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G
old nanoparticles (GNPs) have been
proposed as optical contrast agents
and drug carriers for a variety of bio-

chemical and biomedical applications.1�12

Their strong and tunable optical properties, in
combination with an easily modified surface
chemistry, have spurred this interest.13�17

These applications generally require modify-
ing the surface chemistry in order to render
the nanoparticles biocompatible, to provide
functionality, and to stabilize thenanoparticle
suspension against unwanted aggregation in
biological media.18 A variety of modifications
have been investigated for this purpose, in-
cluding combinations of proteins, self-as-
sembled monolayers of small molecules,
and natural or synthetic polymers.19�24 The
polymer polyethylene glycol (PEG), modified
to have a thiol group on one end (methoxy-
PEG-thiol or mPEG-SH), has found wide use
in surface modification due to its lack of
toxicity, resistance to protein adsorption,
and ease with which it forms monolayers
on gold surfaces.25,26 PEG has been used
in drug formulations for decades, and has
been shown to increase the blood half-life of
a variety of pharmaceutically active com-
pounds without adverse toxic effects.27

There have been a number of studies
investigating the stability, toxicity, protein,

and cellular interactions, and in vivo biodis-

tribution of PEGylated gold nanoparticles.

Multiple studies have shown that PEGylation

reduces protein adsorption and can reduce

the cellular uptake of nanoparticles.28,29

PEGylated gold spheres have been used as

negative controls for cellular interaction,

demonstrating that PEGylated spheres gen-

erally do not bind to a variety of cancer cell

lines in the absence of a specific targeting

ligand.6,30,31 An increasing density of PEG

molecules on GNPs correlates inversely with
adsorption of serum proteins, and the degree
of adsorption correlates directly with particle
internalizationby J774A.1macrophagecells.29

However, these in vitro experiments often use
simplified media that may miss out on more
complicated mechanisms of interaction that
can occur in blood.32 Additionally, the studies
are usually done with time points of several
hours, which can miss slower processes that
are relevant to in vivo applications.33
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ABSTRACT

Polyethylene glycol (PEG) surface coatings are widely used to render stealth properties to

nanoparticles in biological applications. There is abundant literature on the benefits of PEG

coatings and their ability to reduce protein adsorption, to diminish nonspecific interactions

with cells, and to improve pharmacokinetics, but very little discussion of the limitations of PEG

coatings. Here, we show that physiological concentrations of cysteine and cystine can displace

methoxy-PEG-thiol molecules from the gold nanoparticle (GNP) surface that leads to protein

adsorption and cell uptake in macrophages within 24 h. Furthermore, we address this problem

by incorporating an alkyl linker between the PEG and the thiol moieties that provides a

hydrophobic shield layer between the gold surface and the hydrophilic outer PEG layer. The

mPEG-alkyl-thiol coating greatly reduces protein adsorption on GNPs and their macrophage

uptake. This has important implications for the design of GNP for biological systems.
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In vivo experiments are performed with longer time
points ranging from hours to days, with the end point
analysis generally consisting of mass spectrometry
or another quantitation method to determine the
amount of gold in various tissues. It has been widely
reported that the liver and spleen accumulate the
majority of systemically injected nanoparticles, and
that nanoparticle clearance is dependent on both size
and surface chemistry.34�36 PEGylated gold nanoshells
were demonstrated as the first plasmonic nanoparti-
cle-based agents for photothermal therapy of a cancer
in vivo, with their tumor accumulation attributed to the
enhanced permeability and retention (EPR) effect.37

The blood half-life of gold nanorods was improved
through PEGylation, and higher densities of PEG
molecules resulted in an increase in half-life up to
24 h.38�40 The addition of mPEG-SH to spherical GNPs
conjugated to the tumor necrosis factor (TNF) greatly
increased the blood half-life and tumor accumulation
of TNF.41 Several studies have shown that increasing
the molecular weight of attached PEG molecules up to
10 kDa leads to a higher blood half-life for spherical
gold particles and that increased blood half-life leads
to higher tumor accumulation in a mouse xenograft
tumor model.33,42 However, the majority of injected
particles is eventually cleared from the blood by the
reticuloendothelial system (RES) and the nanoparticles
are accumulated in the liver and spleen, even when
particles are conjugated only with PEG molecules.
It has been shown that gold nanoparticle conjugates

can be destabilized by thiol-containing small mol-
ecules. For example, glutathione is a thiol-containing
molecule derived from cysteine that is present in
concentrations ranging from 1 to 10 mM in the cytosol
and at low micromolar concentrations in the blood.43

Oishi et al. relied on intracellular glutathione as an
activation agent for a siRNA delivery vehicle compris-
ing a PEGylated gold nanosphere with siRNA bound
to the gold surface via a thiol bond.43 Glutathione-
mediated displacement of siRNA molecules inside
cells led to a high gene knockdown activity of the
GNP-siRNA-PEG complex. Several other papers have
reported the use of dithiothreitol (DTT) at millimolar
concentrations to displace DNA attached to the surface
of GNPs in order to facilitate quantitative assays of DNA
loading on the nanoparticles.44,45

As can be seen from the literature, a PEG layer on
nanoparticles can reduce adsorption of serum proteins
and can diminish nonspecific cellular interactions; it
also increases the blood half-life which can improve the
tumor targeting efficiency of a nanoparticle formula-
tion. However, surface coatings formed using thiol
conjugation chemistry can be displaced by thiol-con-
taining small molecules, and the essential amino acid
cysteine is present in the blood in sufficient concentra-
tion towarrant further investigation into the stability of
PEGylated gold nanoparticles. Blood concentrations of

reduced cysteine have been reported at 10�20 uM
levels, while concentrations of the oxidized dimer
cystine are much higher at 50�100 uM. An additional
50�100 uM cysteine exists within blood proteins for
a total blood cysteine concentration as high as 200�
300 uM.46�51 Some studies do not distinguish between
reduced and oxidized forms of cysteine in the blood,
which can lead to confusion when cysteine levels
are reported. DMEM media contains only cystine at
a concentration of 200 uM, although macrophages are
known to excrete cysteine in order to regulate immune
function.47

Here, we show that the mPEG-thiol layer on GNPs
can be displaced by cysteine molecules. Furthermore,
mPEG-thiol modified GNPs (GNP-PEG) adsorb proteins
within 24 h of being placed in cell culture media
supplemented with fetal bovine serum (FBS). We de-
monstrate that protein adsorption can be greatly
reduced by including a small alkyl chain as a hydro-
phobic shield between the GNP surface and the outer
hydropholic PEG layer. Finally, protein adsorption on
GNP-PEG conjugates correlates with increased uptake
by a macrophage cell line, whereas there is no detect-
able uptake by macrophages of GNPs coated by the
mPEG molecules with the hydrophobic shield. This
study has important ramifications for the design of
gold nanoparticle formulations for use as diagnostic
and therapeutic agents both in vitro and in vivo.

RESULTS AND DISCUSSION

Effect of Cysteine on mPEG-SH Gold Nanoparticle Coating.
Citrate-capped gold spheres were synthesized follow-
ing the Turkevich method by adding sodium citrate to
a refluxed solution of chlorauric acid.52 Recent litera-
ture results demonstrate that citrate plays a role both
as a precursor to the nucleating reagent and as a
buffer to control the pH.53,54 The reactivity of gold ions
increases with decreasing pH, and this effect is respon-
sible for the ellipticity observed with the synthesis of
larger particles using the Frens method.55 Our reaction
ratios were controlled such that the synthesis proceeded
slowly, requiring approximately 10min to complete. The
resulting gold colloid was characterized by transmission
electron microscopy (TEM), optical spectroscopy, and
dynamic light scattering (DLS) (Supporting Information
Figure S1). The DLS and TEM measurements were in
good agreement, with a typical gold core size of 18 nm.
The DLS measurements were consistently found to be
1�2 nm larger than the sizes derived from TEM images,
which is consistent with a citrate layer causing an
increase in the hydrodynamic radius. We assume that
the gold nanoparticle synthesis goes to completion with
the reaction resulting in a gold particle concentration of
1.64 nM given the size of ca. 17 nm as determined by
TEM (Supporting Information Figure S1).

To test the impact of cysteine on PEGylated GNPs,
the particles were coated with a mixture of 5 kDa

A
RTIC

LE



LARSON ET AL. VOL. 6 ’ NO. 10 ’ 9182–9190 ’ 2012

www.acsnano.org

9184

mPEG-SH and FITC-PEG-SH at a 4:1 ratio. The mixture
was required to avoid aggregation, as a coating of
100% FITC-PEG-SH resulted in aggregation of GNPs
upon centrifugation. This is not unexpected because
even though the FITC molecule does not have a strong
binding energy with itself, the effect of small binding
energies across multiple moieties has been shown
to induce aggregation of nanoparticles in other situa-
tions.45 The PEGylated GNPs were resuspended in PBS,
and varying amounts of cysteine and a DTT control
were added to aliquots of the GNP-PEG-FITC solution,
then the fluorescence intensity was recorded over
time. DTT was used as a control because of its ability
to efficiently displace thiolated compounds from gold
surfaces.44,45 Incubation of GNP-PEG-FITC with DTT at a
high concentration resulted in an increase in fluores-
cence intensity of the suspension that indicates release
of the FITC-PEG-SHmolecules from gold nanoparticles.
The observed increase in fluorescence signal is due
to fluorescence quenching near gold surfaces that is
well documented.56,57 The experiment demonstrated
that increasing concentrations of cysteine led to in-
creasing amounts of displaced PEG molecules, with a
pronounced effect even at a concentration of cysteine
as low as 25 uM (Figure 1). On the basis of previously
published literature, we assumed that the PEG was
completely displaced after 1 h exposure to 47 mM
DTT.44,45,58,59 The fluorescence data in Figure 1 are
linearly rescaled to show the percentage of displaced
FITC-PEG-SH molecules from 0% displacement for the
GNP control sample to 100% displacement for GNPs
treated with DTT.

The fact that cysteine readily displaces densely
packed mPEG-SH layers on GNP is somewhat surpris-
ing given the resistance of PEG coatings to adsorption
of large molecules.29 We determined the density of
mPEG-SHmolecules on the gold particle surface, using
a previously published procedure.29 Our protocol led
to a density of 2.6 PEG/nm2, which corresponds to
the high PEG density particle group (density more than
1 PEG/nm2) tested byWalkey et al.;29 this density is also
consistent with the highest PEG density of 3.5 PEG/nm2

for 15 nm diameter gold spheres that was reported in
the previous study.29 Some insight into this process
can be gained from a review of the literature on ligand
exchange mechanisms of the gold�sulfur bond.60�62

As noted by Caragheorgheopol and Chechik, gold
ligand exchange mechanisms showed a “very rich
and diverse chemistry”.62 Thiols, thiolates, and disul-
fides canbe involved in ligand exchange reactionswith
the specific mechanism depending on the ligand pair
involved. The final equilibrium point of ligand ex-
change reactions depends on both the concentration
and the nature of the ligands involved, and it can take a
long time before equilibrium is achieved.

Conjugates of GNPs with PEG-alkyl-thiols. A recent pub-
lication by Maus et al. showed that cysteine-terminal

peptides can bind directly to the surface of gold nano-
particles precoated with 3 kDa mPEG-SH.63 This result
shows that cysteine-containing peptides are capable
of penetrating through a PEG layer and interacting
directly with the gold surface of PEG-coated GNPs.
This observation is similar to our results with cysteine,
which are described above. Maus et al. also demon-
strated that the penetration effect could be avoided
when an alkyl group is inserted between the PEG and
the thiol moieties.63 Here, we assess the impact of a
hydrophobic alkyl chain, which we call a hydrophobic
shield, between the thiol group and the PEG portion
of the polymer molecule on the stabilization of gold
nanoparticles in the biological environment that con-
tains small thiolated compounds such as cysteine
and cystine. Methoxy-PEG-alkyl-thiol (mPEG-alkyl-SH)
was synthesized by reacting a 20-fold molar excess of
mercaptododecanoic acid NHS ester (MDDA-NHS)with
methoxy-PEG-amine (see Methods for details). Gold
nanoparticles were PEGylated by adding either mPEG-
SH or mPEG-alkyl-SH molecules to a water suspension
of GNPs at room temperature for 30 min followed by
purification via centrifugation. DLS measurements of
the resulting GNP-PEG and GNP-alkyl-PEG in media
supplemented with 5% FBS (complete media) are
shown in Figure 2. The addition of mPEG-SH and
mPEG-alkyl-SH coatings caused a slight red-shift in the
plasmon peak position of ca. 2 nm and 4 nm and
an increase of ca. 1.5% and 7.6% in the peak extinc-
tion coefficient of coated nanoparticles, respectively

Figure 1. Displacement of FITC-PEG-SH from the GNP sur-
face by solutions with different concentrations of cysteine
in PBS as a function of time. Schematic illustrates cysteine
displacing FITC-PEG-SH, which leads to increased fluores-
cence, as indicated by the DTT control. Note that 200 and
400 uM cysteine lines overlap.
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(Supporting Information Figure S1). Larger optical
changes associated with the mPEG-alkyl-SH layer are
attributed to a higher refractive index change on the
nanoparticle surface due to the alkyl moiety.

Protein Adsorption on GNP-PEG and GNP-alkyl-PEG. To ex-
plore the stability of different PEG coatings in biologi-
cal media, GNP-PEG and GNP-alkyl-PEG with 10 kDa
mPEG moiety were synthesized, washed via centrifu-
gation, resuspended in complete media with 5% fetal
bovine serum (FBS), and sterile filtered into a clean,
sterile cuvette. For these experiments 10 kDa PEG was
chosen to match the particle formulation with the
longest blood half-life from the data presented by
Perrault et al.33 The size of the particles was measured
by DLS over a period of 5 days (Figure 3). Cell culture
media contains phosphate buffered saline (PBS), a
number of divalent cations in the mM range, sulfur
containing cystine and methionine, and a few other
small molecules that do not have sulfur. FBS adds a
much more complicated composition that includes
various types of proteins and all of the small molecules
found in the nonclotting portion of blood plasma.64

The GNP-PEG and GNP-alkyl-PEG showed very dif-
ferent behavior in complete media over the period of
5 days (Figure 3). There was no observable aggrega-
tion of either particle type (Supporting Information
Figure S2). However, the size of the GNP-PEG began
to gradually increase after two days (Figure 3). These
changes are likely due to the formation of a protein
corona around the particles, a process that was found
to proceed gradually over a period of hours and
days.65,66 By contrast, the GNP-alkyl-PEG maintained
a constant size during the observation time, indicating
that there is far less interactions between the GNP-
alkyl-PEG and serum proteins. This result is consistent
with our hypothesis that the alkyl groupwould provide
a protective effect in biological media. The effective-
ness of the alkyl group is not unexpected, as Maus et al.
showed that the alkyl group can eliminate the binding
of cysteine-terminal peptides to the gold surface.63

Additionally, mPEG-alkyl-SH was shown to greatly en-
hance the stability of silver nanoparticles in the pre-
sence of high ionic strength solvents.67

To further investigate interactions between PEG-
coated GNPs and serum proteins we carried out an
assay to directly detect protein adsorption on the
nanoparticle surface using a Coomassie blue reagent
for a Bradford protein assay.68 GNP-PEG and GNP-alkyl-
PEG were suspended in complete media with 5% FBS
and were kept in an incubator at 37 �C and 5% CO2 for
1 day, 3 days, and 5 days. The particles were then
washed three times in PBS via centrifugation and added
to either PBSor theCoomassie Plus reagent fromPierce.
ThePBS controlwas used to calculate the concentration
of nanoparticles and to obtain gold nanoparticle base-
line spectra. The control was also used to monitor
the potential aggregation of nanoparticles. Calibra-
tion curves showed that the Coomassie Plus assay is
sensitive to serum albumin concentrations down to
0.5 ug/mL, which is equivalent to a detection limit of
approximately 15 albumin proteins per particle in our
experiments (see Supporting Information Figure S3
for representative calibration curves). It is important
to note that the protein corona formed on particles
in serum contains many different proteins, which can
lead to some variability in the response of Coomassie
Plus.29,65,66,69 Control measurements carried out using
GNP-PEG and GNP-alkyl-PEG that were not exposed to
serumproteins confirmed that the particles alone had a
significantly lower effect on theCoomassie Plus reagent
when compared to particles incubated in complete
media. The supernatant of the final wash step after
incubation of nanoparticles with serum also did not
show any presence of proteins. Each sample was split
into three separate aliquots prior to the initial wash for
the Bradford assay. Triplicate measurements on the
same particles showed that the Bradford assay had a
standard deviation less than 1%, indicating that the
majority of the variation in this assay stems from

Figure 3. Hydrodynamic diameter of GNP-PEG (black) and
GNP-alkyl-PEG (gray) as a function of time over a 5 day
period in complete media (DMEM) with 5% FBS. The ob-
served standard deviation was less than 1% of the mea-
sured diameters.

Figure 2. DLS size distribution of freshly preparedGNP-PEG
(black, solid line) and GNP-alkyl-PEG (gray, solid line) in
complete media.
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particle losses during centrifugation. As can be seen
in Figure 4, both GNP-PEG and GNP-alkyl-PEG have
a significant amount of adsorbed proteins at 24 h, and
there is no statistically significant difference in protein
adsorption between GNP-PEG and GNP-alkyl-PEG at
this early time point. At later time points GNP-PEG has
significantly more adsorbed protein than GNP-alkyl-
PEG, which agrees with the DLS data shown in Figure 3.
It is also interesting to compare the protein adsorption
data with the hydrodynamic size radius measurements
taken at 24 h. While there is a significant degree of
protein adsorption at these time points, it is not im-
mediately obvious in the DLS data. However, a slight
increase in the hydrodynamic diameter of the GNP-
alkyl-PEG particles of about 3 nm was observed during
the first few days (Supporting Information Figure S4).
This result suggests that significant adsorption of pro-
teins to GNP-PEG particlesmay not be easily detectable
using DLS and that more direct protein detection
methods might be required. Alternately, as the GNP-
PEG particles increase in hydrodynamic size between
three and five days, there is no observable increase in
adsorbed proteins using the Coomassie assay. This is
possibly due to the fact that this assay only detects
proteins adsorbed with a relatively slow Koff, as the
washing steps require approximately 3 h in PBS with
increasingly dilute serum concentrations. Previously,
Casals et al. noted the presence of both a hard protein
corona and a soft transient protein corona that is
detectable by DLS measurements but detaches upon
washing.66 Our DLS measurements and the results of
Coomassie assay are consistent with the formation of
a similar soft protein corona on top of a harder protein
corona on GNP-PEG in media with serum proteins.

Effect of Preincubation in Media on Uptake by Macrophages.
After we had shown that cysteine disrupts the mPEG-SH
layer on GNP-PEG and that GNP-PEG slowly adsorbs
proteins in biological media containing cystine, we
carried out experiments to test the effect of the observed
protein adsorption on interactions with macrophages.

First, we conducted an MTS cell viability assay to deter-
mine whether PEGylated GNP or the PEG molecules
themselves would have an impact on cell viability at
the concentrations used in our experiments.70 Using
pairwise t tests, we found that there was no significant
difference in cell viability between control and cells
incubated with either PEG-coated nanoparticles or PEG
molecules (Supporting Information Figure S5).

Initially, we looked at how preincubation of GNP-
PEG in media with serum influences their uptake by
macrophages (Figure 5). There were no detectable
particles in the cells incubated with freshly prepared
GNP-PEG particles (Figure 5a,c), in agreement with
previous literature reporting no nonspecific interac-
tions at short time points for GNPs with high-density
PEG layers.29 However, significant uptake of nanopar-
ticles was observed after GNP-PEG were first preincu-
bated in media for 2 days and then added to
macrophage cells for a period of 4 h (Figure 5b,d).
Our results summarized above (see Figures 1, 3 and 4)
indicate that preincubation of GNP-PEG in media with
serum leads to disruption of the PEG layer by small
thiol-containing molecules that results in protein ad-
sorption on the nanoparticle surface. The adsorbed
proteins are recognized by macrophage receptors
leading to rapid cell uptake. Particles appear red or
blue in the brightfield transmitted images depending
on their aggregation state, and as various shades of
green to orange in the darkfield images (Figure 5). The
difference in color between the two imaging modes is
caused by the fact that absorption dominates nano-
particle contrast in brightfield images while only scat-
tering is visible in darkfield images of optically thin
samples.

Figure 4. Protein adsorption toGNP-PEG (dottedwhite) and
GNP-alkyl-PEG (gray) over a period of 5 days in complete
media with 5% FBS. The negative controls contained parti-
cles that had not been exposed to serum.

Figure 5. Brightfield (a,b) and darkfield (c,d) images of cells
incubated for 4 hours with either freshly prepared GNP-PEG
(a,c) or GNP-PEG preincubated in media for 2 days (b,d).
Nanoparticles appear red in brightfield transmittancemode
andgreen to orange in darkfield reflectancemode. Scale bar
is ca. 20 um.
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Next, a comparison study was conducted using
GNP-PEG and GNP-alkyl-PEG preincubated in media
for 1 day, 3 days, or 5 days, and then added to cells for
24 h. As seen in Figure 6, there is a very strong uptake in
macrophages treated with the GNP-PEG sample while
no detectable uptake was observed in cells treated
with GNP-alkyl-PEG. The differences in cellular uptake
correlate well with the assays comparing both hydro-
dynamic radius and protein adsorption on GNP-PEG
and GNP-alkyl-PEG in complete media (see Figures 3
and 4). It should be noted that there were some degree
of protein adsorption to the GNP-alkyl-PEG (Figure 4);
this result and the distinct difference in cellular uptake
of the two nanoparticles (see Figure 6) suggest that the

nature of the protein corona could be more important
than the amount of adsorbed proteins in mediating
cellular interactions. Additionally, we acquired optical
spectra of the particle supernatants after they had
been incubated with cells for 1 day (Supporting In-
formation Figures S6 and S7). The supernatant showed
that the 1 day preincubated GNP-PEGs underwent
some aggregation, but the particles became increas-
ingly stable in the complete media over time with very
little aggregation by the 5 day time point (Supporting
Information Figure S7). The observed trend can be
explained by the evolution of the protein corona over
time.66 It is known that RAW macrophages excrete
lysozyme,71 and that lysozyme can induce aggrega-
tion of gold nanoparticles.72 It is possible that as the
protein coating develops around the GNP-PEG during
preincubation in complete media they become more
resistant to aggregation induced by macrophage se-
cretions. The GNP-alkyl-PEG spectra were very stable
and showed no aggregation at any time point, as
were the particle solutions prior to addition to cells
(Supporting Information Figure S2). The optical micro-
scopy data agree well with the UV�vis spectroscopy of
nanoparticle suspensions.

CONCLUSIONS

In this study, we analyzed the stability of PEGylated
gold nanoparticles in biological media with physiolo-
gical concentration levels of proteins and small thio-
lated molecules such as cysteine and cystine. Our data
suggest the following mechanism of GNP-PEG desta-
bilization by which GNP-PEGs first have their mPEG-SH
coating being slowly displaced over time by cysteine
and cystine molecules followed by formation of a

Figure 6. Transmitted brightfield images of cells incubated
for 24 h with either GNP-PEG (top row) or GNP-alkyl-PEG
(bottom row)). The nanoparticles were preincubated in
complete media for 1 day, 3 days, and 5 days. The presence
of nanoparticles is readily apparent in cells treated with
GNP-PEG as a dark contrast due to light absorption by the
particles, while there is no detectable particles visible in the
GNP-alkyl-PEG samples. Scale bar is ca. 20 um.

Figure 7. A schematic illustration of the displacement of mPEG-SH molecules in GNP-PEG by small thiolated molecules, for
example, cysteine and cysteine, leading to significant adsorption of proteins (upper row). The interactions between
nanoparticles and serum proteins is altered when a hydrophobic shield is inserted between the thiol moiety and the outer
mPEG layer in GNP-alkyl-PEG (bottom row). The hydrophobic shield drastically reduces nonspecific interactions of the GNP-
alkyl-PEG with macrophages.
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protein corona that mediates strong interactions with
macrophages (Figure 7, top row). We showed that
cell uptake can be greatly reduced by incorporating a
small hydrophobic shield in between the nanoparticle

core and the hydrophilic PEG shell (Figure 7, bottom
row). The impact of this PEG modification on the blood
half-life of gold nanoparticles is currently being
investigated.

MATERIALS AND METHODS

Materials. All reagents were purchased from Sigma-Aldrich
unless mentioned otherwise, and used without further purifica-
tion. Purified 18.2 MΩ water was obtained using a Millipore
Direct-Q 3 system. Methoxy-PEG-thiol, 5 kDa and 10 kDa, was
obtained from Creative PEGworks. Coomassie Plus Protein
Assay Reagent for use in the Bradford assay was purchased
from Pierce.

Instrumentation. Dynamic light scattering measurements
were carried out using disposable cuvettes in a DelsaNano
(Beckman Coulter). Size distribution reconstructions were ob-
tained using the supplied NNLS algorithm. The cumulants
analysis in the DelsaNano software package was used to obtain
the average sizes in the week long study. Each size measure-
ment was done using 300 acquisitions and 3 repetitions to
ensure that the DLS measurements were reproducible. UV�vis
measurements and fluorescence kinetic data were acquired
using an HT Synergy Plate Reader. Microscopy images were
collected on a Leica 6000DM upright microscope using a 20�
objective and a SPOT color imaging camera. A halogen and a Xe
lamps were used to collect bright-field transmittance and
dark-field reflectance images, respectively, from samples on
coverslips. A total of 24 well plates were imaged directly on an
inverted Leica DM3000 B microscope with a Leica DFC290
camera, a 20� objective, and a halogen lamp.

Synthesis of mPEG-alkyl-SH and PEGylation of GNPs. We used a
reaction protocol that was based on standard NHS cross-linking
reactions available from Pierce. Methoxy-PEG-thiol (mPEG-SH)
was dissolved in water at 500 uM and stored at�20 �C. AmPEG-
alkyl-SH was synthesized using a mercaptododecanoic acid
n-hydroxysuccinimidyl ester (MDDA-NHS, Sigma) and a
10 kDa methoxy-PEG-amine. The MDDA-NHS was dissolved in
dimethyl formamide at 100 mM concentration. Then, 200 uL of
MDDA-NHS was added to 2 mL of an aqueous solution of
methoxy-PEG-amine at 1 mM. A significant amount of precipi-
tate formed upon the addition of MDDA-NHS to the aqueous
solution, which is commonly observed when hydrophobic NHS
molecules are added to aqueous solutions. The reaction was
left overnight, and then the 2 mL solution was dialyzed twice
against 1.5 L of water to remove excess MDDA-NHS. The
remaining precipitated MUDA-NHS was removed via centrifu-
gation at 18000g for 30 min, and the supernatant containing
methoxy-PEG-alkyl-thiol was aliquoted and stored at �20 �C.

Modification of GNPs with either mPEG-SH or mPEG-alkyl-
SH was accomplished by adding either one of the PEG stock
solutions to the GNP solution (1.64 nM) to reach the final PEG
concentration of 24 uM. The reaction mixture was incubated at
room temperature for 30min, and then GNP-PEGs or GNP-alkyl-
PEGs were centrifuged at 14000g for 60 min at 4 �C. The pellets
containing nanoparticles were redispersed in either cell culture
media (DMEM supplemented with 5% FBS) or phosphate
buffered saline (PBS) for future studies.

The density of mPEG-SH on GNPs was assayed using the
reduction of 5,50-dithiobis(2-nitrobenzoic acid) (Ellman's re-
agent, Pierce). Briefly, gold nanoparticles were pelleted by
centrifugation after incubation with mPEG-SH, and the concen-
tration of free mPEG-SH molecules in the supernatant was
compared to a control solution of mPEG-SH that was not
incubated with nanoparticles. The total amount of PEG mol-
ecules adsorbed on nanoparticles was obtained by subtracting
the amount of mPEG-SH in the supernatant solution from the
control mPEG-SH solution. Then the PEG density was calculated
by dividing the total amount of adsorbed PEGmolecules by the
number of nanoparticles and an average surface area of a single
nanoparticle.

Fluorescence Kinetics Assay. GNP-PEG-FITC was synthesized by
mixing GNP with a mixture of mPEG-SH (5 kDa, Creative
PEGworks) and FITC-PEG-SH (5 kDa, Nanocs) at a ratio of 4:1
mPEG:FITC-PEG, and left to react for 30 min. The mixture was
used to prevent aggregation during the centrifugation washing
step (12000g, 60 min), after which nanoparticles were resus-
pended in PBS. Small aliquots of either cysteine, DTT, or PBS
were placed in wells of a black fluorescence 96 well plate, and
then the same amount of GNP-PEG-FITC solution in PBS was
rapidly added to each well and a fluorescence kinetics assay
was begun on the HT Synergy plate reader. The 475�495 nm
excitation and the 518�538 nm emission filters were used for
measurements of FITC fluorescence.

Protein Adsorption Assays. All GNP samples were sterile-filtered
through a 0.2 μm filter. Particles for DLS measurements were
placed in a sterilized plastic cuvette with the top covered in foil,
wrapped in parafilm to prevent contamination, and then mea-
sured daily. There was no observed precipitation or aggregation
of nanoparticles as can be seen in Supporting Information,
Figure S2.

Particles used in the Bradford assay were split into three
separate 400 uL aliquots prior to incubation in complete media.
At each time point (1, 3, or 5 days) the particles were washed in
PBS three times, with dilution of the pellet out to 5 mL during
each step. This washing was required to sufficiently remove all
media proteins. After the final washing step the particles were
resuspended in 200 uL of PBS, and then three separate 150 uL
aliquots were mixed with 150 uL of Coomassie Plus reagent as
received from Pierce. Particle only controls were prepared by
mixing 50 uL of each GNP sample with 250 uL of PBS to account
for potential losses during centrifugation. The spectra of the
particle controls were subtracted from the spectra of the parti-
cles mixed with Coomassie reagent. Calibration curves were
generated using a series dilution of the serum albumin provided
with the Coomassie Plus kit from Pierce

Cell Culture and Media experiments. Cells were grown and
passaged in DMEM media supplemented with 5% FBS. All
experiments with nanoparticles were conducted in phenol-free
media. The initial assays with GNP-PEG were carried out using
coverslips. Coverslips were sterilized in 70% ethanol, rinsed in
a sterile PBS, and then placed in 6 well plates. Each well was
seeded at 200,000 cells/well and left to grow overnight. The old
media was removed and then 1 mL of either fresh or preincu-
bated GNP-PEGs at 1.4 nM were added to the cells for 4 h.

Twenty four hours assays with GNP-PEGs and GNP-alkyl-
PEGs were conducted in triplicate in 24 well plates with
3 samples per particle per time point. For this assay, cells were
seeded at 50,000 cells/well. 400 uL of each particle sample at
1.64 nMwas incubatedwith cells for 24 h prior to optical imaging.

The viability assay was conducted on a 96 well plate. Each
sample was run in six replicates. Cells were seeded at 5000 cells/
well, left to grow overnight, and then incubated with either
media, GNP-PEG, GNP-alkyl-PEG, or the mPEG-SH and mPEG-
alkyl-SH molecules. The nanoparticles were used at stock con-
centration of ca. 1.64 nM and PEG molecules at concentrations
of 10 nM and 1 uM; the upper concentration of PEG molecules
was chosen to approximately match concentration of PEG
molecules conjugated to 1.64 nM solution of 17 nm diameter
particles according to a published data on PEG density on
GNP.29 Cells were washed in media, 100 uL of fresh media
was added to each well, then a background absorbance was
acquired at 490 nm. MTS reagent (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) was prepared at 2 mg/mL in PBS and phenazine
methosulfate (PMS) was prepared at 0.92 mg/mL in PBS. The
MTS and PMS solutions were mixed in a 20:1 ratio, then 20 uL of
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this mixture was added to each well and allowed to react for 3 h
before measurements were taken at 490 nm. The background
absorbance was subtracted and the optical density of each
sample was normalized relative to the cell only control.
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