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Abstract

The use of methoxy polyethylene glycol thiol (mPEG-SH), in conjunction with additives, is one of the most straightforward,
versatile, and widely used methods for modifying gold nanorods (GNRs), especially for applications in the field of biomedicines.
The decreased toxicity of PEGylated GNRs is critical for investigating cell-nanomaterial interactions. Most techniques suffer
from low PEGylation efficiency. Several investigations of the PEGylation process have been conducted to determine its mech-
anism. Herein, we systematically investigated the qualitative and quantitative effects of the pH value on GNR PEGylation
efficiency. The PEGylation process was applied to modify the GNRs at pH 0.3—14. PEGylation of GNRs at pH 2.3 and 9.9
resulted in better modification efficiency than under other pH conditions, achieving average PEGylation efficiencies of 95.5%
and 83.6%, respectively. In both cases, the resulting GNRs could survive centrifugation after surface modification as demon-
strated by measuring their longitudinal surface plasmon resonance (LSPR) UV-Vis absorption peaks. The aggregation index
correlated to the PEGylation efficiency at the various pH levels. The origin of the differences observed at different pH values was
also elucidated. These findings significantly expand the potential use of the aggregation index, as well as the understanding of
processes used to modify gold nanoparticles.
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Introduction

Over the past two decades, GNRs have featured in promising
applications in the fields of imaging [1], sensors, optics [2],
anti-cancer agents, and LEDs [3]. Since GNR synthesis relies
on the use of cetyltrimethylammonium bromide (CTAB),
which exhibits significant cytotoxicity and colloidal instabili-
ty, it is vital to modify the surface chemistry of the resulting
GNRs to alleviate potential cytotoxicity, as well as to
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functionalize them for further applications [4, 5]. Among the
various procedures for tuning GNR surface chemistry, thiol
modification, which exploits the high affinity of sulfur for
gold, is the most versatile method and can stabilize GNRs in
a variety of solvents and improve their functionality through a
relatively straightforward procedure [6].

Polyethylene glycol (PEG) is most commonly used for
thiol modification. PEG is a neutral hydrophilic polymer that
provides “stealth” character to nanostructures and imparts a
high degree of stability and biocompatibility to GNRs [7, 8].
The standard GNR PEGylation protocol developed by Liao
et al. involves one-step ligand exchange [9] by adding potas-
sium carbonate and mPEG-SH directly to the GNR solution.
Other PEGylation protocols (see Supplementary Materials
Table S1) have also been reported. However, these methods
still suffer from inadequate PEGylation efficiency, and high-
yield ligand exchange with complete CTAB removal remains
a major challenge [6, 8, 10, 11].

PEGylation is a complicated and multidisciplinary process
involving various physical and chemical reactions.
PEGylation requires several reaction steps, namely, the disso-
ciation of the CTAB ligands, the diffusion of the PEG ligands
into the CTAB layer, and the reaction or absorption of PEG-
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SH with gold [12]. During each step, the synthesis parameters
and microenvironment must be precisely controlled to prevent
certain problems, such as irreversible aggregation of the
GNRs, from occurring. Several key factors that can affect
the thickness, grafting density, and exchange efficiency of
GNR PEGylation have been identified. For example, the re-
moval of the CTAB coating by adding N,N-
dimethylformamide (DMF) frequently results in the immedi-
ate aggregation of the gold nanorods [13]. After CTAB re-
moval, PEGylation begins, and the PEG layer induces steric
repulsion and van der Waals forces among the GNRs. The
kinetics of the PEGylation mechanisms of the GNRs were
clarified theoretically using the density functional theory
(DFT) simulation approach [12]. From the experimental data,
the team identified that the CTAB-PEG exchange reaction
was a diffusion-limited process. Furthermore, researchers ap-
plied a method in which long-alkyl-chains were used as
spacers between the PEG and thiol moieties to improve the
grafting density of the coating [14]. Yuan et al. experimentally
determined the role of the PEG-SH during the PEGylation
process [15]. The added PEG initially caused coagulation of
the GNRs, followed by their transformation from a coagulated
to a dispersed state. The coagulation may be due to interaction
between the gold surface and ether groups. However, the role
of the thiol group during the PEGylation procedure has not
been clarified. For further research and applications, this is a
critical issue which deserves further intensive study.

Previous studies have investigated the influence of the pH
value during PEGylation. In the standard PEGylation protocol
reported by Liao et al. and developed by other researchers,
potassium carbonate is generally added under alkaline condi-
tions [9, 16-18]. Conversely, some researchers have utilized
acidic conditions with a pH of ~ 3.0 to modify GNRs [19, 20].
Until now, only few pH conditions have been investigated.
Thus, there is a need for systematic experimental studies to
determine the modification mechanism. We expect that two
key factors, the steric forces induced by the PEG molecule
[21-23] and gold-thiol reactivity [24], might play vital
roles in the efficiency of PEGylation. The present study
thoroughly analyzed the effect of the pH on GNR
PEGylation. GNRs and PEG-SH with a molecular weight
of 5000 Da were mixed, and the pH was adjusted with HCI
or KOH. After the PEGylation, transmission electron mi-
croscopy (TEM), X-ray photoelectron spectroscopy (XPS),
zeta potential measurements, and nuclear magnetic reso-
nance spectroscopy (NMR) were applied to characterize
the PEGylated GNRs. To evaluate the effect of the surface
chemistry of the GNRs on their aggregation behavior,
GNR colloidal suspensions were studied using both the
aggregation index (Al) and full width at half maximum
(FWHM) parameters. These findings indicated that pH
tuning can achieve a PEGylation efficiency of up to
95.5% PEGylation at pH 2.3.
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Materials and methods

GNR synthesis and preparation of PEGylated GNR
solutions

The seed-mediated method reported by Khanal et al. [25] was
utilized to synthesize the GNRs in this research. We repeated
their synthesis protocol and began the process by preparing
the seed and growth solutions. Five milliliters of 0.2 M
hexadecyltrimethylammonium bromide (CTAB, 99%,
Sigma-Aldrich, Taiwan), 5 mL of 0.0005 M gold(III) chloride
trihydrate (HAuCly3H,0, 99%, Alfa Aesar, Taiwan), and
0.6 mL of ice-cold 0.01 M sodium borohydride (NaBHy,,
98%, Sigma-Aldrich, Taiwan) were combined and stirred at
1200 rpm for 2 min. To prepare the growth solution, 250 mL
0f0.2 M CTAB was added to 12.5 mL 0f 0.004 M AgNO; and
250 mL of 0.0010 M HAuCl4-3H,O. Then, 3.5 mL of
0.0788 M ascorbic acid (C¢HgOg, 99%, Sigma-Aldrich,
Taiwan) was gently added and mixed with the prepared solu-
tion. Finally, 0.8 mL of the seed solution was slowly added to
the prepared growth solution to synthesize the GNRs. The
water used in all experiments was generated by an ultrapure
water system (Rephile, Taiwan) and had a resistivity of
18.2 M{2-cm at 25 °C.

The critical steps of GNR purification and excess CTAB
removal were then undertaken. We achieved these two objec-
tives using two centrifugation processes [26]. First, 250 mL of
the synthesized GNR solution was centrifuged at 10,000 rpm
for 40 min using a centrifuge (Hitachi, CR21GIII, Japan). The
GNRs and excess CTAB could be separated, with the GNRs
precipitating on the bottom of the centrifugation tube and the
CTAB remaining suspended in the DI water. The GNRs were
then suspended again in DI water. As demonstrated in a pre-
vious report, different geometries of synthesized gold
nanomaterials, such as gold nanospheres and nanoparticles,
can be separated by a low-speed centrifugation approach
[27]. A centrifugation speed of 3000 rpm (1490xg for
10 min), which was calculated using the formula proposed
in ref. [27], was utilized for collecting rod-shaped gold
nanomaterials. After the low-speed centrifugation, the gold
nanoparticles were concentrated at the bottom of the centrifu-
gation tube, and the GNRs remained suspended in the super-
natant. Finally, we collected the supernatant for use in subse-
quent experiments.

After the GNR purification and CTAB removal processes,
the next step was PEGylation of the GNRs by adding mPEG-
SH (methoxy PEG Thiol, PDI < 1.08, purity >95%, Nanocs
Inc., USA) to exchange the CTAB capped on the surface of
the GNRs. Several teams have attempted to PEGylate GNR
using PEG with a molecular weight of 5000 Da; they reported
that higher molecular weight PEG ligands were not conducive
to a high CTAB/PEG exchange rate. Additionally, the use of
PEG with a molecular weight between 2000 and 5000 Da has
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several advantages for biomedical applications, such as low
cytotoxicity and a high circulation time in blood [7, 28]. For
these reasons, we also utilized low (5000 Da) molecular
weight PEG for GNR PEGylation in this study. In the
PEGylation process, the amount of mPEG-SH added is a
key factor. Therefore, we applied inductively coupled
plasma-mass spectrometry (ICP-MS, PE-SCIEX ELAN
6100 DRC, Canada) to confirm the concentrations of purified
GNRs in the supernatant. The amount of PEG that would be
required to achieve full PEGylation of the GNRs was then
calculated. As presented in the supporting materials, 4 mM
of PEG was calculated to be sufficient and was added to each
GNR supernatant in order to achieve the complete modifica-
tion the GNRs.

To study the effect of the pH on the quality of the
PEGylation, namely, the thickness, conformation, and condi-
tion of the PEG coating, we added either hydrochloric acid
(HCI1, Sigma-Aldrich, Taiwan) or potassium hydroxide solu-
tion (KOH, Sigma-Aldrich, Taiwan) to adjust the pH values of
the PEGylated GNR solutions to values between 0.3 and 14
after adding the mPEG-SH solution. First, 7 mL of the puri-
fied GNR solution and 1 mL of the 0.2 mM mPEG-SH solu-
tion were combined for the PEGylation of the GNRs.
Immediately after, 2 mL of an HCI or KOH solution of the
appropriate concentration (see Table S3) was added to adjust
the pH of each sample to the desired value. We immediately
measured the pH of the GNR PEGylation solutions using a pH
meter (HORIBA F-71 pH meter, Japan). Finally, the solution
was stirred for 24 h to allow for thorough PEGylation of the
GNRs.

Characterization of the synthesized GNRs
and PEGylated GNRs

UV-Vis-NIR spectrometry is frequently applied to qualitative-
ly and quantitatively analyze ligand exchanges. Several
groups have evaluated the exchange of CTAB with PEG dur-
ing the PEGylation of GNRs [29]. The aggregation index (AI)
and full width at half maximum (FWHM) are two parameters
that are frequently utilized to extract information from the UV-
Vis spectrum. Equation 1 presents the formula to calculate the
Al, which is equal to the area under the absorption spectrum
divided by the longitudinal surface plasmon resonance inten-
sity [29]. This parameter is concentration-independent and
focused on the broader longitudinal surface plasmon reso-
nance (LSPR) behavior. A higher Al indicates a greater degree
of aggregation.

] zgg o Absorbance(x)dx

LSPR Intensity

Aggregation Index =

(1)

The FWHM can be determined using Gaussian fitting
in the software Origin. Since the longitudinal plasmon

peak is highly sensitive to aggregation, the colloidal sta-
bility of the PEGylated GNR solution was studied using
the LSPR peak.

We measured the absorption spectrum of the CTAB-
capped GNRs and the PEGylated GNRs prior to centrifuga-
tion using a UV-Vis-NIR spectrometer (Hitachi U-4100,
Japan) in the range of 400 to 1000 nm with 0.5 nm steps.
The average Al and FWHM were calculated at 0.5 pH
intervals.

TEM is a powerful tool that is frequently utilized to
view objectives at the micro- and nanoscale levels. In this
study, we utilized TEM (JEM-2100, JEOL, Japan) to
study the morphology, thickness, and uniformity of the
as-synthesized and PEG-ligand-capped GNRs. The first
TEM measurement was performed to obtain the initial
morphologies, dimensions, aspect ratios, and thicknesses
of the as-synthesized CTAB-capped GNRs. To analyze
the PEG-capped GNRs, we first applied one round of
centrifugation at 10,000 rpm for 10 min to reduce the
influence of excess PEG on the TEM measurements, and
then, the pellet was resuspended in water. Next, 1 mL of
purified GNR solution was centrifuged for 10 min, and
approximately 10 pL of the resulting GNR solution was
spread on a carbon-coated copper grid (FC200, EM
Resolutions, United Kingdom). TEM photos of the syn-
thesized GNRs were obtained and analyzed using the soft-
ware ImagelJ to calculate their average dimensions and
aspect ratios.

Zeta potential measurement is an easy, simple, and re-
producible tool to ascertain the surface charge of a mate-
rial. According to previous reports, CTAB and PEG have
zeta potentials of ~40 and ~0 mV, respectively [7].
Therefore, the replacement of CTAB by PEG could be
easily followed by the decrease in the zeta potential from
40 to 0. The higher the efficiency of the GNR PEGylation
was, the greater the shift of the zeta potential would be.
Samples were prepared by centrifugation at 10,000 rpm
for 10 min after the PEGylation process. Then, a Zeta
Potential Analyzer (Malvern Instruments, UK) was ap-
plied to measure the efficiency of the replacement of
CTAB by PEG.

PEG reacts with water molecules, which could significant-
ly affect the pH value of the PEGylated GNR solution. NMR
spectroscopy (JEOL ECZ-600R 600 MHz NMR, Japan) was
also utilized to study the effect of the pH on the efficiency of
the GNR PEGylation. "H NMR spectra of the PEGylated
GNR solutions with pH values from 0.3 to 13 were obtained
to confirm the excess CTAB and PEGylated GNRs; these
results were complementary to those obtained using XPS
(see below). The PEGylated GNRs were frozen in liquid ni-
trogen and then lyophilized using a freeze dryer (EYELA
FDU-2110, Japan) in a 15-mL centrifuge tube at a temperature
of —90.3 °C and a pressure of 13.9 Pa for 48 h. Next, the
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lyophilized GNRs were dissolved in deuterium oxide (D,O)
for '"H NMR analysis. From the NMR spectra, the relative
contents of CTAB and PEG were determined using the mul-
tiplet at about 3.30 ppm and the singlet at about 3.71 ppm,
respectively. The area ratio was defined as the integration of
the peak at 3.71 ppm divided by that of the peak at 3.30 ppm.
As shown in Fig. S3, the chemical shift of PEO does not
change with pH. The pH effect on the spectrum of the PEG
was not remarkable. The area ratio was higher at pH 2.3 and in
a weakly alkaline environment than under other conditions,
indicating that the absorption of PEG on the GNRs was rela-
tively larger under these conditions.

XPS was used to provide detailed information regarding
the ligand composition on the GNR surface. XPS analyses
were performed using auger electron spectroscopy (JEOL
JAMP-9500F, Japan) and a surface analysis instrument
(ESCA PHI 5000 Versa Probe, Japan). The samples were
prepared using two rounds of high-speed centrifugation at
10,000 rpm for 10 min to remove the excess PEG after
PEGylation. Then, 0.1 mL of each solution was dropped onto
a 5 mm x 5 mm silicon wafer, dried in an oven at 80 °C for
around 12 h. All spectra were obtained from the “coffee-ring”
region [30]. The narrow scan was carried out at 1.0 eV and
0.1 eV using the auger electron spectroscopy (JEOL JAMP-
9500F) and Versa probe (ESCA PHI 5000, USA), respective-
ly. High-resolution elemental analysis was performed on the O
Is, C 1s, N Is, and S 2p regions using CasaXPS software. We
used the C 1s peak at 285.0 eV to calibrate the binding energy.
Linear background correction of the standard Gaussian—
Lorentzian fit was applied to the peak position and area cal-
culations. Equation (2) was used to calculate the PEGylation
efficiency [30].
n= Coo€ x 100% (2)

Co

Cy refers to the percentage of nitrogen atoms on the
original GNRs (a value of 6.6% was used in our experi-
ments), and C is the percentage of nitrogen atoms obtain-
ed from the XPS spectra [30]. The average values for each
sample were calculated.

Results and discussion

Characterization of the CTAB-capped GNRs
and PEGylated GNRs

Figure 1a shows a typical TEM image of the as-synthesized
GNRs. As can be seen from the TEM image, almost exclu-
sively rod-shaped gold nanoparticles remained after three cen-
trifugations. This proved that the centrifugation speed based
on the calculated centrifuge force could precisely separate the
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GNRs [26]. The average length and diameter of the synthe-
sized GNRs were 44.7 + 6.0 and 18.1 £2.9 nm, respectively.
The aspect ratio was approximately 2.47. The averaged di-
mensions were obtained from over 300 TEM images using
the software ImagelJ. As presented in Fig. 1b, two SPR peaks
at 519 nm and 741 nm were observed in the UV-Vis-NIR
spectra. The peaks at approximately 520 nm and 780 nm
corresponded to the longitudinal and transverse (lateral) sur-
face plasmon resonance of the GNRs [31].

The effective ligand exchange of CTAB-capped GNRs de-
pends critically on the effective removal of free excess CTAB
[8, 10]. We applied centrifugation processes to decrease the
CTAB concentration in the GNR solution to about 0.8 mM
and to remove other impurities. The gold concentration in the
solution was 28.9 mg/L according to ICP-MS measurement.
As presented in the supporting material (Fig. SI), the mini-
mum sufficient PEG concentration required for GNRs
PEGylation was 4.91 x 10" mol/L.

Moreover, the pH value plays an important role in the sta-
bility of GNRs. Many reports have demonstrated that CTAB-
capped GNRs suspended in solutions at pH 5.5 [32], 6 [29], 7
[33], 8 [34, 35], and 12 [36] were unstable. The increased ion-
pair formation between OH and CTA" ions could result in
poor coverage of CTAB on the GNRs, leading to their revers-
ible aggregation [37]. The removal of the CTAB bilayer at an
appropriate pH could be achieved in a few minutes, but the
PEGylation process might require a longer time. To confirm
this prediction, hydrogen chloride and potassium hydroxide
solutions were used to adjust the pH values of the GNR sus-
pensions, as shown in Fig. S1. With increasing pH, the local-
ized surface plasmon resonance peak shifted and its intensity
dropped, indicating that the stability of the GNRs decreased
dramatically in the alkaline environment. A shoulder peak
above 900 nm could be also observed. The aggregation of
GNRs at pH values above 9 probably resulted from the disrup-
tion of the CTAB bilayer by the alkaline conditions [37].
Interestingly, the pH values of the GNR solution from 5.0 to
9.6 were unstable and fluctuating, which will be discussed later.

Study of the effect of pH on the efficiency
of PEGylation

Several studies have demonstrated the use of the mPEG-SH
ligand to replace the CTAB on GNRs. However, the mecha-
nism of the ligand-exchange during the PEGylation process is
very complicated and has not been addressed clearly. One
report mentioned that efficient ligand exchange of CTAB-
capped GNRs is critically dependent on the effective removal
of free CTAB [13, 14]. This could be because the CTABs
could reattach to the top surface of the mPEG-ligand, due to
the high absorptivity of the CTAB. Therefore, centrifugation
is a highly useful treatment to efficiently remove the excess
CTAB. Conversely, the full elimination of CTAB from the
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Fig. 1 a TEM image and b UV-
Vis-NIR spectra of the CTAB-
capped GNR solution

GNRs might result in the aggregation of the GNRs, which
would result in a low mPEG-SH binding efficiency. The
GNRs might aggregate due to the high attractive force of the
metal-metal (gold-gold) bond. Therefore, appropriate removal
of the CTAB: is a critical step. We repeated the high-speed
centrifugation process twice to remove excess CTAB to create
an environment with a low concentration of CTAB for the
PEGylation of the GNRs.

The CTAB-capped GNR solution was centrifuged to de-
crease the CTAB concentration to ~ 0.8 mM, and the pH value
of'the resulting solution was about 4-5. This low pH may have
resulted from a large concentration of L-ascorbic acid after the
centrifugation protocol. UV-Vis-NIR spectrometry was ap-
plied to qualitatively and quantitatively study the degree of
ligand exchange, which could be utilized to evaluate the re-
moval efficiency of the attached CTAB ligands, after
PEGylation. The AT and FWHM values were calculated from
the measured UV-Vis-NIR spectra and are presented in the
Supplementary Information.

Various studies have examined the stability of GNRs in
different pH ranges. These studies have proven that the
GNRs did not undergo any significant change or degradation
in acidic environments [29, 36, 38]. One team also reported
that GNRs capped with the neutral ligand PEG were stable
over nearly the entire pH range during the modification pro-
cess [39].

The relationship between the pH value and the Al and
FWHM is presented in Table 1 and Fig. 2a—d. In an acidic
environment, the Al decreased dramatically in the pH range
from 0 to 2.3 and increased from pH 2.3 to 5.0. The FWHM
results showed a similar tendency that of the Al plot.

Figure 2c, d presents the Al and FWHM of the PEGylated
GNRs at pH values between 9.3 and 14.3. The Al and FWHM
gradually increased as the pH value increased. Compared to
the CTAB-capped GNRs, after three rounds of centrifugation,
the AI value increased more gradually and smoothly when
mPEG-SH was added [29]. The lowest Al and FWHM values
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were observed when PEGylation was conducted at pH values
of9.3 and 11.3.

Figure 3a shows the longitudinal surface plasmon reso-
nance (LSPR) peak of GNRs PEGylated at pH values of 0.3,
1.3, 2.3, 2.8, 3.3, 4.6, and 4.7. The absorbance of the LSPR
peaks declined as the pH value was increased from 2.3 to 4.6.
Decreasing the pH value from 2.3 to 0.3 also resulted in a
decreasing trend. These phenomena indicated that the GNRs
modified at pH 2.3 exhibited the highest PEGylation efficien-
cy among those PEGylated in acidic conditions. The PEG
layer helped to maintain the dispersion of the GNRs after
centrifugation. As shown in Fig. 3¢, another round of centri-
fugation was performed in order to examine changes in the
dispersion. The intensity of the longitudinal surface plasmon
resonance peak of the GNRs that were PEGylated at pH 2.3
was maintained, while those of the other GNRs showed a
remarkable decline. These results indicate that GNRs that
were modified at pH 2.3 showed higher PEGylation efficiency
than those modified at pH 3.3. The PEG layer helped to main-
tain the GNR dispersion after centrifugation. Similarly, the
UV-Vis spectra of the GNRs PEGylated at pH values of 9.4,
9.9, 10.7, 10.9, 12.3, and 14.1 are presented in Fig. 3b. The
LSPR peaks of the GNRs PEGylated at 9.4-9.9 were higher
than those corresponding to other conditions. After one round
of centrifugation, the GNRs PEGylated at pH 9.9 remained
stable, while strong aggregation occurred for those PEGylated
at pH 13.1-14.1, as shown in Fig. 3d. Therefore, the
PEGylation efficiency might be related to the colloidal
stability.

The TEM images from Fig. 4a—h show GNRs PEGylated
in acidic and alkaline environments, specifically, at pH values
0of 0.3, 1.3,2.3,3.3,4.3,7.0, 9.9, and 13.1. Images for other
pH values can be seen in Fig. S2. As can be clearly seen from
Fig. 4b, c, the PEGylated GNRs and the conditions of the
capped PEG layer, such as the thickness and uniformity of
the PEG, could be clearly observed. The GNRs PEGylated
at 2.3 showed a mostly homogeneous PEG layer, although
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Table 1 Comparison of the gold

nanorods’ stability and pH Al FWHM (nm) Nitrogen atomic percentage Percentage of C-O peak

PEGylation efficiency at different

pH values 03 191.4+9.4 307.3£19.2 2403 14.9+0.6
1.3 1514+8.5 162.3+14.1 34+02 18.6+4.8
1.6 1513+4.6 166.6+10.6 0.37+0.5 249+4.5
23 151.9+7.0 158.6+6.6 03+04 20.3+9.3
2.6 1553+8.5 178.3+£36.5 1.7+0.1 253+7.7
33 161.9+11.3 189.9+35.9 1712 122+3.6
43 162.1+12.3 191.2+39.5 23£13 18.9+6.0
94 163.9+2.0 186.8+2.7 22£02 16.5+6.4
9.9 174.7+6.8 208.1+49.1 1.5+0.8 17.5+8.6
10.3 176.9+6.0 224.6+42.0 1.5+0.6 23.0+£7.0
10.9 175.5+14.1 226.0+35.0 1.8+1.2 9.9+52
11.9 1763 +£8.3 228.0+46.6 1.4+0.9 9.5+4.6
13.1 188.2+23.8 232.3+47.6 22+1.1 4.7+4.7

there was still significant inhomogeneity in the capping. The
average thickness of the PEG layer was approximately
3.0 nm. In comparison, the PEGylated GNRs at 1.3 showed
more inhomogeneous PEG capping, and it is difficult to iden-
tify any PEG layer on the GNRs for pH values 0of 0.3, 3.3, and
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4.3. Determining the cause of the uneven distribution is com-
plicated; it might result from the low diffusion rate of the PEG
ligand [12] and the surface migration of bound PEG [40], as
presented in our experimental results above. In a previously
reported simulation, the diffusion properties of PEG ligands

b
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Fig.2 a, ¢ Al and b, d FWHM values at GNRs PEGylated at a, b acidic and ¢, d pH values
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Fig. 3 Typical UV-Vis spectra of GNRs PEGylated in the pH ranges of a 0 to 5 and b 9 to 14 before centrifugation. UV-Vis spectra of GNRs PEGylated

under ¢ acidic and d alkaline conditions after centrifugation

were found to affect their absorption and exchange on gold
nanoparticles [12]. On the other hand, the PEG attached on the
GNRs surface could possibly freely migrate on the gold sur-
face, similarly to in the place-exchange reaction on thiol
protected gold nanoclusters [40]. Thus, the PEGylation

, -

20 nm

conducted at pH 2.3 could be favorable in terms of strongly
disturbing the CTAB bilayer.

The pH value of the PEGylated GNR solution before ad-
justment was between 4 and 5. We adjusted the pH value by
adding either HCI or KOH during the PEGylation procedure.

20 nm 20 nm

Fig.4 GNR PEGylation in acid. TEM images of GNRs PEGylated atapH=0.3,bpH=1.3,¢pH=2.3,dpH=3.3,epH=4.3,fpH=6.0,gpH=9.9,h

pH = 13.1 after negative staining
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Figure 4f shows GNR PEGylated at a neutral pH using this
approach. The entire surface of the GNRs was covered by
PEG. Similarly, the PEGylation process was investigated un-
der alkaline conditions at pH values between 9.1 and 13.1. As
indicated in Fig. 4g, the homogenous modification of
GNRs with PEG at was clearly observed at pH 9.9, and
the average thickness of the PEG layer on the tail and
shoulder was approximately 4 nm. In contrast, the GNRs
PEGylated at pH 13.1 showed poor dispersion and inho-
mogeneous PEG modification, as shown in Fig. 4h.
Therefore, the GNRs were functionalized with PEG in a
weakly alkaline environment. Under strongly alkaline
conditions, the PEG capping layers were nonuniform
and difficult to identify.

Discussion

Assuming that the GNR solution consists of pure water and the
added PEG, the ideal pH value can be calculated. As shown in
Fig. Sa, the ideal pH values were similar to the actual values at
pH <5 and pH > 10. When the concentration of OH  was
0.01 mM, the measured pH value was much lower than the
ideal value. The electrical potential measurement of the pH
meter did not stabilize within this range. The pure mPEG-SH
showed the same trend (Fig. 5b). Williams et al. studied the w-
carboxylic acid-PEG-thiol passivated gold nanoparticles. A
sharp change in the pH was observed upon the addition of
KOH, which was due to the pKa of the carboxylic acid [41].
PEG is a hydrated polymer and is reported to have an ordered
structure [42]. For aliphatic thiols, at higher pH values, covalent
Au-S thiol linkages are more prevalent than Au-SH coordina-
tion [24]. For PEG-SH, the abrupt increase in pH may also relate
to the thiol-gold reactivity. The pH change may become more
remarkable when the pH is close to the pKa of the mPEG-SH.
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The zeta potential of the GNRs was measured, and the
results are shown in Table S6. The PEGylated GNRs had a
positive zeta potential value in all cases, and all their potential
values were lower those of the CTAB-capped GNRs.
Although PEGylation could shield the capped CTAB layers
and prevent the GNRs from aggregating, some CTAB still
remained after modification. During the PEGylation of
citrate-capped gold nanoparticles, PEG caused the coagula-
tion of the gold nanoparticles, followed by their stabilization
[15]. The coagulation force was attributed to the interaction of
the PEG ether groups with gold. The GNRs in this study were
also possibly anchored to PEG during the PEGylation process.

Figures 6a—d and 7a—d demonstrate the surface composi-
tion of the GNRs PEGylated in acidic and alkaline environ-
ments, respectively. The high-resolution elemental spectra of
the PEG-capped GNRs, including the O 1s, C 1s, N 1s, and S
2p regions, was carried out; the resulting spectra are presented
in Fig. 6a—d. Detailed information from the XPS measure-
ments is reported in Table S3. The quantitative XPS results
could be used to calculate the PEGylation efficiency on the
surface of the GNRs. During the PEG and CTAB exchange
process, the percentage of nitrogen atoms could be used to
determine the percentage of CTAB removal, while the carbon
and oxygen percentages could indicate the percentage modi-
fication with PEG. As can be clearly seen from Fig. 6a, b, the
minimum and maximum nitrogen atom percentages and the
carbon-oxygen peak ratios were observed at pH 2.3.
Furthermore, the PEGylation efficiency and carbon-oxygen
(C-0) peak reached approximately 95.5% and 20.28%, re-
spectively. At pH 1.6, the PEGylation efficiency and C-O
values were similar to those at pH 2.3. Therefore, we believe
that the maximum PEGylation efficiency would be found be-
tween pH 1.3 and 2.3. Zhang et al. modified the techniques
proposed by Liao [9] to demonstrate the high loading speed
and coverage density of PEG on GNRs at pH 3. Similar results

pH-experimental

pH-theoretical

Fig. 5 Comparison of the ideal and actual pH values of the GNR solution after the addition of mPEG-SH (a). The pH change profile of pure mPEG-SH

was also given (b)
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atoms at different pH values, as calculated from the XPS spectra. ¢, d Typical narrow scan results of ¢ N 1s and d C s at different pH values

were also reported by Shi et al., who modified GNRs with
thiolated DNA by adjusting the pH value to 3.0 [19].
Overall, the PEGylation process is strongly influenced by
pH. At strongly acidic conditions such as pH 0.3, the GNRs
can easily precipitate after centrifugation, which might be the
cause of the low PEGylation efficiency. The absorption and
desorption of PEG on silica nanoparticles has been investigat-
ed by Stuart et al. [43], who found that changing the pH could

change the protonation of the silica nanoparticles, thus affect-
ing PEG absorption. In our case, the situation was more com-
plicated since both the absorption and/or desorption behaviors
of both CTAB and PEG were involved. An exploration of the
exact details of the PEGylation process under acidic condi-
tions is still in progress.

Under alkaline conditions, the highest PEGylation effi-
ciency was observed in the weakly alkaline region between
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pH 9.9 and pH 10.3, as shown in Fig. 7a, b. A PEGylation
efficiency of 83.6% and a C-O percentage of 19.7% were
achieved at pH 10.3. Similarly, at pH 9.9, the PEGylation
efficiency and C—O percentage reached 73.3% and 21.5%,
respectively. The weakly alkaline environment range from
about pH 8.5 to 10.3 may have assisted in breaking the S—
H bond, which in turn might have increased the

@ Springer

PEGylation efficiency. Xue et al. employed atomic force
microscopy-based single-molecule force spectroscopy to
precisely assess the effect of pH on the mechanical strength
of an isolated thiol-gold contact. They reported that an
alkaline environment favored the dissociation of S—H,
and that Au—S interactions became covalent at high pH
[24]. Liopo et al. also reported that potassium carbonate
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activates the SH group of mPEG-SH molecules [18]. It is
worth noting that the pH value used by other reports with
given amounts of potassium carbonate additive is in the
range of 10.0~10.7 [16, 17, 44], the value of which almost
correlates with our work.

Finally, the pH effect was studied using '"H NMR. The
area ratio was defined as the integration of the peak at
3.67 ppm, which corresponded to PEG, divided by the
integration of the peak at 3.30 ppm, which corresponded
to CTAB. As shown in Figs. S3 and S4, the chemical shift
of PEO did not change with the pH. The area ratio was
higher at pH 2.3 and in the weakly alkaline range than in
other conditions, indicating that a relatively greater amount
of PEG was adsorbed on the GNRs.

Conclusions

In this study, we systematically analyzed the effect of pH
on GNR aggregation and PEGylation efficiency to eluci-
date the one-step physical process that converted
cetyltrimethylammonium bromide-capped gold nanorods
(CTAB-capped GNRs) into polyethylene glycol-capped
GNRs (PEG-capped GNRs). The mechanism of the
PEGylation of the GNRs is complicated, and the efficien-
cy of the PEGylation of the GNRs could be described in
terms of the steric force and gold-thiol reactivity. Various
studies have demonstrated the good PEGylation of GNRs,
but normally, these PEGylation experiments were con-
ducted under either alkaline or neutral environments. In
this study, we first synthesized CATB-capped GNRs and
then PEGylated the GNRs at pH values between 0.3 and
13.1. XPS, UV-Vis, and TEM results demonstrated that
higher PEGylation efficiency and stability were observed
at pH 2.3 and pH 9.9. Moreover, capping of the GNRs
with inhomogeneous and homogencous PEG layers was
achieved at pH 2.3 and pH 9.9, respectively. PEGylation
at extremely low pH values, such as pH 0.3, resulted a
low PEGylation efficiency, which might be caused by low
thiol-gold reactivity during the PEGylation. However, in a
mildly acidic environment, such as at pH 2.3, the repul-
sive forces decreased, increasing the efficiency of the
GNR PEGylation. Interestingly, PEGylation in an alkaline
environment resulted in contradictory effects, namely, in-
creased thiol bond breakage and inhibition of the induc-
tion of coagulation via PEGylation.
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