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I
norganic nanomaterials have attracted
widespread interest as a multifunctional
platform for various applications in biol-

ogy and medicine.1�3 Among them, Au
nanostructures have been used as both
imaging and therapeutic agents for diag-
nosis and treatment of diseases such as
cancer.4�10 To be useful in vivo, it is critical
to have the nanoparticles delivered to the
site of interest without being accumulated
in healthy tissues and organs. The nanopar-
ticles, therefore, must have the ability to
bypass the reticuloendothelial system (RES),
circulate in the bloodstream for a long peri-
od of time, and preferentially accumulate at
the site of interest. Poly(ethylene glycol)
(PEG) is the most widely used polymer for
masking nanoparticles from clearance by
RES due to its ability to resist protein adsorp-
tion, excellent biocompatibility, and com-
mercial availability.11�14 The success of
PEGylation critically depends on the cover-
age density of PEG chains on the surface of a
nanoparticle, herein referred to as the num-
ber of PEG chains per nm2 of the particle
surface. Essentially, the coverage density of
PEG chains represents one of the key para-
meters in determining the efficiency of PE-
Gylation and thereby the protein repelling
capability of resultant nanoparticles and
their circulation half-life.15,16

PEGylation of Au nanostructures is typi-
cally achieved through a ligand exchange
process by using thiol-terminated PEG
molecules.17�19 For chemically synthesized
Au nanostructures, they are often covered
and stabilized by different capping ligands
depending on the protocols. During PEGy-
lation, the capping ligands are displaced
by �S�PEG chains due to a stronger Au�S

linkage and an energy gain associated with
the intermolecular interaction.20 Different
methods have been employed to assess
the efficiency of PEGylation, including
those that directly measure changes to the
physical properties of nanoparticles such as
solubility, stability, hydrodynamic diameter,
and zeta potential. None of these methods,
however, can provide quantitative informa-
tion with regard to the number of PEG
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ABSTRACT

The coverage density of poly(ethylene glycol) (PEG) is a key parameter in determining the

efficiency of PEGylation, a process pivotal to in vivo delivery and targeting of nanomaterials. Here

we report four complementary methods for quantifying the coverage density of PEG chains on

various types of Au nanostructures by using a model system based on HS�PEG�NH2 with

different molecular weights. Specifically, the methods involve reactions with fluorescamine and

ninhydrin, as well as labeling with fluorescein isothiocyanate (FITC) and Cu2þ ions. The first two

methods use conventional amine assays to measure the number of unreacted HS�PEG�NH2
molecules left behind in the solution after incubation with the Au nanostructures. The other two

methods involve coupling between the terminal �NH2 groups of adsorbed �S�PEG�NH2
chains and FITC or a ligand for Cu2þ ion, and thus pertain to the “active”�NH2 groups on the

surface of a Au nanostructure.We found that the coverage density decreased as the length of PEG

chains increased. A stronger binding affinity of the initial capping ligand to the Au surface tended

to reduce the PEGylation efficiency by slowing down the ligand exchange process. For the Au

nanostructures and capping ligands we have tested, the PEGylation efficiency decreased in the

order of citrate-capped nanoparticles > PVP-capped nanocages≈ CTAC-capped nanoparticles.
CTAB-capped nanorods, where PVP, CTAC, and CTAB stand for poly(vinyl pyrrolidone),

cetyltrimethylammonium chloride, and cetyltrimethylammonium bromide, respectively.
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chains on the surface of a particle. Thermal gravity
analysis (TGA) has been widely used to estimate the
number of PEG chains on the surface of a nano-
particle.21 It measures the mass difference before and
after removal of PEG chains due to thermal desorption
and decomposition. To measure the mass change
accurately, it requires the use of a relatively large
quantity of the sample. The coverage density calcu-
lated from TGA data corresponds to the total number
of PEG chains in the sample, including those loosely
trapped among the particles. When the other end of a
PEG chain is terminated in a different functional group
like�NH2, not all the terminal groups can be activated
and coupled to another ligand such as a targeting
moiety. In this case, there is also a critical need to
quantify both the total and “active”�PEG�NH2 chains
on the surface of a Au nanoparticle. Here we accom-
plish this goal by using a combination of four comple-
mentary methods.
We focused on HS�PEG�NH2 molecules with dif-

ferent molecular weights because �NH2 is one of the
most commonly used functional group for further con-
jugation through amide coupling with the carboxylate
or carboxylic acid group.22,23 Various reagents such
as fluorescamine and ninhydrin have been used to
quantitatively analyze the number of primary amines
in small molecules, peptides, and proteins.24�26 The
fluorescamine-based assay involves the production of
a fluorescent compound that can be quantified by
fluorescence spectroscopy with high sensitivity while
the ninhydrin-based assay yields a chromophore with
strong absorption in the visible that can be measured
using ultraviolet�visible (UV�vis) spectroscopy. In this

article, we apply these two assays to quantify the total
number of HS�PEG�NH2 molecules left behind in the
reaction solution after incubation with various types of
Au nanostructures. We determined the coverage den-
sity of �S�PEG�NH2 chains on the surface of a Au
nanostructure and systematically studied the adsorp-
tion kinetics of HS�PEG�NH2 with different molecular
weights. We also compared the PEGylation efficiencies
for Au nanostructures with different morphologies
and/or initially capped by different types of ligands.
At the same time, we developed two newmethods for
quantitatively measuring the number of “active” �S�
PEG�NH2 chains on the surface of a Au nanostructure
using assays based on dye- and Cu2þ-labeling. This
study provides a set of useful guidelines for the PEGyla-
tion of Au nanostructures toward a range of biomedical
applications.

RESULTS AND DISCUSSION

Weused fourdifferentmethods tomeasure the cover-
age density of�S�PEG�NH2 chains on the surface of a
Au nanostructure, including fluorescence assays based
on fluorescamine and fluorescein isothiocyanate (FITC)-
labeling, UV�vis spectroscopy assay involving ninhydin,
and inductively coupled plasma mass spectrometry
(ICP�MS) analysis based on Cu2þ-labeling. Figure 1
schematically illustrates the principles of these four
methods. Both the fluorescamine- and ninhydrin-based
assays measure the concentration of unreacted HS�
PEG�NH2 molecules left behind in the supernatant of a
sample using fluorescence and UV�vis absorption,
respectively. These two methods yield the total number
of �S�PEG�NH2 chains on the entire surface of all Au

Figure 1. Schematic illustration of the four methods for quantifying the average number of �S�PEG�NH2 chains on the
surface of one single Au nanostructure: (i) fluorescamine-based assay, (ii) ninhydrin-based assay, (iii) FITC-labeling assay, and
(iv) Cu2þ-labeling assay.
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nanostructures in the sample after the amount of HS�
PEG�NH2 remaining in the supernatant has been sub-
tracted from the amount of HS�PEG�NH2 added to the
original solution. For the other two methods, the Au�
S�PEG�NH2 conjugates are labeled with FITC mol-
ecules or Cu2þ ions and precipitated out from the
solution for fluorescence and ICP�MS measure-
ments, respectively, after the Au nanostructures have
been selectively dissolved with an etching solution.
The outputs of these two methods are the coverage
densities of “active” �S�PEG�NH2 chains on the
surface of a Au nanostructure that could be labeled
with FITC or Cu2þ.

Synthesis of Au Nanostructures and PEGylation of Their
Surfaces via Ligand Exchange. Gold nanostructures were
prepared with four different capping ligands: poly-
(vinyl pyrrolidone) (PVP), cetyltrimethylammonium
chloride (CTAC), cetyltrimethylammonium bromide
(CTAB), and citrate ions. Their surfaces were then
modified with HS�PEG�NH2 using a ligand exchange
process. Figure 2 shows TEM images of PVP-capped Au
nanocages (AuNCs) with edge lengths of 30, 50, and
60 nm, respectively; CTAC-capped Au nanoparticles
(AuNPs) with an avarage diameter of 40 nm; citrate-
capped AuNPs with an avarage diameter of 42 nm; and

CTAB-capped Au nanorods (AuNRs) with avarage di-
mensions of 80 nm � 22 nm.

During ligand exchange, HS�PEG�NH2 could dis-
place the original capping ligand on the surface of a Au
nanostructure thanks to a relatively strong Au�S bond
and the energy gained through intermolecular inter-
actions between the PEG chains. Interestingly, the out-
come of a ligand exchange process was found to have
a strong dependence on the reaction temperature for
PEG chains with relatively low molecular weights (e.g.,
PEG3000 and PEG5000). The localized surface plasmon
resonance (LSPR) peak of the AuNCs only showed very
minor red-shifts after incubationwith HS�PEG�NH2 in
three different molecular weights at 4 �C (Figure 3A),
which can be ascribed to the slight changes in reflec-
tive index at the interface. The LSPR peak was essen-
tially retained in shape and width, implying that the
AuNCs remained to be well dispersed in the medium
after ligand exchange and no aggregation had oc-
curred. When conducted at 22 �C, however, the LSPR
peak of the AuNCs was significantly broadened after
surface modification with PEG chains of 3000 and 5000
in molecular weight (Figure 3B), indicating that aggre-
gation had occurred in the system. When a PEG of
20000 in molecular weight was used, no aggregation
was observed. In addition, the PVP-covered AuNCs
showed no change to its UV�vis spectrum when the
sample was aged at 4 and 22 �C (Supporting Informa-
tion, Figure S1). We observed no change to the spec-
trum either when the PVP-covered AuNCs were
conjugated with HS�PEG�COOH at 4 �C while the

Figure 2. TEM images of the different types of Au nano-
structures used in this work: (A, B, C) PVP-capped AuNCs
with average edge lengths of 30, 50, and 60 nm, respec-
tively; (D) CTAC-capped AuNPs with an avarage diameter of
40 nm; (E) citrate-capped AuNPs with an avarage diameter
of 42 nm; and (F) CTAB-capped AuNRs with avarage dimen-
sions of 80 nm � 22 nm.

Figure 3. UV�vis spectra of 50-nm AuNCs before and after
functionalization with HS�PEG�NH2 at two different tem-
peratures: (A) 4 and (B) 22 �C. Note that the AuNCs showed
significant broadening for their peaks due to aggregation
when they were functionalized with HS-PEG3000�NH2 or
HS�PEG5000�NH2 at 22 �C.
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peak intensity was slightly reduced when the conjuga-
tion was conducted at 22 �C. These results were
consistent with the particle sizes and zeta poten-
tials measured by dynamic light scattering (DLS)
(Supporting Information, Table S1). The aggregation
observed for both samples involving HS�PEG3000�
NH2 and HS�PEG5000�NH2 at 22 �C can be attributed
to the direct connection of two AuNCs by HS�PEG�
NH2 and/or to the presence of some thiol groups on
the outmost surface of AuNCs, which are susceptible to
cross-linking via the formation of a disulfide (S�S)
bond between two AuNCs. At 22 �C, both the �NH2

and �SH groups of a HS�PEG�NH2 molecule could
interact with a Au surface to generate Au�S and Au�N
bonds with energies in the range of 30�40 kcal/mol27

and 5�10 kcal/mol,28,29 respectively. At 4 �C, however,
the Au�S bond was preferentially formed over the
Au�N bond probably due to a kinetic reason, leading
to the presence of fewer �SH groups on the outer
surface. Such a dependence of selectivity on tempera-
ture was also observed by other groups for thiol
molecules terminated in the amino group.30 As a result,
we observed a more positively charged surface and
less significant aggregation for the AuNCs conjugated
with HS�PEG�NH2 of the same molecular weight at
4 �C than those at 22 �C. This phenomenon, however,
was not observed for PEG of 20000 inmolecular weight
probably due to its randomly coiled conformation.31,32

Quantification Using the Fluorescamine-Based Assay. The
fluorescamine-based assay was originally developed
for quantification of primary amines in biomolecules
with sensitivity on the pM scale.24 In this assay, non-
fluorescent fluorescamine reacts with a primary amine
to generate a fluorescent product that emits light at
480 nm when excited at 390 nm (Figures S2 and S3 in
the Supporting Information). Figure 4A shows a cali-
bration curve that correlates the fluorescence intensity
at 480 nm with the concentration of HS�PEG�NH2.
The assay was performed under a basic condition
(pH 10), and the typical fluorescence spectra are shown
in Supporting Information, Figure S4A. Similar to pri-
mary aliphatic amine, the pKa of the amine terminus in
HS�PEG�NH2 is in the range of 9�11.33 At an acidic
pH (e.g., 6.5), the protonated amine could not react
with fluorescamine effectively, resulting in a poor
linearity for the calibration curve (Supporting Informa-
tion, Figure S5). In a basic solution, the primary amine
was deprotonated and thus became highly reactive
toward fluorescamine. Linear relationships were found
up to μM concentrations with the slopes decreasing in
the order of HS�PEG3000�NH2 > HS�PEG5000�NH2 >
HS�PEG20000�NH2. This trend suggests that the amine
terminus of PEGs with low molecular weights reacted
with fluorescamine more efficiently than those with
high molecular weights. Previous studies showed
that a helical conformation was preferred by PEG due
to the formation of hydrogen bonds between the

neighboring oxygen atoms and water molecules.34,35

As such, all the amino groups will be completely ex-
posed at the surface. When the molecular weight of
PEG is increased beyond a certain number, however,
the helical structure will become less favored. The
random coil conformation taken by the polymer chains
tends to engulf the amino groups, reducing their
accessibility and reactivity.36,37

We then applied the assay tomeasure the coverage
density of HS�PEG�NH2 chains on the surface of Au
nanostructures. Figure 4B shows fluorescence spectra
taken from the original HS�PEG�NH2 solutions and
the supernatants after incubation with the 50-nm
AuNCs. The decrease in fluorescence intensity corre-
sponds to the amount of HS�PEG�NH2 that had been
conjugated to the surface of AuNCs. By comparing the
fluorescent intensities with the calibration curves, the
average numbers of HS�PEG�NH2 molecules at-
tached to the surface of one 50-nm AuNC were esti-
mated to be 24700( 1200, 12700( 3340 and 2100(
740 for �S�PEG3000�NH2, �S�PEG5000�NH2, and �
S�PEG20000�NH2, respectively. Herein, the surface
area of a AuNC is defined as the outer surface area of
a AuNC with the inner surface and pores being ex-
cluded since the outer surface is more accessible than

Figure 4. (A) Calibration curves for HS�PEG�NH2 and
fluorescamine-based assay at pH = 10, showing a linear
relationship between the fluorescence intensity at 480 nm
and the concentration of HS�PEG�NH2. (B) Fluorescence
spectra corresponding to the chromophore derived from a
reaction between fluorescamine and HS�PEG3000�NH2

(black curves), HS�PEG5000�NH2 (red curves), and HS�
PEG20000�NH2 (green curves), respectively. The dotted
and solid curves correspond to the spectra taken from the
original solution and the supernatant after incubation with
50-nm AuNCs for 12 h, respectively.
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the inner surface due to a relatively small pore size for
the AuNC (ca. 5 nm in diameter for the 50-nm AuNC).
Accordingly, the surface area of a 50-nm AuNC was
estimated to be 15000 nm2. As such, the footprint of
an individual �S�PEG�NH2 chain on the surface of
50-nmAuNC could be derived as 0.61, 1.18, and 7.14 nm2,
for �S�PEG3000�NH2, �S�PEG5000�NH2 and �S�
PEG20000�NH2, respectively. Accordingly, the coverage
densities of PEG chains were 1.64, 0.85, and 0.14 per nm2

for �S�PEG3000�NH2, �S�PEG5000�NH2, and �S�
PEG20000�NH2, respectively.

Quantification Using the Ninhydrin-Based Assay. In the
ninhydrin-based assay, ninhydrin reacts with the
primary amine to generate a chromophore in deep
blue or purple color, known as Ruhemann's purple
(Figure S6).25 In a typical reaction, the color was devel-
oped over a short period of time depending on the
reactivity of the amine group and could reach a max-
imum intensity in 4 min.26 Figure 5A shows the calibra-
tion curves for HS�PEG�NH2 that correlate the
absorbance at 565 nm with the concentration of
HS�PEG�NH2. Similar to the fluorescamine-based as-
say, linear relationships were found up to μM concen-
trations with the slopes decreasing in the order of
HS�PEG3000�NH2 >HS-PEG5000�NH2 >HS�PEG20000�
NH2. In general, the detection sensitivity of ninhydrin-
based assaywasmuch lower than that of fluorescamine-
based assay. For example, HS�PEG5000�NH2 could still
be detected at a concentration of 250 nM by the
fluorescamine-based assay (Supporting Information,
Figure S4A) while it became very difficult to measure
using the ninhydrin-based assay at a concentration of
500 nM (Figure S4B). Figure 5B shows the UV�vis
spectra taken from the original HS�PEG�NH2 solution
and from the supernatants after incubationwith 50-nm
AuNCs. The drop in absorbance was directly propor-
tional to the number of HS�PEG�NH2 molecules that
had been attached to the surface of AuNCs. The aver-
age numbers of �S�PEG�NH2 per AuNC were found
to be 33170 ( 2750, 20000 ( 2400, and 3200 ( 1770
for �S�PEG3000�NH2, �S�PEG5000�NH2, and �S�
PEG20000�NH2, respectively. The coverage densities
of PEG chains were 2.21, 1.33, and 0.21 per nm2

for �S�PEG3000�NH2, �S�PEG5000�NH2, and �S�
PEG20000�NH2, respectively.

Both fluorescamine- and ninhydrin-based assays
gave the number of unreacted HS�PEG�NH2 mol-
ecules in the solution, which could then be converted
to the number of�S�PEG�NH2 chains on the surface
of AuNCs. As shown in Table 1, the ninhydrin-based
assaywas found to consistently give a larger number of
PEG chains per AuNC as compared to the fluoresca-
mine-based assay. The discrepancy between these two
assays could be attributed to a phenomenon known
as metal-enhanced fluorescence (MEF).38,39 Although
both assays measured the number of unreacted HS�
PEG�NH2 molecules in the supernatant, any small

amount of AuNCs left in the supernatant might en-
hance the fluorescence intensity while causing no
change to the absorbance because there was no over-
lap between the absorption peaks of AuNCs and the
dye. As a result, the fluorescamine-based assay tended
to produce a smaller difference for the samples before
and after PEGylation, thus giving a smaller number of PEG
chains on each AuNC in comparison with the ninhydrin-
based assay. In general, the ninhydrin-based assay is less
sensitive to the sample preparation procedure (e.g., com-
plete sedimentation of all AuNCs or not) and should
be more reliable for quantifying the number of �S�
PEG�NH2 chains. As a compromise, the ninhydrin-based
assay has a much lower detection sensitivity compared
to the fluorescamine-based assay. Depending on the
physical properties of the sample, one needs to carefully
choose a proper quantification method.

Quantification Using an Assay Based on FITC-Labeling. In
this assay, FITC molecules were added and coupled to
the �NH2 groups on Au�S�PEG�NH2 conjugates
through a reaction involving isothiocyanate and amino
groups. After conjugation, the fluorescence from FITC
attached to the surface of Aunanostructures is typically
quenched due to a strong interaction between the
electrons on the metal surface and the dipole of the
dye, a phenomenon known as nanosurface energy
transfer (NSET).40,41 To recover the fluorescence, an

Figure 5. (A) Calibration curves for HS�PEG�NH2 and
ninhydrin-based assay, showing a linear relationship be-
tween the absorbance at 565 nm and the concentration of
HS�PEG�NH2. (B) UV�vis spectra of the chromophore
derived from a reaction between ninhydrin and HS�
PEG3000�NH2 (black curves), HS�PEG5000�NH2 (red curves),
and HS�PEG20000�NH2 (green curves), respectively. The
dotted and solid curves correspond to spectra taken from
the original solution and from the supernatant after incuba-
tion with 50-nm AuNCs for 12 h, respectively.
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aqueous KCN solution was added to completely dis-
solve the Au nanostructures, releasing the �S�PEG�
FITC chains from the metal surface, probably in the
formof disulfide. The intensity of fluorescence from the
released -S�PEG�FITC is directly proportional to the
number of “active” �NH2 groups that could react with
FITC. Figure 6 shows fluorescence spectra recorded
from the �S�PEG�FITC molecules in three different
lengths that had been released from the surface of
50-nm AuNCs. By comparing with a calibration curve
(Figure S7), the average numbers of “active” �NH2

groups were found to be 8860 ( 990, 4760 ( 870
and 1010 ( 620 for �S�PEG3000�NH2, �S�PEG5000�
NH2, and�S�PEG20000�NH2, respectively. The percen-
tages of “active” �NH2 groups for FITC conjugation
versus the total �S�PEG�NH2 chains measured using
the fluorescamine-based assay were 35.9%, 37.5%,
and 48.1% for �S�PEG3000�NH2, �S�PEG5000�NH2,
and �S�PEG20000�NH2, respectively.

Quantification Using an Assay Based on Cu2þ-Labeling. In
this method, the �NH2 groups on the surface of Au�
S�PEG�NH2 conjugates were initially coupled with
DOTA�NHS through an amide coupling reaction via

NHS-activated ester, followed by loading of Cu2þ

ions.42�44 The resultant Au�S�PEG�DOTA�Cu2þ

conjugates were then digested using aqua regia for
ICP�MS measurement. The numbers of “active” �NH2

groups on each AuNC were then derived from the
numbers of loaded Cu2þ ions, which were found to be
7000 ( 3200, 3800 ( 2100 and 760 ( 400 for �
S�PEG3000�NH2,�S�PEG5000�NH2, and�S�PEG20000�
NH2, respectively, per 50-nm AuNC. The percentages of
“active” �NH2 groups for DOTA conjugation and Cu2þ

loading relative to the number of �S�PEG�NH2 chains
measured by the fluorescamine-based assay was 28.3%,
29.9%, and 36.2% for �S�PEG3000�NH2, �S�PEG5000�
NH2, and�S�PEG20000�NH2, respectively. This trendwas
similar towhatwasobtainedusinganassaybasedonFITC-
labeling. However, the number of active PEG�NH2 units
per 50-nm AuNCmeasured using the Cu2þ-labeling assay
was lower thanwhatwas obtainedusing the FITC-labeling
method. The discrepancy can be attributed to the differ-
ence in conjugation procedure: The FITC-labeling assay
involved one-step conjugation while the Cu2þ-labeling
assay required the use of two steps. In general, the

coupling efficiency of a two-step process is always lower
than that of a one-step process.

Characterization of the AuNC�S�PEG�NH2 Conjugates.
The hydrodynamic diameter and zeta potential of the
AuNCs were expected to change as PVP was replaced
by �S�PEG�NH2 (Table 1). We used DLS to measure
the hydrodynamic diameters and zeta potentials of the
nanoparticles. After PEGylation, the AuNCs showed
an increase in hydrodynamic diameter, suggesting
that �S�PEG�NH2 chains had been attached to the
surface of AuNCs. In comparison with AuNC�S�
PEG3000�NH2, the hydrodynamic diameter of AuNC�
S�PEG5000�NH2 was increased by 22.6 nm due to the
increased molecular weight for PEG. These two PEGs
can both self-assemble as a brush-like structure on
the surface of AuNC, and thus the hydrodynamic dia-
meter is mainly determined by the PEG chain length.45

For �S�PEG20000�NH2, however, the polymer chain
tended to coil and take amushroom-like conformation
on the surface of AuNC.31,32 As a result, the hydrody-
namic diameter of AuNC�S�PEG20000�NH2 was smal-
ler than that of AuNC�S�PEG5000�NH2. The surface
modification by �S�PEG�NH2 was also confirmed
by the changes to surface charge before and after
conjugation through zeta potential measurements.
After PEGylation, the AuNCs showed an increase in zeta
potential, which could be ascribed to the presence of
positively charged �NH2 groups on the AuNC�S�
PEG�NH2 conjugates at pH ≈ 6.7 (deionized water). The
zeta potentials decreased in the order of AuNC�S�
PEG3000�NH2 (highly positive) > AuNC�S�PEG5000�NH2

TABLE 1. Characterization of the AuNCs before and after Functionalization with HS�PEG�NH2.
a

HS�PEG�NH2 (Dalton) hydrodynamic diameter (nm) zeta potential (mV) total PEGs per AuNCb total PEGs per AuNCc active PEGs per AuNCd active PEGs per AuNCe

no PEG 96.1 �47.9
3000 108.1 20.3 24700 ( 1200 33170 ( 2750 8860 ( 990 7000 ( 3200
5000 130.1 11.7 12700 ( 3340 20000 ( 2400 4760 ( 870 3800 ( 2100
20000 113.9 �35 2100 ( 740 3200 ( 1770 1010 ( 620 760 ( 400

a The edge length of the AuNCs was measured to be 50 nm by TEM. bMeasured by the fluorescamine-based assay. cMeasured by the ninhydrin-based assay. dMeasured by the
FITC-labeling assay. eMeasured by the Cu2þ-labeling assay.

Figure 6. Fluorescence spectra of the solutions containing
AuNC�S�PEG�FITC after the AuNCs had been dissolved
with a KCN-based etchant: AuNC�S�PEG3000�FITC (10 pM,
red curve), AuNC�S�PEG5000�FITC (10 pM, blue curve),
AuNC�S�PEG20000�FITC (20 pM, green curve) and the
pristine AuNC (20 pM, black curve).
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(positive).AuNC�S�PEG20000�NH2 (slightlynegative) >
PVP-capped AuNC (negative). This trend is in agree-
ment with the hydrodynamic diameter measure-
ment and could provide some indirect informa-
tion about the coverage density of �S�PEG�NH2

chains on AuNCs, as well as the polymer chain
conformation.

Adsorption Kinetics of HS�PEG�NH2. We also studied
the adsorption kinetics of HS�PEG�NH2 for the func-
tionalization of different types of Au nanostructures.
The adsorption of a HS-containing aliphatic molecule
onto a Au surface occurs very quickly, typically in few
minutes, at room temperature.20,46 To monitor the
adsorption kinetics, the conjugation of Au nanostruc-
tures with HS�PEG�NH2 was performed at 0 �C in an
ice bath. The fluorescamine-based assay was chosen to
quantify the coverage density of�S�PEG�NH2 chains
at different reaction times (t) due to its high sensitivity.
Figure 7 compares the adsorption kinetics for HS�
PEG5000�NH2 and Au nanostructures covered with
different capping ligands. For PVP-capped AuNCs, fast
kinetics was involved at the initial stage, by which 50%
of the �S�PEG�NH2 chains had been adsorbed onto
the surface of AuNCs at t ≈ 10�15 min. After 20 min,
the �S�PEG�NH2 chains seemed to undergo a reor-
ganization process through desorption and adsorption
and finally the coverage density of PEG�NH2 chains
reached a plateau at t ≈ 100 min. The CTAC-capped
AuNPs showed kinetics similar to what was observed
for the PVP-capped AuNCs. For citrate-capped AuNPs,
at t ≈ 5�10 min, 50% of �S�PEG�NH2 chains were
found to be adsorbed onto the surface of AuNPs, which
was faster than the above two cases. An equilibrium
state was reached at t ≈ 60 min. In the case of CTAB-
capped AuNRs, however, much longer periods of time
were required to reach both 50% coverage (at t ≈
20�30 min) and an equilibrium state (at t ≈ 150 min).

The Effects of Particle Size and Capping Ligand on PEGylation.
We investigated the effect of particle size on the
efficiency of PEGylation by employing AuNCs with
different edge lengths. For this purpose, 30-, 50- and
60-nm AuNCs (Figure 2A�C) were conjugated with
HS�PEG5000�NH2 using the standard procedure at
4 �C. The average numbers of�S�PEG5000�NH2 chains
per AuNCwere found to be 3300( 1040, 12700( 3340
and 29500 ( 8980, respectively, using the fluorescea-
mine-based assay. The coverage densities of �S�
PEG5000�NH2 chains on the 30-, 50-, and 60-nm AuNCs
were calculated as 0.61, 0.85, and 1.36 per nm2, respec-
tively. As the AuNCs became smaller, the areas of both
corners and edges would increase relative to the side
faces.47 Because of the presence of curvature at the
corner or edge site, the PEG chains would not be able
to interact strongly or pack densely, so it is not
unreasonable to expect the coverage density of PEG
chains to drop as the particle size was reduced.

The initial capping ligand on the surface of Au
nanostructures is also expected to play an important
role in controlling the kinetics of ligand exchange with
HS�PEG�NH2 molecules. To study the effect of cap-
ping ligand on PEGylation, Au nanostructures with
similar surface areas but capped with different ligands
were reacted with HS�PEG5000�NH2 under the same
reaction condition. The Au nanostructures we have
examined include PVP-cappedAuNCs of 30 nm in edge
length, CTAC-capped AuNPs of 40 nm in diameter,
citrate-capped AuNPs of 42 nm in diameter, and CTAB-
capped AuNRs of 80 nm � 22 nm in dimensions
(see Figure 2). They had a similar surface area around
5500 nm2 (Supporting Information, Figure S8). After
incubation with HS�PEG5000�NH2, the coverage den-
sities of total �S�PEG�NH2 chains and “active” �NH2

groups on the surface of these Au NPs were deter-
mined using assays based on fluoresceamine and
FITC-labeling, respectively. As shown in Table 2, the cover-
age densities of�S�PEG�NH2 chains on the Au nano-
structures decreased in the order of citrate-capped
AuNPs > PVP-capped AuNCs ≈ CTAC-capped AuNPs
. CTAB-capped AuNRs. This trend implies that the
displacement by �S�PEG�NH2 chains was strongly
dependent on the binding affinity of the original
capping ligand to the surface of a Au nanostructure,
which decreased in the order of CTAB. CTAC≈ PVP >
citrate. We believe that the presence of a compact
bilayer of CTAB on the surface of AuNRs was respon-
sible for the low coverage density of �S�PEG�NH2

chains on the surface of CTAB-capped AuNRs after
ligand exchange.48�50 The coverage densities of
“active”�NH2 groups on these Aunanostructureswere
found to follow a similar trend in the order of citrate-
capped AuNPs > PVP-capped AuNCs ≈ CTAC-capped
AuNPs . CTAB-capped AuNRs. The percentage of

Figure 7. Adsorption kinetics for the PEGylation of various
types of Au nanostructures with HS�PEG5000�NH2 as mea-
sured by the fluorescamine-based assay. The error bars
represent standard deviation from six replicas for each
measurement. The inset depicts the morphology of each
type of Au nanostructure and its surface capping layer.
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“active” �NH2 groups versus total �S�PEG�NH2

chains on the AuNCs was ∼30% as compared to a
value of ∼50% for all three other types of Au NPs.
These results imply a low coupling efficiency between
FITC and the amino groups on the AuNCs, which is
possibly because some of the �S�PEG�NH2 chains
diffused through the pores and thus trapped inside
the AuNCs. These �S�PEG�NH2 molecules might be
poorly accessible to the dye molecules. On the other
hand, as compared to AuNPs with large curvature on
the surface, the relatively flat surface of AuNCs could
increase the packing density of PEG chains and thus
reduce the accessibility and reactivity of terminal
amino groups on the PEG chains.

CONCLUSIONS

In summary, we have demonstrated four complemen-
tary methods for quantitative analysis of the PEGylation
efficiency of Au nanostructures, including the coverage
density of �S�PEG�NH2 chains and the “active” �NH2

groups, by using assays based on reactions with fluores-
ceamineorninhydrin, aswell as labelingwithadyeorCu2þ.
For amodel systembasedonHS�PEG�NH2with different
molecular weights and AuNCs with 50 nm in edge length,
we found that: (i) the number of�S�PEG�NH2 chains per
AuNC decreased in the order of �S�PEG3000�NH2 >
�S�PEG5000�NH2 . �S�PEG20000�NH2; and (ii) the
percentage of “active” �NH2 groups versus the number
of �S�PEG�NH2 chains decreased in the same order.
While the fluoresceamine-based assay was much more
sensitive than the ninhydrin-based assay, the latterwas less
sensitive to the experimental details and thusmost reliable
among all four methods. The Cu2þ-labeling assay was less
efficient than the assay based on FITC-labeling because of
the involvement of a two-step procedure. The initial cap-
ping ligand on the Au nanostructures played a key role in
determining both the efficiency and kinetics of the ligand
exchangeprocess. This studyprovides a set of useful guide-
lines for PEGylation of Au nanostructures, as well as for
surfacemodificationwithother compoundsorpolymers, in
an effort to improve the in vivo delivery of nanomaterials.

METHODS
Chemicals and Materials. Fluorescamine was purchased from

Invitrogen (Carlsbad, CA). HS�PEG5000�NH2 (MW ≈ 5000) and
HS-PEG20000�NH2 (MW ≈ 20000) were purchased from Laysan
Bio (Arab, AL), HS�PEG3000�NH2 (MW ≈ 3000) was obtained
from Rapp Polymere GmbH (Tübingen, Germany). 1,4,7,10-
Tetraazacyclodocecane-1,4,7,10-tetreaacetic acid mono(N-hy-
droxysuccinimide ester) (DOTA�NHS, g90%) was obtained
from Macrocyclics (Dallas, TX). The Kaiser test kit was obtained
from Fluka (Buchs, Switzerland). Fluorescein isothiocyanate
(FITC, ∼98%), Chelex 100 resin (50�100 mesh), copper(II) chlor-
ide (CuCl2, ∼99.9%), gold(III) chloride trihydrate (HAuCl4 3 3H2O,
g99.0%), sodium borohydride (NaBH4, 99%), L-ascorbic acid
(>99%), silver nitrate (AgNO3, >99%), poly(vinyl pyrrolidone)
(PVP, MW ≈ 55000), cetyltrimethylammonium bromide (CTAB,
g99%), cetyltrimethylammonium chloride (CTAC, g98%), and
1,10-phenanthroline ethylenediaminetetraacetic acid (EDTA,
g99%) were all obtained from Sigma-Aldrich (St. Louis, MO).
All the chemical reagents were used as received. Water with a
resistivity of 18 MΩ 3 cm was prepared using a E-Pure filtration
system from Barnstead International (Dubuque, IA). The water
and buffer solutions used for Cu2þ labeling were treated with
Chelex 100 overnight prior to use.

Synthesis of Au Nanostructures. The 30-, 50-, and 60-nm AuNCs
covered by PVP were synthesized using a published pro-
cedure.51 The 40-nm AuNPs capped by CTAC were prepared
using a recently reported, two-step procedure.52 Synthesis of
the 42-nm AuNPs capped by citrate ions was conducted using
the citrate reduction method.53 The AuNRs capped by CTAB
were prepared using the procedure reported by El-Sayed and
co-workers.54

PEGylation of Au Nanostructures with HS�PEG�NH2. In a typical
process, 1.2 mL of a 0.25 mM aqueous HS�PEG�NH2 solution
was added to 3 mL of an aqueous suspension of Au nano-
structures (1.7 nM), followed by addition of 1.8 mL of H2O to a

total volume of 6 mL. The final concentration of Au nanostruc-
tures and HS�PEG�NH2 were 0.85 nM and 50 μM, respectively.
The reaction mixture was vortexed immediately and then
incubated at 4 �C overnight, followed by centrifuging at
14000 rpm for 5 min. The supernatant was carefully collected,
and centrifuged two more times to remove the remaining Au
nanostructures. The resultant supernatant solution was sub-
jected to the fluorescamine- and ninhydrin-based assays to
determine the number of unreacted HS�PEG�NH2 molecules.
The HS�PEG�NH2-functionalized Au nanostructures were
washed three more times and then used for conjugation with
FITC or DOTA�NHS for corresponding measurements.

Quantification of �S�PEG�NH2 Chains on Au Nanostructures Using
Fluorescamine-Based Assay. Prior to analysis, a calibration curve
was obtained from a series of HS�PEG�NH2 solutions with
known concentrations. Briefly, to each 3 mL of HS�PEG�NH2

standard phosphate buffered (PB, pH = 10) solution, 0.25 mL
of 2 μM fluorescamine solution in acetone was added. After
15min, fluorescence spectra (λex≈ 390 nm, λem≈ 480 nm)were
recorded. The fluorescent intensities at 480 nm for each solution
were plotted as a function of the concentration of HS�
PEG�NH2 to generate a calibration curve. For sample measure-
ments, 100 μL of the supernatant solution was diluted into 3mL
with the PB buffer and treated using a procedure similar to what
was used for the calibration curve. By comparing the fluores-
cence intensities with the calibration curve and multiplying the
dilution factors, we obtained the concentrations of HS�PEG�
NH2 in the supernatant solutions. The number of HS�PEG�NH2

on the Au nanostructures was obtained by subtracting the
number of HS�PEG�NH2 in the supernatant from the total
number of HS�PEG�NH2 added into the suspension of Au
nanostructures. This number was then converted to the cover-
age density by taking into account the total number of Au
nanostructures and their total surface area. Each data point
represents an average of three replicas.

TABLE 2. TheCoverageDensities of�S�PEG�NH2Chains

on Various Types of Au Nanostructuresa

gold nanostructures

coverage density of

PEG�NH2 chains
b

coverage density of

active �NH2 groups
c

PVP-capped AuNCsd 0.61 0.19
CTAC-capped AuNPs 0.41 0.22
citrate-capped AuNPs 1.63 1.01
CTAB-capped AuNRs 0.052 0.029

a The coverage density is defined as the number of PEG�NH2 chains per nm
2 of Au

surface. bMeasured by the fluorescamine-based assay. cMeasured by the FITC-
labeling assay. d The inner surface and pores of the AuNCs were not included.
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Quantification of �S�PEG�NH2 Chains on Au Nanostructures Using
Ninhydrin-Based Assay. All reagents used for the assay were
prepared according to the literature.55�57 Typically, 6%
ninhydrin ethanol solution was prepared by dissolving 2.5
g of ninhydrin in 50 mL of anhydrous ethanol. The KCN
pyridine solution and 80% phenol solution in ethanol from
the Kaiser test kit were combined at a 1:1 volume ratio to give
a KCN/phenol solution. Prior to assay, a calibration curve was
obtained from a series of HS�PEG�NH2 standard solu-
tions with known concentrations. Briefly, to each 250 μL of
HS�PEG�NH2 standard solutions, 100 μL of 6% ninhydrin
ethanol solution and 200 μL of KCN/phenol solution were
added, followed by heating at 100 �C for 4 min. After being
cooled down in an ice bath, 200 μL of 60 wt % ethanol in
water was added. UV�vis spectra were then recorded. The
calibration curve was generated by plotting the absorbance
at 565 nm as a function of the HS�PEG�NH2 concentration.
Samples of 250 μL (the supernatant solution) were treated
using the same procedure as that used for standard solu-
tions. The number of overall HS�PEG�NH2 on the Au
nanoparticle was calculated using the same method as that
of the fluorescamine-based assay. Each data point repre-
sents an average of three replicas.

Quantification of Active �NH2 Groups on Au Nanostructures by Dye-
Labeling Assay. To 500 μL of Au�S�PEG�NH2 (with a known
concentration), 2 μL of 50 mM FITC in dimethyl sulfoxide
(DMSO) was added. The reaction mixture was incubated at
room temperature for 15 min, followed by five times washing
withwater. The pellet was redispersed in 500 μL ofwater. To the
pellet suspension, 2.5 mL of 40 mM KCN aqueous solution and
2.0 mL of water was added to dissolve the Au nanoparticles at
room temperature for 30 min. After that, fluorescent spectra
(λex≈ 488 nm, λem≈ 520 nm) were taken from the sample. The
concentration of FITC in each sample was calculated by com-
paring with the calibration curve obtained for free FITC aque-
ous solution. The number of active �NH2 groups per Au
nanoparticle was calculated from the numbers of FITCs and
Au nanoparticles. Each data point represents an average of
three replicas.

Quantification of Active �NH2 Groups on Au Nanostructures by
Cu2þ-Labeling Assay. A 500 μL portion of 0.4 nM Au�S�PEG�NH2

was washed three times with chelexed water and resuspended
in 500 μL of chelexed water. Then, 500 μL of 1 mM DOTA�NHS
in 0.1 M PB buffer (pH = 7.4) was added. The reaction mixture
was incubated at room temperature for 1 h, followed by
washing five times with chelexed water. After the final round
of centrifugation, 1 mL of 0.1 M NaOAc buffer (pH = 5.5) was
added to resuspend the pellet, followed by the addition of 10 μL
of CuCl2 aqueous solution (50 mM). After incubation at 37 �C for
1 h, 500 μL of 1 mM EDTA aqueous solution was added to
chelate the unbound Cu2þ ions for 15 min. The mixture was
washed five times with chelexed water to remove the EDTA�
Cu2þ, resulting in Au�PEG�DOTA�Cu2þ. For Cu2þ analysis,
5 μL of the sample solution was dissolved in 0.5 mL of
concentrated aqua regia and further diluted to 30 mL using
1% HNO3 aqueous solution prior to ICP�MSmeasurement. The
number of active �NH2 groups per Au nanoparticle could be
estimated from the ratio of Cu2þ ions to Au nanoparticles from
ICP�MSanalysis. Each data point represents an average of three
replicas.

Instrumentation. TEM images of the Au nanostructures were
obtained with a Technai G2 Spirit microscope operated at
120 kV (FEI). Fluorescence spectra were recorded using a Cary
Eclipse fluorescence spectrophotometer (Varian). UV�vis
spectra were taken with a Cary 50 UV�vis spectrophot-
ometer (Varian). The hydrodynamic diameter of the Au
nanostructures was measured in deionized water (pH ≈
6.7) using dynamic light scattering (Malvern, NanoZS) which
was equipped with a zeta-potential analyzer. The concentra-
tions of Au, Ag, and Cu elements were determined using
ICP�MS (Perkin-Elmer, Elan DRC II). The concentration of Au
element was then converted to the concentration of Au
nanostructures once the particle size and morphology had
been determined by TEM.
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