with 10 %
PBS for 30 min at room temperature

addition of primary murine anti-α
Cambridge, UK, #ab80779) IgG
1 µg/mL in blocking  buffer) at a
200 µL/well, and were incubated in 
at room temperature. Cells were w
PBS, followed by addition of the s
coupled secondary goat anti-m
(Molecular Probes, life technolo
(1/500 dilution in blocking buffer) 
dilution) Acti-Stain 555 (Tebu-Bio, 
of blocking buffer to a total volum
Cells were incubated for 1 h at roo
the dark. The latter solution was r
were washed once with PBS and
CellMask Blue (Molecular Probes, 
#H32720) at 5 µg/mL in PBS for 10
Finally, cells were washed twice w
fresh PBS was added to each well
analyzed on the InCell analyser 20
contrast and fluorescence-based im

(CellMask Blue), green (α-tubulin),
channel were collected at minimum
Data analysis was performed w
Investigator software (GE Healthca
Belgium) using in-house develo
size of the cells was calculated as f
nuclei were segmented based o  
(CellMask Blue stains the entire c
permeabilized cells, the nucleus 
stained and has a higher intensity).
and red channel, cells were then s
any holes in the cells were filled up

12 

HeLa 

posure to NPs. Results 
or n = 4 independent 

rphology 

first the mean area 
. After cell exposure 
shed twice with PBS 
mperature with 4 % 
was then aspirated, 
 (500 µL/well), after 
with 250 µL/well of 
t room temperature. 
% serum-containing 
ure, followed by the 

α-tubulin (Abcam, 
gG antibody (Ab, 
t a total volume of 
in the dark for 1.5 h 
 washed twice with 
e secondary AF488-

murine IgG Ab 
ologies, #A-11029) 
r) and 15 µL (1/100 
io, Belgium) per mL 
me of 200 µL/well. 

room temperature in 
s removed and cells 
and incubated with 
s, life technologies, 
 10 min in the dark. 
 with PBS, 500 µL 
ell, and plates were 
 2000, where phase 
images for the blue 

n), and red (F-actin) 
um 2000 cells/well. 
 with the InCell 
hcare Life Sciences, 
ped protocols. The 
s follows: First, cell 
n the blue channel 
e cytoplasm, but in 
us is preferentially 
ty). Using the green 
n segmented, where 
up and included and 

any cells on the border of th
excluded from the analysis. T
based on the blue channel as 
nucleus. The total area of eve
then determined. Images are sh
and Figure SI-X.2 for HUVE
respectively.  

Figure SI-X.1: Representative 
with Au NPs at different NP conce
stained for actin (red), tubulin (gre
The scale bar corresponds to 100 

Figure SI-X.2: Representative ima
with Au NPs at different concen
stained for actin (red), tubulin (gre
The scale bar corresponds to 100 

The results for the cell spre
summarized in Figure SI-X.3. 
that upon exposure to NPs 
reduced. For HUVECs the 

 the field of view were 
. The segmentation was 
as seed channel for the 
very individual cell was 
 shown in Figure SI-X.1 
VECs and HeLa cells, 

 
images of HUVECs treated 
centrations cNP. Cells were 
reen), and CellMask (blue). 
µm. 

 
mages of HeLa cells treated 
entrations cNP. Cells were 
reen), and CellMask (blue). 
µm. 

preading experiments are 
. The data demonstrate 

s the cell area Acell is 
e effects are far more 
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outspoken as in comparison to HeLa

Cell spreading was investigat
additional data set, which was 
staining, as described in § VIII.1 and
set shown in Figure SI-XIII.1 and
was also used for estimating the are
case in terms of area of stained ac
The resulting values are shown in Fig

HUVEC 

Figure SI-X.3: Mean cross section ar
HUVECs (left) and HeLa cells (righ
incorporated for 24 h with Au 
concentrations cNP. Error bars indicate
for 3 independent sets of over 2000 
condition. 

In agreement with Figure S
demonstrate that with increasing 
concentration the cell area decrea
dependently in both of the cells. Und
NP exposure concentration the are
reduced by a factor of two, wherea
loose 20 % of the cell area (as quan
stained actin). From the same data al
Fcell of cells was determined, whic
only spreading area, but also shape 
exposure to NPs changed. 

HUVEC 
Area F

13 

La cells. 
ated also from an 
 derived by actin-
and § XIII. The data 
nd Figure SI-XIII.2 
area per cell, in this 
actin fibers per cell. 
Figure SI-X.4. 

HeLa 

area per cell Acell of 
ght) which had been 
 NPs at different 
ate standard deviation 
0 cells evaluated per 

 SI-X.3 the data 
ng of the Au NP 
reases concentration 

nder the highest Au 
area of HUVECs is 
eas HeLa cells only 
uantified in terms of 
 also the form factor 

hich shows that not 
pe of the cells upon 

Form factor 

 

HeLa 
Area 

Figure SI-X.4: The normalized 
f(Acell) and f(Fcell) of the frequenc
area Acell and with form factor Fc

from stained actin per cell, is plo
concentrations cNP. The results are
probability distributions 
median ± lower/upper quartile
cells/condition. 

As a second parameter descr
filopodia of the two cell types 
this purpose, AFM analysis 
which had been incubated f
Resulting images are presented
Figure SI-X.6. 

Figure SI-X.5: AFM images (con
which have been exposed to 
concentrations cNP. All samples w
slide substrate. The scale bars corre

Form factor 

ed probability distribution 
ncy of cells found with an 

ell , respectively, as derived 
plotted for different Au NP 
re presented as normalized 

(first row) and 
tile for 500 - 1000 

scribing cell morphology, 
es were investigated. For 
was performed on cells, 
 for 24 h with NPs. 
ted in Figure SI-X.5 and 

 
contact mode) of HUVECs 
to Au NPs at different 
 were imaged on a glass-
rrespond to 10 µm. 
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Figure SI-X.6: AFM images (contact m
which have been exposed to Au 
concentrations. All samples were exami
substrate. The scale bars correspond to 1

From these images quantitati e
filopodia were derived. Compute
counting of surface objects (nAnostic
done using proprietary algorithms (
Münster, Germany), which are opt
images. Basically, the experimente
the objects of interest and feed an 
network with these examples (mach
computer then searches similar stru
SI-X.7 and Figure SI-X.8. Of each 
at arbitrarily chosen positions we
following parameters were extracte
counted filopodia Nfiolo found on 
imaging area of 20x20 µm2, the
occupied by filopodia within an 
20x20 µm2, the average filopodia h
sum of the local deviational volumes
filopodia within an imaging area of
local deviational volume of each
calculated by summation of th
corrected by a local plane fit for each
Both cell types HUVECs and 
decreasing number, area and local 
of filopodia per image within
concentration of Au NPs. In co
increases at higher concentration
Comparing HUVECs and HeLa c
that the morphology of HUVECs i
concentrations of Au NPs. The r
presented in Figure SI-X.9. 

14 

 
t mode) of HeLa cells 
u NPs at different 
mined on a glass-slide 
to 10 µm. 

ive data concerning 
ter vision for the 
sticTM method) was 
s (Serend-ip GmbH, 
ptimized for AFM-
ters label manually 
n artificial neuronal 
chine learning). The 
tructures, cf. Figure 
h sample 10 images 

were recorded. The 
cted: the number of 
n a cell within an 
he total area Afilo 
n imaging area of 
 height hfilo, and the 
es Vfilo occupied by 

 of 20x20 µm2. The 
ch filopodium was 
the height values 
ach filopodium [26]. 
HeLa cells show a 
l deviational volume 
hin an increasing 
contrast the height 
ions of Au NPs. 
 cells demonstrates 
s is altered at lower 
 resulting data are 

Figure SI-X.7: Results of compute
green overlays demonstrating the
filopodia in HUVECs exposed to i
of Au NPs. The scale bars correspo

Figure SI-X.8: Results of compute
green overlays demonstrating the
filopodia in HeLa cells exposed to i
of Au NPs. The scale bars correspo

HUVEC

 

uter vision are displayed as 
the decreasing number of 
o increasing concentrations 
pond to 10 µm. 

 
uter vision are displayed as 
the decreasing number of 

to increasing concentrations 
pond to 10 µm. 
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HeLa 

Figure SI-X.9: Mean number of counted
total area Afilo occupied by filopodia, th
height hfilo, and the total volume Vfilo oc

within an imaging area of 20x20 μm2, as
analysis of AFM images, in dependen
concentration. The results are presented
individual experiments. 

XI) Analysis of nanoparticle
morphology of the lysosomes 

XI.1) Quantification of NP uptake

XI.2) Assessment of NP-indu
lysosome morphology 

XI.1) Quantification of NP uptake 

First, we first investigated the e
NPs. In agreement with previous re
that macropinocytosis plays a rol
pathway, as in Figure SI-IV.1 
macropinocytic cup which wraps ar
of Au NPs. However, studies on up
NPs with similar surface chem
dominant via caveolin-mediated endo

In order to trace the intracel u
NPs, green fluorescent protein
lysosomal associated protein 1 
expressed in HUVECs and HeL  
simultaneous live-imaging o  
fluorescence-labeled NPs [22].  

HeLa cells (2500 cells/per wel
HUVECs (5000 cells/per well, in 20
to μ-Slide 8 well-ibiTreat chambers
Ibidi, Germany) and incubated ove
Next, the cells were transfected
lysosome-GFP (Molecular Probes, 
#C10596), 1 μL and 2 μL per we  
HUVECs, respectively. After 24 h
mounted into a portable microscope
(PeCon, Germany) on the CLSM to 
imaging at 37 °C and 5 % CO2. A
NPs were added (cNP = 25 - 100 nM)

15 

ted filopodia Nfiolo, the 
, the average filopodia 
occupied by filopodia 

 as determined by data 
ence of the  Au NPs 

ted as mean ± SD for 3 

cle uptake and 

ake 

duced changes in 

e endocytosis of Au 
 reports we assume 
role in the uptake 
 one can see a 

 around an assembly 
uptake of bigger Au 
emistry showed a 
ndocytosis [27]. 
lular location of the 
tein (GFP)-labeled 
1 (LAMP1) was 

a cells to allow for 
f lysosomes and 

ell, in 200 μL) or 
 200 μL) were added 
ers (1 cm2 per well, 
ver night at 37 °C. 

ted with CellLight 
s, life technologies, 
ll for HeLa cells and 

h the µ-slide was 
pe incubator system 
to allow for live cell 
. After equilibration 
M) and imaging was 

started using an Apochromat 6
objective. For each concen
(2800 µm², approx. 30-50 cell
lateral sampling frequency o  
1 AU) and a temporal resolution
position was adjusted to be

substrate. GFP was excited at 

emission was detected between 
(band-pass, green channel). Flu

were excited at λex = 543 nm 

were gated using a long-pa s 
filter (red channel). From the
series the NP intensity inside 
NPs) was calculated: For each t
position the fluorescence signa
lysosomes (green channel) w
signal derived from the NPs (
Thereto the green channel conta
lysosomes was carefully thre
median-filtering to remove bac
the signal was binarized by
intensities above zero to 1. Subs
mask was deconvolved w th
containing the NP intensities (
words, only the NP signal at 
with lysosomes was considered
resolution of a CLSM almost a
not originating from NPs being
associated with LAMP1 is su
each time point the mean of the
INP(lyso) was calculated and 
(Figure SI-XI.2). 

Figure SI-XI.1: Confocal microg
series showing parts of a HUVEC
to NPs for 16 h at cNP = 50 nM. (
lysosomes is used to create a mask.
fluorescence labeled NPs. (c) Mas
signal. (d) Mean intensity INP(ly
lysosomal mask. The scale bar corr

Although the absolute inten
compared for HUVECs an  
uptake by HUVECs is much h
HeLa cells, cf. Figure SI-XI.3
the different uptake/transport k
HUVECs and HeLa cells. Reg
largest fraction of NPs is trans
within the first 4 hours of incu

t 63x/1.40 Oil DIC M27 
entration 10 positions 
ells) were imaged at a 
f 140 µm (pinhole size: 

tion of 45 min. The focus 
be 0.5 µm above the 

at λex = 488 nm and the 

en λem = 505 and 530 nm 
luorescence-labeled NPs 

m and emitted photons 

ss filter at λem = 560 nm 
he obtained time image 
e lysosomes (density of 
h time point and for each 
nal originating from the 
was used to mask the 

s (red channel) spatially. 
ntaining the signal of the 
hresholded followed by 
background noise. Then, 
by adjusting all pixel 

ubsequently, the obtained 
ith the related image 

s (red channel). In other 
at positions colocalizing 
ed. Due to the high axial 
st all NP-signal which is 
i g present in structures 

 suppressed. Finally for 
 the masked NP intensity 
nd plotted versus time 

 
rographs of a time lapse 
C which has been exposed 
. (a) The signal of stained 

sk. (b) Shows the channel of 
ask based on LAMP1-GFP 
(lyso) of NPs inside the 

orresponds to 10 µm. 

tensity values cannot be 
d HeLa cells (the total 
h higher as compared to 

3), the results highlight 
t kinetics of the NPs in 
egarding HUVECs, the 

ansported into lysosomes 
cubation, while in HeLa 
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cells the lysosomal enrichment t
linearly. 

HUVEC 

Figure SI-XI.2: Mean NP-intensity 
inside lysosomal structures at different
cNP = 25, 50 and 100 nM. INP(lyso) is 
average lysosomal Au NPs density. The
comparable between HUVECs and HeLa
rate of HeLa cells was much lower. 

HeLa cells (3000 cells/per wel
HUVECs (6000 cells/per well, in 20
to 8 well μ-Slide chambers (1 cm
Germany, #80826) and incubated ov
Next, the cells were incubated with A
100 nM for 24 h at 37 °C and 5 % C
then fixed for 20 min in 4 % parafo
which the cells were washed 3 ti
balanced salt solution (HBSS). Cell
Wheat Germ Agglutinin (WGA
conjugate (Molecular Probes, Life te
#W11261) solution (15 µg/mL 
minutes. Then the cells were washed
followed by 2 times in PBS. Nex
permeabilized (5 mg/mL glycine, 
#3908.1), 0.5 mg/mL saponi  
#S7900) in PBS for 5 min and incu
solution (PBS with 2 % BSA (bovin
Jackson ImmunoResearch Labora
161)). Afterwards, the cells were 
anti-LAMP-1 antibodies (Develo
Hybridoma Bank, USA, #H4A3) at
overnight. Then, the cells were wa
with PBS and stained with 1.25 
antibody DyLight 649 donkey anti-
antibody (Jackson ImmunoResea
#715-495-150) at 37 °C for 30 mi
cells were stained with 50 μM D
Probes, life technologies, #D1306) 
5 min at room temperature. Cells w
three times with PBS and stored i  
at 4 °C, followed by analysis using a

Images were recorded using a 
20x/0.8 M27 objective and a pinho
four airy units (AU). The foc
determined automatically 3 µm abov
each position. The emission of D
was detected using a 420-49
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 takes place more 

HeLa 

 
y INP(lyso) measured 
ent NP concentrations 
is proportional to the 

The intensities are not 
eLa cells as the uptake 

ell, in 200 μL) or 
 200 μL) were added 
m2 per well, Ibidi, 
 over night at 37 °C. 
h Au NPs at cNP = 0-
 CO2.The cells were 

aformaldehyde, after 
 times with Hank’s 
lls were stained with 
GA)-AlexaFluor 488 
 technologies, USA, 
in HBSS) for 15 
ed 2 times in HBSS, 
ext, the cells were 

e, Roth, Germany, 
n (Sigma-Aldrich, 
cubated in blocking 
vine serum albumin, 
oratories, #001-000-
stained with murine 

elopmental Studies 
 at 2 µg/mL at 4 °C 
washed three times 

 μg/mL secondary 
-mouse IgG (H+L) 

earch Laboratories, 
nutes. After that, the 
 DAPI (Molecular 

 and incubated for 
s were then washed 
in 200 μL PBS/well 

g a CLSM.  
a Plan-Apochromat 
hole-size of around 
cus position was 

ove the substrate for 
API (λex = 405 nm) 

490 nm band-pass, 

AlexaFluor 488 was excited at λ
was detected at λem = 525 (
band-pass filter). DyLight 649
633 nm and emission was filtere
long-pass. Around 500 - 1000 
condition. 

The data shown in Figure S
internalized Au NPs accumul
The number of internalized NPs
in average integrated fluorescen
NP-signal in one cell, cf. § VIII
SI-XI.3. 

HUVEC 

Figure SI-XI.3: Integrated flu
internalized Au NPs per cell (INP). 
as normalized probability distrib
median ± lower/upper quarti
 1000 cells/condition. 

XI.2) Assessment of NP-induce
morphology  

Eventually, we investigated 
on the morphology of the 
lysosomal fraction). The fraction
cells, which is occupied by lys
example is given in Figure 
amount of lysosomes in 
fluorescence Ilyso per cell was 
SI-XI.4. 

t λex = 488 nm. Emission 
with a 40 nm bandwidth 
49 was excited at λex = 
ered using a λem =650 nm 

 cells were imaged per 

 SI-XI.1 suggest that the 
ulate inside lysosomes. 
Ps per cell (as measured 

cence intensity INP of the 
III.4) is display in Figure 

HeLa 

 

fluorescence intensity of 
). The results are presented 
tributions (first row) and 
rtile for 500 -

ced changes in lysosome 

ed the effects of Au NPs 
e lysosomes (§ VIII.3, 

tion of the area within the 
lysosomes Alyso/Acell (an 
SI-VIII.4) as well as the 
 terms of lysosome 
s determined, cf. Figure 
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HUVEC 
Lysosomal fraction Lyso

HeLa 
Lysosomal fraction Lyso

Figure SI-XI.4: Fraction of cross sectio
lysosomes Alyso/Acell, as derived by div
area (yellow stain in Figure SI-VIII.4) 
each cell (red stain in Figure SI-VIII
amount of lysosomes per cell as de
fluorescence intensity Ilyso is depicted
presented as normalized probability dist
and median ± lower/upper quart
 1000 cells/condition. 

In an additional set of data 
lysosome swelling, i.e. the change i
of the lysosomes upon exposure to 
was performed at higher magnifica
Apochromat 63x/1.40 Oil DIC M2
lateral sampling frequency of 90 n
XI.5 and Figure SI-XI.6 images 
different exposure concentrations cN

HUVECs as well as for HeLa cells. 
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sosomal intensity 

 

sosomal intensity 

ction area occupied by 
dividing the lysosome 
) by the total area of 

III.4). In addition, the 
determined by their 

ted. The results are 
istributions (first row) 
artile for 400 -

ta we investigated 
e in size distribution 
to Au NPs. Imaging 
cation, using a Plan-

27 objective and a 
nm. In Figure SI-

s were obtained at 

NP are displayed for 
 

Figure SI-XI.5: Change in ly
HUVECs exposed to cNP = 1-100 n
10 μm). 

Figure SI-XI.6: Change in lysoso
cells exposed to cNP = 1 - 100 nM
10 μm). 

 

 
lysosome morphology of 
nM of Au NPs (scale bar: 

 
some morphology of HeLa 
nM of Au NPs (scale bar: 
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The average area of an individua

shown for the different NP concen
SI-XI.7. It can be seen that lysoso
increase of lysosome size upon
concentrations, is very intense in H
change of lysosome morphology  
HeLa cells. Therefore, the increas
occupied by lysosomes Alyso/Ac

Figure SI-XI.4 has more relevanc
morphology changes of the lyso
organelles is an important function
Therefore, the change in lysosome o
should be also a reflection of cytos
cf. § XIII. 

HUVEC 

Figure SI-XI.7: Size of individual lyso
are presented as median (o) ± lower/
1800-4000 lysosomes/condition. The 
represented as crosses (+). 

XII) Analysis of the morph
mitochondria 

We also investigated the effect
mitochondrial morphology. 
morphology is a very sensitive para
stress. In order to image indiv
green fluorescent protein GFP-la
pyruvate dehydrogenase was exp e
and HeLa cells, to allow for si
imaging of mitochondria and flu
NPs. 

HeLa cells (2500 cells/per wel
HUVECs (5000 cells/per well, in 20
to 8 well μ-slides (1 cm2 per well,
#80826) and incubated over night a
cells were transfected with CellLig
GFP (Molecular Probes, Life
#C10600), 1.5 μL and 3 μL reagent 
cells and HUVECs, respectively. A
cells were incubated with Au NPs at
for 24 h at 37 °C and 5 % CO2. Th
fixed for 20 min in 4 % paraformalde
they were washed three times with
stored in 200 μL PBS/well at 4
analysis using a CLSM. The fluoresc

excited at λex = 488 nm. Emission 

λem = 52 (40 nm bandwidth band-pa
performed using a Plan-Apochromat
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ual lysosome Alyso is 
entrations in Figure 
osome swelling, i.e. 
on increasing NP 

n HUVECs, but the 
is not so obvious in 
ase of the fraction 

ell as displayed in 
ance for indicating 
sosome. Anchoring 
ion of cytoskeleton. 
e occupation fraction 
toskeletal disruption, 

HeLa 

ysosomes. The results 
er/upper quartile for 
 mean values are 

phology of the 

ects of Au NPs on 
 Mitochondrial 
arameter for cellular 
idual mitochondria, 
labeled E1 alpha 
ressed in HUVECs 
simultaneous live-

fluorescence-labeled 

ell, in 200 μL) or 
 200 μL) were added 
ell, Ibidi, Germany, 
t at 37 °C. Next, the 
Light Mitochondria-
ife Technologies, 

nt per well for HeLa 
 After 24 hours, the 
 at cNP = 0 - 100 nM 
Then, the cells were 
ldehyde, after which 
ith PBS. Cells were 
4 °C, followed by 
escence of GFP was 

on was detected at 

pass). Imaging was 
at 63x/1.40 Oil DIC 

M27 objective and a lateral 
30 nm. 

Figure SI-XII.1: Mitochondria 
HUVECs after Au NP-treatment at
cNP. (Scale bar: 5 μm) 

Figure SI-XII.2: Mitochondria mo
cells after Au NP-treatment. (Scale 

In the HUVECs the mitocho
like structures in the contro  g
exposure) and at low concentr
Figure SI-XII.1. With an inc
concentration the morphology
changed from polliwog-like st
and finally to small spots. This c
factor Fmito, which would b  
mitochondria had perfect spher
the HeLa cells, the mitochon
exposure to low NP conce

l sampling frequency of 

 
a morphology change of 
t at different concentrations 

 
orphology change of HeLa 

le bar: 5 μm)  

chondria are long thread-
l group (i.e. without NP 
ntrations of Au NPs, cf. 
increase of the Au NP 
gy of the mitochondria 
 structures to large dots 
is can be seen in the form 
e equal to 1 in case the 
erical shape. Looking at 
ondria without or with 
centrations are longer, 
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however, not as long as the o e
observed in HUVECs. Thread and p
co-exist in the control group and cel
concentrations of Au NPs, cf. Figu
mitochondria become smaller and 
increase of the Au NPs concentrati
change of mitochondria morphology
in HUVECs than in HeLa cells, th
more sensitive at low NP con
mitochondria begin to become roun
at cNP = 6.2 nM in HUVECs, but i
change starts already at concentra
cNP = 3.1 nM, cf. Figure SI-XII.3. 

HUVEC 
Form factor Zer
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nes which can be 
 polliwog structures 

cells exposed to low 
igure SI-XII.2. The 
d smaller with the 

ration. Although the 
ogy is more obvious 
, the latter ones are 
concentrations. The 
ound-shaped already 
t in HeLa cells, the 
trations as low as 

ernike 0th order 

 

HeLa 
Form factor 

Figure SI-XII.3: Geometrical fe
upon exposure to Au NPs. The r
normalized probability distribut
median ± lower/upper quarti
5000 mitochondria/condition (seco
the ratios of the corresponding va
were derived from the probability d

XIII) Analysis of the m
cytoskeleton 

XIII.1) Assessment of change

XIII.2) Assessment of 
morphology 

XIII.3) Assessment of focal a

The cytoskeleton provides su
cell and anchors the organelle
place. It also helps in moveme
out of cells. Once the solid Au
and accumulate in cells, they m
space and therefore the cytoske
We investigated the change o  a

XIII.1) Assessment of change  

HeLa cells (3000 cells/per 
HUVECs (6000 cells/per well, i
to 8 well μ-Slide (1 cm2 per 
#80826) and incubated over nig
cells were incubated with Au N
for 24 h at 37 °C and 5 % CO
fixed for 20 min in 4 % paraf
the cells were washed with PBS

Zernike 0th order 

 features of mitochondria 
e results are presented as 
butions (first row) and 
rtile for 1700-
cond row). In the last row 
 values at the dotted lines 
y distributions. 

morphology of the 

nges in actin morphology 

 changes in tubulin 

l adhesions 

s support and shape to the 
elles to their designated 
ment of materials in and 
Au NPs are endocytosed 
 may occupy significant 
keleton may be affected. 
f actin and tubulin fibers.  

s in actin morphology  

er well, in 200 μL) or 
ll, in 200 μL) were added 
r well, Ibidi, Germany, 
night at 37 °C. Next, the 
 NPs at cNP = 0 - 100 nM 
O2. The cells were then 

ormaldehyde, after which 
BS for 3 times. Next, the 
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cells were permeabilized with 5 mg/m
Germany, #3908.1) and 0.5 mg/m
Aldrich, #S7900) in PB for 5 m
incubation in blocking solution (
(Jackson ImmunoResearch Labora
161)). Then, the cells were sta
AlexaFluor 488-phalloidin (Molecu
technologies, USA, #A12379) and i
temperature for 20 min. After th
stained with 50 μM DAPI (Molec
technologies, #D1306) and incuba
room temperature. The cells were 
with PBS and stored in 200 μL P
followed by analysis using a CLSM
DAPI (λex = 405 nm) was detecte  
 490 nm band-pass. The 
AlexaFluor 488-phalloidin was 
λex = 488 nm. Emission was detected
(40 nm width band-pass). Imaging
using a Plan-Apochromat 20x/0.8
Actin texture features were calcul
§ VIII.3 with a correlation length  

Figure SI-XIII.1: Actin morphology c
under different concentrations of Au
20 μm). Blue channel: nuclei, red chan
channel: actin fibers. 

20 

g/mL glycine (Roth, 
L saponin (Sigma-
min, followed by 

PBS with 2 % BSA 
oratories, #001-000-
ained with 165 nM 
cular Probes, Life 
d incubated at room 
that, the cells were 
lecular Probes, life 
bated for 5 min at 
 washed three times 

PBS/well at 4 °C, 
M. The emission of 

d using a λem = 420 -
fluorescence of 

s excited at 
ted at λem = 525 nm 
ing was performed 
0.8 M27 objective. 
lated as described in 
of 1.8 µm. 

 
change of HUVECs 

Au NPs (scale bars: 
annel: Au NPs, green 

Figure SI-XIII.2: Actin morpholo
under different concentrations o
20 μm). Nuclei are shown in blue, 
fibers in green. 

In the HUVECs, with incre
Au NPs, the long thread like 
partially lost, and more and m
appeared, cf. Figure SI-XIII.1.
actin texture change, we found
texture contrast increased afte
which is correlated with an 
structures and a decrease of th
HUVECs (cf. Table SI-VIII.5 
is different with HeLa cells. In 
of dot-like structures was not o
XIII.2). Here the texture vari n
NP treatment. This is correlated
actin fibers becoming smoo
treatment. In HeLa cells, the edg
significantly, i.e. the edge of the
in the control group (cNP = 0 nM
tightly connect the neighboring
became smoother after Au 
involves that the cells might 
communications with each othe
NPs. In addition, round-shaped 
narrow after Au NPs treatmen
the adhesion of the cells to the
tight anymore after exposure
intracellular numbers of non-de
are clustered in endosomal 
located in the perinuclear r
microtubule organizing cente  
may hinder existing or new
structures. 

 
logy change of HeLa cells 

 of Au NPs (scale bars: 
e, Au NPs in red, and actin 

creasing concentration of 
e structure of actin was 

 more dot-like structures 
. From the analysis of 

nd that in HUVECs the 
after Au NP treatment, 
an increase of dot-like 
 thread-like structures in 
 Figure SI-XIII.3). This 

In this case the appearing 
t observed, cf. Figure SI-
iance decreased after Au 
ted with the cell surface 
oother after Au NP 

edge of the cells changed 
 the cells was “kiwi”-like 
nM), and the actin fibers 
ng cells. The cell surface 
u NP treatment. This 
ht lose connection and 

ther after exposure to Au 
ed cells became long and 
ent, which suggests that 
the culture dish is not as 
ure to Au NPs. High 
degradable solid Au NPs 
l structures, which are 
 region and near the 
r, cf. § IX. Thus the NPs 
ly forming cytoskeletal 
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HUVEC 
Texture contrast Text

HeLa 
Texture contrast Text

Figure SI-XIII.3: Change of actin textu
Ttub,cont, correlation Ttub,corr) upon expo
NPs. The results are presented as nor
distributions (first row) and median ± l
for 600 - 1000 cells/condition. 

XIII.2) Assessment of changes in tub

HeLa cells (3000 cells/per wel
HUVECs (6000 cells/per well, in 20
to 8 well μ-Slide chambers (1 cm
Germany) and incubated over nig  
cells were incubated with Au NPs at
for 24 h at 37 °C and 5 % CO2. 
fixed for 20 min in 4 % paraformalde
the cells were washed with PBS for 
cells were permeabilized (5 mg
Germany, #3908.1), 0.5 mg/mL 
Aldrich, #S7900) in PBS) for 5 m
blocking solution (PBS with 2 %
ImmunoResearch Laboratories, #00
cells were stained with goat a
antibody (abcam, UK, #ab18251) at
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exture correlation 

 

exture correlation 

ture features (contrast 
posure of cells to Au 
ormalized probability 

± lower/upper quartile 

tubulin morphology  

ell, in 200 μL) or 
 200 μL) were added 
cm2 per well, Ibidi, 
ht at 37 °C. Next, the 
 at cNP = 0 - 100 nM 
Then, the cells were 
ldehyde, after which 
or 3 times. Next, the 
/mL glycine (Roth, 
 saponin (Sigma-
in and incubated in 
% BSA (Jackson 

#001-000-161)). The 
 anti-alpha tubulin 
 at the concentration 

of 1 µg/mL at 4 °C overnight.
washed three times with B
20 μg/mL secondary antibody 
goat anti-rabbit IgG (H+L) 
Probes, Life technologies, USA
for 30 minutes. After that, the c
times with PBS and stored in
4 °C, until they were analyzed
fluorescence of AlexaFluor 4

λex = 488 nm. Emission was de
(40 nm width band-pass). Im
using a Plan-Apochromat 63x
objective and a lateral sampling
Tubulin texture features were c
in § VIII.3 with a correlation 

Figure SI-XIII.4: Tubulin morpho
under exposure to different concen
bars: 20 μm) 

ht. Then, the cells were 
PBS and stained with 

dy (Ab) AlexaFluor 430 
) antibody (Molecular 
SA, #A11064) at 37 °C 

e cells were washed three 
 in 200 μL PBS/well at 
zed using a CLSM. The 

488 was excited at 

detected at λex = 525 nm 
Imaging was performed 
63x/1.40 Oil DIC M27 
ing frequency of 200 nm. 
e calculated as described 
length of 1.2 µm. 

 
hology change of HUVECs 
entrations of Au NPs (scale 
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Figure SI-XIII.5: Tubulin morphology ch
under Au NP-treatment (scale bars: 20 μ

In HUVECs we found a clea
network at high Au NP concentrati
XIII.6. The tubulin fibers are comp
the control group (cNP = 0 nM), b t
found in cells treated with cNP = 1
cells, the tubulin network was ori
arranged in the control (cNP = 0 
concentrations of Au NPs. Upon
concentrations the tubulin network 
long. The deformation of the acti
more serious than the one of the 
suggesting that the actin fibers are 
the NP-induced deformations, cf. § X

HUVEC 
Texture contrast Text
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 change of HeLa cells 
μm) 

lear loss of tubulin 
ations, cf. Figure SI-
mpactly arranged in 
ut big holes can be 
100 nM. In HeLa 

originally circularly 
 nM) and at low 

pon increasing NP 
rk became thin and 
ctin cytoskeleton is 
he tubulin network, 
re more sensitive to 

XIV. 

exture correlation 

 

HeLa 
Texture contrast 

Figure SI-XIII.7: Change of t
(contrast Ttub,cont, correlation Ttub,co

to Au NPs. The results are p
probability distributions 
median ± lower/upper quartile for 6

XIII.3) Assessment of focal adh

Focal adhesions are impor
signaling along actin fibers, a d
of contact of the cell cytoskel
located receptors that regulate
reason we performed a co-
network as well as vinculin. 
the Au NPs on focal adhesions
cells were seeded in MatTek gla
culture dishes (MatTek, USA
2·104 cells/dish and allowed to 
were then labeled with the 
 100 nM for 24 h. Then, medi
cells were washed 3 times wit
Then cells were fixed (2 % 
15 min), permeabilized (1 %
15 min), and blocked for 30 m
10 % goat serum (Gibco,
#PCN5000) and 2 % BSA. Ce
with primary antibody in b
anti-vinculin monoclonal A
Cambridge, UK, #ab18058) 
temperature, followed by 1 h 
temperature with seconda
conjugated goat anti-mo
Molecular Probes, life technol
AlexaFluor 546-conjugated p
Probes, life technologies, #
cells were washed three times 
and mounted on microscope 
analyzed by confocal laser 
(LSM710, Zeiss, Germany). F
adhesion areas, confocal imag
were background-corrected, an

Texture correlation 

f tubulin texture features 

,corr) upon exposure of cells 
 presented as normalized 

(first row) and 
r 60 - 150 cells/condition. 

dhesions 

ortant mediators in cell 
nd represent the integrity 

keleton with cell surface 
lates signaling. For this 

-staining of the actin 
To analyze the effects of 
ons, HUVECs and HeLa 
 glass bottom microscopy 
A, #P35G-1.5-10-C) at 
to settle overnight. Cells 
e Au NPs at cNP = 0 -
edia were removed, and 
with PBS (500 µL/dish). 

 paraformaldehyde for 
% Triton X-100 for 
min in PBS containing 

co, life technologies, 
ells were then incubated 
locking solution: mouse 
Ab (1:200, Abcam, 

) for 2 h at ambient 
h incubation at ambient 
dary AlexaFluor 488-
use antibody (1:250, 
nologies, #H32720), and 

phalloidin (Molecular 
A22283). Subsequently, 
s with blocking solution 
e slides prior to being 
r scanning microscopy 
. For analysis of focal 
ages displaying vinculin 
 and thresholded. Focal 
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adhesions were identified and the to
were calculated for 40 cells per con
shown in Figure SI-XIII.8 and Figure

Figure SI-XIII.8: Confocal microscopy 
treated with Au NPs at the indicated
24 h. Cells were then stained for F-actin
(green). Scale bars: 25 µm. 

Figure SI-XIII.9: Confocal microscop
cells treated with Au NPs for 24 
concentrations cNP. Cells were then stain
and vinculin (green). Scale bars: 25 µ

For HUVECs, the overall size o
(as determined in the area of vinculi
much higher and the effects are muc
and significant at higher NP c
compared to HeLa cells, cf. Figure
HeLa cells, only minor effects can
higher NP concentrations, the total v
per cell goes down. These results in

23 

e total areas per cell 
ondition. Images are 
ure SI-XIII.9. 

 
py images of HUVECs 
ed concentrations for 
ctin (red) and vinculin 

 
copy images of HeLa 
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XIV.2) Polymerization of cytoskelet
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Figure SI-XIV.3: Normalized emission I(t) of pyrene-
conjugated actin (λex = 355 nm, λem = 410), indicating the 
amount of polymerized fibers upon addition of Au NPs at 
cNP = 0 - 100 nM. 

The data presented in Figure SI-XIV.3 show that 
the presence of high Au NP-concentration slightly 
affected the polymerization process of actin. This is 
probably due to the binding of actin monomers to the 
Au NPs, hampering actin polymerization. These 
results correlate with the changes in actin morphology 
of HUVECs and HeLa cells exposed to high 
concentrations of Au NPs (cf. Figure SI-XIII.1 and 
Figure SI-XIII.2). For quantitative evaluation the I(t) 
values were from Figure SI-XIV.3 were fitted with the 
following function: I(t) = 1 - exp(-kact ·  t), with the 
actin polymerization rate kact as fit parameter. The NP-
exposure dependent actin polymerization rate is 
shown in Figure SI-XIV.4. 

 
Figure SI-XIV.4: Actin polymerization rate kact during actin 
growth in the presence of Au NPs at indicated 
concentrations cNP. 

It can be stated that Au NPs influence the actin 
polymerization growth phase, since different 
maximum slope values are shown in Figure SI-XIV.3. 
The higher the Au NP concentration in the media, the 
higher the obtained kact. No influence was observed on 
the other process phases. 

The effect of Au NPs on tubulin fiber 
polymerization was investigated using the Tubulin 
Polymerization Assay Kit (Cytoskeleton Inc., USA, 
#BK006P). Tubulin polymerizes forming 
microtubules. During the polymerization process, 
fluorescence is increased due to the incorporation of a 
fluorescent dye into microtubules. Au NPs may alter 
any of the three phases of polymerization described 
earlier. During polymerization, fluorescence is 
increased due to the incorporation of a fluorescent 
reporter dye into microtubules. Au NPs may alter any 
of the three phases of polymerization.  

As positive control, the anti-mitotic drug paclitaxel 
was used at a final concentration of 0.03 mM in Milli-
Q water, since this compound removes the nucleation 
process (phase I) and enhances the maximum slope of 
the growth phase (phase II). In addition to this, 5 mM 
CaCl2 solution in working buffer was used as negative 
control, since the calcium inhibits tubulin 
polymerization. First, a 96 well plate was pre-warmed 
to 37 °C. 972 µL of buffer 1, composed of 80 mM 
piperazine-N,N'-bis[2-ethanesulfonic acid] 
sequisodium salt, 2 mM MgCl2, 0.5 mM ethylene 
glycol-bis(b-amino-ethyl ether) N,N,N',N'-tetra-acetic 
acid, pH 6.9, and 10 µM fluorescence reporter were 
mixed with 448 µL of the tubulin glycerol buffer, 
composed of 80 mM piperazine-N,N'-bis[2-
ethanesulfonic acid] sequisodium salt, 2 mM MgCl2, 
0.5 mM ethyleneglycol-bis(b-amino-ethyl ether) 
N,N,N',N'-tetra-acetic acid in 60 % v/v glycerol at 
pH 6.9. Quickly, 17.7 µL of 100 mM guanosine 
triphosphate (GTP), required for tubulin 
polymerization, dissolved in Milli-Q water, and 
340 µL of 10 mg/mL tubulin stock solution in buffer 1 
were added to the previous mixture. The obtained 
“Tubulin Reaction Mix” was placed on ice to avoid 
the start of the reaction at room temperature. 

Once prepared, 5 µL of the Au NPs samples at a 
10x concentration (0-1 µM) were added to their 
respective wells, leading to final NP concentrations 
cNP = 0 - 100 nM. Paclitaxel and CaCl2 solutions were 
also added in control wells. Then, the plate was placed 
at 37 °C for 1 min. After this, 50 µL of the Tubulin 
Reaction Mix were added to every well of the plate 
and fluorescence emission I(t) (λex = 360 nm, 
λem = 420 nm) was recorded at a temporal resolution 
of 60 s for 2 h. Normalized results are shown in Figure 
SI-XIV.5. 
 

 
Figure SI-XIV.5: Normalized emission I(t) of the tubulin 
polymerization process (λex = 360 nm, λem = 420 nm). The 
reaction starting point values have been taken for 
normalization. C+ is the positive control (paclitaxel), and 
C- is the CaCl2 solution acting as negative control. 

Obviously, Au NPs do not only clearly inhibit 
tubulin polymerization in the growth phase (phase II), 
but also influence the steady state phase (phase I). The 
increase in Au NP-concentration leads to a diminution 
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of the maximum slope of the mic o
and thus, having a clear effect on t
process. For quantification we defin
amount of polymerized 
Ntub = I(cNP, t = 110 min)/I(cNP = 0 nM
as shown in Figure SI-XIV.6. 

Figure SI-XIV.6: Normalized amou
tubulin Ntub after 110 min of reaction in
NPs. C+ is the positive control (paclit
CaCl2 solution acting as negative contro

The tubulin polymerization pro
inhibited as the concentration o
increased, indicating Au NPs m
microtubules. This correlates with t
big holes among the tubulin networ
HeLa cells at high concentration of A
SI-XIII.4 and Figure SI-XIII.5).  

XV)  In vivo cytotoxic effects us
model 

To assess the developmental ha
the Au NPs in vivo, a toxicity s
embryo was carried out. For t
sterile NPs in water were diluted
(5 mM NaCl, 0.17 mM KCl, 
0.33 mM MgSO4) to form a 1:10 se
corresponding to cNP = 700, 70, 7, 0.
At 4 hours post fertilization, 
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embryos were transferred to individ
well plate with 100 μL of the prepa
dilutions [28]. Exposure plates were
evaporation and wrapped with al
photoprotection. The dilution se
duplicated on each plate (colum  
columns 7-12) and 2 plates were 
compound. Thus, 32 embryos were
concentration. The static exposures w
28 °C until 24 hours post fertiliza
developmental progress, mortality, a
tail flexion were assessed. At 120 h
assessed for their photo-induced lo
and their escape response to a gen
blunt probe to the head and tail regio
euthanized by ricaine overdose 
mortality and morphological 
malformation statistics, only embry
until 120 hpf were included. 2
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trol. 
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 of Au NPs was 
 might destabilize 
h the appearance of 
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f Au NPs (cf. Figure 

 using a zebrafish 

 hazard potential of 
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he experiments the 
ted in E3 medium 
 0.33 mM CaCl2, 
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zebrafish embryo 
matically, and the 
idual wells of a 96-

pared test compound 
ere sealed to prevent 

aluminum foil for 
series above was 

ns 1-6 duplicated in 
re run for the test 
ere exposed to each 
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hpf, embryos were 

 locomotor activity 
gentle touch with a 
gion. Then they were 
e and scored for 
malformations. For 
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22 morphological 

endpoints were evaluated [29, 
NPs was not associated with alt
24 hpf photo-response test as 
Figure SI-XV.1. 
 
a) 

 

b) 

cNP [nM] 0 0. 07 0.7 

Baseline 
phase 1 0.425 0.464 

Excitatory 
phase 1 1 0.586 0.889 

Excitatory 
phase 2 1 1 1 

Refractory 
phase 1 1 1 

 

Figure SI-XV.1: Photo-induced 
associated with Au NPs exposur
indicates the time of a single brigh
y-axis values are a unit less index o
recorded as pixel changes between
Embryos were placed 1 per well 
values indicate significant 
P < 0.01(Kolmogorov-Smirnov test
time from the vehicle (E3 medi
significant differences from the
observed. Dead or malformed e
excluded from the analysis. 

Figure SI-XV.2: Total locomotor 
swim distance dswim under light/da
in 5 days post fertilization (dpf) 
6 hpf to 5 dpf to a Au NPs. Data
Mann-Whitney Rank Sum compar

9, 30]. Exposure to Au 
altered activity in the the 
s it can be observed in 

7 70 700 
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0.211 0.209 0.0000315 
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1 1 1 
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 embryos at 24 hpf were 
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treatment and control in each phase of 
= acclimation, minutes 6-10 = visib
11 - 20 = dark (IR light), minutes 21-25
threshold for statistical significance was
highest dose was reported because no o
significantly affected in the dose range u

Other concentrations were not
behavioral abnormality at 120 h f.
NPs was not significantly associated
any morphological abnormality, cf.  

The results indicate that the A
overtly toxic in the developmental z
reported laboratory conditions and p
the exception of the hyperactivity ob
the hazard potential of this compou
low.  

Figure SI-XV.3: Endpoint inci
presence/absence data) across all 24 re
as stacked points, one point per observ
or above the threshold for statistical bi
would appear in red. The control
morphological and touch respons
insignificant and within the 10 % 
significant responses were associated w
NPs. Endpoint Key: Yolk sac edema (Y
(AXIS), eye defect EYE), snout malfo
malformed (JAW), ear malformed (
edema (PE), brain malformed (BRAI), m
(SOMI), caudal fin defect (CFIN), pecto
(PFIN), circulation slower/faster or l
normal (CIRC), pigmentation abnorma
length shorter than normal (TRUN), 
present or not inflated (SWIM), no
otherwise abnormal (NC), and respon
gently touched to head or tail region wi
escape response (TR). 
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In vivo integrity of polymer-coated
gold nanoparticles
Wolfgang G. Kreyling1*, Abuelmagd M. Abdelmonem2, Zulqurnain Ali2†, Alexander Wenk1,
Frauke Alves3,4, Marianne Geiser5, Stephanie Hirn1†, Raimo Hartmann2, Karsten Kantner2,
Nadine Haberl1†, Dorleta Jimenez de Aberasturi2,6,7, Gülnaz Khadem-Saba1†, Jose-Maria Montenegro2†,
Joana Rejman2, Teofilo Rojo6, Idoia Ruiz de Larramendi6, Roser Ufartes3 and Wolfgang J. Parak2,7*Q1

1 Inorganic nanoparticles are frequently engineered with an
2 organic surface coating to improve their physicochemical prop-
3 erties, and it is well-known that their colloidal properties1 may
4 change upon internalization by cells2,3. While the stability of
5 such nanoparticles is typically assayed in simple in vitro
6 tests, their stability in a mammalian organism remains
7 unknown. Here, we show that firmly grafted polymer shells
8 around gold nanoparticles may degrade when injected into
9 rats. We synthesized monodisperse radioactively labelled
10 gold nanoparticles (198Au)4 and engineered an 111In-labelled
11 polymer shell around them5. Upon intravenous injection into
12 rats, quantitative biodistribution analyses performed indepen-
13 dently for 198Au and 111In showed partial removal of the
14 polymer shell in vivo. While 198Au accumulates mostly in the
15 liver, part of the 111In shows a non-particulate biodistribution
16 similar to intravenous injection of chelated 111In. Further
17 in vitro studies suggest that degradation of the polymer shell
18 is caused by proteolytic enzymes in the liver. Our results
19 show that even nanoparticles with high colloidal stability can
20 change their physicochemical properties in vivo.
21 Following internalization by cells, nanoparticles are typically
22 localized inside highly acidic endosomes and/or lysosomes. They
23 are often stabilized by negatively charged groups (such as
24 COO−) with pKa values higher than the low pH values in the
25 endosomes and lysosomes6.Q2 Internalization therefore leads to a
26 loss of charge and, as a consequence, agglomeration7.Q3 A reduced
27 pH can enhance the corrosion of nanoparticles8, resulting in the
28 release of toxic ions, as has been observed with CdSe9,10 and Ag
29 nanoparticles11,12. As well as changing the core properties of nano
30 particles, uptake by cells can also lead to the removal of their surface
31 capping both in vitro, as shown for polymer coated3,13 and
32 dextrane coated nanoparticles14, and in vivo15,16. Intracellular
33 enzymes may degrade the corona of adsorbed proteins2, or may
34 modify the surface chemistry of the nanoparticles17,18. To trace the
35 fate of the different components of a nanoparticle that is, the inor
36 ganic core, the organic surface capping and the protein corona
37 each of these components needs to be labelled individually. To
38 achieve this, we labelled the core and shell of monodisperse Au
39 nanoparticles with radioisotopes5 (Fig. 1) and followed their
40 respective biodistributions in vivo. Equal biokinetics of both

41radiolabels would indicate in vivo stability of the nanoparticles,
42whereas different biodistributions would indicate
43partial degradation.
44Au nanoparticles with 198Au label in their core and 111In in their
45shell were intravenously injected into rats, which were euthanized
46after 1 h or 24 h. Then complete organs of the rats were sampled,
47and the 198Au and 111In radioactivities originating from the different
48organs were measured4,19. The blood contents of the organs and the
49remaining body were calculated according to the methods of Oeff
50and co authors20. Q4Figure 2a d and Supplementary Fig. 25 show
51the quantitatively balanced biodistributions (the sum of all 198Au
52radioactivities and all 111In radioactivities in all organs and
53tissues, the remaining carcass, and the total faecal and urinary
54excretion is 100%). For a detailed analysis of these data, the stability
55of the radioactive labels must be known. The 198Au within a stable
56

197Au matrix resulting from neutron activation of the original gold
57nanoparticles has been shown to dissolve negligibly out of the gold
58nanoparticle cores, in particular after the washing procedure during
59nanoparticle preparation21. Indeed, the gold nanoparticles are vir
60tually insoluble21, so their biokinetics is indicated by the 198Au label.
61By calculating the 111In to 198Au ratio for each organ and tissue
62and each time point, major differences between the retentions of the
63two radioisotopes become evident (Fig. 2e,f ). This differential be
64haviour indicates dissociation and removal of the 111In label from
65the shell of the initial nanoparticle. Q5To investigate the stability of
66the 111In label with respect to its co localization with the polymer
67shell, we performed an auxiliary biokinetics studies in C57BL/6
68mice. Q6Soluble forms of the 111In radioisotope (as free ions) and of
69a complex of 111In with the chelator diethylene triamine pentaacetic
70acid (DTPA) were intravenously injected in order to distinguish the
71biodistribution of the soluble form (111In ions) from the chelated
72form (111In DTPA) and versus the particulate form (polymer
73coated Au nanoparticles with 111In in the polymer shell, Fig. 2c,
74d). By using the same quantitative approach as used for the data
75in Fig. 2, data from Fig. 3 allow for distinguishing whether 111In
76has been released from the Au cores in the form of free ions (that
77is, the shell label is lost) or in the chelated form (that is, as fragments
78from the polymer shell). In the case of the ionic form, 111In is
79rapidly accumulated (time point 3 h) and retained (time point 24 h)
80in the liver (dark grey bars in Fig. 3, Supplementary Fig. 29).
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1 However, in the case of the chelated form, 111In is efficiently
2 excreted by urine (light grey bars in Fig. 3).
3 Most of the 111In administered in particulate form is retained in
4 the liver (Fig. 2c,d). Our data do not indicate whether the In in the
5 liver is still attached to the polymer shell and thus the Au core, or is
6 present in the form of free ions, as in both cases dominant retention
7 occurs in the liver (Fig. 2a,b and dark grey bars in Fig. 3). On the
8 other hand, the In excreted via urine is present in the chelated
9 form, as this is the only efficient pathway for renal excretion (light
10 grey bars in Fig. 3). Thus, in a likely scenario, parts of the
11 polymer shell (with the chelated In) come off the Au cores in the
12 liver, and these fragments are excreted by urine.
13 To probe where the polymer shell begins to separate from its Au
14 core in the liver, where most nanoparticles are found, histology was
15 performed (Fig. 2a d). Au cores with chelated In in their shell
16 (without using radioisotopes) were intravenously administered to
17 rats with the same protocols used for the biodistribution studies in
18 Fig. 2. However, no Au nanoparticles were detected in tissue slices
19 of the liver when imaged with transmission electron microscopy
20 (TEM; Supplementary Figs 30 and 31). To double check these find
21 ings, fluorescence was also used for nanoparticle detection.Q7 For this
22 purpose we used CdSe/ZnS quantum dots (QDs, emission at
23 605 nm) with the organic fluorophore DY636 (Dyomics, emission
24 at 657 nm) in the polymer shell, which have colloidal properties
25 similar to those of Au nanoparticles. The QDs were administered
26 to rats with the same protocol, and tissue slices from the liver were
27 imaged with optical microscopy. Again, no nanoparticle signal
28 (either from the QD core or from the fluorophore labelled shell)
29 could be detected above the autofluorescence background level
30 (Supplementary Fig. 33).Q8 However, although the low nanoparticle
31 doses of 1013 1014 nanoparticles per animal did not allow the
32 observation of individual nanoparticles in the liver slices used for
33 TEM and fluorescence microscopy imaging, inductively coupled
34 plasma mass spectrometry (ICP MS) analyses performed on the
35 entire liver had enough sensitivity to detect the nanoparticles and
36 clearly demonstrated their present in the liver (Supplementary
37 Figs 32 and 35), confirming the data with radiolabelled nanoparticles.

38Knowing, from the detection of radiolabels (Fig. 2a d) and
39ICP MS, that the nanoparticles are in fact dominantly retained in
40the liver, though at concentrations too low to allow for successful
41histology, we attempted to emulate the in vivo behaviour of the
42liver with in vitro investigation on cell lines representing different
43cell types in the liver. We selected Kupffer cells, which are special
44ized stellate macrophages in the liver, and human umbilical vein
45endothelial cells (HUVECs). First, the cellular uptake of polymer
46coated Au nanoparticles and QDs was quantified (by ICP MS) in
47terms of intracellular Au and Cd/Se, respectively. The nanoparticles
48are incorporated by both cell types (Supplementary Fig. 36), and the
49intracellular uptake of Au nanoparticles and QDs is similar (Fig. 4a,b
50and Supplementary Fig. 37). We attribute this to the similar surface
51chemistry of the Au nanoparticles and QDs, although time and con
52centration dependencies differ. Second, the intracellular location of
53the internalized Au nanoparticles and QDs (with a fluorescence
54label in their polymer shell) was determined by confocal microscopy
55via co localization with the lysosomal membrane marker LAMP 1
56(Supplementary Fig. 38). The data demonstrate a time and concen
57tration dependent rise in the localization of both types of nanop
58article in the lysosomes of both HUVECs (Fig. 4c,d and
59Supplementary Fig. 39) and Kupffer cells (Supplementary Fig. 40).
60Thus, our data indicate that nanoparticles retained in the liver are
61localized in the lysosomes of macrophages and of epithelial cells.
62Because of their similar surface chemistry, polymer coated QDs
63show a behaviour similar to that of polymer coated Au nanoparticles.
64Figure 4e shows that incubating polymer coated QDs with a
65DY495 fluorescence label in their polymer shell with different proteo
66lytic enzymes (trypsin, pronase, proteinase 3 and cathepsin G) leads
67to degradation of the polymer shell, as visualized by the removal of
68the integrated fluorescent label from the QDs. Thus, the presence
69of proteolytic enzymes leads to degradation of the polymer shell ‘in
70test tube’. We hypothesized that the proteolytic lysosomal enzymes
71present in endosomes and lysosomes may be responsible for the
72in vitro degradation of the polymer shell. HUVECs and Kupffer
73cells were incubated with polymer coated QDs. Co localization
74analysis of the fluorescence originating from the QD core and the
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Figure 1 | Sketch of double-radiolabelled nanoparticles. Au cores were synthesized in the organic phase by reduction of Au3+, and the resulting
nanoparticles were stabilized by a ligand shell of dodecanethiol. Following neutron activation, some of the Au atoms were converted into the radioactive
isotope 198Au, to form the radiolabelled core. A shell of the amphiphilic polymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl was then wrapped
around the Au core and rendered the nanoparticle water-soluble. DOTA was integrated into the polymer shell and was loaded with In (enriched with the
radioactive isotope 111In, which acted as the shell label). In this way, the nanoparticles core and shell were individually labelled by 198Au and 111In, respectively.
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1 fluorescence originating from the fluorescence of the DY495 label of
2 the polymer shell indicate that after several hours the polymer shell
3 label is partly displaced from the QD label, in agreement with the
4 findings of others3. In the medium, the fluorescence of exocytosed
5 QDs has a lower fraction of QD fluorescence compared to DY495
6 fluorescence, as is found for QDs inside cells that have been analysed
7 after cell lysis. Our data also directly show that intracellular enzymatic
8 degradation of internalized QDs can cause partial removal of either
9 the DY495 labelled polymer shell or the DY495 label, which are
10 subsequently exocytosed (as seen in Fig. 4f).
11 The 24 h biodistribution of the polymer coated 198Au nanopar
12 ticles from the present study (Fig. 2b) is similar to that of 5 nm Au

13nanoparticles coated with triphenylphosphine sulphonate (TPPS) in
14previous studies22,23 (Fig. 5). Q9The protein corona plays a significant
15role in the determination of the biokinetics of the intravenously
16injected Au nanoparticles, so the similar patterns suggest that
17the protein coronas are very similar. For the virtually ‘naked’
18TPPS coated Au nanoparticles it was shown that the coating is
19rather quickly removed in a cellular in vitro assay24. This is in agree
20ment with our findings, in which the polymer coated Au nano
21particles lose parts of their polymer coating in vitro as Q10in vivo.
22Thus, in both cases, the protein corona is formed on a partly
23‘naked’ surface of the Au nanoparticles (that is, a surface partially
24stripped off the original organic coating). Q11This is likely to be
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Figure 2 | Biodistribution of double-labelled nanoparticles. Au nanoparticles (core diameter dc = 4.8 ± 0.9 nm) with a 198Au core radiolabel and a 111In shell
radiolabel were intravenously injected into the tail vein of Wistar–Kyoto rats and their radioactivities were determined in different organs. The graphs show
the quantitative balance (that is, where the sum of all 198Au or 111In radioactivities over all organs and tissues, the remaining carcass and total faecal and
urinary excretion is 100%) of the 1 h and 24 h biodistributions of double-labelled Au nanoparticles. The retentions R, given as mean data (±standard error of
the mean, s.e.m.), are denoted as percent of the total radioactivity for the respective radio-isotope (n = 4 animals per data point). ‘Remainder’ represents
radiolabels found in the rest of the carcass after sampling of organs (for example, soft tissues, skin and skeleton). ‘GIT + faeces’ represents the radiolabels
found in the gastrointestinal tract and in faeces (note that after 1 h no radiolabels were found in faeces). ‘Blood’ represents the total content of radiolabels, as
calculated from the measured content in the blood sample and the estimate of the total blood volume (see Methods). a,b, Biodistribution of the 198Au
nanoparticle core radiolabel at 1 h (a) and 24 h (b). c,d, Biodistribution of the 111In shell radiolabel at 1 h (c) and 24 h (d). e,f, Ratio of 111In shell to 198Au
nanoparticle radiolabel in each organ and tissue at 1 h (e) and 24 h (f). The data show that more 111In shell labels than 198Au core labels were detected in blood,
urine, and GIT and faeces at any time point. Data are also plotted on a linear scale in Supplementary Fig. 25 and listed in Supplementary Tables 1 and 2. Q13
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Figure 4 | Cellular internalization and degradation of polymer-coated Au nanoparticles and QDs by proteases ‘in test tube’ and in vitro. a,b, ICP-MS
analysis of the uptake of Au nanoparticles with In in their polymer shell (a) and polymer-coated CdSe/ZnS QDs by HUVECs (b). The contents of Au, In (a)
and Cd (b) are shown per cell after the indicated incubation times with different nanoparticle concentrations (cNP = 1, 5 and 10 nM). c,d, Lysosomal
enrichment of fluorescence-labelled Au nanoparticles (c) and CdSe/Zn QDs in HUVECs (d). The fluorescence intensity I(lyso) originating from the
nanoparticles is given for different nanoparticle concentrations cNP. e, Ratio I518/I518(0) of the fluorescence intensity of DY495 label released from the shell
around the QDs after 24 h ‘in test tube’ incubation with phosphate buffered saline (PBS, pH 7.4), in the presence of 10% fetal bovine serum (serum), trypsin
(0.05%), pronase (0.2 units/ml), proteinase 3 (0.003 units/ml) and cathepsin G (13 units/ml). The ratio I518/I518(0) was quantified by measuring the
fluorescence I518 of DY495 (@518 nm) of the released DY495 label after separation from the QD core by ultrafiltration, as compared to the original
fluorescence I518(0) of the DY495 label attached to the QDs. f, Ratio of QD and DY495 fluorescence intensities (I605 /I518) for exocytosed QDs and QDs
found inside Kupffer cells (cell lysate). Kupffer cells were incubated with the QDs for 22 h, followed by an additional 3 h incubation after removing the free
QDs from the medium. All data are given as mean values ± standard deviation (s.d.). The data demonstrate partial removal of the polymer shell from the
nanoparticle cores in vitro Q14.
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Figure 3 | Quantitative biodistribution of soluble free 111In ions and 111In–DPTA complexes. a,b, C57BL/6 mice were intravenously injected with free 111In
ions and chelated 111In in the form of 111In–DPTA complexes. Biodistribution was monitored at 3 h (a) and 24 h (b) by measuring the radioactivities of the
different organs. The graph shows the percent retention R of 111In for free (dark grey bars) and chelated (light grey bars) 111In in whole organs and tissues, the
remaining carcass without sampled organs, the GIT and total faeces ‘GIT + faeces’ and urinary excretion. Retentions R are given as mean data (±s.e.m.) and
are denoted as percent of the total radioactivity for the respective radioisotope (n = 4 animals per data point). The data demonstrate that the biodistributions
of 111In ions and of 111In–DPTA chelate complexes are different, in particular in the liver and urine.
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1 the reason behind the similar biodistributions of TTPS and
2 polymer coated nanoparticles.

3 Conclusions
4 Using radio labelled Au cores and polymer shells, we have shown
5 that the polymer shells of polymer coated Au nanoparticles are par
6 tially removed in vitro and in vivo. In vivo, the nanoparticles are
7 mostly retained in the liver, and fragments of the organic shell are
8 excreted through the kidneys. In vitro experiments show that nano
9 particles internalized by HUVEC and Kupffer cells were localized in
10 endosomal and lysosomal compartments. A partial separation of the
11 organic shell from the inorganic core is caused by proteolytic
12 enzymes present in these compartments. We believe in vivo degra
13 dation of the polymer shell is due to similar proteolytic digestion.
14 Our findings indicate that the physicochemical properties and the
15 integrity of nanoparticles can change dramatically following intern
16 alization by cells in vitro and in vivo. This may have potential
17 consequences for drug targeting with nanoparticles.

18 Methods
19 Methods and any associated references are available in the online
20 version of the paper.

21 Received 26 January 2013; accepted 21 April 2015;
22 published online XX XX 2015
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Figure 5 | Quantitative 24 h biodistribution of intravenously injected
coated Au nanoparticles. Data obtained for monodisperse Au nanoparticles
(dc = 5 nm) coated with triphenylphosphine (TPPS) (dark grey bars; data
taken from our previous study22) and of Au nanoparticles (dc = 4.8 ± 0.9 nm)
coated with a DOTA-modified polymer shell (light grey bars; data taken
from Fig. 2b) in Wistar–Kyoto rats. For each time point, the retention R of
the 198Au cores is given in percent (mean ± s.e.m.; n = 4 animals) of the total
radioactivity of each entire animal. The data demonstrate that the
biodistributions of the Au nanoparticles with the two different surface
coatings (TPPS versus polymer coating) are similarQ15 .
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1 Methods
2 Nanoparticle preparation and characterization. Au nanoparticles (core diameter
3 dc = 4.8 ± 0.9 nm, Supplementary Fig. 1) were neutron-activated, leading to
4 conversion of parts of the Au atoms to the gamma-emitting isotope 198Au (ref. 4).
5 The Au cores were coated by an amphiphilic polymer (poly(isobutylene-alt-maleic
6 anhydride)-graft-dodecyl), to which the In chelator 1,4,7,10-tetraazacyclododecane-
7 1,4,7,10-tetraacetic acid (DOTA) had been integrated5. After addition of 111In, the
8 resulting double-labelled nanoparticles had a hydrodynamic diameter of dh = 13 ± 1 nm
9 and a zeta-potential of 46 ± 16 mV (Supplementary Figs 14 and 15). The geometry
10 of the nanoparticles is shown in Fig. 1 (for details see ref. 5). CdSe/ZnS QDs
11 (core diameter of dc = 4.7 ± 1 nm, Supplementary Fig. 3) were synthesized according
12 to the standard protocol. The QDs were coated with the same amphiphilic polymer
13 as the Au nanoparticles, into which organic fluorophores were integrated.
14 The QDs had a zeta-potential of 28 ± 4 mV (Supplementary Fig. 20). For details
15 see ref. 5.

16 Animals. Healthy, female Wistar Kyoto rats (WKY/Kyo@Rj rats, Janvier,
17 8 10 weeks of age, bodyweight of ∼250 g) were housed in pairs in humidity- and
18 temperature-controlled ventilated cages on a 12 h day/night cycle. Rodent diet and
19 water were provided ad libitum. All experiments were conducted under German
20 federal guidelines for the use and care of laboratory animals and were approved by
21 the Regierung von Oberbayern (Government of District of Upper Bavaria, approval
22 no. 55.2-1-54-2531-26-10) and by the Institutional Animal Care and Use
23 Committee of the Helmholtz Center Munich.

24 Nanoparticle administration and animal maintenance in metabolic cages. The
25 entire administration has been described previously4,19. Briefly, the rats were
26 anaesthetized by inhalation of 5% isoflurane until muscular tonus relaxed.
27 Nanoparticle suspensions (50 70 µl, containing 1 10 µg of double-labelled gold
28 nanoparticles) were administered to the animals via intravenous injection into the
29 tail vein, then the rats were kept individually in metabolic cages for separate
30 collection of total urine and faeces.

31 Sample preparation and radio analysis. One hour or 24 h post-injection, rats were
32 anaesthetized and euthanized by exsanguination via the abdominal aorta. Radio
33 analysis was performed on four rats for each time point according to previously
34 published protocols4,23. Briefly, total organs, tissues, body fluids, the remaining
35 carcass, and total urinary and faecal excretions were sampled and analysed
36 γ-spectrometrically4,19. The 198Au or 111In radioactivities of all samples were
37 measured without any further sample preparation by γ-spectroscopy. Small organ
38 and tissue samples were analysed in a lead-shielded, 10 ml well type NaI(Tl)

39scintillation detector, while a lead-shielded, 1 l well type NaI(Tl) scintillation
40detector was used for large samples like the remaining carcass. Compton correction
41was carried out using the gamma acquisition analysis software Genie 2000
42(Canberra Industries). Count rates were adjusted for physical decay and background
43radiation. The 198Au or 111In count rates were calibrated to either a 198Au or 111In
44reference source at a reference date in order to correlate 198Au and 111In
45radioactivities to the numbers and masses of the Au nanoparticles. Samples yielding
46net counts (that is, background-corrected counts) in the photo-peak region-of-
47interest of either the 198Au or the 111In γ-spectrum were defined to be below the
48detection limit when they were less than three standard deviations of the background
49counts of this region-of-interest. While dissecting, no organs were cut and all fluids
50were cannulated when necessary to avoid cross-contamination. We quantitatively
51determined the entire 198Au and 111In doses independently from each other in the
52entire animal by analysing for each radioisotope in each organ and tissue,
53and in the total excretion. Thus, for each radioisotope, a 100% balance of the
54biodistribution was performed.

55Blood correction. The blood contents of the organs and the remaining body were
56calculated according to the findings of Oeff and colleagues20, as described
57previously22,23.

58Calculations and statistical analysis. All calculated data are given as a percentage of
59the relevant integral radioactivity of all samples in each animal with the standard
60error of the mean (s.e.m.) for both radioisotopes.

61Accompanying ‘in test tube’ and in vitro experiments with QDs. To support the
62in vivo observations obtained with polymer-coated Au nanoparticles with double
63radionucleotide labelling, additional ‘in test tube’ and in vitro experiments were
64performed with polymer-coated QDs with double fluorescence labelling (one colour
65for the inorganic nanoparticle core and one colour for the organic polymer shell).
66The QDs had similar geometry, surface chemistry and colloidal properties. ‘In test
67tube’ polymer-coated QDs were incubated with different proteolytic enzymes, and
68the resulting fragments of the DY495-labelled polymer shell/released DY495 were
69separated from the nanoparticles by filtration. The amount of released fluorescence
70label from the polymer coating was quantified with fluorescence spectroscopy. For
71in vitro experiments, HUVECs and Kupffer cells (which are relevant for
72nanoparticles present in the liver) were exposed to polymer-coated QDs labelled
73with different fluorophore labels in their polymer shell. Co-localization experiments
74between the QD core and the polymer shell label were performed. The fluorescence
75spectra of exocytosed QDs and QDs found in cell lysate were compared
76(Supplementary Figs 46 49).

77

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.111

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

Appendix 

 

 
 

  

A-I.102

Raimo
Rechteck

Raimo
Rechteck



Three-dimensional surface reconstruction within
noncontact diffuse optical tomography using
structured light

Kirstin Baum, Raimo Hartmann, Tobias Bischoff, Jan O. Oelerich, Stephan Finkensieper, and Johannes T. Heverhagen
Philipps University Marburg, Department of Radiology, Baldingerstraße, 35043 Marburg, Germany

Abstract. A main field in biomedical optics research is diffuse optical tomography, where intensity variations of the
transmitted light traversing through tissue are detected. Mathematical models and reconstruction algorithms based
on finite element methods and Monte Carlo simulations describe the light transport inside the tissue and determine
differences in absorption and scattering coefficients. Precise knowledge of the sample’s surface shape and orienta
tion is required to provide boundary conditions for these techniques. We propose an integrated method based on
structured light three dimensional (3 D) scanning that provides detailed surface information of the object, which is
usable for volume mesh creation and allows the normalization of the intensity dispersion between surface and
camera. The experimental setup is complemented by polarization difference imaging to avoid overlaying bypro
ducts caused by inter reflections and multiple scattering in semitransparent tissue. © 2012 Society of Photo Optical Instru

mentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.12.126009]

Keywords: diffuse optical tomography; 3 D surface reconstruction; structured light scanner.

Paper 12345P received Jun. 1, 2012; revised manuscript received Nov. 13, 2012; accepted for publication Nov. 13, 2012; published
online Dec. 3, 2012.

1 Introduction

Using light for medical diagnostics and biomedical research has

become increasingly popular over the last decades due to fast

and noninvasive applications without the need for ionizing

radiation.

In the range of near infrared light, the absorption coefficient

of biological tissue components such as oxi/deoxihemoglobin,

melanin, and water decreases. Therefore light can pass several

centimeters through tissues.1 A main field of research in this

area is diffuse optical tomography (DOT). Most DOT systems

detect transmitted light2,3 and analyze the scattering and absorp

tion differences to determine structural changes in tissues.4,5

Interpreting these values with respect to experimentally obtained

data for tissue parameters makes DOT suitable for breast cancer

detection, small animal, or brain imaging and tracking of active

pharmaceuticals.2,6–9

1.1 Illumination and Light Capturing Methods

In DOT systems different methods for illumination and light

capturing have been established. In DOT systems, two different

setups can be distinguished: the first type employs noncontact

illumination and light capturing while the second system type

uses optical fibers in direct contact to the tissue to inject and

detect light.6,7,10 The optical fiber applications are limited

with respect to functionality due to the need of contact gel in

suitable containers, inflexibility, and high maintenance require

ments. Furthermore, an integrated real shape 3 D reconstruction

of tissues or phantoms embedded in contact gel is difficult or

even impossible.8,11 In noncontact DOT, problems arise due

to refraction at surfaces, reflection, and intensity variations

caused by the irregularity of the objects geometry.

1.2 Reconstruction of Inner Tissue Structure

Mathematical models were developed to describe light transport

inside tissue by employing finite element methods (FEM) or

Monte Carlo simulations for image reconstruction and determin

ing differences in absorption and scattering coefficients.12–18

The use of such methods is strongly simplified due to the exis

tence of highly sophisticated software toolboxes, e.g., TOAST

(http://web4.cs.ucl.ac.uk/research/vis/toast/intro.html) or NIR

FAST (http://www.dartmouth.edu/~nir/nirfast/), that offer a

broad variety of adjustable parameters.19 Current methods for

mesh creation are mainly based on segmented pre MRI or

CT scans, or rough approximations of the surface.20–22However,

for a more accurate reconstruction, precise knowledge of the

surface is inevitable.

1.3 3-D Surface Scans and Reconstruction
of the Object Shape

In addition to the development of reconstruction software, dif

ferent surface capturing methods have been employed. DOT

systems with integrated 3 D cameras, holographic scanners,

or photoluminescence plates were developed. Another method

to capture the shape of the object is to process pre MRI or CT

scans.11,20–22 These systems have disadvantages regarding accu

racy and/or handling, expenditure of time, availability and oper

ating costs. For example, in semitransparent objects, 3 D

cameras cannot distinguish between information from the sur

face and light originating from the subsurface. Photolumines

cence plates capture only a shadow image of the object

disregarding fine details of the surface.3,8,12,19 Structured lightAddress all correspondence to: K. Baum, Philipps University Marburg,
Department of Radiology, Baldingerstraße, 35043 Marburg, Germany. Tel:
+4964215865933; Fax: +49(0)6421-58-68959; E-mail: baumk@med.uni-
marburg.de 0091-3286/2012/$25.00 © 2012 SPIE
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3 D scanners, which are widely used in a lot of industrial appli

cations,23–25 offer a cheap and flexible option for integration of a

3 D surface scanner into a DOT system. Libraries such as “Open

Computer Vision” (open CV, http://opencv.willowgarage.com/

wiki/) or “The Point Cloud Library” (PCL, http://pointcloud

s.org/) provide a multitude of suitable open source software

components for utilization in optical imaging applications.26

In this paper we present an approach for 3 D surface recon

struction of semi transparent objects imaged by a DOT system,

using a structured light projection setup in combination

with polarization difference imaging (PDI). Combining these

techniques allows for contactless image acquisition and also

faster mesh generation for FEM based image reconstruction

algorithms.

2 Theory and Methods

Within contactless image acquisition of objects in diffuse optical

tomography, special care must be taken with regard to boundary

surfaces, since the angle of refraction depends on the orientation

of the surface normal and the refraction index of the med

ium.11,27 To overcome this dilemma given an unknown object

topology, multiple detectors are usually attached directly to

the surface using a refraction index matching contact gel.7

For contactless image acquisition in transmission mode, the

shape of an object has to be known for two reasons: first, the

geometric information can be used for simple mesh creation

to model diffuse light propagation in tissue employing FEM,

like the one used by NIRFAST and TOAST. Second, the

shape determines the direction of photons leaving the object

and the intensity captured by the detector. These problems

are illustrated in Fig. 1, where the surface shape influences

the transmitted light intensity on the detector side. Assuming

a Lambertian radiator at each node k of the FEM mesh on

the object’s surface, which is justified by the multiple scattering

nature of light inside the tissue, the light intensity Ik as measured

by the detector can be obtained from the surface shape and the

transmitted intensity I0k perpendicular to the surface by

Ik ¼ I0k · sin βk; k ¼ 1; 2; 3: (1)

The angles αj with j ¼ 1, 2 determine the amount of light

reflected by the surface according to the Fresnel equations.

However, since optical properties of the tissue are generally

unknown, the incident laser beam should be kept perpendicular

to the surface.

2.1 Polarization Difference Imaging

PDI is a relatively simple and fast technique, which allows the

separation of light reflected by the real surface of an object from

the signal originating from the subsurface.

In effect, in nonbirefringent media ballistic scattering does

not alter the polarization state of light, while nonballistic scat

tering results in random polarization. By analyzing the polariza

tion state of the reflected light, the real surface of the object can

be extracted. Nevertheless, tissue penetration depth is correlated

to multiple scattering events and inter reflections ultimately

resulting in a loss of polarization.

If polarizer and analyzer are aligned in the same orientation,

ballistic scattered photons are recovered. To decrease the noise

caused by photons randomly polarized in the same manner as

the incident light due to inelastic scattering, the analyzer is

turned orthogonal to the polarizer and the measured signal is

subtracted. The calculated intensity of ballistic photons is

I ¼ jIjj − I⊥j; (2)

where Ijj is the intensity recorded during parallel alignment of

polarizer and analyzer while I⊥ is obtained after turning the ana

lyzer at 90 deg.1,28–30

2.2 Structured Light 3-D Reconstruction

A cloud of points on the object’s surface is captured using ray

plane intersection, which is then triangulated to obtain a discrete

number of small surface elements. For the first step, gray coded

fringe patterns are projected onto the object. In the camera plane,

the stripes seem shifted and curved due to the topology of the

object. Here every stripe in the projected image is identified in

the captured image by its binary gray code.31 Provided the posi

tions of camera and projector are known, the 3 D object position

within the coordinate system of the camera is obtained by cal

culating the intersection point of the plane given by a projector

stripe and the light ray detected by the camera.32 While exam

ining tissue, it cannot be assumed that only direct surface reflec

tions of fringe pattern are observed. Rather, photons originating

from subsurface scattering must be accounted for. To this end,

de scattering properties of phase shifting or PDI, which is used

in this work, can be applied.28

By rotating the object and repeating the previous procedure,

local 3 D reconstructions from different viewpoints are acquired

and can be merged to obtain global surface information. This

data is used to provide boundary information for FEM mesh

creation on the one hand and to normalize images acquired dur

ing a DOT scan on the other hand (see Fig. 1).

An example for an experimental noncontact DOT setup with

integrated PDI and structured light system is shown in Fig. 2.

2.3 Workflow

The workflow of a DOT system is illustrated in Fig. 3. In the first

step, the object is rotated on a stage while fringe pattern image

sequences are collected to reconstruct a 3 D surface model. The

same detector is used subsequently to acquire images of the

object trans illuminated by the laser. In the next step, the surface

Fig. 1 The light intensities I1−3 measured by the camera depend on the
surface orientation with respect to camera position and on the refractive
index of object and ambient medium. The angles α1−2 show the orien
tation of the incident light to the surface segments, while β1−3 describe
the angle between camera normal and the surface at the detector side
(Ik ¼ I0

k
· sin βk, k ¼ 1, 2, 3). Note that nk denotes the surface normal to

the surface element number k.
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model data is needed for mesh generation on the one hand and

intensity normalization of the images, captured in trans

illumination mode, on the other. Finally, the mesh is used for

FEM based solving of the forward model of light propagation

within the object.19

If the deviation between the solution of the forward model

and the captured transmitted light data is minimized by para

meter variation, the inversion of the forward problem can

give an estimate for the distribution of the light absorption

and scattering parameters μa and μs. All of the components

are integrated in one experimental setup.

2.4 From Point Clouds to Mesh

In order to provide suitable information for tissue reconstruction

applications like NIRFAST and TOAST, surface meshes have to

be constructed out of the acquired point clouds. Such meshes

usually consist of polygons, which in most cases form triangles

for easier storage, rendering, and further processing of the data.

Depending on the required accuracy, the density of points can be

reduced first to reduce computing time. For the point cloud and

surface reconstruction operations, the “Point Cloud Library”26 is

used. It provides implementations of several algorithms for both

surface reconstruction and point cloud filtering/smoothing. For

numerical iterative optimization purposes the “GNU Scientific

Library” is used.33

3 Results

To specify and to validate the method, the following measure

ments were performed: both a nontransparent metallic cylinder

and a semitransparent cylinder made of Agar Agar were

scanned in order to determine the accuracy of the proposed

method and demonstrate the advantages of PDI within the

system.

Additional scans of more complex non and semitransparent

objects were carried out. The resulting volume meshes are pre

sented in Sec. 3.4.

3.1 Accuracy of the Method for Nontransparent
Objects

To determine the accuracy of the 3 D scanning unit, a metallic

cylinder of known radius rcyl ¼ 7.7 mm was scanned from dif

ferent angles. The resulting point clouds were merged into a

360 deg surface cloud. The final point cloud is shown in

Fig. 4. For this measurement, the cylinder was aligned so

that its symmetry axis coincides with the system’s rotation

axis. Since the orientation of the rotation axis is known from

Fig. 3 Workflow of a DOT system with integrated PDI and structured
light projection. Hardware control, image acquisition, data recon
struction, and data analysis can be performed within one software
application.

Fig. 4 Point cloud reconstruction of a metal cylinder with radius
rcyl ¼ 7.7 mm.

Fig. 2 Experimental setup for a noncontact DOT system with integrated
PDI and structured light projection system (on the right hand side). The
laser beam describes the transmitted light path of the system (left hand
side). Transmitted light and fringe pattern can be captured by the same
camera system. For 3 D surface shape reconstruction, the polarizer
analyzer orientation can be adjusted between 0 and 90 deg, and the
object can be illuminated with fringe patterns by the projector.

Fig. 5 Measurement of a test cylinder made of metal (rcyl ¼ 7.7 mm).
The upper plot shows the computed radius for every point in compar
ison to the real cylinder radius, which is drawn as dashed line. The
lower plot illustrates the relative error for every point. The mean
error is 3.2% (dashed line) with a standard deviation of 2%. Note
that the point indices are sorted by ascending z values.
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the calibration procedure, it is possible to compare the distance

of every point to the rotation axis with the actual cylinder radius.

As presented in Fig. 5, the computed point cloud is in good

agreement with the real shape of the cylinder. The mean error is

3.2% with a standard deviation of 2%, which is a satisfying

result.

3.2 Accuracy of the Method for Semitransparent
Objects

Similar tests were performed on a semitransparent Agar Agar

cylinder (2% Agar Agar Kobe I, Company Carl Roth GmbH

Karlsruhe) of radius rcyl ¼ 12.92 mm. In order to determine

the influence of PDI on the quality of the 3 D reconstruction,

these measurements were carried out with and without using

the PDI method. The following images illustrate the resulting

point clouds of both measurements in comparison.

Figure 6 demonstrates that the absence of PDI leads to major

reconstruction errors. This observation can be quantified by

analyzing the cylinder radius as described in Sec. 3.1. As

shown in Fig. 7(a), the usage of the PDI method suppresses

most of the reconstruction errors. In addition, using PDI reduces

the mean relative error from 19.3 to 7.4%. However, the errors

still show a larger dispersion about the mean as compared to the

metal cylinder. All the quantitative results are summarized in

Table 1.

Fig. 6 (a) Point cloud reconstruction of an Agar Agar cylinder with a radius rcyl ¼ 12.92 mm using PDI technique. (b) Point cloud of the same cylinder
measured without using PDI.

Fig. 7 Measurements of an Agar Agar cylinder (rcyl ¼ 12.92 mm) with and without PDI. The dashed lines indicate the ideal cylinder radius in the upper
and the mean errors in the lower plots (a) PDI measurement of an Agar Agar cylinder. The mean error is 7.4% with a standard deviation of 7.9%
(b) NonPDI measurement of the same cylinder. Here the mean error is 19.3% with a standard deviation of 60.5%. Note the different scaling of the
y axis. Point indices are sorted by ascending z values in both cases.

Table 1 Validation results.

Metal
Cylinder

Agar Agar
cylinderwith PDI

Agar Agar
cylinderwithout PDI

Mean relative error 3.2% 7.4% 19.3%

Standard deviation 2% 7.9% 60.5%
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Fig. 8 (a) Photo of the phantom. (b) The point cloud image of the phantom. (c) and (d) Triangulated surface meshes with different node distances.

Fig. 9 (a) Photo of a typical HARIBO gold bear. (b) Volume mesh reconstructed from a PDI measurement of the same gold bear.
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Based on these results, we conclude that the usage of PDI

clearly improves the surface scans. However, our point cloud

reconstructions of semitransparent objects do not reach the

quality of nontransparent objects.

3.3 Meshing of Nontransparent Objects

Both a photography of a nontransparent object (here a plastic

mouse phantom) and the corresponding point cloud captured

with the introduced setup via structured light, are shown in

Fig. 8(a) and 8(b), respectively.

Such surface point clouds captured from different angles

were merged into a 360 deg surface point cloud of the sample.

We then used a triangulation algorithm implemented in

NIRFAST to find a 3 D volume mesh for further processing.

Preliminary results are shown in Fig. 8(c) and 8(d) with different

node distances.

3.4 Meshing of Semitransparent Objects

The main application of our approach is to handle tissue like and

semi transparent objects using PDI. Figure 9(a) and 9(b) show

both a photography of a typical HARIBO Gold bear (HARIBO

of America, Inc., Baltimore, MD) and its corresponding mesh as

calculated from point cloud data obtained with our setup. As

shown in Sec. 3.2, the absence of PDI leads to significant recon

struction errors and therefore the best results can be achieved by

using PDI within a DOT system.

4 Conclusion

Our setup provides a quick and cost effective method to obtain a

pure 3 D surface structure of an object within a DOTapplication

concerning both hardware and software. Such surface scans

including setup calibration, scanning and data processing can

typically be finished within less than 10 min. Hardware compo

nents like polarisation filters for PDI applications and a struc

tured light pattern projector are added to an existing DOT

system. It has to be mentioned that projector camera calibration

is challenging for a camera field of view with sub centimeter

size. The same detector is used for the transmitted and structured

light image capturing. Furthermore, hardware control, image

acquisition, data reconstruction, and data analysis are integrated

into one software application. With our method, the images’

intensities acquired through contactless trans illumination of tis

sue can be corrected to simulate planar objects. Optical fibers

and contact gel are not needed because photon propagation

between object and detector can be calculated using the surface

model data. Most importantly, the 3 D surface information can

be used to generate a volume mesh to model the object for

FEM based image reconstruction software like NIRFAST and

to supersede MRI or CT analysis.
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Encapsulated enzymes with integrated
fluorescence-control of enzymatic activity†

Pascal K. Harimech,‡a Raimo Hartmann,‡a Joanna Rejman,a Pablo del Pino,b

Pilar Rivera Gila and Wolfgang J. Parak*ab

A fluorescence-based particle sensor for oxaloacetic acid is presented. In the presence of nicotinamide

adenine dinucleotide as a cofactor, oxaloacetic acid is converted by malate dehydrogenase into L-malic

acid. The progress of the reaction is monitored by sensing of proton consumption with an integrated pH

sensor. The kinetics of this sensor are investigated on a single particle level. This work demonstrates the

feasibility to detect analytes upon their enzymatic conversion into a product, which in turn can be

sensed with a fluorophore responding to changes in the concentration of this product. Integration of

enzymes and fluorophores into one carrier particle, as demonstrated here for the case of polyelectrolyte

polymer capsules, allows the range of analytes that can be detected with fluorescence to be extended,

as it enhances selectivity. This coupled system allows enzymatic activity, as well as the kinetics of malate

dehydrogenase, to be monitored.

Introduction

Analyte-sensitive uorophores are common tools for measuring

the concentration of analytes in solution by means of uores-

cence measurements.1,2 Fluorophores which selectively respond

to the presence of a large number of analytes have been repor-

ted in the literature and many of them are also commercially

available,3,4 such as Ru(ddp), FluoZin, tetraphenylethene-based

diboronic acid, [Ru(phen)3]2+, etc.1,2,5,6 Selectivity to a target

analyte however is oen limited, as the presence of other

(similar) analytes triggers an unwanted crosstalk response. In

addition, for many analytes, no uorophores which show a

response upon their presence, have been described. One

strategy to bypass these shortcomings is the use of enzymes.

Enzymes are very selective to their target substrates. When u-

orophores responsive to the enzymatic product are used, ana-

lytes which serve as a target for the enzyme can be selectively

detected.7 12 Ideally, enzymes and uorophores (in addition to

organic uorophores and quantum dots and luminescent metal

nanoclusters have also been used) should be coupled together

into one entity, which is possible for example by linking both of

them to colloidal particles. One convenient carrier particle

system, which allows embedding of analyte-sensitive uo-

rophores,13 16 as well as enzymes,17 24 is polyelectrolyte capsules

fabricated by layer-by-layer assembly.25 27 The walls of the

capsules can be made semi-permeable, which allows small

analytes to diffuse inside the capsule to reach the embedded

uorophores and enzymes, while retaining the uorophores

and enzymes inside the cavity of the capsule. If the uorophores

are not retained due to their small size, they can be linked to

larger molecules.19 Combination of analyte-sensitive uo-

rophores and enzymes allows for selective detection of analytes/

substrates.28,29 For example, Kazakova et al. co-embedded urease

and the pH-sensitive uorophore seminaphtharhodauor

(SNARF-1) in polyelectrolyte capsules with the intention of

designing an urea-selective uorescence sensor.29 Upon enzy-

matic processing of urea by urease, the local pH increases due to

the production of ammonia, which is detected with the

pH-sensitive uorophore (i.e. consumption of protons). In

principle, such enzyme-based uorescence sensors could also

be applied for intracellular sensing, similar to intracellular

pH-sensing, which has been demonstrated to monitor cellular

reactions.30 In particular, this would be interesting for target

molecules which are relevant for cellular function. Besides real-

time determination of the intracellular concentrations of such

target molecules, these capsules could be seen as theranostic

devices. In cases where the concentration of an intracellular

target is decreased by the enzymes delivered with the capsules,

this decrease could be monitored directly by co-delivered uo-

rophores selective to one of the enzymatic products.

In this work, a proof-of-concept of such an encapsulated

enzyme–uorophore couple for a biologically relevant target

analyte is demonstrated. Specically, we encapsulated malate

dehydrogenase, an enzyme involved in many metabolic path-

ways, including the Krebs cycle, which reversibly converts oxa-

loacetic acid (OAA) into L-malic acid:
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OAA + NADH + H+
# L malic acid + NAD+

This reaction requires nicotinamide adenine dinucleotide

(NADH) as a cofactor. During the enzymatic reaction, protons

are consumed/produced, depending on the direction of the

reaction. Based on the response of the co-encapsulated pH-

sensitive uorophore, SNARF-1, the reaction can be monitored

by pH-sensing, cf. Fig. 1. The kinetics of this combined system,

and in particular that of its uorescence read-out, are discussed

in this work.

Materials and methods
Chemicals

Poly(sodium 4-styrenesulfonate) (PSS, Mw z 70 kDa, #243051),

poly(allylamine hydrochloride) (PAH, Mw z 56 kDa, #283223),

calcium chloride dehydrate (CaCl2, #223506), sodium carbonate

(Na2CO3, #S7795), ethylenediaminetetraacetic acid disodium

salt dihydrate (EDTA disodium salt, #E5134), and mitochon-

drial malate dehydrogenase from porcine heart (#M2634) were

purchased from Sigma-Aldrich (Germany). SNARF-1-dextran

(Mwz 70 kDa, #D3304) from Life Technologies (Germany) was

used. Sodium chloride (NaCl, #HN00.2), oxaloacetic acid (OAA,

#4032.2), and b-nicotinamide adenine dinucleotide disodium

salt (NADH, #AE12.1) were obtained from Roth (Karlsruhe,

Germany). Phosphate buffered saline (PBS-Dulbecco, #L1825)

was purchased from Biochrom (Berlin, Germany). Ultrapure

double distilled water (ddH2O) with a resistivity greater than

18.2 MU cm was used for all experiments.

Synthesis of polyelectrolyte sensor capsules

The synthesis of polyelectrolyte microcapsules was carried out

as described previously,14,15,30,31 with the following modica-

tions: CaCO3microparticles were prepared at room temperature

(RT) from solutions of CaCl2 and Na2CO3 under vigorous stir-

ring, in the presence of SNARF-1-dextran and malate

dehydrogenase. 615 mL of an aqueous solution of CaCl2 (0.33 M)

with NaCl (1.33 M), 600 mL SNARF-1-dextran 70 kDa (1 mg

mL�1) and 100 mL malate dehydrogenase (11 mg protein per

mL, 7700 U mL�1) were mixed together in a glass vial. During

magnetic stirring (1000 rpm), 615 mL of an aqueous solution of

Na2CO3 (0.33 M) with NaCl (1.33 M) solution was added quickly.

Aer 30 s the stirrer was turned off and particle growth was

stopped aer an additional 2 minutes by centrifugation. The

particles were washed three times with ddH2O and then directly

used for the layer-by-layer assembly of polyelectrolytes. Alter-

nating layers of negatively charged PSS (2 mg mL�1 in 0.5 M

NaCl) and positively charged PAH (2 mg mL�1 in 0.5 M NaCl)

were deposited onto the charged microparticles until four

bilayers of the polyelectrolytes had been established

(CaCO3@(PSS/PAH)4). For coating with each layer, the micro-

particles were suspended in 1 mL of polyelectrolyte solution,

shaken gently for 10 minutes and washed three times with

ddH2O. The dissolution of the cores was carried out by Ca2+ ion

complexation with EDTA (1 mL, 0.2 M, pH 6) for several

Fig. 1 Sensing principle: malate dehydrogenase and the pH-sensitive

fluorescent dye, SNARF-1-dextran, are encapsulated inside hollow

microcapsules made by depositing alternating layers of polystyrene

sulfonate (PSS) and poly(allylamine hydrochloride) (PAH). The pres-

ence of oxaloacetic acid (OAA) or nicotinamide adenine dinucleotide

(NADH) inside the cavity can be sensed by SNARF-1-dextran in

response to the local decrease in proton concentration, caused by the

enzymatic reaction OAA + NADH + H+
/ L-malic acid + NAD+.

Fig. 2 (a) Changes in the emission spectra of free SNARF-1-dextran in

a solution (initial pH 6) of OAA (10 mM), NADH (75 mM) and malate

dehydrogenase in response to malate dehydrogenase activity. The

emission of free SNARF-1-dextran shifts from the yellow (intensity Iy)

to the red (intensity Ir) region, indicating a continuous increase in pH

(after 40min, pH 7.4). This is the result of proton consumption in the

reactionOAA +NADH+H+
/ L-malic acid + NAD+. (b) Comparison of

the response Ir/Iy (pH) for free and encapsulated SNARF-1-dextran as

obtained by spectrofluorimetry (blue and green curve) and cLSM (red).

Fig. 3 Fluorescent micrograph of the sensor capsules. An overlay of

the transmission and fluorescence channels (recorded with a cLSM) is

shown in false colours (green: 560 615 nm, red: 615 750 nm). The

scale bar corresponds to 20 mm.

J Mater Chem B This journal is © The Royal Society of Chemistry 2015
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minutes. The resulting SNARF-1 and malate dehydrogenase

containing microspheres were washed three times with ultra-

pure water to remove excess EDTA and stored at 4 !C. The size of

the resulting capsules ranged between 3 and 5 mm.

Fluorescence spectroscopy based sensing

To determine the response of SNARF-1 to the enzymatic activity

of malate dehydrogenase in free solution, a reaction mixture of

10 mM OAA, 75 mM NADH, 1 mL malate dehydrogenase (11 mg

protein per mL, 7700 U mL�1) and 100 mg mL�1 SNARF-1 was

prepared. The pH of all stock solutions was adjusted to 6 with

HCl and NaOH prior to use. Immediately aer preparation,

SNARF-1 was excited at 540 nm with a FluoroLog (Horiba,

Japan) uorescence spectrometer and the emission was recor-

ded over time between 560–700 nm.

Fluorescence microscopy based sensing

A confocal laser scanning microscope (cLSM) was used (LSM

510 Meta, Zeiss) for local sensing of pH-changes with poly-

electrolyte sensor capsules. Drops of capsule solution were

examined on a glass slide (approximately 40 000 capsules per

Fig. 4 Control system. Polyelectrolyte multilayer capsules without

malate dehydrogenase were prepared. The capsules carrying SNARF-

1-dextran were only exposed to OAA (500 mM) in the absence (B) or in

the presence of NADH (50 mM, (C), dashed line). Lane A represents

results obtained for the cofactor alone (500 mM). The substrate (OAA)

was added at the time point indicated with an asterisk. The cofactor

(NADH) was added at the time point marked with two asterisks. The

reaction was followed for 25 minutes. The initial pH of all the solutions

was adjusted to 6. The corresponding fluorescence images are shown

on the right side, illustrating the response of a single capsule in the red

(R) and yellow (Y) channel, in brightfield transmission mode (TM) and in

a pseudo-coloured image (R/Y) corresponding to the Ir/Iy ratio per

pixel (the same colour map as used in the plot window). The corre-

lation of Ir/Iy to pH is shown in Fig. 2b, and is indicated by the colour

code presented in the top panel.

Fig. 5 Concentration-dependent changes in the emission spectra I(l)

of encapsulated SNARF-1-dextran, reported as Ir/Iy (t), in response to

malate dehydrogenase activity. The sensor capsules carrying malate

dehydrogenase and SNARF-1-dextran were exposed to OAA (500 mM)

in the absence (B) or presence of NADH (50 mM (C) or 100 mM (D)). The

substrate and cofactor were added at the time point indicated with an

asterisk. Lane A represents results obtained for the cofactor alone

(500 mM). The reaction was followed for 12 min. The initial pH of all the

solutions was adjusted to 6. The corresponding fluorescent images are

shown on the right side, illustrating the response of a single capsule in

the red (R) and yellow (Y) channel, in brightfield transmission mode

(TM) and in a pseudo-coloured image (R/Y) corresponding to the Ir/Iy
ratio per pixel (the same colour map as used in the plot window). The

Ir/Iy ratio could be directly related to the corresponding pH values

according to Fig. 2b, as displayed by the colour code in the panel.

Fig. 6 Reaction kinetics response of sensor capsules to different

concentrations of the substrate and cofactor. The sensor capsules

carrying malate dehydrogenase and SNARF-1-dextran were exposed

to different concentrations of OAA and NADH. A NADH (200 mM); B

OAA (350 mM); C OAA (350 mM) + NADH (100 mM); D OAA

(700 mM) + NADH (100 mM); E OAA (350 mM) + NADH (200 mM). The

substrate (OAA) was added at the time point indicated with an asterisk.

The cofactor (NADH) was added at the time point marked with two

asterisks. The reaction was followed for 25 minutes. The initial pH of all

the solutions was adjusted to 6. The corresponding fluorescent images

are shown on the right side, illustrating the response of a single capsule

in the red (R) and yellow (Y) channel, in brightfield transmission mode

(TM) and in a pseudo-coloured image (R/Y) corresponding to the Ir/Iy
ratio per pixel (the same colour map as used in the plot window).

Fig. 7 Reaction kinetics response of the sensor capsules to step-

wise addition of the cofactor. At (*) the substrate was added to the

capsule solution to obtain an initial concentration of 500 mM (total

volume: 50 L). Subsequently, 1 mL of the cofactor solution (350 mM)

was added at each step (**) (****). The initial pH of all the solutions

was adjusted to 6. The corresponding fluorescent images are shown

on the right side, illustrating the response of a single capsule in the red

(R) and yellow (Y) channel, in brightfield transmission mode (TM) and in

a pseudo-coloured image (R/Y) corresponding to the ratio Ir/Iy per

pixel (the same colour map as used in the plot window).

This journal is © The Royal Society of Chemistry 2015 J Mater Chem B
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drop of reaction mixture). SNARF-1 was excited simultaneously

at 488 nm and 543 nm. The uorescence signal was recorded at

ranges between 550–615 nm (channel 1) and 615–750 nm

(channel 2). The ratio of the uorescence intensity of channel

2 (intensity Ir)/channel 1 (intensity Iy) was calculated for all pixel

pairs, where the intensity in both channels was above a

threshold. The mean value for all pixel intensity ratios of one

image (approximately 300 capsules) was calculated and used to

determine the pH changes inside the capsule cavities caused by

the enzymatic reaction catalyzed by malate dehydrogenase in

the presence of the substrate OAA and the co-enzyme NADH. To

determine the reaction kinetics, the uorescence intensity of

SNARF-1 in both channels was measured over time aer the

addition of OAA and coenzyme consecutively, if not stated

otherwise. Image processing was performed with Matlab

(Mathworks). All solutions used for the experiments were

adjusted to pH 6 with HCl or NaOH immediately before the

sensing process was performed. The reaction mixture was

buffered with PBS (5%). The sensing experiments were always

performed one day aer capsule preparation.

Results and discussion

Four basic requirements have to be met in order to employ

polyelectrolyte microcapsules for uorescence sensing of

products of enzymatic reactions. First, the enzymatic reaction

itself should lead to a local change in the concentration of free

ions. Second, an ion-sensitive uorophore-sensor should be

loaded together with the catalytically active molecules (i.e.

enzymes). Third, the molecular size of the dye and the catalyst

should be sufficiently large to retain them within the capsule

cavity. Lastly, the substrate molecules should be small enough

to penetrate through the capsule wall. Hereby, the precise

molecular weight cut-offs depend on the capsule material and

architecture.

In our experimental set-up we evaluated the sensing capac-

ities of microcapsules carrying malate dehydrogenase (70 kDa,

isoelectric point: 10) and the pH-sensitive dye, SNARF-1. SNARF-

1 was coupled to dextran (70 kDa) to increase the molecular size

of the uorescent probe and to ensure that it is retained inside

the capsule cavity.15 The maximum of the emission spectrum of

SNARF-1 shis from 580 nm in acidic media to 640 nm in

alkaline media. As described, the pKa of the uorophore might

change in different environments. While the pKa of the free dye

is in accordance with the manufacturer's value of 7.50, it

changes when encapsulated.15,29 In the present case, while

encapsulated together with malate dehydrogenase, the pKa

changes to about 6.80.

Malate dehydrogenase is an enzyme of the citric acid cycle.

The molecular weight of the enzyme 70 kDa is sufficient to keep

it inside the cavity. The conversion of L-malic acid into oxalo-

acetic acid is catalysed by the enzyme. This is accompanied by

the reduction of the cofactor NAD+ into NADH and the release of

one hydrogen ion per reaction. The reaction constant of the

enzyme depends on the concentration of the respective

substrate, as well as on the pH of the solution. Depending on

the initial conditions, the reaction can proceed in both

directions. In the case of low pH-values (i.e. when many protons

are available) and a low concentration of L-malic acid, the

reaction runs to the right, protons are consumed, and thus the

local pH increases (cf. Fig. 1): OAA + NADH + H+
/ L-malic

acid + NAD+. In the case of high pH values, the reaction runs to

the le, protons are produced, and thus the local pH decreases:

OAA + NADH + H+
) L-malic acid + NAD+. Note that SNARF-1 is

only sensitive to changes in pH around its pKa value, and thus

this uorophore can be used tomonitor the reaction in a certain

pH range only. The reaction OAA + NADH + H+
/ L-malic acid +

NAD+ is favoured in the region where SNARF-1 responds most

strongly to changes in pH.

In order to verify that the reaction ensures a signicant

impact on the pH, we rst tested the reaction using free

substrate (OAA), free cofactor (NADH), free enzyme (malate

dehydrogenase), and free SNARF-1-dextran as a pH indicator in

a solution of initial pH ¼ 6. Upon addition of the substrate

(10 mM OAA) and the cofactor (75 mM NADH) to the enzyme

(7700 units per mL), a time-dependent change of uorescence

signal of the solution from dominant emission in the yellow

region (580 nm) to dominant emission in the red region (640

nm) was observed, which indicates that the solution became

more alkaline upon consumption of the protons, cf. Fig. 2a. A

calibration curve, which allows the pH to be obtained from the

ratio of red-to-yellow uorescence (Ir/Iy), is shown in Fig. 2b.

These data demonstrate that the reaction catalysed by malate

dehydrogenase can be followed in situ by monitoring the pH.

In addition to the uorescent pH indicator, SNARF-1-

dextran, the pH indicator thymol blue was also utilized, which

exhibits absorption spectrum changes in response to pH. Using

UV/vis absorption spectroscopy allowed the pH during the

reaction (by monitoring changes in the spectrum of thymol

blue) to be measured, in addition to directly measuring the

changes in the NADH concentration. Thymol blue changes its

colour from blue (pH > 9) to yellow (pH < 7.4) (cf. Fig. S1†). The

visual change is attributed to an increase in absorption at

430 nm and a decrease at 595 nm (cf. Fig. S2†). The change in

absorption at 595 nm is more sensitive and shows the sigmoidal

slope that is typical for a pH indicator. In contrast, the cofactor

NADH shows two absorption bands at 260 nm and 340 nm,

whilst the oxidized form NAD+ absorbs only at 260 nm. There-

fore, we analysed the change in NADH concentration in the

solution by UV/vis absorption spectroscopy at 340 nm. This

method is common in systems involving NAD+/NADH for the

determination of enzyme activities. These measurements

cannot be performed in the presence of the dye, because of its

absorption of UV light. The full set of data using UV/vis

absorption spectroscopy is presented in the ESI.† In agreement

with experiments involving SNARF-1-dextran, the data verify

that the enzymatic activity of malate dehydrogenase can be

followed by in situ pH measurements, in which a pH indicator

and an enzyme are free in solution.

For the construction of a sensor system, we attempted to link

both the enzyme and the pH-sensitive dye into one carrier

particle. As there are multiple molecules in solution (in partic-

ular the carrier particles, which absorb and scatter light), we

decided to use uorescence instead of absorption spectroscopy

J Mater Chem B This journal is © The Royal Society of Chemistry 2015
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as the most convenient read-out, and employed SNARF-1-

dextran as a pH-sensitive reporter. Polyelectrolyte polymer

capsules fabricated by layer-by-layer assembly were used as

microreactor particles. To prepare the sensing microcapsules,

malate dehydrogenase and SNARF-1-dextran were rst co-

precipitated in calcium carbonate particles. The particles were

then coated with PSS and PAH using the well-described layer-by-

layer technique.32 34 In a nal step, the CaCO3 template was

removed by re-dispersing the capsules in EDTA, which forms

complexes with the Ca2+ ions. The resulting capsules, lled with

the enzyme and SNARF-1-dextran, had a diameter of 3–5 mm. An

image of such capsules is presented in Fig. 3. The capsules were

spherical and well dispersed. The uorescent dye, SNARF-1-

dextran, was encapsulated and remained within the capsule

aer removal of the core. As reported in previous studies, the

dye is not homogeneously distributed in the capsule cavity, and

instead sticks to the inner capsule wall.15 Because SNARF-1

molecules were coupled to 70 kDa dextran, which has the same

molecular weight as the enzyme, it is reasonable to assume that

the enzyme stays within the cavity as well, in agreement with

previous studies,19 though its presence cannot be concluded

from the microscopy images.

Finally, we examined the combined system (enzyme and

SNARF-1 encapsulated together) by recording the uorescence

intensities of SNARF-1-dextran at suitable wavelengths using a

uorescence microscope. The presence and activity of the

enzyme can be proven by recording the changes in pH. Controls

(capsules without the enzyme) were rst investigated, cf. Fig. 4.

The presence of the cofactor NADH has no impact on the Ir/Iy
read-out of the dye, cf. Fig. 4A. Although in this case no enzy-

matic conversion can take place due to the lack of the enzyme,

OAA already interacts with SNARF-1, as seen by the increasing Ir/

Iy-values over time, independent of whether NADH is present or

not, cf. Fig. 4B and C. OAA slowly decomposes in aqueous

solution into pyruvic acid and CO2, accompanied by an increase

in pH. However, the rate of the alkalinizing effect of this

decomposition was determined to be much slower than the

observed phenomenon in Fig. 4B and C.

In the next set of experiments, capsules carrying malate

dehydrogenase were exposed to their substrate OAA, in the

presence of different concentrations of the cofactor NADH. The

changes in SNARF-1-dextran uorescence intensities were then

recorded. As shown in Fig. 5, the initiation of the enzymatic

reaction led to a decrease in the amount of free H+ ions. This

was visualised by the change in the Ir/Iy ratio of the uorescence

intensities of SNARF-1-dextran, as recorded in the range from

560–615 nm (Iy, yellow channel) to 615–750 nm (Ir, red channel),

cf. Fig. 2a. The reaction only took place in the presence of the

substrate (OAA). Without the substrate, the pH of the solution

remained constant over time (cf. Fig. 5A), indicating that no

reaction occurred. The presence of the cofactor increased the

reaction rate. Saturation at high Ir/Iy values is caused by a

decrease of the reaction rate and not by limited sensitivity of

SNARF-1, as at Ir/Iy > 3.5, SNARF-1 is still responsive to changes

in pH, cf. Fig. 2b.

To demonstrate the effect of the cofactor on the kinetics of

the enzymatic reaction, the capsules carrying the enzyme were

incubated with the substrate rst, followed by the addition of

NADH. As shown in Fig. 6, the more coenzyme was added, the

higher the increase in uorescence intensities of SNARF-1 in the

red channel. Moreover, the sensor capsules showed no signi-

cant response to the cofactor alone (cf. Fig. 6A). Addition of the

substrate caused a steady increase of the Ir/Iy ratio (cf. Fig. 6B),

as already seen for the control particles without encapsulated

enzymes, cf. Fig. 4B. The reaction could be enhanced by the

addition of NADH (cf. Fig. 6C–E versus Fig. 6B). At an initial

NADH concentration of 100 mM, the local pH strongly increased

temporarily (cf. Fig. 6C and D). Aer a few minutes, the cofactor

was used up and the pH inside the capsules became equili-

brated with the outside value. For higher concentrations of the

cofactor, the bulk pH was also increased by the sensing reaction

(cf. Fig. 6E). Note that the Ir/Iy curves with OAA and with NADH

lie on top of the curve with OAA, but without NADH. When

small amounts of NADH were added (cf. Fig. 6C), aer NADH

has been consumed by the enzymatic reaction, the Ir/Iy curve

approaches the curve in which NADH was not added

(cf. Fig. 6B). The substrate can be enzymatically converted when

the cofactor is present.

The data in Fig. 6C and D suggest that the continuance of the

enzymatic reaction is limited by the amount of NADH present.

Therefore, we tested whether it could be continued by supplying

the system with additional NADH. To that end, the sensing

capsules carrying malate dehydrogenase were rst incubated

with the substrate, followed by the addition of the cofactor.

When the Ir/Iy ratio has reached a plateau value, additional

NADH was added. Indeed, as seen in Fig. 7, this allowed the

reaction to continue.

Conclusions

The synthesis and characterization of a particle bound sensor

for the detection of OAA, based on enzymatic digestion followed

by pH measurements has been demonstrated. As the enzymatic

conversion of OAA is a continuous process, as long as the

substrate and cofactor are available, this reaction needs to be

monitored over time. This has been demonstrated with time

lapse recordings of individual polyelectrolyte capsules, which

serve as carrier particles for both enzymes and pH sensitive

uorophores. As the present work is a proof-of-concept study,

no detailed analysis about selectivity and sensitivity is given.

Instead, it is interesting to discuss the potential applications of

such sensors for intracellular detection. It is well accepted that

polyelectrolyte polymer capsules, as used here, are internalized

by adherent cell lines via endocytosis, and that their nal

intracellular location is the lysosome.31,35 37 This however

involves general problems associated with particle based

intracellular sensing.16 Though some methods exist to release

molecules from capsules (in the size range from ca. 150 nm38 to

3–5 mm39 41) residing inside lysosomes into the cytosol, in a

typical scenario, sensors will remain trapped inside lysosomes,

which suggests sensing in the lysosome as the most facile

application. Besides imposing a hostile environment to parti-

cles (lysosomal proteases, highly acidic pH), localization inside

the lysosome imposes other limits to particle based intra-

This journal is © The Royal Society of Chemistry 2015 J Mater Chem B
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lysosomal sensing. The sensing principle, as sketched in Fig. 1,

relies on the detection of protons, which are consumed upon

enzymatic digestion of the target molecule OAA. However, all

pH-sensitive uorophores have a limited range of operation,

centred around their pKa value. While the lysosomal pH can be

highly acidic down to pH values of 3 (precise values depend on

the cell line), the pKa value of encapsulated SNARF-1-dextran, as

used in this study, is 6.8. Thus, inside lysosomes, the pH-indi-

cator SNARF-1 would be barely sensitive to small changes in pH

upon digestion of OAA by malate dehydrogenase. In the data

shown in this work, the pH of the starting solution was buffered

on purpose to a value around 6, which sets an optimal range for

observing the increase in pH upon the enzymatic reaction. In

order to apply the sensing strategy for the intra-lysosomal

detection of OAA, an alternative pH-indicator with a highly

acidic pKa value would be required. In the ESI†, thymol blue is

presented as an example in this direction, though its pKa value

(ca. 1.7) would be too low for sensing inside lysosomes. It also

needs to be pointed out, that the particle architecture could be

improved. In our work, enzymes and analyte-sensitive uo-

rophores were co-localized in the cavity of polyelectrolyte poly-

mer capsules. However, in principle, these capsules also allow

for a multicompartment structure, in which enzymes and u-

orophores could be placed at different locations.42 47 Based on

these considerations we suggest that further improvements

could help to facilitate intracellular enzyme-based uorescence

sensing using polymer capsules as carrier systems. In addition

to intracellular sensing, other potential applications which

involve enzymatic or enzymatic-coupled reactions could be

envisioned, such as enzymatic microreactors for chemical

analysis (e.g. sensing of glucose, food contaminants, etc.),

kinetic studies and catalysis. At any rate, it should be high-

lighted that inhomogeneous and/or variable loading of mole-

cules in the capsules, as well as different diffusion limits of the

molecules involved, hampers the application of the current

coupled system for absolute detection of concentrations (be it

for the proof-of-concept system described here or for other

enzyme-based sensing systems). Nevertheless, the proof-of-

concept system reported here demonstrates the feasibility of

real time monitoring of enzymatic reactions (as well as kinetics)

in situ. Further improvements of the material (e.g. homoge-

neous loading, development of new uorescence probes, multi-

compartmental geometries, etc.) will strengthen the potential

applications of enzyme-loaded capsules.
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A. G. Skirtach, K. Köhler, A. A. Antipov, N. Gaponik,

A. S. Susha, M. Winterhalter and W. J. Parak, Small, 2005,

1, 194–200.

27 M. F. Bedard, A. Munoz-Javier, R. Mueller, P. del Pino,

A. Fery, W. J. Parak, A. G. Skirtach and G. B. Sukhorukov,

So Matter, 2009, 5, 148–155.

28 O. Kre, M. Prevot, H. Mohwald and G. B. Sukhorukov,

Angew. Chem., Int. Ed. Engl., 2007, 46, 5605–5608.

29 L. I. Kazakova, L. I. Shabarchina and G. B. Sukhorukov, Phys.

Chem. Chem. Phys., 2011, 13, 11110.

30 P. Rivera Gil, M. Nazarenus, S. Ashraf and W. J. Parak, Small,

2012, 8, 943–948.

31 R. Hartmann, M. Weidenbach, M. Neubauer, A. Fery and

W. J. Parak, Angew. Chem., Int. Ed., 2015, 54, 1365–1368.

32 P. Rivera Gil, L. L. del Mercato, P. del Pino, A. Muñoz-Javier
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Abstract 
Polyelectrolyte multilayer microcapsules of around 3.4 micrometer in diameter were 
added to epithelial cells, monocyte-derived macrophages and dendritic cells in vitro and 
their uptake kinetics was quantified. All three cell types were combined in a triple co-
culture model, mimicking the human epithelial alveolar barrier. Hereby, macrophages 
were separated in a three dimensional model from dendritic cells by a monolayer of 
epithelial cells. While passing of small nanoparticles has been demonstrated from mac-
rophages to dendritic cells across the epithelial barrier in previous studies, for the mi-
crometer-sized capsules this process could not be observed in significant amount. 
Thus, this barrier is a limiting factor for cell-to-cell transfer of micrometer-sized parti-
cles. 
 
 
1. Introduction 

The inhalation pathway is a promising entry portal 
for drug delivery. Due to the characteristics of the 
lung, e.g. huge internal surface of the lung paren-
chyma (i.e. alveoli and airways) of about 150 m2 
and millions of immune cells [1, 2], the uptake of 
particulate materials is favored. Hereby, the trans-
fer from air to liquid, e.g. of particles, is controlled 
by structural as well as by cellular barriers, i.e. the 
human epithelial alveolar tissue barrier [3]. This 
barrier constitutes a complex system involving the 
interplay of several different types of cells. Still, 

essential features of the human epithelial alveolar 
barrier can be simulated with cellular model sys-
tems. A well-characterized three-dimensional (3D) 
model of this barrier has been established, which 
is composed of epithelial cells, human blood 
monocyte-derived macrophages (MDMs), and 
dendritic cells (MDDCs) [3]. With this triple cell 
co-cultures (TCCs) it has been demonstrated, that 
(nano)particles, in particular polystyrene particles 
with diameters of 0.1 - 1 µm, can be transferred 
across the lung barrier, by being passed from 
macrophages to dendritic cells [4]. While this 
process has been reported in several publications 
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[4, 5], so far it remained unclear to which range of 
particle sizes this process applies. Potentially such 
a process could be harnessed for particle-based 
drug delivery applications. Particles in general are 
endocytosed by macrophages. Thus, targeting to 
the dendritic cells located underneath the epithe-
lium could be achieved by active passing particles 
from macrophages across the epithelium to the 
dendritic cells.  

We wanted to probe this concept for poly-
electrolyte microcapsules (PEMs) [6-9], which are 
a universal delivery system. PEMs are fabricated 
by layer-by-layer assembly of charged polyelec-
trolytes around sacrificial templates [9] and can 
be readily used to encapsulate molecular cargo 
[10, 11]. Uptake of PEMs by cell lines and release 
of encapsulated cargo has been demonstrated 
with two-dimensional (2D) cell cultures [12-14]. 
While interaction of PEMs with cell lines is rela-
tively well studied [15, 16], involving also the 
investigation of internalization pathways and cy-
totoxic effects [17, 18], most of these studies are 
based on 2D in vitro models. While there are sev-
eral reports about in vivo applications, such as 
vaccination [19], the behavior of cells regarding 
PEMs in complex cellular scenarios is poorly un-
derstood. Thus, the objective of the present study 
was to investigate the interaction of PEMs with 
TCCs, and in particular to probe for their transfer 
across the lung barrier from macrophages to den-
dritic cells located underneath the epithelium. 
Such possible cell-to-cell transfer of PEMs could 
potentially be exploited for inhalation-based ap-
plications targeting dendritic cells, which are nu-
merously distributed in the respiratory tract and 
the key antigen-presenting cells, orchestrating 
both, innate and adaptive immune functions [1]. 
PEMs composed out of biodegradable walls have 
been used to release pro-drug molecules inside 
cells, which are activated only after cellular inter-
nalization [20]. Due to the time delay of activation 
after incorporation, it might be possible that 
PEMs first are internalized by macrophages, and 
only after having been passed to dendritic cells 
their cargo is activated, which would allow for 
specific targeting. Whether such concepts can be 
realized however will strongly depend on the 
capability to transfer PEMs between macrophag-
es and dendritic cells, which is the topic of the 
present study. 

2. Experimental 

1.1. Synthesis of polyelectrolyte microcapsules 

Materials: Non-biodegradable PEMs made of 
poly(sodium 4-styrenesulfonate) (PSS) and 
poly(allylamine hydrochloride) (PAH), and biode-
gradable PEMs made of dextran sulfate (DextS) 
and poly-L-arginine (PLArg) were prepared as 
previously described [17, 20]. All chemicals used 
for PEM synthesis were obtained from Sigma-
Aldrich (USA) except fluorescein isothiocyanate 
(FITC)-dextran 500 kDa and dequenching DQ-
OVA (Life Technologies, USA).  

Template core preparation: Either FITC-dextran 
or DQ-OVA was embedded into CaCO3 template 
microparticles by co-precipitation. In the case of 
FITC-loaded particles, 10 mL of aqueous solution 
of CaCl2 (0.33 M) and 10 mL FITC-dextran 
500 kDa (0.25 mg/mL) were mixed in a glass vial. 
During magnetic stirring (1000 rpm) 3 mL of 
aqueous solution of Na2CO3 (0.33 M) was added 
quickly. After 30 s, the solution was transferred 
into two 15 mL centrifuge tubes and after 2 min, 
the particle growth was terminated by centrifuga-
tion. The particles were washed three times with 
double distilled water. In the case of QD-OVA, 
filled CaCO3 template microparticles were syn-
thesized using the same procedures, but with 
smaller amounts of materials: 615 µL of CaCl2 
(0.33 M) solution, 770 µL DQ-OVA (50 µM) and 
615 µL Na2CO3 (0.33 M), but elsewise the same 
procedures [21, 22]. 

Biodegradable capsules: Layer-by-Layer (LbL) 
assembly was carried out by adsorbing alternating 
layers of negatively charged DextS (Mw ≈ 40 kDa, 
2 mg/mL in 0.5 M NaCl) and positively charged 
PLArg (Mw ≈ 15-70 kDa, 1 mg/mL in 0.5 M NaCl) 
onto the template cores. For each coating step 
the microparticles were suspended in 1-5 mL of 
polyelectrolyte solution followed by three wash-
ing steps (centrifugation in ddH2O). Finally, hollow 
FITC-dextran or DQ-OVA filled PEMs were ob-
tained by dissolution of the CaCO3 templates by 
Ca2+ ion complexion with ethylenediamine-
tetraacetic acid (EDTA, 0.2 M, pH 7) [17, 20]. 

Non-biodegradable capsules: Synthesis was per-
formed analogously to that of the biodegradable 
PEMs with PSS (Mw ≈ 70 kDa) instead of DextS 
and with PAH (Mw ≈ 56 kDa) instead of PLArg 
[17, 20]. A summary of the prepared PEMs with 
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some of their physicochemical parameters is giv-
en in the Supporting Information (Supporting 
Information, Figure 1). 

1.2. Cell culture techniques 

Culture of cell lines: Human alveolar epithelial 
type II cells (A549) from American Tissue Type 
Culture Collection (ATTC #CCL-185), were cul-
tured in Roswell Park Memorial Institute Medium 
(RPMI 1640, Gibco, Luzern, Switzerland) with 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES, Gibco) supplemented with 10 % fetal 
bovine serum (FBS, heat inactivated, PAA Labora-
tories, Austria), 1 % L-glutamine (L-glut, Gibco, 
Luzern, Switzerland) and 1 % penicil-
lin/streptomycin (P/S, Gibco, Luzern, Switzerland) 
and maintained at 37 °C and 5 % CO2. A549 
epithelial cells were sub-cultured twice per week 
using trypsin (0.05 % trypsin-EDTA, Gibco). 5 
days prior to TCC preparation, A549 cells were 
seeded at a density of 2 x 105 cells/mL in the 
upper chamber of membrane inserts (BD Falcon, 
0.3 cm2 surface area, 3.0 µm pores, transparent 
PET-membrane) placed into growth medium-
containing 24 well plates (Milian, Satigny, Switzer-
land) and grown to confluence. The growth medi-
um was changed once before TCC preparation. 

Isolation and monocyte differentiation: Mono-
cytes were isolated from buffy coats from healthy 
donors (blood donation service, Bern, Switzerland) 
as previously described [4]. For differentiation 
into MDDCs, monocytes were cultured in RPMI 
1640 medium supplemented with 10 % FBS (heat 
inactivated, PAA Laboratories, Austria), 1 % L-glut 
(Gibco, Luzern, Switzerland), 1 % penicil-
lin/streptomycin (Gibco, Luzern, Switzerland), 
10 ng/mL granulocyte macrophage colony-
stimulating factor (GM-CSF, Miltenyi Biotech, 
Bergisch Gladbach, Germany) and 10 ng/mL in-
terleukin-4 (IL-4, Miltenyi Biotech, Bergisch 
Gladbach, Germany). For differentiation into 
MDMs, no growth factors were added. Differen-
tiation was performed in 6-well plates 
(106 cells/mL; 3 mL/well supplemented growth 
medium) for 6 days at 37 °C and 5 % CO2. Differ-
entiation and maturation into MDDCs and MDMs 
applying this culture conditions have been 
demonstrated in earlier studies [23, 24]. For the 
experiments, the primary cells were harvested 
after differentiation by off-scraping. 

Cell preparation for live cell imaging: 
1.2 x 105 MDMs/mL, 0.8 x 105 MDDCs/mL, or 
2 x 105 A549 cells/mL, respectively, were grown 
inside 35 mm µ-dishes (Ibidi). After 24 h, the cells 
were placed inside an environmental module at 
5 % CO2 and 37 °C, DQ-OVA filled PEMs were 
added (15 PEMs/cell), and live imaging was per-
formed. 

Cell preparation for live cell imaging of  bi-
cultures: 1.2 x 105 MDMs/mL were grown inside 
35 mm µ-dishes (Ibidi) and loaded with PEMs 
(15 PEMs/cell) for 2 h. Afterwards, 0.8 x 105 
MDDCs/mL cells were added, which had been 
stained with tetramethylrhodamine-labeled wheat 
germ agglutinin (WGA, Life Technologies).   

Cell preparation for live cell imaging of TCCs: 
A549 cells were fluorescently stained with 
CellTracker violet BMQC dye at a dilution of 
1:1000 for 1 h at 37 °C followed by three wash-
ing steps with phosphate buffered saline (PBS). 
Simultaneously staining of mature MDDCs was 
performed inside the chambers of the 6 well 
plates which were used for differentiation. After 
triple washing, off-scraping and counting, MDDCs 
were added to the membrane inserts 
(8.9 x 103/cm2), containing stained A549 cells on 
the top side, to adhere at the bottom side by 
turning the insert upside down for 1 h. During the 
attachment process, MDMs were stained in the 
same way as MDDCs. Finally, 3.5 x 
103 MDMs/mL were added on top of the A549 
cells. PEMs were added into the upper well prior 
to image acquisition by confocal laser scanning 
microscopy (CLSM) and tracked over 24 h. In 
another approach MDMs were pre-incubated 
with PEMs for 24 h and then washed three times, 
scratched off and added to A549 cells and 
MDDCs being already attached to the insert.  

Cell preparation for flow cytometry (FCM) meas-
urements: MDMs were exposed to non-
biodegradable PEMs (5 PEMs/cell) for 24 h. Af-
terwards, MDMs were washed three times, 
scraped off, re-suspended in fresh medium and 
spun down for 3 min at 500 rcf. Simultaneously, 
MDDCs were prepared for bi-culture. MDMs and 
MDDCs (1.25 x 106 cells/mL; 1:1 ratio), respec-
tively, were co-exposed in a new chamber of a 6 
well plate another for 24 h for possible cell-to-cell 
PEM transfer to take place. On day 7, the cells 
were washed three times, scraped off, re-
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suspended in PBS and spun down for 3 min at 
500 rcf. The supernatant was replaced by frag-
ment crystallizable blocking receptor reagent (Fc-
Block, Miltenyi Biotech #130059901) for 10 min 
in order to reduce nonspecific binding. Then, cells 
were resuspended in 1 mL of FCM buffer 
(1 % bovine serum albumin (Sigma Aldrich, St. 
Louis, Missouri, USA) and 0.1 % NaN3 (Sigma 
Aldrich, St. Louis, Missouri, USA) in PBS, (Life 
technologies, California, USA) and stained with 
the following antibodies: CD1c-Pacific Blue 
(Biolegend #331507) for MDDCs and CD14-
Brilliant Violet (Biolegend #301830) for MDMs. 
Finally, cells were washed and FCM analysis was 
performed. 

1.3. Analysis techniques 

Confocal fluorescence microscopy: Cells were 
kept in an environmental module at 5 % CO2 and 

37 °C. Image acquisition was carried out with a 
CLSM 710 Meta setup (Zeiss, Germa-
ny/Switzerland) equipped with lasers for excita-
tion at 405 nm, 488 nm or 543 nm. In the case of 
observing the individual cells types separately for 
obtaining the kinetics of PEM uptake, images 
were acquired at a temporal resolution of 5 min 
using a Plan-Apochromat 20x/0.8 M27 objective. 
Fluorescence of DQ-OVA was excited at 488 nm 
and 543 nm and the emission was collected be-
tween 500-540 nm (green channel) and 560-
750 nm (red channel). PEMs were counted based 
on the time-lapse image series using CellProfiler 
[25], whereby internalized PEMs were identified 
by their increased fluorescence in the green 
channel upon contact with digestive enzymes 
after engulfment. In the case of bi-cultures and 
TCCs, analysis was performed using a 25x objec-
tive with a numerical aperture of 1.4 and an im-
mersion oil lens. After TCC imaging, cellular and 
morphological information was retrieved using 
Imaris (Bitplane 7.4, Zürich, Switzerland). The 
spots module was applied and set to 5 µm in 
order to track the PEMs throughout the TCCs. 
Further, the cells morphology was restored in 3D 
by surface rendering of smoothed data using the 
same software.  

Flow cytometry: FCM was carried out with a 
BD-LSR Fortessa machine. The entire procedure 
was performed on ice and 10,000 events were 
recorded. The obtained data were analyzed with 

FlowJo (Tree Star). Representative gating strate-
gies are shown in the Supporting Information.  

3. Results 

1.4. Uptake of biodegradable capsules 

In order to investigate whether PEMs or frag-
ments of digested PEMs can be passed from 
MDMs to MDDCs, DQ-OVA labeled with boron-
dipyrromethene (BODIPY) was encapsulated into 
biodegradable DextS/PLArg PEMs as described 
previously [20]. The green fluorescence of the 
dye BODIPY is almost completely self-quenched 
due to the close proximity of the dye molecules 
inside non-fragmented ovalbumin [26]. At high 
dye concentrations as occurring inside PEMs 
slightly red fluorescent excimers are formed. After 
enzymatic degradation during uptake by cells, the 
green fluorescence intensity of BODIPY is dra-
matically increased and internalized PEMs and 
potentially released and passed fragments of DQ-
OVA become visible [20]. 

For recording of the uptake kinetics of PEMs 
in MDMs, MDDCs, and A549 epithelial cells, all 
types of cells were exposed to DQ-OVA filled 
PEMs and the ratio Nint/Ntot of internalized to 
total PEMs was calculated over time. Hereby, Ntot 
refers to the total number of capsules and Nint to 
the number of internalized PEMs present in a 
randomly chosen area recorded by CLSM (size of 
recorded areas ≈ 0.2 mm2). The change in color 
from red to green fluorescence of BODIPY-
labeled DQ-OVA allowed for distinguishing be-
tween internalized PEMs and PEMs outside cells 
(Figure 1B). MDMs showed the faster kinetics of 
internalization (green curve in Figure 1A), fol-
lowed by MDDCs (red curve in Figure 1A), and 
A549 cells (blue curve in Figure 1A). In contrast 
to MDMs, MDDCs are highly mobile. Thus, they 
were able to take up much more PEMs present 
over time, whereas MDMs could only reach and 
internalize PEMs in close proximity and a certain 
fraction of non-internalized PEMs always re-
mained, depending on the cell density. Immedi-
ately after uptake, intracellular degradation of 
encapsulated DQ-OVA was observable by a par-
tial release of BODIPY dye into the cytosol of 
both, MDMs and MDDCs (Figure 1). In A549 cells 
only degradation inside the cavities of the cap-
sules but no release of encapsulated material was 
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In order to confirm the exact route of the re-
leased capsules/capsule fragments from MDMs 
towards the bottom side of the membrane insert 
in the two-chamber system it would be necessary 
to do more observations with microscopy tech-
niques that allow a higher temporal resolution. 
The non-biodegradable PEMs were not transmit-
ted to MDDCs residing at the bottom side of the 
insert at any conditions. We assume that this is a 
matter of size, since it was shown that 1 µm poly-
styrene beads were detected inside MDDCs on 
the bottom side of the insert in TCCs after initial 
exposure of MDMs with the particles [24, 29, 4]. 
For both architectures of PEMs cellular F-actin 
protrusion from MDDCs were detected through-
out the exposure. These protrusions were well 
visualized when applying image restoration. It is 
known that F-actin filament growth occurs within 
microseconds [29] and is a prerequisite for cells 
to move, grow, scan and sense their surrounding 
environment [30, 31]. Since F-actin protrusions 
were observed to occur throughout the meas-
urement, the cells seem to try to reach out for 
capsules persistently without any success.  

Whereas live cell imaging allows for the analy-
sis of whole TCCs, in additionally performed FCM 
measurements only bi-cultures were examined. 
Although the two approaches of live cell imaging 
and FCM differed in their sample preparation and 
detection, the findings coincided in terms of no 
observed capsule transmission from MDMs to 
MDDCs. In a supplementary performed FCM-
based control experiment capsule transmission 
from MDMs to epithelial A549 cells, instead of 
MDDCs, was probed. Similar results were ob-
served, i.e. capsules could be detected inside 
A549 cells with the same frequency than inside 
MDDCs, hence, FCM experiments could neither 
verify PEM transfer from MDMs to MDDCs. This 
indicates that in these bi-cultures PEM uptake 
most probably derived from the free PEMs in the 
surrounding medium. Although validation is re-
quired, non-phagocytic A549 cells seemed to be a 
good control, since their function as barrier form-
ing cells is far different than the function of im-
mune cells, which perform phagocytosis and 
crosstalk with other cells. Thus, based on the 
FCM data, we could not confirm any cell-to-cell 
transfer of PEMs between MDMs and MDDCs. 
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Figure SI-3. Flow cytometry gating strategy for the bi-cultures. (A) Identification of the different cell populations in MDMs-
MDDCs bi-cultures. The cells were stained with specific surface markers (MDDCs: CD1c-Pacific Blue; MDMs: CD14-
Brilliant Violet). Initially, unspecific gating was applied (FSC vs. SSC) in order to exclude cellular debris. Afterwards, the 
populations were identified according to the fluorescence intensity of each specific marker. Finally, the FITC intensity was 
utilized to determine capsule uptake. Each experiment was repeated three times (n=3) and cells from different cell cultures 
were used. Capsule-: samples without capsules; Capsule+: samples treated with capsules. (B) % Frequencies of the different 
cell populations in the bi-cultures; light grey: unstained control; dark grey: stained sample. The entire procedure was 
performed at 4 oC. The numbers represent the cells expressing the markers.  ICD1c-Pacific Blue and ICD14-Brilliant Violet correspond to 
the fluorescence intensity of the MDDC and MDM marker, respectively. 
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