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(RAFT) is particularly well suited to syn-
thesize sulfur-end-functionalized polymers 
due to the use of thiocarbonate RAFT 
chain transfer agents (CTAs). [ 4 ]  

 It is known that size, shape, and surface 
chemistry of goldNP affect their uptake 
by living cells. [ 5 ]  However, few have been 
reported on whether altering the hydro-
philic-to-hydrophobic ratio of a polymer 

coating can affect cellular interaction. In this paper we report 
on goldNP decorated with a series of polymers that differ in 
their hydrophilic-to-hydrophobic comonomer ratio and investi-
gate how the latter affects cellular uptake. In addition, we devel-
oped a novel fl ow cytometry method for label-free investigation 
of goldNP-cell interaction. This methodology is then used to 
investigate the different parameters that affect the interaction 
of the goldNP and in vitro cultured cells.  

  2.     Results and Discussion 

 Copolymers composed of the hydrophilic 2-hydroxyethylacrylate 
(HEA) and the hydrophobic methoxyethylacrylate (MEA) were 
obtained by RAFT in an automated parallel synthesis robot 
to minimize batch-to-batch variation. [ 6 ]  Polymers with a theo-
retical degree of polymerization (DP; monomer to CTA ratio) 
of 100 and HEA:MEA ratios of 100:0, 80:20, 60:40, 50:50, 
40:60, and 20:80, respectively, were synthesized according to 
 Scheme    1  . For clarity of presentation these polymers will fur-
ther on be denoted as HEA  x  MEA  y   ( x  and  y  represent HEA and 
MEA to CTA ratio, respectively). Polymerization was stopped at 
a conversion of approximately 65% to ensure good chain end-
fi delity of the polymers and Table S1, Supporting Information, 
summarizes their properties. In all cases linear fi rst order poly-
merization kinetics (Figure S1, Supporting Information) were 
observed and good control over the polymerizations was fur-
ther evidenced by dispersities below 1.3. As reported earlier by 
Hoogenboom et al., copolymers of HEA and MEA have an ideal 
random monomer distribution [ 7 ]  which was confi rmed in our 
present study. The polymers HEA 40 MEA 60  and HEA 20 MEA 80  
appeared to by insoluble in water at room temperature or above 
and were not included in further experiments. 

  13 nm (size measured by transmission electron micro-
scopy (TEM)) citrate-stabilized goldNP were synthesized by the 
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  1.     Introduction 

 The design of engineered nanoparticles that can interact with 
living cells and tissues is important for many biomedical appli-
cations, including imaging, diagnostics, and drug delivery. [ 1 ]  
Gold nanoparticles (goldNP) have attracted major interest due 
to their chemical stability, cytocompatibility, and their tunable 
optical and electronic properties. [ 2 ]  Furthermore, (quasi) cova-
lent surface functionalization of metallic gold is straightforward 
using sulfur-containing compounds that form self-assembled 
monolayers. [ 3 ]  Polymer-decoration of goldNP is attractive to 
modulate the goldNP properties and to render them colloidally 
stable in complex media. To produce polymer-decorated goldNP, 
reversible addition fragment chain-transfer polymerization 
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Turkevich–Frens method via direct reduction of the HAuCl 4  
salt with trisodium citrate in aqueous medium under boiling. [ 8 ]  
Characterization of the goldNP is reported in Figure S2-A, Sup-
porting Information. Surface functionalization with the respec-
tive HEA  x  MEA  y   copolymers was performed by simply mixing 
aqueous solutions of the goldNP and copolymers (in large 
excess) followed by several centrifugation and washing steps 
to remove nonadsorbed polymer. Successful functionalization 
is evidenced by the ability of the polymer@goldNP solution 
to remain colloidally stable after removal of the access citrate. 
Indeed, when citrate-stabilized goldNP are centrifuged and 
redispersed in deionized water or buffer solution, irreversible 
aggregation occurs. [ 9 ]  However, this was not the case in any 
of the HEA  x  MEA  y  @goldNP samples and dynamic light scat-
tering (DLS) and TEM gave further proof of the formation of 
colloidally stable dispersions, as shown in Figure S2-B, Sup-
porting Information. DLS and UV–vis further confi rmed that 
the HEA  x  MEA  y  @goldNPs are stable at room temperature and 
at 37 °C in physiologically relevant media, including phos-
phate buffered saline (PBS; 50 × 10 −3   M  phosphate salts, 150 × 
10 −3   M  NaCl, pH 7.4) and PBS supplemented with 10% fetal 
bovine serum (FBS; typically used in cell culture experiments 
and is composed of a complex mixture of serum proteins) 
(Figure S2-C and Table S2, Supporting Information). 

 The method of choice to measure cellular association (i.e., 
uptake or cell surface binding) of a specifi c component is fl ow 
cytometry (FCM). FCM involves the simultaneous measure-
ments of light scattering and fl uorescence properties of single 
cells as they move in a liquid stream through a laser/light 
beam past a sensing area. For this purpose, the components 
of interest are typically labeled with a fl uorescent dye to allow, 
upon excitation by a laser beam, detection of fl uorescence emis-
sion by a photomultiplier tube (PMT). Besides PMTs, fl ow 
cytometers are typically also equipped with diode detectors to 
measure scattered light in both axial (forward scatter; FSC) 
and perpendicular (side scatter; SSC) directions with respect 
to the fl uid stream. The FSC signal is proportional to the cell 
size, whereas the SSC signal is proportional to the granularity 
of the cell. We hypothesized that cellular uptake of goldNP 
could, owing to the light scattering properties of goldNP, lead 
to an alteration in the SSC signal of the cells. If so and, this 
method would afford label-free detection of goldNP uptake by 
cells in a facile and high throughput fashion. Indeed, fl uores-
cent labelling of a component of interest might signifi cantly 
alter its physicochemical properties, and thus infl uence its 
interaction with cells. Additionally, metal nanoparticles are 
known to strongly quench fl uorescence. [ 10 ]  Thus, conjugating 

a fl uorophore to the goldNP surface is very likely a sub-
optimal choice. Therefore, cellular uptake of goldNP is typically 
assessed by atomic absorption or emission spectroscopy. How-
ever, with regard to measuring metal content in cells, draw-
backs of these methods include: 1) Careful sample preparation 
to know the exact cell number in each sample. 2) The nonhigh 
throughput nature of these techniques. 3) The impossibility to 
measure different parameters, as is the case with FCM using 
additional immunostains. 4) The lack of availability of these 
systems in common life sciences laboratories, whereas FCM is 
a well-established technique in this fi eld. 

 As a proof-of-concept to validate whether indeed the SSC 
properties of cells change upon uptake of goldNP we incu-
bated DC2.4 cells for 12 h with different concentrations of 
HEA 50 MEA 50 @goldNP. DC2.4 is an immortalized mouse 
dendritic cell (DC) line. DCs are the most potent class of pro-
fessional antigen presenting cells of the immune system and 
a premier target cell population for the delivery of vaccine 
antigens and immune-modulating compounds. The FCM 
gating strategy that we applied to investigate the uptake of 
HEA  x  MEA  y  @goldNP in DC2.4 cells is shown in  Figure    1  A. 
Note that for the sake of clarity, these data correspond to blank 
untreated cells. The fi rst two gates serve to discard multiplets 
(i.e., two or more cells that stick together) and cell debris. The 
two remaining cell populations marked by the red dashed 
ellipses represent dead cells (population (1)) and living cells 
(population (2)). We deliberately do not gate out the dead cell 
population based on the SSC versus FSC plot as is typically 
done in fl ow cytometry analysis. The reason for this is that as 
the SSC would increase upon internalization of goldNP, popu-
lations (1) and (2) would start to overlap. Thus, a priori gating 
out population (1) would mistakenly discard living cells that 
have internalized goldNP. Therefore, to gate out dead cells, we 
performed a costaining with propidium iodide (PI). This fl uo-
rescent dye is impermeable to alive cells but is permeable to 
dead cells and stains their nucleus. As a third gate, we selected 
those cells that were negative for PI staining. By counting the 
number of living cells per volume, we also verifi ed that the 
concentration range of goldNP that was used in these experi-
ments did not strongly affect cell viability (see Figure S3, 
Supporting Information). Finally, a gate was set to mark the 
onset of what will be considered as cells that are associated to 
goldNP (i.e., goldNP+ cells). As shown by the histograms in 
Figure  1 B1, a shift in SSC can be clearly distinguished with 
increasing goldNP concentration in the cell culture medium. 
The quantitative results in Figure  1 B2 give further proof that 
both the number of events in the goldNP+ cells gate and the 
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 Scheme 1.    Reaction scheme of the RAFT copolymerization of HEA and MEA.
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mean SSC intensity in the living cells gate increase as a func-
tion of the goldNP concentration. 

  To enlarge our experimental setting, we incubated DC2.4 
cells with increasing amounts of goldNP decorated with the dif-
ferent HEA  x  MEA  y   copolymers. As shown in Figure  1 C1, a dose-
dependent increase in SSC is witnessed for all HEA  x  MEA  y  @
goldNP samples. Interestingly, also a strong infl uence of 
the hydrophilic-to-hydrophobic ratio of the polymer coating 
is observed, with increasing hydrophobicity of the polymer 
coating leading to increased goldNP-cell association. To vali-
date our FCM strategy and to confi rm whether the shift in SSC 
intensity as a function of goldNP concentration in the cell cul-
ture medium and polymer hydrophobicity is truly due to an 
increase in goldNP-cell association, we measured in parallel the 
goldNP content of the cells by inductive coupled mass spectros-
copy (ICP-MS) for the lowest and highest goldNP concentra-
tions in the cell culture medium. In these experiments we care-
fully assured that the number of cells in each sample was equal 
by counting cell numbers by FCM. As depicted in Figure  1 C2, 
similar trends as observed by FCM are found, thereby con-
fi rming the high potential of this method for straightforward 
and high throughput screening of cellular interaction with 
goldNP. 

 To investigate whether the HEA  x  MEA  y  @goldNPs are effec-
tively taken up by the DCs, or merely surface-bound, and to elu-
cidate the intracellular fate of the nanoparticles, we used optical 
microscopy and TEM. The series of fl uorescence microscopy 
images depicted in Figure S4, Supporting Information, indeed 
confi rms the presence of nanoparticles observed as black dots 
inside the cells. Furthermore, DCs pulsed with HEA 100 MEA 0 @
goldNP barely show presence of nanoparticles, whereas this is 
increasingly more pronounced for the other nanoparticle sam-
ples with increasing MEA content. This again confi rms the 
FCM and ICP-MS data. Further insight into the intracellular 
localization of the goldNP was obtained by TEM on ultrathin 
microtomed sections taken from DCs that were pulsed with 
goldNP in a similar fashion as for the optical microscopy experi-
ments.  Figure    2   shows that the nanoparticles are predominantly 

located inside vesicular organelles, likely endosomes, lys-
osomes, and/or phagosomes. Besides this, the zoomed images 
also show the presence of a minor fraction of the nanoparti-
cles being localized outside vesicular organelles in the cyto-
plasm. No infl uence of the hydrophilic-to-hydrophobic ratio on 
the extent of cytoplasmic localization of the nanoparticles was 
observed. Although a minority, cytoplasm-located nanoparti-
cles might play an important role. Indeed, as recently reported 
by Leong and coworkers, nanoparticles located in the cytosol 
can interfere with the microtubule assembly and, by doing so, 
strongly affect cellular migration capability. [ 11 ]  Whether this is 
also the case for DCs, remains to be investigated. But in view 
of the crucial role of this highly motile nature of this cell type, 
a decrease in migratory properties could strongly affect the 
way DCs respond to an infectious tread or their ability to trans-
port therapeutic nanoparticles (e.g., vaccines) to the immune-
inducing sites in the draining lymph nodes. 

  Next we aimed at elucidating in more depth those para-
meters that play a role in the cellular internalization of the 
HEA  x  MEA  y  @goldNP. To investigate whether particle uptake 
proceeds via passive or active endocytosis, DC2.4 cells were 
incubated with the different HEA  x  MEA  y  @goldNP for 2 and 
12 h at 37 and 4 °C, respectively. The latter is used to block 
active, energy-dependent, cell uptake. As shown in Figure S5, 
Supporting Information, a vast difference in particle uptake is 
observed dependent on the incubation time and temperature. 
First, after 2 h, the amount of goldNP+ cells is still fairly low 
relative to the values measured after 12 h. Second, incubation 
at 4 °C does not lead to signifi cant particle uptake of any of the 
HEA  x  MEA  y  @goldNP samples, thereby suggesting that the cel-
lular uptake of the particles proceeds via active receptor-medi-
ated phagocytosis or macropinocytosis. This corresponds well 
with the TEM observations that show the nanoparticles being 
predominantly present in intracellular vesicles, which is a clear 
sign of an active uptake mechanism. [ 12 ]  

 When a nanomaterial enters a biological fl uid (for example, 
cell culture medium), proteins rapidly absorb to its surface and, 
as a result, the surface properties, charges, and hydrodynamic 
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 Figure 1.    A) FCM gating strategy to assess cell uptake of goldNP by the shift in SSC. B) Histograms (B1) and quantitative analysis (B2) of DC2.4 cells 
pulsed with different concentrations of HEA 50 MEA 50 @goldNP ( n  = 3). C) Uptake HEA  x  MEA  y  @goldNP by DC2.4 cells measured by FCM (C1) and 
ICP-MS (C2) ( n  = 3).
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radius of nanoparticles are reshaped. [ 13 ]  The protein corona 
constitutes a primary nano–bio interface and determines the 
fate of nanoparticles in a biological environment. To inves-
tigate the role of serum proteins on the cellular uptake of the 
HEA  x  MEA  y  @goldNP, DC2.4 cells were pulsed for 2 h with 
the different HEA  x  MEA  y  @goldNP samples either in presence 
or absence of 10% FBS in the cell culture medium. Note that 
the 2 h time window was chosen because a period of 12 h in 
absence of serum was severely affecting cell viability. Depleting 
the cell culture medium from serum strongly reduces cellular 
association of all HEA  x  MEA  y  @goldNP samples. These fi ndings 
suggest that the presence of serum plays an important role in 
governing cellular interaction with the HEA  x  MEA  y  @goldNP. [ 14 ]  

 The effect of the protein corona on the cellular uptake of the 
HEA  x  MEA  y  @goldNP was further elucidated by incubating the 
nanoparticles overnight in PBS supplemented with 10% FBS. 
Triple washing/centrifugation was used to remove the excess of 
proteins and the samples were subjected to an enzymatic diges-
tions and analyzed by ζ-potential measurement and liquid chro-
matography combined with tandem mass spectrometry/mass 
spectrometry for detection (LC-MS/MS). The ζ-potential values 
of the respective nanoparticles are listed in Table S2, Supporting 
Information, and do not show major differences as a function of 
polymer coating before and after exposure to FBS. Therefore, it 
is likely that the ζ-potential values cannot be accounted for the 
differences in cellular interaction of the nanoparticles. Prior to 
LC-MS/MS analysis, the FBS-exposed HEA  x  MEA  y  @goldNP were 
loaded on polyacrylamide gel (PAGE) and subjected to electropho-
resis followed by in-gel digestion with trypsin. Three biological 
replicates were analyzed per polymer. Quantifi cation of the pro-
tein amount by optical integration of the PAGE gel ( Figure    3  A1) 
does show a higher amount of proteins absorbed to the HEA100 
polymer. However, the difference was not signifi cant. 

  Semi-quantitative analyses based on the number of identi-
fi ed proteins (Figure  3 A2), and the number of spectra showed 

similar results. We also performed quartz crystal microbalance 
(QCM) studies on planar gold fi lms on which HEA  x  MEA  y   
polymers were adsorbed followed by fl owing a PBS + 10% 
FBS solution over the chips. These experiments (Figure S6 and 
Table S3, Supporting Information) also did not indicate a differ-
ence in the absolute amount of proteins that are adsorbed onto 
the different HEA  x  MEA  y   coated chips, confi rming the optical 
integration and LC-MS/MS data. These fi ndings are contrary 
to earlier reports on planar gold surfaces [ 15 ]  and goldNP func-
tionalized with low  M  w  compound of varying hydrophobicity. [ 16 ]  
The Rotello group reported that hydrophobic goldNPs show 
a higher tendency in binding serum proteins, which in turn 
decrease their cellular uptake. This inhibition effect was attrib-
uted to the repulsive interaction between anionic bovine serum 
albumin (BSA) and negatively charged cell membrane. [ 17 ]  
However, differences in nanoparticle surface chemistry, cell 
type, culture protocol, and uptake pathway may account for 
this discrepancy. [ 18 ]  For example, direct reaction between the 
HEA  x  MEA  y   chains hydrogen bonding with the hydroxyl groups 
or the methoxy groups, [ 14b ]  and the cell surface could contribute 
to the increase in cellular uptake. 

 When analyzing the exact content of the protein corona 
further in depth, clear differences between the respective 
HEA  x  MEA  y  @goldNP were found. To process the LC-MS/MS 
data, we selected those proteins that were found in all three 
biological replicates and clustered these as a function of their 
appearance in the respective HEA  x  MEA  y  @goldNP samples 
(Figure  3 B1). These data show that of a total of 65 proteins, 32 
proteins are found in each of the samples. Other proteins are 
found exclusively in one of the samples, or in discrete combina-
tions. The 32 proteins that were found in all of the samples are 
presented in Figure  3 B2 in a heat map, representing the rela-
tive abundances of these proteins based on spectra count. Spec-
tral count is a label-free, semi-quantitative measure for proteins 
abundance. HEA 50 MEA 50 , HEA 60 MEA 40 , and HEA 80 MEA 20  
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 Figure 2.    Transmission electron microscopy images at low (upper row) and high (lower row) zoom of DC2.4 cells incubated with HEA  x  MEA  y  @goldNP. 
Particles localized in the cytosol are marked by a white arrow.
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show similar results. HEA 100 MEA 0 , however, shows a dis-
crepancy with the other polymers: some proteins are clearly 
upregulated in HEA 100 MEA 0  such as Complement C3, others 
are downregulated such as alpha-S1-casein. Binding of com-
plement C3 to hydroxyl bearing polymers (as is the case for 
HEA100) has been reported by the Hubbell group for purely 
organic nanoparticles [ 19 ]  and is thus confi rmed in our present 
studies for such polymers grafted on goldNP. Furthermore, the 
observation that HEA 100 MEA 0  leads to the highest diversity of 
adsorbed proteins corresponds with earlier reports by the Whi-
tesides group [ 20 ]  that to avoid protein adsorption, a polymer 
should ideally have only hydrogen bond accepting groups and 
no hydrogen bond donating groups like HEA 100 MEA 0  solely 
has. The full list of adsorbed proteins is included in the Sup-
porting Information, and Figure  3 B3 shows the spectral 
counts of the 10 most abundant proteins that were found in 
all HEA  x  MEA  y  @goldNP samples. GRAVY (grand average of 
hydropathy) analysis of the hydrophobicity of the absorbed pro-
teins did not show difference in hydrophobicity of the absorbed 
proteins/peptides in function of the polymer coating. These 
observations suggest that either the subtle differences in the 
composition of the protein corona or the interaction between 
the polymer coating itself and the cell membrane might 
account for the increased particle uptake at increasing hydro-
phobicity of the polymer coating.  

  3.     Conclusions 

 Summarizing, in this paper we have shown using a novel 
label-free FCM approach that tailoring the hydrophilic-to-
hydrophobic ratio of the polymer coating of goldNP strongly 
infl uences cellular uptake. Serum proteins play a role in gov-
erning nanoparticle uptake, but its exact contribution needs 

to be further unraveled. Our current research efforts focus 
on investigation on the applicability of the FCM approach to 
measure cellular interaction with other crystalline and inor-
ganic materials and its applicability to complex cell mixtures 
derived from live tissues. Furthermore, our fi ndings can offer 
a rational base to design materials with varying cell interacting 
tendency, which might be useful for controlling residence time 
of nanoparticles in the blood stream or lymphatic vessels, both 
for therapeutic or research purpose.  

  4.     Experimental Section 
  Materials : All chemicals were purchased from Sigma-Aldrich unless 

otherwise stated. Cell culture media and additives and AlexaFluor488-
conjugated cholera toxin subunit B and propidium iodide were 
purchased from Life Technologies. The RAFT CTA (2-propanoicacid 
butyltrithiocarbonate (PABTC)) was synthesized according to 
literature. [ 21 ]  

  Synthesis of  HEA  x  MEA  y  Copolymers : Stock solutions of 320 mg PABTC 
in 10.3 mL  N , N -dimethylformamide (DMF), 22 mg azobisisobutyronitrile 
(AIBN) in 10.3 mL DMF, 7,80 g HEA in 9.08 mL DMF, and 8.75 g MEA 
in 8.16 mL DMF were prepared. The stock solution were de-oxygenized 
by bubbling through nitrogen for 30 min. In a ChemSpeed synthesis 
robot, each feed mixture was prepared twice, with feed ratios of 100/0, 
80/20, 60/40, and 50/50 of HEA to MEA. To these mixtures were added 
0.613 mL of PABTC stock solution and 0.613 mL of AIBN stock solution. 
Polymerizations were conducted at 70 °C under a nitrogen atmosphere 
while the liquid handling system was programmed to automatically take 
samples from the polymerization mixtures to follow the kinetics by gas 
chromatography (GC) and size exclusion chromatography (SEC). Based 
on the observed reaction kinetics, the polymerizations were repeated at a 
larger scale and the polymerizations were then stopped after 60 min by 
reducing temperature and bubbling with air. Polymers were then isolated 
by manual precipitation in a cold 50/50 mixture of diethyl ether and hexane. 

  Polymer Characterization: GC (Gas Chromatography) : Gas 
chromatography was performed on a GC8000 from CE instruments with 
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 Figure 3.    Proteomic analysis of HEA  x  MEA  y  @goldNP incubated in PBS + 10% FBS. A) Quantifi cation of the total protein content by optical density 
integration (A1) of the PAGE gel and LC-MS analysis (A2). B) Finger printing of the protein corona. (B1) Schematic overview of the number of proteins 
that are found in the respective samples in all triplicate runs. (B2) Heat map of the relative abundance of the 32 proteins that were found in all triplicate 
runs in all HEA  x  MEA  y   samples. (B3) Spectral counts of the 10 most abundant proteins found in all triplicate runs in all HEA  x  MEA  y   samples ( n  = 3).
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a DB-5MS column (60 m × 0.249 mm × 0.25 m) from J&W scientifi c. 
Injections were performed with a CTC A200S auto sampler and detection 
was done with a fl ame ionization detector (FID) which burned a H2/
air mixture. The carrier gas (He) was pushed through the column with 
a pressure of 100 bars. Injector and detector were kept at a constant 
temperature of 300 °C. 

  SEC (Size Exclusion Chromatography) : Size-exclusion chromatography 
or gel permeation chromatography (GPC) was performed on a Agilent 
1260-series HPLC system equipped with a 1260 online degasser, a 
1260 ISO-pump, a 1260 automatic liquid sampler (ALS), a thermos 
tatted column compartment (TCC) at 50 °C equipped with two PLgel 
5 m mixed-D columns in series, a 1260 diode array detector (DAD), 
and a 1260 refractive index detector (RID). The used eluent was DMA 
containing 50 × 10 −3   M  of LiCl at a fl ow rate of 0.593 mL min −1 . The 
spectra were analyzed using the Agilent Chemstation software with the 
GPC add on. Molar mass and polydispersity index (PDI) values were 
calculated against poly(methyl methacrylate) (PMMA) standards from 
polymer labs. 

  Cloud Point Temperature (T cp ) Measurement : Cloud point temperatures 
were determined on a Cary 300 Bio UV–visible spectrophotometer 
at a wavelength of 600 nm with a temperature controller. Aqueous 
polymer solution at 5 mg mL −1  were heated from 10 to 65 °C at a rate 
of 1 K min −1  followed by cooling to 10 at same rate of 1 °C min −1 . This 
cycle was repeated two times. The cloud point was reported as the 50% 
transmittance temperature in the heating run. 

  Synthesis of Citrate Stabilized GoldNP : Citrate stabilized goldNP were 
synthesized according to literature. [ 8 ]  All glassware was fi rst washed 
with aqua regia and then rinsed with MilliQ water several times prior to 
synthesis. Briefl y, 20 mL of an aqueous 1 × 10 −3   M  HAuCl 4  solution was 
refl uxed for 30 min. Then 2 mL of 1 wt% sodium citrate solution was 
quickly added and the colour of solution changed from yellow to wine 
red within 5 min. After cooling, the reaction solution was stored at 4 °C 
until further use. 

  Polymer Functionalization of GoldNP : A total of 8 mL of a citrate 
stabilized gold nanoparticles solution was mixed with 200 mL of an 
aqueous solution containing 8 mg HEA  x  MEA  y  , and stirred overnight 
at room temperature. The polymer coated goldNP were purifi ed three 
times by centrifugation at 4 °C with 15 000 g for 30 min followed by 
re-dispersion in MilliQ water. 

  Physicochemical Characterization of  HEA  x  MEA  y @goldNP: Transmission 
Electron Microscopy : Formvar/carbon-coated Cu grids (200-mesh) were 
used in all experiments. For TEM, A drop of gold nanoparticle solution 
was allowed to air-dry onto a grid, and was subsequently visualized 
using 80 keV TEM (Jeol 1010, Japan). TEM images of the goldNP were 
processed via Image J to determine the number average size distribution 
in dry state. 

  Dynamic Light Scattering : The size of particles (gold concentration 
of 0.18 mg mL −1 ) was measured by DLS which was performed using a 
Malvern Zetasizer Nano Series running DTS software and operating a 
4 mW He–Ne laser at 633 nm. Analysis was performed at an angle of 
173°. 

  UV – Vis Spectroscopy : UV–vis spectra were acquired on a Shimadzu 
UV-1650PC spectrophotometer. In the case of temperature-dependent 
measurements, a Cary 300 Bio UV–visible spectrophotometer was utilized 
to check absorbance via changing the temperatures from 20 to 40 °C. 

  Cellular Uptake of  HEA  x  MEA  y @goldNP : The DC2.4 cell line is a kind 
gift from Dr. Ken Rock (Dana Farber Cancer Institute and presently 
University of Massachusetts Medical School). [ 22 ]  DC2.4 cells were 
cultured in DMEM supplemented with 10% FBS and antibiotics (100 
units per mL penicillin and 100 µg mL −1  streptomycin). Cells were grown 
at 37 °C in humidifi ed air containing 5% CO 2  and passaged every 3–4 d. 
The cells were plated in a density of 250 000 per well (1 mL per well) on 
24-well plates 24 h before addition of goldNP. 

  Flow Cytometry (FCM) : All samples were measured on an Accuri (BD) 
fl ow cytometer and the data thus obtained were analyzed using FlowJo 
software. 

  Cell Viability Assay : DC2.4 cells were seed in 24-well plates at 
250 000 cells per well in medium with 10% fetal bovine serum. After 

24 h incubation, various concentrations of goldNP were added into cells. 
After another 12 h incubation, cell viability was measured by FCM via 
propidium iodide staining. 

  Effect of Incubation Temperature on GoldNP Cellular Uptake : DC2.4 
cells were seeded in 24-well plates at 250 000 cells per well. After 
24 h incubation, the cells were placed in fridge at 4 °C or in incubation 
culture at 37 °C for half an hour prior to pulsing with goldNP at 
varying concentrations. After another 12 h incubation, cells were 
washed with cold PBS and detached from the plates by adding 500 µL 
of ethylenediamine tetraaceticacid (EDTA) solution. Centrifugation at 
300 g for 5 min was used to collect cells and then cells were treated with 
PI solution in PBS containing 1% BSA. After staining for 1 h at room 
temperature, the cells were measured via FCM. 

  Effect of Incubation Time on GoldNP Cellular Uptake : DC2.4 cells were 
seeded in 24-well plates at 250 000 cells per well. After 24 h incubation, 
cells were pulsed with goldNP at varying concentrations for another 2 or 
12 h. cells were stained with PI solution prior to FCM analysis. 

  Effect of Serum Effect on GoldNP Cellular Uptake by DC2.4 : DC2.4 cells 
were seeded in 24-well plates at 250 000 cells per well and cultured for 
24 h at 37 °C in a medium with 10% fetal bovine serum. To investigate 
the serum effect in culture medium on goldNP cellular uptake, prior 
to addition of goldNP, cells were washed with PBS and exposed to a 
medium containing various concentrations of goldNP with and without 
serum. After another 2 h incubation, the cells were treated with PI and 
analyzed by FCM. 

  Fluorescence Microscopy : Fluorescence microscopy was performed on 
a Leica DM2500P microscope equipped with a 40× objective DC2.4 cells 
were plated a density of 15 000 per well in a 8-well Ibidi chamber and 
incubated overnight with 5 µL of a 2.50 mg mL −1  poly(HEA-MEA) coated 
goldNP suspension. AlexaFluor488 conjugated cholera toxin subunit 
B (cell membrane) and Hoechst (cell nuclei) staining was performed 
according to the manufactures’ instructions. 

  Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) : ICP-MS was 
used to measure the amount of goldNP that were internalized by DC2.4 
cells. DC2.4 cells were plated at a density of 250 000 cells per well and 
cultured for 24 h. Then cells were pulsed with different concentrations of 
goldNP. After 12 h incubation, cells were washed with PBS three times, 
detached from plates by EDTA, collected and digested with aqua regia on 
a hot plate (100 °C) for 10 h. After appropriate dilution of the digested 
samples, the concentration of gold was measured using ICP-MS 
(Element XR, ThermoScientifi c, Germany), and the average number of 
goldNP internalized by one cells was determined taking into account the 
size of the goldNP and the atomic weight of gold. The experiments were 
run in triplicate. 

  Transmission Electron Microscopy (TEM) : Dendritic Cells from culture 
with HEA  x  MEA  y  @goldNP were fi xed in 4% paraformaldehyde and 2.5% 
glutaraldehyde in 0.1  M  NaCacodylate buffer, pH 7.2 and centrifuged 
at 500 rpm. Low melting point-agarose was used to keep the cells 
concentrated for the further processing. Cells were fi xed for 4 h at 
RT followed by fi xation O/N at 4 °C after replacing with fresh fi xative. 
After washing in buffer, they were post fi xed in 1% OsO4 with 1.5% 
K3Fe(CN)6 in 0.1  M  NaCacodylate buffer at room temperature for 1 h. 
After washing, cells were subsequently dehydrated through a graded 
ethanol series, including a bulk staining with 1% uranyl acetate at the 
50% ethanol step followed by embedding in Spurr’s resin. Ultrathin 
sections of a gold interference color were cut using an ultramicrotome 
(Leica EM UC6), followed by a poststaining in a Leica EM AC20 for 
40 min in uranyl acetate at 20 °C and for 10 min in lead stain at 20 °C. 
Sections were collected on formvar-coated copper slot grids. Grids were 
viewed with a JEM1010 transmission electron microscope (JEOL, Tokyo, 
Japan) operating at 80 kV using Image Plate Technology from Ditabis 
(Pforzheim, Germany). 

  Liquid Chromatography-Mass Spectrometry/Mass Spectrometry 
(LC-MS/MS) : 500 µL of goldNP coupled to polymer were spun down 
(14 000 g, 4 °C, 10 min) and 400 µL of supernatant was removed. 
24 µL of Laemmli buffer (50 × 10 −3   M  TrisHCl, pH 6.8, 2% SDS, 10% 
glycerol, bromophenol blue) and 12 µL of 500 × 10 −3   M  dithiotheitol 
(DTT) was added. Subsequently, the goldNP were heated to 70 °C for 
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1 h and centrifuged for 15 min, 14 000 g, 4 °C. 35 µL of supernatant 
was loaded on a 10% TrisHCl polyacrylamide gel (PAGE) and proteins 
were separated for 30 min at 150 V and 60 min at 200 V in running 
buffer (2.5 × 10 −3   M  Tris, 0.1% SDS, 192 × 10 −3   M  glycine). Proteins 
were visualized by Sypro Ruby staining (Invitrogen). Peak intensities 
were quantifi ed by Quantity one software (Intxmm) (v4.1, Bio-Rad, 
Hercules, CA, USA). Extraction and digestion of the proteins was 
performed as previously described. [ 23 ]  Dried peptides were dissolved in 
0.1% formic acid (FA) in water (buffer A) and half of the sample was 
injected on reversed phase nanoHPLC column (Pepmap C18 column 
15 cm, particle size 3 µm, 0.3 mm internal diameter by 150 mm; Dionex, 
Sunnyvale, CA, USA) using a linear gradient of 97:3 buffer A/bufferB 
to 20:80 buffer A/buffer B at 300 nL min −1  over 70 min (buffer B: 80% 
ACN/0.1% FA). The different peptides were analyzed on a TripleTOF 
5600 (ABSciex, Framingham, MA, USA) in a data dependent mode. Data 
analysis was performed with Mascot Daemon (Matrix Science, London, 
UK) (peptide mass tolerance: 15 ppm; fragment mass tolerance: 
0.3 Da; fi xed modifi cation: carbamidomethyl (C); variable modifi cations: 
carbamidomethyl (N-term), oxidation (M), deamidation (NQ); database: 
Bovine, 5984 entries). Hydrophobicity of the identifi ed proteins and 
peptides were determined by means of GRAVY index. 

  Quartz Crystal Microbalance : QCM traces were recorded in a Gamry 
eQCM 10  M  equipped with an ALS fl ow cell. 10 MHz gold coated quartz 
chips were used.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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