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  1.     Introduction 

 There is a strong requirement to understand the biological 
behavior of living organisms at the molecular level and this 
places a signifi cant demand on current high-throughput 
analysis and imaging systems. [ 1,2 ]  The utilization of so-called 
encoded particles for the detection or targeting of spe-
cifi c cells or intracellular compartments is one of the most 
powerful tools. Several examples of encoded particles have 
been described based on different parameters such as com-
position, size, morphology, lithography barcodes or spectro-
scopic properties (e.g., electronic or vibrational profi les). 
The codifi cation of particles through highly active fl uores-
cence reporters is also a promising method. [ 2–7 ]  Fluorescence 
generates very intense signals that allow detection in very 
short data acquisition times with straightforward analysis. [ 2 ]  
In fact, fl uorescence-encoded particles can be rapidly pro-
cessed by using methods that detect fl uorescence in single 
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cells or tissues such as confocal laser scanning microscopy 
(LSM), fl uorescence-activated cell-sorting (FACS), [ 5–8 ]  or by 
advanced imaging techniques to detect fl uorescence in small 
animals. [ 9,10 ]  Thus, such fl uorescently encoded particles offer 
a sensitive, rapid and cost-effective solution for diagnostic 
and imaging applications. 

 Gold nanoparticles (Au-NPs) are the key element in 
the synthesis of highly active encoded particles, because of 
their unique scattering and absorption properties arising 
from localized surface plasmon resonances (LSPRs), [ 11 ]  as 
well as offering a wide number of well-controlled synthetic 
approaches. [ 12 ]  Specifi cally, chemical functionalization of 
the Au-NP surface is usually performed to add biocompat-
ibility and specifi city, [ 12 ]  a large variety of polymers are cur-
rently used to modify the Au surface. The shell can render 
the particle biocompatible, and also protects NPs for example 
against oxidation, reduces aggregation and allows for the 
attachment of targeting ligands (e.g., antibodies) and labels 
(e.g., fl uorophores). [ 5,13,14 ]  

 We have developed a novel design to establish a simple 
and reproducible library of fl uorescence-encoded Au-NPs 
with different surface properties. We have selected func-
tionalized polyethylene glycol (PEG) and polyvinyl alcohol 
(PVA) polymer probes for Au-NP coating to build up the 
encoded NP library, since it was shown in previous studies 
that those polymers improve the colloidal stability and bio-
compatibility of NPs  in vivo  and  in vitro . [ 5,8,15,16 ]  In addition, 
their chemical difference (e.g., degree of hydrophobicity) 
allows investigation of these properties since it is well-known 
that the functional groups of the polymer can modify the 
Au-NPs characteristics, modulating their self-assembly or 
allowing selective interactions. [ 17,18 ]  Quantitative cell uptake 
 in vitro  studies have already demonstrated that size, shape, 
coating and surface charge can modulate the internalization 
of NPs (e.g., Au, QDs, silica). [ 18,19 ]  Many studies, in serum-
free and serum-containing media, have reported that cells 
preferentially incorporate positively charged NPs rather 
than negatively charged ones. [ 13 ]  Furthermore, cytotoxicity 
assays have often revealed increased cytotoxic responses 
of positively charged NPs. In addition, many studies have 
shown a size-dependency of NP internalization and cytotoxic 
behavior. [ 20,21 ]  

 In particular Au or silica NPs have been investigated in 
many  in vitro  studies and the impact of surface charge and 
surface adsorbed proteins, i.e. the so-called protein corona, 
on cellular uptake was studied extensively for those sys-
tems. [ 22 ]  Other factors such as shape have gained more 
interest recently. Hutter et al. [ 23 ]  for example have compared 
the interactions of microglia and neurons with Au spheres, 
rods, and urchins while Kohlar et al. [ 24 ]  have even exploited 
the shape differences to target antibody-coated NPs to lung 
and brain endothelium. In another study it was shown that 
nanohexapods exhibited the highest cellular uptake and 
lowest cytotoxicity compared to nanorods and nanocages 
 in-vitro . [ 25 ]  However, the infl uence of particle morphology 
on the particle-cell interaction is not yet completely under-
stood. [ 24 ]  Particle shape, such like particle charge, is usu-
ally not independent of other parameters such as surface 

chemistry and unraveling the infl uence of shape on NP-cell 
interactions from other generally convoluted variables is a 
challenging problem. [ 18 ]  

 Notably, the impact of seemingly minor surface modifi ca-
tions, such as the attachment of fl uorescent dyes, on cellular 
responses has not as yet been studied in detail. Since fl uores-
cent probes are abundantly attached to NPs to facilitate their 
detection and quantifi cation in  in vitro  and  in vivo  studies, it 
is absolutely crucial to understand the effect of those small 
molecules on particle properties and subsequent biological 
interactions. 

 In this study, we show how the presence of fl uorescent 
dyes can alter particle internalization in human monocyte-
derived dendritic cells (MDDC) in vitro. As a consequence, 
we have developed and tested an optimized fl uorescence-
encoded Au-NPs library that allows for cell uptake studies, 
which are not falsifi ed by the presence of surface molecules. 

 Our study highlights the importance of a comprehensive 
interdisciplinary approach to design tailor-made encoded 
NPs with different surface functionalization to understand 
their complex behavior in biological fl uids such as cell culture 
media and to study the interaction on single cell level by cut-
ting-edge techniques before further biomedical applications 
can be developed.   

 2.     Results and Discussion 

  Figure    1   schematically describes the encoded NP library. The 
detailed synthetic approaches are described in the Experi-
mental Section. Briefl y, the selected fl uorophore was bound 
to six different polymers following standard bioconjugation 
techniques, resulting in highly dye functionalized polymers 
( Figure    2  a and Figure S1). Thereafter, six batches of mono-
disperse 15 nm Au-NPs (Figure  2 b) were coated with those 
six dye-conjugated polymers. PEG layers were covalently 
bound to Au-NPs through the thiol functional group, [ 26 ]  while 
coating with PVA was achieved through electrostatic inter-
action between the Au surface and the polymer. In order 
to examine the infl uence of the surface charge on MDDC 
uptake, amine-functional (e.g., amine-PEG) and carboxylic-
functional PEG and PVA were respectively used. Au-NPs 
were also coated using a mixture of PEG and PVA, providing 
the possibility to investigate the infl uence of the “extra” pol-
ymer on the particle on cellular interactions. This set of NPs 
is referred to as “homo-functional encoded Au-NPs” and dis-
played the fl uorophore on the particle surfaces (Figure  1 a).   

 However, since quenching of fl uorophores by Au-NPs is 
a well-described phenomenon, [ 27 ]  we also designed a second 
set of particles, herein referred to as “hetero-functional 
encoded Au-NPs”, where the fl uorophore was shielded by 
a second polymer coating by capping two alternating mon-
olayers on NP surface. Thus, as an example, Au-NPs were 
initially coated with dye-conjugated amine-PEG followed 
by the addition of the analogous unlabeled polymer. In this 
set-up, the fl uorophore was now  “ sandwiched ”  between 2 
polymer layers (Figure  1 b). The localization of fl uorophores 
with respect to the gold surface was controlled by utilizing 
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appropriate spacers, which allow compensation for fl uores-
cence quenching effects of Au-NPs. [ 4,9,10 ]  It has been shown 
before that if the separation of the fl uorophore from the Au 
surface is insuffi cient (below 6 nm), [ 28 ]  a loss of the fl uores-
cence signal is observed. [ 29 ]  In fact, the previously reported 
low fl uorescence intensities for polymer-coated Au-NPs are 
most likely due to the diffusion of the dye molecule or inad-
equate distances to the gold surface. [ 30 ]  

 We overcame these challenges by (i) covalent attach-
ment of the fl uorophore to the polymers and (ii) using high 
molecular-weight polymers. Fluorescence from both encoded 
particles sets was measured according to their excitation and 
emission spectra (Figure S2), demonstrating a high fl uores-
cence intensity for both sets and thus confi rming the suc-
cessful spacer function of the polymer layer (Figure S3). 
However, the number of fl uorophore molecules per Au-NPs 
showed signifi cant differences depending on the polymer that 
was employed (Figure  2 a). PEG contains only one terminal 
functional group, while PVA has a large number of functional 

groups available (Figure S1). All NPs were stable and showed 
no evidence for aggregation, red shift or band broadening in 
the UV-Vis spectra (Figures  2 c–d). The hydrodynamic diam-
eters and zeta potentials for all encoded and unlabeled par-
ticles are summarized in  Table   1 . Analysis by dynamic light 
scattering (DLS) showed that homo-functional encoded 
Au-NPs presented similar hydrodynamic diameters to their 
analogue unlabeled particles, but the average diameters of 
hetero-functional encoded particles were in general higher 
than the homo-functional particles.  

 Interestingly, unlabeled carboxyl-functional PEG Au-NPs 
displayed a larger hydrodynamic diameter than their dye-
encoded homo-functional analogues. This was already 
described by Manson  et al. , [ 31 ]  who showed that the hydro-
dynamic diameter of Au-NPs increased from 8 nm to 19 nm 
as a function of capping density. Based on this, we created 
a hypothesis that the observed difference between the diam-
eters of unlabeled and homo-COOH-PEG could be due to 
different PEG surface coverage. Also, hetero-NH2-PVA and 
hetero-NH2-(PVA+PEG) showed smaller diameters com-
pared to the homo-functional counterparts (Table  1 ). This 
inverse tendency was probably caused by electrostatic inter-
actions. Charged polymers exhibit pH-dependent swelling 
behavior. As the degree of ionization increases, the number 
of fi xed charges also increase, resulting in stronger electro-
static repulsions between the chains. [ 32,33 ]  However, electro-
static attraction is favored at pH values where both functional 
groups are charged when usually multilayers are constructed 
by the consecutive alternate buildup of oppositely charged 
polymers. Abe  et al.  [ 34 ]  reported that poly(vinyl pyrrolidone)/
poly(methacrylic acid) capsules were stable up to pH 7 where 
they showed their lowest diameter. Similar results were 
reported for fl at multilayers of 10 layers of poly(vinyl pyrro-
lidone)/ poly(acrylic acid) by Cho and Caruso. [ 35 ]  Zeta poten-
tial measurements (Table  1 ) revealed negatively charged 
surfaces for all, i.e. unlabeled as well as homo- and hetero 
functional, carboxylic functional(-COO − ) Au-NPs. Interest-
ingly, although unlabeled NH2-PEG and NH2-(PVA+PEG) 
Au-NPs showed positively charged amine groups (-NH 3  

+ ) 
on the surface, their zeta potential remained negative, which 
might be attributed to the reduced number of protonated 
amino groups (1.5–2 fold; pKa ∼ 8.5–9.5) at neutral pH and 
the strongly negative zeta potential of original citrate Au-NPs 
(–39.5 mV at pH 7). This was previously reported also for 
PEGylated quantum dots. [ 36 ]  Interestingly, all homo-func-
tional particles showed very similar negative zeta potentials 
(−16 to −20 mV). We attribute this to the conjugation of the 
particles to the fl uorophore, which changed the zeta poten-
tial because of the conversion of the deprotonated carboxylic 
(-COO − , pKa ∼ 2–3.5) and protonated surface amine (NH 3  

+ ) 
groups to amides. [ 37 ]  In contrast, the hetero-encoded particles 
displayed the expected positive zeta potentials for the amine-
functional layers and negative charges for the carboxylic-
functional layers. 

 It is well known that Au-NPs can aggregate in solutions 
containing proteins or high salt concentrations, such as cell 
culture media supplemented with fetal calf serum (FCS), 
and that the formation of NP aggregates can infl uence their 
behavior in cell culture media and therefore cell uptake. [ 38 ]  

   Figure 1.     Schematic illustration of the designed fl uorescence encoded 
Au-NPs.  (a) The homo-functional encoded NPs consist of a core of 
Au-NPs coated with a fl uorophore-conjugated polymer: amine- or 
carboxylic- functional thiolated PEG (homo-NH2-PEG and homo-
COOH-PEG, respectively), PVA (homo-NH2-PVA and homo-COOH-PVA, 
respectively) or a mixture of both (homo-NH2-(PVA+PEG) and homo-
COOH-(PVA+PEG), respectively). (b) The second set of encoded particles 
presents a two-layer coating of the Au core with a fl uorophore-conjugated 
polymer covered by an unlabeled polymer. The hetero-functional set is 
composed of six particles: amine- and carboxylic functional thiolated 
PEG (hetero-NH2-PEG and hetero-COOH-PEG, respectively), PVA (hetero-
NH2-PVA and hetero-COOH-PVA, respectively) or the mixture of both 
(hetero-NH2-(PVA+PEG) and hetero-COOH-(PVA+PEG), respectively). 
 Zoom : Illustration of fl uorescent dye “sandwiched” between the 
two polymer layers. The chemical structures of both particle sets are 
depicted in more detail in Figure S1 in the Supporting information. 
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This aggregation phenomenon produces a red shift of the 
LSPR to longer wavelengths visible by UV-Vis spectros-
copy. [ 11 ]  We tested the colloidal stability of all encoded parti-
cles in RPMI 1640 medium with 10% FCS at cell incubation 
conditions (37 °C and 5% CO 2 ) after 1 and 24 h. None of the 
particles aggregated in complete cell culture medium at any 
time (Figure S4). 

 The cellular internalization of all Au-NPs was studied 
using MDDCs, which are key antigen-presenting cells orches-
trating both innate and adaptive immune functions. [ 39 ]  No 
morphological changes were observed in phase contrast 
images of living cells (Figure S6) as well as in LSM images 

of fi xed cells labeled for the cell nuclei 
and F-Actin. In addition to assessing cell 
morphology, cytotoxicity was measured by 
the lactate dehydrogenase (LDH) assay 
(Figure S7). As higher concentrations of 
Au-NPs have been shown to interfere with 
colorimetric assays such as the LDH assay 
(data not presented), cytotoxicity was 
additionally measured by the Trypan blue 
exclusion method (Figure S8), which con-
fi rmed the LDH results. The quantifi cation 
of particle internalization or particle-cell 
surface interaction, respectively, was inves-
tigated by Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-
OES) to measure the Au content. 

  Figure    3  a summarizes the particle 
uptake of the three particle series (i.e., 
unlabeled polymer coated (“unlabeled 
homo-functionalized”), dye-labeled mon-
olayer polymer coated (“homo-functional-
ized), and dye-sandwiched polymer coated 
(“hetero-functionalized) Au-NPs for all 
6 different polymer types. Figures  3 b–d 
describe the particle uptake by MDDCs 
as a function of the different parameters 
studied, i.e., presence of fl uorescent dye, 
polymer type, and surface charge.  

 The unlabeled and hetero-functional 
encoded Au-NPs displayed a similar 

trend of particle internalization, whereas all homo-func-
tional encoded particles exhibited comparably low uptake in 
MDDCs. Figure  3 a–d clearly show that the internalization of 
homo-functional encoded particles does not depend on the 
type of polymer or the surface functional group of the pol-
ymer backbone. We therefore conclude that the internaliza-
tion of encoded homo-functionalized particles depended, at 
least in part, on the presence of the fl uorophore at the NP 
surface, which seems to fully mask the underneath polymer 
(type and chemical functional group). 

 The importance of the surface on particle endocytosis by 
cells has already been well described. [ 18,19 ]  Thus, comparable 

  Table 1.    Size and zeta potential of polymer coated Au-NPs.  

 Unlabeled Homo-functionalized Homo-functionalized Hetero-functionalized

 Size a)  (PD b) ) 
[nm]

Zeta-potential c)  
[mV]

Size a)  (PD b) ) 
[nm]

Zeta-potential c)  
[mV]

Size a)  (PD b) ) 
[nm]

Zeta-potential c)  
[mV]

 NH2-PEG 19.5 (9.0) −21.9 ± 8.2 18.4 (9.1)* −20.1 ± 6.6 32.3 (14.6)** 20.4 ± 7.1

 NH2-(PVA+PEG) 53.9 (19.8) −24.1 ± 4.9 53.5 (20.0) −20.3 ± 6.2 33.5 (14.6)** 22.1 ± 5.7

 NH2-PVA 71.9 (31.9) 7.6 ± 2.8 64.1 (33.0)* −18.7 ± 5.7 50.0 (22.6)** 17.0 ± 6.8

 COOH-PEG 34.5 (15.3) −19.9 ± 6.5 19.1 (7.1)* −16.5 ± 3.5 23.9 (10.6)** −36.6 ± 13.2

 COOH-(PVA+PEG) 22.1 (6.1) −32.3 ± 6.2 22.4 (6.3) −18.5 ± 8.2 32.2 (15.1)** −24.5 ± 9.2

 COOH-PVA 21.1 (9.0) −34.4 ± 13.6 21.1 (10.6) −17.4 ± 3.7 28.5 (13.1)** −22.4 ± 7.1

    a)  Mean hydrodynamic diameter obtained by dynamic light scattering (DLS) at room temperature and at a scattering angle of 90° (Figure S5 and Table S1). DLS measurements were carried out 

in triplicate;     b)  Polydispersity (%);     c)  Zeta-potentials were measured in 10 runs (mean ± SD).     *: * p  < 0.05 (pairwise t-test): unlabeled versus homo-functionalized Au-NPs.     **: * p  < 0.05 (pairwise 

t-test): homo- versus hetero-functionalized Au-NPs.   

   Figure 2.    (a) Number of dye (ATTO 590 or AF 594) molecules per Au-NP. (b) TEM image of 
15 nm-citrate-coated Au-NPs used as core in the synthesis of the encoded particle library. 
UV-Vis spectra of homo- and hetero-functional encoded Au-NPs. Polymers: (c) carboxyl-
functional polymers (PVA, PEG or PVA+PEG mixture) and (d) amine-functional polymers (PVA, 
PEG or PVA+PEG mixture). 
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cellular uptake could be explained by the very similar nega-
tive zeta-potentials of all homo-functionalized particles 
independent of the polymer used (Table  1 ). Dendritic cells 
(DCs) are antigen presenting cells that take up antigens 
by several mechanisms such as receptor-mediated endocy-
tosis, macropinocytosis and phagocytosis, depending on the 
nature of the antigen. [ 8,37,39 ]  Receptors in DCs often require 
co-receptors to form complexes and ligand recognition 
depends on co-ligands and transporters. Thus, the presence 
of fl uorophores on the particle surface could have modi-
fi ed the particle presentation to the cell receptors, inducing 
changes in the receptor function and particokinetic altera-
tions. [ 40 ]  MDDCs internalized the hetero-functional encoded 
Au-NPs to a greater extent than homo-functional particles 
(Figure  3 a), which can be attributed to the second layer 
polymer shielding of the fi rst layer fl uorophore conjugated 
polymer (Figure  3 b); however these NPs displayed a signifi -
cantly lower uptake by MDDCs compared to the unlabeled 
NPs. Despite the shielding effect of the second polymer layer, 
the difference can most probably still be attributed to the 
presence of the fl uorophore. Polymer coatings are not rigid 
shells but fl exible layers on the surface of NPs, which could 
result in the presentation of some dye molecules on the 
particle surface. This is a well-known phenomenon for soft 

polymer particles. For example, Thomann-
Harwood  et al.  [ 40 ]  showed that the cargo 
of chitosan particles, i.e. non-solid vaccine 
carriers, can infl uence uptake by MDDCs, 
because these fl exible carriers allow parts 
of a cargo molecule to be exposed on the 
particle surface. Figure  3 c illustrates the 
impact of the surface functional group, 
irrespective of the used polymer type. For 
the three particle series, we show that the 
presence of amine functional groups in 
the polymer backbone induced a higher 
Au-NP uptake than particles coated with 
polymers containing carboxylic functional 
groups (Figure  3 c) which is in agreement 
with previously reported studies. [ 13,15 ]  The 
hetero-NH2-PVA particles showed the 
highest cellular uptake in the hetero-func-
tionalized particle series (Figure  3 a) which 
can be confi rmed by previous studies with 
NH2-PVA coated nanoparticles. [ 15 ]  The 
lower uptake of carboxyl-functional het-
ero-encoded particles, 3-fold for COOH-
PVA and 9-fold for COOH-(PVA+PEG) 
and COOH-PEG, could be explained by 
their negative charge (Table  1 ), since it has 
been shown that negatively charged par-
ticles allow for poor interaction with the 
negative cellular membrane. [ 13 ]  

 However, the uptake of the posi-
tively charged hetero-encoded particles 
cannot be explained by the surface charge 
alone since only for the hetero-NH2-
PVA Au-NPs a high intracellular particle 
number could be observed compared to 

e.g., NH2-(PVA+PEG) particles (Figure  3 a). This behavior 
could be attributed to the PEG polymer. It has been repeat-
edly shown that PEG coatings can achieve surface “camou-
fl aging” of nanoparticles resulting in prolonged circulation 
times by avoiding cellular uptake. [ 41 ]  In general, the presence 
of a PVA layer resulted in higher cell uptake compared to 
PEGylated particles (Figure  3 d), demonstrating that the phys-
icochemical properties of polymer such as hydrophilicity [ 42,43 ]  
and protein adhesion [ 44,45 ]  have an important role on MDDC 
uptake. This result can be transferred to the polymer mixture 
(PEG and PVA) coated particles where the presence of PVA 
in the two-component shell displayed a positive effect, i.e,. 
stronger internalization compared to the PEG shell. 

 ICP-OES data was supplemented by fl ow cytometry 
(FACS) to evaluate frequencies of cells that take up encoded 
particles. With the exception of homo- and hetero NH2-PVA 
and NH2-(PVA+PEG) Au-NPs, for which we observed high 
frequencies of positive cells (71% and 64%), FACS analysis 
revealed comparable uptake for other particles ( Figure    4  ). 
In addition to ICP-OES fi ndings shown in Figure  3 a, this 
data suggests that not only the relative quantity of NP 
taken up by cells, but also the relative frequencies of cells 
involved in NP uptake depends on chemical NP modifi ca-
tion. In particular high delta in uptake frequency between 

   Figure 3.    (a) Quantifi cation of intracellular Au by ICP-OES shows the infl uence of cellular 
uptake as a function of the surface modifi cation of unlabeled homo-functionalized Au-NPs 
(blue), Homo-functionalized Au-NPs (red), and Hetero-functionalized Au-NPs (green). MDDCs 
were incubated with 20 μgmL −1  NPs for 15 h. Samples were measured in triplicate (light 
red, green and blue circles). The horizontal lines indicate the mean. (b–d) Parameters that 
modulate cellular uptake: (b) Presence of fl uorophore; (c) Functional group and (d) Type of 
polymer. The horizontal lines indicate the median. 
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homo- and hetero-functionalized Au-NPs was observed 
for the NH2-(PVA+PEG) and NH2-PVA coated NPs, with 
the hetero-functionalized NPs showing a much higher fre-
quency of positive cells than the corresponding homo-func-
tionalized NPs. Regarding above comparison it is important 
to note that the number of fl uorophores were identical for 
the homo-and the hetero-encoded NPs and that uptake fre-
quency was therefore compared between NPs showing 
identical fl uorophore density (i.e., 3410 fl uorophores/NP for 
NH2-PVA encoded Au-NPs and 1050 fl uorophores/NP for 
NH2-(PVA+PEG) encoded Au-NPs). However, caution is 
required when comparing uptake of particles showing large 
differences in fl uorophore content: Measured frequencies of 
positive cells may vary since a smaller quantity of NPs with 

high fl uorophore grafting density is required to generate a 
positive signal, as compared to NPs with comparatively lower 
fl uorophore content.  

  Figure    5   shows the comparison between the 2 methods 
ICP-OES and FACS as a function of the relative fl uorescence 
intensity. Thus, a better qualitative link was obtained since 
the variation of the number of dyes/particles was eliminated. 
This is of course only a rough estimate and more precise and 
detailed investigations will be carried out in the future.  

 Further insight into the cellular internalization of the fl u-
orescence-encoded Au-NPs was gained by LSM. Intracellular 
fl uorescent particles are shown in reconstructed 3D illustra-
tions of single MDDC in  Figure    6  . As expected from the ICP-
OES and FACS data, we did not detect PEGylated particles 
by LSM (Figure  6 i,  6 j,  6 k and  6 l). For the encoded particles 
functionalized with PVA and the mixture of both polymers, 
we observed signifi cant differences between amino- and car-
boxylic-functional polymers. Weak signals of homo- and het-
ero-COOH-PVA and COOH-(PVA+PEG) encoded Au-NPs 
were detected in few cells, (Figure  6 c and  6 d for COOH-
PVA and  6 g and  6 h for COOH-(PVA+PEG)). In contrast, 
the hetero-NH2-PVA and NH2-(PVA+PEG) exhibited the 
strongest fl uorescence signal (Figure  6 b for NH2-PVA and 
 6 f for NH2-(PVA+PEG)), and fewer signals were detected 
by their analogues homo-functional particles (Figure  6 a for 
NH2-PVA and  6 e for NH2-(PVA+PEG)).    

 3.     Conclusion 

 Fluorescently encoded and well-defi ned Au-NPs are an 
important tool to study nanoparticle interaction with single 
cells in vitro as well as in vivo using standard fl uorescence 
based methods such as FACS or LSM. Therefore we have 
designed a well-defi ned and thoroughly characterized library 
of fl uorescence-encoded Au-NPs using two biocompatible 
polymers and their amine- or carboxy-functional deriva-
tives. Since some of the commonly used analytical methods 
such as FACS or LSM rely on the fl uorescent labeling of 

   Figure 5.    Uptake by MDDCs as a function of surface modifi cation and detection techniques, FACS (blue) and ICP-OES (red): Variation of homo-
functionalized Au-NPs (a) and hetero-functionalized Au-NPs (b). Samples were measured in triplicate (error bars = mean ± SD). 

   Figure 4.    FACS analysis of MDDCs treated with homo-functionalized 
Au-NPs (red) and hetero-functionalized Au-NPs (green) at a concentration 
of 20 μgmL −1  for 15 h. Samples were measured in triplicate (light red, 
green and blue circles). The horizontal lines indicate the mean. 
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nanoparticles, we have studied the impact of the surface 
bound dye molecules on cellular uptake. We have shown 
that the cellular uptake of unlabeled particles that varied sig-
nifi cantly with the surface bound polymer was signifi cantly 
reduced upon addition of the dye. Even more important, all 
standard homo-functional encoded particles resulted in a 
very similar low cellular uptake by MDDCs irrespective of 
their polymer coating and inherent surface charge. 

 We were able to reduce this masking effect by applying 
a second polymer layer and we could show that the fl uoro-
phore shielding in the hetero-functional encoded particles 
resulted again in a higher and surface-coating dependent 
cellular uptake. The impact of the polymer type and surface 
charge was clearly observable. In contrast, uptake of unla-
beled and hetero-functional Au-NPs was modulated by the 
polymer shell, i. e. with a generally higher uptake of parti-
cles containing PVA and particles bearing amine-functional 
groups on the surface. Thus, the fl uorophore, or any structural 
changes, may defi ne the characteristics of MDDCs uptake 
and processing. Endocytic capacity in dendritic cells strongly 
depends on the state of maturation with native cells showing 

higher rates of internalization than activated cells. Further-
more, endocytosis is complex and includes many different 
pathways such as phagocytosis, macropinocytosis, clathrin-
mediated endocytosis, caveolae-mediated endocytosis, among 
others and its analysis has to be thoroughly optimized for 
each different cell type. [ 46 ]  Further studies are required 
in order to reveal specifi c endocytic pathways involved in 
uptake of Au-NPs by dendritic cell. 

 Here, we also show the importance of applying different 
analytical methods such as ICP-OES and FACS to quantify 
the cell uptake of Au-NPs. Both methods yield information 
about the nanoparticle-cell complex and cannot explicitly dis-
tinguish between internalized and membrane attached nano-
particles. Consequently, LSM is absolutely essential to prove 
the presence of intracellular particles. In addition, ICP-OES 
and FACS offer different and complementary information 
about cellular uptake. ICP-OES quantifi es the Au content, 
while FACS measures the number of cells that generate a 
positive relative fl uorescence response. As a consequence, 
the correlation of both techniques is not evident; therefore 
future studies should focus on this in much more detail. Our 

   Figure 6.    Visualization of fl uorescence encoded Au-NPs with laser scanning microscopy. Internalization of homo-functional (a) NH2-PVA, (c) 
COOH-PVA, (e) NH2-(PVA+PEG), (g) COOH-(PVA+PEG), (i) NH2-PEG and (k) COOH-PEG Au-NPs; and hetero-functional (b) NH2-PVA, (d) COOH-PVA, (f) 
NH2-(PVA+PEG), (h) COOH-(PVA+PEG), (j) NH2-PEG and (l) COOH-PEG Au-NPs in MDDCs shown in a 3D reconstruction: Red: F-Actin, Blue: Nucleus, 
Green: ATTO590-Au-NPs. Scale bar: 7 μm. 
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results agree well with previous fi ndings and strongly sug-
gest that the structural composition of the NP coating layer, 
including surface charge and molecular structure, plays an 
important role for the cellular internalization. Further studies 
are ongoing to investigate the possible immune-modulatory 
function of the different encoded Au-NPs in immune cells, 
such as dendritic cells, in vitro as well as in vivo.   

 4.     Experimental Section 

  Synthesis of ATTO590-Conjugated Vinylalcohol-Vinylamine 

Copolymer (PVA-NH2) and ATTO590-Conjugated Thiolated PEG 

Amine : Carbodiimide chemistry was used to conjugate the primary 
amines of the thiolated PEG (NH2-PEG-SH, Mw 5000,  Creative PEG-

Works, Winston-Salem, CN, USA ) and PVA-NH2 (M w  80000 – 140000, 
Erkol S. A. Spain) with the activated carboxyl groups of the ATTO590 
NHS ester (Sigma-Aldrich, Buchs, Switzerland), forming an amide 
functional group. [ 47 ]  Briefl y, 25 mg of polymer, 100 μL of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDAC; Sigma-Aldrich, Buchs, 
Switzerland) conjugation buffer (2% (w/v) EDAC in PBS, pH 7) and 
60 μL of ATTO590 solution (2 mg/mL in DMF) were mixed in a shaker 
overnight at room temperature. The conjugated polymer was puri-
fi ed by gel fi ltration chromatography using PD-10 desalting column 
(Sephadex G-25 medium, exclusion limit M r  = 5000, GE Healthcare 
Life Sciences) and 0.01 mM PBS buffer as eluent. Then, the puri-
fi ed conjugated polymer was lyophilized for 3 days and stored at 
−20 °C. Synthesis of ATTO590-conjugated carboxylic-functional PVA 
(PVA-COOH). Carbodiimide chemistry was used to conjugate the PVA 
hydroxide group (carboxyl-modifi ed PVA, Kuraray Specialties Europe 
GmbH, Hattersheim am Main, Germany) with the activated car-
boxyl groups of the ATTO590 NHS ester, forming a ester functional 
group. [ 47 ]  Briefl y, 30 mg of polymer and 200 μL EDAC conjugation 
buffer were mixed in a shaker for 15 min at room temperature. Then, 
ATTO590 (60 μL; 2 mg/mL) was slowly added to the reaction mix-
ture and immediately the pH was changed to 5.0 using HCl allowing 
the reaction to continue overnight with stirring at room temperature. 
The conjugated polymer was purifi ed by gel fi ltration chromatog-
raphy using PD-10 desalting column and 0.01 mM PBS buffer as 
eluent. Then, the purifi ed conjugated polymer was lyophilized for 
3 days and stored at −20 °C. 

  Synthesis of AF594-Conjugated Thiolated PEG Carboxylic Acid : 
Carbodiimide chemistry was used to conjugate the hydrazine 
group of AF 594 (Life Technology Europe B. V., Zug, Switzerland) 
with the carboxyl groups of PEG (COOH-PEG-SH, Mw 5000, Creative 
PEGWorks, Winston-Salem, CN, USA) forming an amide functional 
group. [ 47 ]  Briefl y, 35 mg of polymer and 100 μL EDAC conjugation 
buffer (2% (w/v) EDAC, 3% (w/v) N-hydroxysuccinimide in PBS, pH 
7) were mixed in a shaker for 15 min at room temperature. Then, 
120 μL of AF 590 (1 mg/mL, DMSO) was added to the activated-
PEG-COOH solution and allowed to react overnight with stirring at 
room temperature. The conjugated polymer was then purifi ed by 
gel fi ltration chromatography using 0.01 mM PBS buffer and lyo-
philized for 3 days. The sample was stored to −20 °C. 

  Synthesis of Fluorescence Encoded (Homo- and Hetero) and 

Unlabeled Homo-Functionalized Au-NPs : Citrate-stabilized Au 
nanospheres (15 nm in diameter, [Au] = 0.5 mM) were synthe-
sized as reported by Enustun and Turkevich. [ 48 ]  In order to pro-
duce the homo-functional encoded particles, PBS 1x solutions 

containing an adequate amount of dye-conjugated polymer were 
prepared. The polymer coating of the Au-NPs was performed to 
yield 15 molecules/nm 2  for the PEG containing samples, a [Au/
PVA] ratio of 15 for PVA samples, and a [PEG/PVA] ratio of 1 for 
the mixed samples. Then, the respective polymer solution, which 
was previously treated by ultrasound for 15 min, was added drop 
wise under shaking to 10 mL of synthesized Au-NPs. The mixture 
was allowed to react at RT for 24 h. Conjugated polymer coated 
particles were centrifuged (10 000 g, 1 h) twice to remove excess 
poly mer and re-dispersed in 5 mL of PBS 1x. For the hetero-func-
tional encoded particles, a second coating with unlabeled poly-
mers was applied using the same conditions. All samples were 
centrifuged at 10 000 g for 1 h and re-dispersed in 5 mL of PBS 1x. 

 The unlabeled homo-functionalized Au-NPs were synthe-
sized as described above using just the polymers without any 
fl uorophores. 

  Characterization Methods : Optical characterization was car-
ried out by UV-Vis spectroscopy on a Jasco V-670 spectrophotom-
eter (Jasco Europe S. R. L., Milano, Italy). The UV-Vis spectra were 
acquired in water, PBS 1x and RPMI 164 cell culture medium sup-
plemented with 10% fetal calf serum (FCS to assess the colloidal 
stability. Emission measurements were recorded using a UV-Vis 
fl uorescence spectrometer (Photon Technology International, Bir-
mingham, UK). Optimization was carried out by performing both 
excitation and emission scans. The effi ciency of the coating steps 
was monitored through zeta potential measurements (Brookhaven 
Instruments Corporation, Hotsville, NY, USA). The hydrodynamic 
radius was measured by dynamic light scattering (DLS) at 80°, 90° 
and 100° (LS Instruments A. G., Fribourg, Switzerland). 

  Cell Culture : Human monocytes were isolated from buffy coat, 
obtained from healthy volunteers (Blood Donation Service, Bern 
University Hospital, Bern, Switzerland) by gradient centrifugation 
(Lymphoprep, Axis Shield, Oslo, Norway) and magnetic separation 
as described in the MACS Monocyte Isolation Kit Manual (MACS 
Miltenyi Biotec, Bergisch Gladbach, Germany, Order no. 130–050–
201). Monocytes were seeded into 12 well plates (2 mL/well, 10 6  
cells mL −1 ) cultured in RPMI 1640 medium (10% FCS, 1% L-Glu, 1% 
Pen-Strep). The cells were incubated at 37 °C, 5% CO 2  for 6 days for 
differentiation into dendritic cells by additional supplementation 
of 34 ng mL −1  IL-4 (R&D Systems Europe Ltd., Abingdon, UK) and 
50 ng mL −1  GM-CSF (R&D Systems Europe Ltd., Abingdon, UK). 

  Nanoparticle Exposure : Upon maturation on day 6, the cells 
were exposed to 20 μgmL −1  Au-NPs. After exposure for 15 h, 
uptake into cells was measured by Flow Cytometry (FACS), Laser 
Scanning Microscopy (LSM) and Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-OES). Each experiment was 
repeated at least three times with cells from different donors. 

  Cytotoxicity : The ability for unlabeled, homo-functionalized 
and hetero-functionalized Au-NPs to cause cytotoxicity after 15 h 
suspension exposure was determined via the Lactate dehydroge-
nase (LDH) assay. After exposure of the human MDDCs to Au-NPs 
the cell supernatants were collected and stored at 4 °C. The experi-
ment was performed according to the manufacturer's specifi ca-
tions (Cytotoxicity Detection Kit, Cat. No.: 22 644 793 001, Roche 
Diagnostics, Mannheim, Germany). Supernatants were measured 
at 490 nm (with a reference at 630 nm) using a multi-plate spec-
trometer (Benchmark Plus, Bio-Rad, Switzerland). Untreated cells 
were used as negative control and Triton X-100 0.2 wt% was used 
as the positive control at a concentration of 1 wt% in PBS. Total 
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extracellular LDH was then calculated according to the manu-
facture's manual. In order to account for the interference of the 
Au-NPs with the colorimetric LDH assay the values of the particles 
in buffer were subtracted from the values obtained for the cells 
with incubated nanoparticles. 

 In addition to the LDH assay we also performed the Trypan 
Blue exclusion assay. Briefl y, exposed human MDDCs were cul-
tured and a cell count was performed using a 1:1 dilution of Trypan 
Blue ( Sigma Aldrich ,  Buchs, Switzerland ) in cell culture media. 
After three mins at RT, cells (10 μL) were counted for each expo-
sure using a haemocytometer. Percentage viability was determined 
from the positive control (frozen cell cultures at −80 °C for 30 min). 
The assays were carried out in triplicate. 

  Flow Cytometry : Cells were transferred to FACS tubes (1 mL/tube, 
10 6  cells mL −1 ). Cells were kept on ice and washed with FACS buffer 
(1% BSA, 0.1% NaN 3  in PBS), centrifuged (500 g at 4 °C for 8 min) 
and re-suspended in 400 μL FACS buffer. Samples were examined in 
the LSR Fortessa (BD Biosciences, Allschwill, Switzerland) by using a 
PE-TEXAS Red channel for the detection of the particles. 

  ICP-OES : After particle exposure, cells were collected in 15 mL 
tubes. They were centrifuged twice (500 g at 4 °C for 8 min) in order 
to prevent endo- and exocytosis and remove non-internalized nan-
oparticles and debris. Supernatants were discarded and cells were 
digested in 0.5 mL Aqua Regia (HNO 3 :HCl; 1:3). After 24 h of diges-
tion, samples were diluted in milli-Q water up to 5 mL. Samples 
were measured by IPC-OES (Optima 7000DV, Perkin Elmer, Schwer-
zenbach, Switzerland). Measurements were performed at a wave-
length of 242.795 nm (Limit of detection (LOD) = 16 μg L −1  and 
limit of quantifi cation (LOQ) = 23 μg L −1 ), at an axial plasma view. 
The plasma fl ow was 15 mL min −1  and the sample fl ow rate 1.5 mL 
min −1 . A washing-step was performed between each measurement 
and each sample was measured three times. 

  Immunofl uorescence and LSM : Cells were transferred to 4-well 
culture slides (Cat. No.: 354114, BD Biosciences, Allschwill, Swit-
zerland) and exposed to 20 μg mL −1  of Au-NPs for 15 h. After expo-
sure, cells were fi xed with 3% PFA in PBS, permeabilized with 0.2% 
Triton-X in PBS and stained with Phalloidin-Alexa488 (Cat. No. 
A12379, Life-Technologies, Carlsbad, CA, USA) and DAPI (Cat. No. 
D136, Life Technologies) for F-action and nuclear staining, respec-
tively. Samples were washed, embedded in Glycergel mounting 
medium (Cat. No. c056330, DAKO, Santa Clara, CA, USA), covered 
with a coverslip and examined under a ZEISS LSM710 Microscope 
(Lasers: DPSS 561 nm for ATTO590 (Au-NPs), HeNe 488 nm for 
Alexa Fluor 488 nm and a UV diode at 405 nm for DAPI) with an 
63× (NA 1.40) objective lens. Visualization and 3D modeling was 
performed with IMARIS software (Bitplane AG, Zurich, Switzerland).  
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