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Abstract

We report and demonstrate biomedical applications of a new technique — ‘living” PEGylation —
that allows control of the density and composition of heterobifunctional PEG (HS-PEG-R) on gold
nanoparticles (AuNPs). We first establish ‘living” PEGylation by incubating HS-PEGsg9-COOH
with AuNPs (~20 nm) at increasing molar ratios from zero to 2000. This causes the hydrodynamic
layer thickness to differentially increase up to 26 nm. The controlled, gradual increase in PEG-
COOH density is revealed after centrifugation, based on the ability to re-suspend the pellet and
increase the AuNP absorption. Using a fluorescamine-based assay we quantify differential HS-
PEGs5000-NH> binding to AuNPs, revealing it is highly efficient until AuNP saturation.
Furthermore, the zeta potential incrementally changes from -44.9 to +52.2 mV and becomes
constant upon saturation. Using ‘living’ PEGylation we prepare AuNPs with different ratios of
HS-PEG-RGD and incubate them with U-87 MG and non-target cells, demonstrating that
targeting ligand density is critical to maximizing the targeting efficiency of AuNPs to cancer cells.
We also sequentially control the HS-PEG-R density to develop multifunctional nanoparticles,
conjugating positively-charged HS-PEG-NH> at increasing ratios to AuNPs containing negatively-
charged HS-PEG-COOH to reduce uptake by macrophage cells. This ability to minimize non-
specific binding/uptake by healthy cells could further improve targeted nanoparticle efficacy.
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1. Introduction

The ability to target delivery of nanoparticles to solid tumors and minimize their distribution
to non-target sites are critical tasks in the development of cancer nanomedicine for /n vivo
molecular imaging and targeted therapy [1]. It is generally accepted that the presentation of
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multiple targeting ligands on nanoparticle surfaces can improve cell targeting. A variety of
tumor-targeting ligands, such as the RGD peptide [2], epidermal growth factor (EGF) [3],
folate [4], transferrin (Tf) [5], or antibodies and antibody fragments, such as a single-chain
variable fragment (scFv) [6], have been used to facilitate the binding/uptake of carriers to
target cells. However, little work has been done to determine whether an optimal ligand
density exists [7]. In order to achieve an effective level of nanoparticles in the targeted tissue
or tumor site, targeted nanoparticles should transition from circulating blood to the tissue of
interest and bind to their molecular target as a first step in nanoparticle retention or cellular
internalization. The reality is that even with targeting ligands, many types of systemically
delivered nanoparticles are rapidly cleared from the blood stream through non-specific
uptake by the reticuloendothelial system (RES) and the mononuclear phagocytic system
(MPS) in the liver, spleen, and bone marrow [8]. This results in reduced bioavailability of
the targeting agents, a low therapeutic index, and potential toxicity to normal organs.
Therefore, enhancing target-ligand interactions and reducing both non-specific binding by
biomolecules and uptake of nanoparticles by the RES are major challenges for improving
the sensitivity and specificity of biomarker targeted nanoparticles.

Gold nanoparticles (AuNPs) have been attracting increasingly widespread interest as a
multifunctional platform for various applications in biology and medicine [9-12]. AuNPs
are particularly useful for these applications, as they can function as contrast agents in
optical imaging [13-15], sensitizers for Raman scattering-based diagnostic probes [16-18],
and as vectors for photothermal therapy [19-21]. A key feature of nanoparticle agents is
their multifunctionality; the ability to append ligands, antibodies, imaging labels, drugs, or
other molecules to nanoparticles enables targeted molecular imaging and therapy [22-24].
AUNPs serve as an excellent platform to attach functional moieties facilely due to a strong
Au-S linkage formed using thiol-terminated poly(ethylene glycol) (HS-PEG-R) molecules
[25].

For biomedical applications of AuNPs using PEG molecules with functional R-groups, the
ability to control the PEG-R chain density can have profound implications. An optimal
targeting ligand density on nanoparticles might enhance their targeting efficiency to tumors
with minimized non-specific uptake by healthy tissues and organs. While advances have
been made in the development of functionalized AuNPs, current AUNP synthesis approaches
lack the ability to subsequently control PEG chain density and therefore the density and
stability of the functional groups coating the AuNPs [26—30]. Traditional PEGylation on
chemically made AuNPs is typically achieved through a ligand exchange process by using
thiol-terminated PEG molecules to replace the original capping ligands (e.g., citrate).
Therefore, stabilization of AUNPs during PEGylation requires excessive PEG molecules [16,
26, 271, making it impossible to control the PEG-R chain density on AuNPs.

Here we report a ‘living” PEGylation technique with the ability to control the density of
functional PEG chains, and thus the targeting ligand or charge density, on AuNPs. The
principle behind this technique is similar to that of living polymerization, which is widely
used by polymer chemists to control chain length by changing the ratio of monomer/initiator
to build di-block or tri-block copolymers [31]. For our studies we used AuNPs made by
femtosecond laser ablation [32, 33]. Different from traditional AUNPs made by chemical
synthesis, AUNPs made by femtosecond laser ablation have ‘naked” surfaces without any
capping ligands. Consequently, it is possible to develop stable AuNP formulations while
controlling the molar ratio of HS-PEG-R/AuNP, when it is below the saturation ratio.
PEGylation is so efficient that essentially all of the added HS-PEG-R molecules become
bound to the AuNPs. Using ‘living’ PEGylation, we investigate the potential to improve key
requirements for targeted nanomedicine. First we control the targeting ligand density on
AUNPs to optimize the specific targeting ability to cancer cells. Furthermore, via ‘living’
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PEGylation we can add PEG-R chains in sequential steps to AuNPs, controlling the density
of different functional PEG-R chains on the nanoparticles. Using this controlled, sequential
PEGylation we develop double-charged AuNPs, conjugating positively-charged HS-PEG-
NH, at increasing ratios to AUNPs containing negatively-charged HS-PEG-COOH, to
reduce uptake by macrophage cells. Therefore, this unique PEGylation process using laser-
produced AuNPs facilitates unprecedented control over the development of multifunctional
nanoparticles, with implications for both therapeutic and diagnostic nanoparticle
applications.

2. Experimental section

Materials and Instrumentation

HS-PEGs5q0g-NH3, HS-PEGs5g00-COOH, and ortho-pyridyl-disulfide-PEG-succinimidyl
ester (OPSS-PEG-NHS, 5 kD) were purchased from Creative PEGWorks (Winston-Salem,
NC). HS-PEGsgg0p-OCH3 was purchased from NanoCS. Cyclo (Arg-Gly-Asp-D-Phe-Lys)
(RGD-NHsy, Peptides International, Inc) were used as received. Fluorescamine, Ellman’s
reagents, and all other solvents were obtained from Sigma-Aldrich. Milli-Q water (18.2 MQ
cm) was prepared using Milli-Q Academic water purification system (Billerica, MA). UV
visible spectra were recorded in a BioTek micro plate reader (Synergy 2). A luminescence
spectrometer LS-50B (Perkin Elmer, UK) was used to characterize the emission spectra of
the fluorescamine assay. The nanoparticle hydrodynamic size and zeta potential were
measured using a dynamic light scattering (DLS) instrument (Malvern Zeta Sizer Nano
S-90) equipped with a 22 mW He-Ne laser operating at A = 632.8 nm. The AuNPs were
viewed by transmission electron microscopy (TEM) (Philips CM-100 60 kV).

Preparation of AUNPs

AUNPs were generated by laser ablation with the following laser parameters. Femtosecond
pulses delivered from the above-stated laser system (repetition rate of 100 kHz, 10 uJ pulse
energy, 700 fs pulse width centered at a wavelength of 1.045 pm) were focused onto a spot
size of about 50 pm on a gold metal plate (99.99% purity) placed on the bottom of a glass
vessel filled with 20 mL of deionized water. After a couple of days of aging, the top clear
red solution was collected.

PEGylation of AuNPs with HS-PEG-R

In a typical process, 1.0 mL of AuNP solution (1.0 nM) was added with 10 uL of HS-PEG-R
solution at different concentrations to obtain the following final molar ratios: 0, 50, 80,100,
150, 200, 300, 400, 500, 600, 800, 1000, 2000. The reaction mixture was vortexed
immediately and then incubated at room temperature for two days. After PEGylation, half of
each solution was used for measuring absorption spectra, hydrodynamic size and zeta
potential. The other half of each solution was centrifuged at 14000 rpm for 20 min and re-
dispersed with Milli-Q water by gentle shaking. This process was repeated three times. For
PEGylation using HS-PEG-NHo>, the supernatant after the first centrifugation was carefully
collected and also centrifuged two more times to remove any remaining AuNPs. The
resultant supernatant solution was analyzed via the fluorescamine assay. For the sequential
PEGylation with a combination of both HS-PEG-COOH and HS-PEG-NH,, AuNPs were
first partially PEGylated with HS-PEG-COOH, then different amounts of HS-PEG-NH, was
added.

Quantification of Unbound HS-PEG-NH> in Supernatant

For a typical fluorescamine assay, 400 UL of each supernatant solution or calibration
solution (without mixing with AuNPs) was mixed with 20 pL of NagHPO,4 (0.2 M, pH 10.0)
and then 4.0 uL of fluorescamine solution in DMSO (2 mM). After 15 min, fluorescence
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spectra (Aex: 390 Nnm, Agm: 480 nm) were recorded. The fluorescence intensities at 480 nm
for each solution were plotted as a function of the HS-PEG-NH,/AUNP molar ratio.

Preparation of HS-PEG-RGD and PEGylation to AuNPs

To a 25-mL round bottom flask, 50.1 mg of OPSS-PEG-NHS were dissolved in 1.0 mL of
benzene. The solution was frozen before evaporating the solvent under reduced pressure to
remove trace amounts of water. Anhydrous DMF (10 mL) was added to dissolve the
powder, then 6.1 mg of c(RGDfK) was added and mixed together, and finally N, A-
Diisopropylethylamine was added. The solution was stirred at room temperature for 48 h.
Dithiothreitol (DTT) was then added to the reaction mixture and stirred for additional 2 h to
reduce the disulfide and obtain a free thiol at the end of the PEG-RGD polymer. The
resultant powder was harvested through precipitation in dry diethyl ether. Unconjugated
RGD was removed by a size exclusion NAP-5 Column (GE Healthcare, UK) and the
purified HS-PEG-RGD was confirmed by HPLC. PEGylation using HS-PEG-RGD to
AUNPs at different molar ratios is carried out the same as for HS-PEG-COOH. After
centrifugation twice, the final AuUNP pellets were re-suspended in 0.5 mL Milli-Q H,O to
concentration the solution 20 times.

Cell Culture and Preparation

The U-87 MG brain cancer (glioblastoma), MCF-7 breast cancer, and RAW 264.7
macrophage cell lines were maintained as adherent cultures and grown as monolayers in a
humidified incubator (95% air; 5% CO,) at 37 °C in a Petri dish containing medium
supplemented with antibiotic-antimycotic and 10% heat-inactivated fetal bovine serum
(FBS). To test targeting efficiency of AuNPs with different PEG-RGD density, cells were
seeded into 6-well plates and left overnight. Cell numbers (3.0x10° U-87 MG/well, 7.3x10°
MCF-7/well, 2.7x10° RAW 264.7/well) were counted using a Countess automated cell
counter (Invitrogen, USA). After exposure to AuNPs (5 nM) formulated with different ratios
of PEG-RGD in complete media supplied with 10% FBS at 37 °C for 4 h (U-87 MG,
MCEF-7) or 8 h (RAW 264.7), cells were washed with PBS twice and digested in aqua regia
for 2 h. The aqua regia solutions were transferred to 15 mL centrifuge tubes and the final
volumes were adjusted using Milli-Q water. The final gold content was measured using
inductively coupled plasma optical emission spectrometry (ICP-OES). To test non-specific
uptake of double-charged AuNPs with HS-PEG-COOH and HS-PEG-NH,, macrophage
cells (2.7x105/well) were seeded into 6-well plates overnight and then incubated with 1.0
nM double-charged AuNPs in complete media at 37 °C for 4 h. AuNPs coated with a single
type of thiolated PEG (HS-PEG-OCHj3, HS-PEG-COOH, or HS-PEG-NH>) were used as
controls.

3. Results and discussion

We first mixed AuNPs (~20 nm in diameter based on TEM imaging) with HS-PEG-COOH
at different HS-PEG-COOH/AUNP molar ratios from zero to 2000. This molar ratio range
was chosen based on the surface area of 20 nm AuNP and the footprint of PEG molecules.
For PEGylation we selected thiolated PEGsqgg, Which is most widely used to modify gold
nanoparticles [30, 34]. The thiol concentration (>95%) was confirmed by an Ellman’s test.
During PEGylation the AuNP concentration was fixed at 1.0 nM, determined by correlating
our measured extinction spectra to the experimentally determined extinction cross-section
data (8.8 x 108 M~1cm™1 for AuNPs with a diameter of 20 nm) [35].

Control over the AUNP PEGylation process was monitored by the change in particle size. As

shown in Figure 1, the change in hydrodynamic layer thickness differentially increased with
increasing molar ratios of HS-PEG-COOH/AUNP and reached a constant at 26 nm after the
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AUNP surface was saturated at molar ratio of 500. This revealed an increase in PEG chain
density on AuNP surfaces upon increasing the HS-PEG-COOH/AUNP molar ratio. For free
PEG molecules in a good solvent, the radius of gyration /<y can be empirically calculated as
shown in equation (1):

R,[nm]=0.181 x N**® (1)

where Nis the number of ethylene glycol (EG) monomer units per PEG chain [36]. For the
PEGsgqp Used here, Ay is 2.8 nm and the size increase should be around 11.2 nm (2.8 x 4) if
the PEG chains form isolated hemispheres (mushroom) on the surface with a critical PEG
density 0™ (1/1Ry?) around 0.04 PEG/nm2. At a molar ratio of 500 the PEG density o is
around 0.4 PEG/nm?, which is 10 times higher than the critical grafting density [29]. The
grafting PEG chains are most likely reconfigured, stretching out in a brush conformation as
shown in the insert of Figure 1. This explains why the hydrodynamic layer thickness (AD) is
more than four times the radius of gyration.

Figure S1(a) shows the optical spectra of AuUNPs at all HS-PEG-COOH/AUNP ratios. The
overlapping curves and the constant OD reveal that there is no loss of AuNPs after
PEGylation for each of the HS-PEG-COOH/AUNP molar ratios. This is in contrast to
traditional PEGylation to citrate-capped AuNPs made by chemical synthesis, which requires
a large excess of thiolated PEG molecules [27]. Otherwise, the citrate-capped gold colloids
will not be stable [26]. The high colloidal stability of laser-made AuNPs after PEGylation
with different molar ratios is attributed to the highly negatively-charged ‘naked’ surface in
Figure S1(b), which shows that the zeta potential is independent of the HS-PEG-COQH/
AUNP molar ratio. Although there are not any capping ligands on the AuNP surfaces before
PEGylation, the AuNPs made by femtosecond pulse laser ablation have a natural negative
surface with a zeta potential of about —33.3 mV. The negatively-charged surface is caused
by partial oxidation from the oxygen present in solution, followed by proton transfer to
adjacent hydroxide ions [37]. This natural negative surface free of capping ligands makes
these laser-generated gold colloids unique from traditional ones in that PEGylation can be
controlled.

The differential PEG-COOH chain densities on AuNPs after PEGylation at varying molar
ratios of HS-PEG-COOH/AUNP were confirmed by centrifuging the solutions and re-
suspending the pellet of AuNPs. Figure 2 compares the optical densities (OD) of the
absorption peaks after centrifugation for each HS-PEG-COOH/AuUNP molar ratio, and
Figure S2 shows typical absorption spectra. The data in Figure 2 clearly demonstrate the
controlled increase in HS-PEG-COOH density with each AuNP formulation, as the HS-
PEG-COOH/AuUNP molar ratio dictates the stability of the formulations after centrifugation.
For ratios less than 100 the AuNP pellet could not be re-dispersed after centrifugation,
revealing the PEG-COOH chain density is too low to maintain a stable formulation. As the
molar ratio increased from 100 to 300 the OD number increased by 25 times, with a relative
change from 4% to 100% when compared to the OD before centrifugation, respectively. The
data also indicate that even though the AuNP surface is not fully covered with PEG at a
molar ratio of 300, the AuNPs are stable against centrifugation. This differential stability
based on the changing HS-PEG-COOH density on AuNPs is also apparent in Figure S2. As
the molar ratio increased from 100 to 200 more AuNPs were recovered after centrifugation,
determined by the increase of the absorption peak at 524 nm. However, detection of a
second, smaller peak (or ‘bump’) at ~650 nm suggests these partially PEGylated AuNPs
tend to form aggregates after centrifugation, indicating a higher PEG-COOH chain density is
required to maintain stability.

Nanotechnology. Author manuscript; available in PMC 2014 September 06.
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To further analyze the PEGylation efficiency of our laser-made AuNPs we incubated HS-
PEG-NH, with AuNPs at increasing molar ratios, which allowed us to use a fluorescamine-
based assay to quantify HS-PEG-NH> binding to AuNPs [27]. We varied the HS-PEG-NH>
concentration during incubation from 50 to 2000 nM while keeping the AuNP concentration
constant at 1.0 nM. First we monitored the zeta potential values of the PEGylated AuNPs as
shown in Figure 3(a). They gradually transformed from highly negative (-44.9 mV) at low
molar ratios to highly positive (reaching +52.2 mV) and remained constant for molar ratios
higher than 500, revealing the increasing PEG-NH, chain density on the AuNPs until the
surfaces become saturated. Successful differential PEGylation was further demonstrated by
monitoring the size increase after PEGylation with increasing HS-PEG-NH2/AuNP molar
ratios, as shown in Figure S3. The data show that the hydrodynamic layer thickness
incrementally increased up to 26 nm at the saturated HS-PEG-NH,/AuNP molar ratio of
500, which is consistent with the PEGylation using HS-PEG-COOH. The data combined
clearly reveal a controlled increase in the PEG-NH> chain density as we increased the HS-
PEG-NH2/AuNP molar ratio.

Using the fluorescamine-based assay we established a linear calibration curve for free HS-
PEG-NH, (Figure S4(b)) based on the peak intensity at 480 nm observed in the fluorescence
spectra at PEG concentrations from 50 to 2000 nM (Figure S4(a)). In this assay a non-
fluorescent fluorescamine reacts with a primary amine to generate a compound that emits
fluorescence at 480 nm when excited at 390 nm, as shown in Scheme S1. Originally
developed for quantification of primary amines in biomolecules, this assay has sensitivity on
the pM scale [38]. After incubation with AuNPs followed by centrifugation, we quantified
the concentration of free HS-PEG-NH, in the supernatants as shown in Figure 3(b)
(corresponding fluorescence spectra shown in Figure S4(c)). Although the HS-PEG-NH,
concentration increased 10 times up to 500 nM there was no obvious fluorescence increase
after measuring the supernatants, whereas for ratios higher than 500 the supernatant
fluorescence began to increase. This revealed that the gradual increase in HS-PEG-NH,
binding to AuNPs is highly efficient below saturation at 500 nM, and this point of saturation
is consistent with our zeta potential and size change measurements. Measuring the PEG
concentration in supernatants to estimate the PEG chain density on AuNPs is a widely used
method [27, 30]. However, in previous reports using chemically prepared AuNPs, more than
90% of the added HS-PEG-R molecules remained in the supernatants because of the
excessive HS-PEG-R required to stabilize AuNPs during PEGylation [26]. In our case as
most of the added HS-PEG-NH, molecules were bound to AuNPS, our assay measurements
are more sensitive than those in the previous reports. The combined experiments using HS-
PEG-COOH and HS-PEG-NH, demonstrate a highly efficient PEGylation process that
allows control of the PEG density on AuNPs by manipulating the molar ratio of HS-PEG-R/
AUNP, while the ratio is less than the saturated one. This technique is similar to living
polymerization, through which a polymer chain length can be controlled by the ratio of
monomer/initiator. Thus we termed this technique ‘living” PEGylation.

One important application of ‘living” PEGylation is to control the targeting ligand density on
AUNPs to improve specific targeting efficiency. Consequently, we synthesized HS-PEG-
RGD to investigate specific targeting efficacy of AuNPs to a3 integrin receptors. The
targeting peptide conjugation to PEG was performed based on traditional coupling reactions
between NHS ester and amine groups using thiol-protected OPSS-PEG-NHS and
cyclo(RGDfk)-NH, followed by deprotection of the thiol groups using DTT (Scheme S2)
[39, 40]. The expected HS-PEG-RGD was purified by a size exclusion column and
confirmed by HPLC, with the retention time shifting from 16.87 to 19.64 min compared to
unconjugated RGD (Figure S5) [42]. The characteristic peak of the optical spectrum of
purified HS-PEG-RGD is identical to RGD alone, revealing the successful peptide
conjugation (Figure S6). An Ellman’s test also confirmed effective deprotection to reveal a
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terminal free thiol. PEGylation using HS-PEG-RGD on AuNPs with serial HS-PEG-RGD/
AUNP molar ratios was done as described for HS-PEG-COOH. Hydrodynamic size and zeta
potential measurements were used to monitor the PEGylation process (Figure S7). As
expected, the hydrodynamic size of PEGylated AuNPs incrementally increased as we
increased the molar ratio of HS-PEG-RGD/AUNP below the saturation ratio (Figure S7(a)).
The zeta potential data revealed that all PEG-RGD-modified AuNPs have highly negatively
charged surfaces (~—40 mV) (Figure S7(b)). Taken together, the data clearly show that
AuUNPs with different PEG-RGD densities on the surface were successfully obtained in a
controlled way.

Specific cellular targeting efficiency to cancer cells was tested using two cancer cell lines:
U-87 MG, positive for a,B3 integrin receptors, and MCF-7, classified negative for the
receptor and serving as an example of non-target cells. The gold content inside the cells after
digestion with aqua regia was measured by ICP-OES. Using the same conditions as for live
cell incubations the stability of these PEGylated AuNPs in media was first confirmed by the
optical spectra in Figure S8, as there is no change of peak OD over four hours in DMEM
plus 10% FBS.

The effect of the PEG-RGD/AUNP ratio on cellular uptake after incubation with AuNPs is
shown in Figure 4(a) for U-87 MG cells and in Figure 4(b) for MCF-7 cells. These data
clearly show that U-87 MG cells uptake more AuNPs modified with RGD than MCF-7 cells,
which demonstrates the specific targeting ability of the RGD peptide [41, 42]. Furthermore,
for incubations with AuNPs with PEG-RGD/AUNP molar ratios of 50 or lower U-87 MG
cells demonstrate consistently increased uptake as the PEG-RGD/AuUNP molar ratio is
increased, with uptake reaching up to 3.7 pg/cell as the ratio increased to 50. On the
contrary, MCF-7 cells uptake is independent of PEG-RGD density change in this range,
which is around 0.2 pg/cell and 18-fold lower than in U-87 MG cells. For AuNPs with PEG-
RGD/AUNP molar ratios higher than 50, uptake in both U-87 MG cells and MCF-7 cells
began to increase with increasing RGD density. Comparing Figures 4(a) and 4(b), the
relative uptake of U-87 MG (compared to MCF-7) versus PEG-RGD chain density revealed
a clear optimal targeting ligand density around 50 PEG-RGD on each AuNP that maximizes
specific uptake by target cells while minimizing uptake in non-target cells.

We next incubated MCF-7 cells with AuNPs containing a control RAD peptide that does not
specifically target o3 integrin receptors in order to determine whether the increased gold
content in MCF-7 cells for PEG-RGD/AUNP molar ratios higher than 50 was caused by
non-specific uptake [43]. We found that the gold content in MCF-7 cells does not increase
for even the highest PEG-RAD/AuUNP molar ratios (Figure S9). This suggests that the rise in
uptake observed for higher molar ratios of PEG-RGD/AUNP in Figure 4(b) is from specific
uptake due to very low expression of o3 integrin receptors on MCF-7 cells, triggered by a
threshold RGD density. Consequently, we decided to next investigate the potential for
targeting ligand density to affect non-specific uptake by macrophage cells.

Figure 5 shows the uptake of AuNPs with different PEG-RGD surface densities after
incubation with macrophage cells. Similar to the trend observed in MCF-7 cells in Figure
4(b), for molar ratios below 50 the uptake is independent of the targeting ligand density
while above 50 the uptake consistently increases with increasing ligand density. This
suggests a3 integrin receptors are present on macrophage cells [44], and this can trigger
increased nanoparticle uptake at higher PEG-RGD densities on AuNPs. Taken with the
results of Figure 4, this confirms it is possible to control the targeting ligand density on
AuUNPs and that it plays a critical role in optimizing specific targeting efficacy.

Nanotechnology. Author manuscript; available in PMC 2014 September 06.
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Another application of ‘living’ PEGylation is to control PEG-R chain densities on AuNPs in
a sequential way for multifunctional purposes, like building di-block or tri-block copolymers
using living polymerization. Here we investigated a two-step PEGylation process, first
partially PEGylating with HS-PEG-R; and then PEGylating with HS-PEG-R5 as shown in
Scheme 1. As long as the AuNPs are not saturated (i.e. the molar ratio of HS-PEG-R/AUNP
is lower than 500), one can control the density of functional moieties (R groups) covalently
attached to AuNPs. In this sequential way, double-charged AuNPs with varying PEG-NH,/
PEG-COOH molar ratios were prepared by partially PEGylating with HS-PEG-COOH first,
then adding different amounts of HS-PEG-NH,, and finally adding more HS-PEG-COOH to
saturate the surface.

The different double-charged AuNP formulations containing both HS-PEG-NH, and HS-
PEG-COOH were incubated with RAW 264.7 macrophage cells and the uptake results are
shown in Figure 6. The data show that by increasing the ratio of PEG-NH, on AuNPs from
50 to 300 through living PEGylation, the non-specific uptake of Au/cell (pg) gradually
halved from 0.63 + 0.01 to 0.33 + 0.01. The reduced cell uptake can be explained by the
overall surface charge becoming more neutral with controlled addition of more PEG-NH,,
as shown in Figure S10. These results are consistent with those obtained by Liu et al for
AuUNPs modified via zwitterionic self-assembled monolayers (SAMs) composed of both
negatively- and positively-charged, thiol-containing carbon chains [45]. Compared to
AuNPs modified with only negatively-charged carbon chains, as they increased the ratio of
positive to negative carbon chains on the AuNP surfaces the negative zeta potential
gradually increased and reduced the AuNP uptake by macrophage cells.

In Figure 6 we also observe that our double-charged AuNP formulations have less non-
specific uptake than all of the control AuNPs decorated with a single type of PEG-R (i.e. -
OCHgs, -COOH, -NH>). For instance, the double-charged AuNP formulations show a
relative uptake ranging from 40% to 76% when compared to AUNP-PEG-OCHjs, the control
with the least uptake. As expected, the AuNP control containing only HS-PEG-NH, exhibits
the greatest non-specific uptake due to the electrostatic attraction between the positively-
charged AuNPs and the negatively-charged cell membrane [46—49]. The uptake of the
negatively-charged AUNP-PEG-COQH control is greater than those for each double-charged
AUNPs for two reasons. First, phagocytic cells preferentially uptake anionic particles versus
those that are more neutral in charge [45, 47, 50]. Second, the zwitterionic property of
double-charged AuNPs confers stealth due to a layer of tightly bound water molecules on
the AuNP surface. This has been shown to reduce binding of plasma proteins, and
recognition and non-specific uptake by cells [45, 46, 51-53]. This also explains why the
uptake of the double-charged AuNPs is reduced even when compared to the neutral AuUNP-
PEG-OCHj5 control. Our uptake results for the double-charged AuNPs relative to the
positively-charged and negatively-charged controls are consistent with those of Liu et al in
RAW 264.7 macrophage cells [45]. Furthermore, they observed the same uptake trend based
on AuNP charge/zeta potential in normal human umbilical vein endothelial cells (HUVEC)
and human hepatocellular liver carcinoma cells (HepG2), with one slight difference. They
found that in the macrophage cells the reduction in uptake of double-charged AuNPs relative
to the negatively-charged AuNPs is greater than those observed in the two non-phagocytic
cell lines, and they attribute this to the preferential uptake of anionic particles by phagocytic
cells. Overall, our cellular uptake data with sequentially modified double-charged AuNPs
exemplifies a second approach to reduce nanoparticle clearance by the immune system.
Even greater potential to maximize specific uptake in target cells while minimizing non-
specific uptake lies in an AuNP formulation containing both an optimal targeting ligand
density and double-charged surface obtained by ‘living” PEGylation, and merits further
exploration. Our data suggests a facile and feasible approach would be to sequentially
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PEGylate using negatively-charged HS-PEG-COOH and an optimal density of HS-PEG-R;,
where R represents a positively-charged targeting ligand.

Enhanced stability to partial PEGylation in a sequential way makes laser-made, “naked’
AUNPs unique from chemically-made ones capped with citrate, as demonstrated in the
photograph in Figure S11. While all commercial and laser-made AuNP formulations are
stable if excessively PEGylated with HS-PEG-R (irrespective of charge), only laser-made
AUNPs are stable after sequential PEGylation involving HS-PEG-NH,. In AuNPs capped
with citrate, this causes aggregation of the AuUNPs and the solutions become black. Our work
collectively demonstrates that this new PEGylation process with laser-made AuNPs
facilitates creation of multifunctional AuNPs with a range of biomedical applications.

4. Conclusions

Using gold nanoparticles generated by femtosecond pulse laser ablation we revealed the
unique ability to control the density of HS-PEG-R (-COOH, -NH», and -RGD) conjugated to
AUNP surfaces for one or sequential rounds of conjugation, terming this process ‘living’
PEGylation. After PEGylation with HS-PEG-COOH at different molar ratios of HS-PEG-
COOH/AUNP up to 2000, the hydrodynamic layer thickness incrementally increased with
increasing molar ratio and became constant upon AuNP saturation. We then centrifuged and
re-suspended the PEGylated AuNP to demonstrate the differential PEG chain density on the
AUNP surface. As the PEG-COOH/AUNP molar ratio increased to the point of saturation,
the OD for the absorption spectrum peak gradually increased up to 25 times and the AuNP
recovery consistently increased. Next, PEGylation using HS-PEG-NH, was quantified by a
fluorescamine-based assay. For differential HS-PEG-NH> ratios below the saturation ratio,
essentially all the added HS-PEG-NH, bound to the AuNPs. Furthermore, as the molar ratio
of HS-PEG-NHy/AuUNP increased the zeta potential incrementally changed from -44.9 to
+52.2 mV and became constant upon AuNP saturation. Taken together, our results
confirmed that the PEG-R chain density on AuNP surfaces can be precisely controlled by
changing the molar ratio of HS-PEG-R/AUNP. Next we used ‘living” PEGylation to
investigate the dependence of specific targeting efficacy on targeting ligand density on
nanoparticle surfaces, controlling the density of the model peptide RGD to AuNPs via HS-
PEG-RGD. An optimal targeting ligand density around 50 PEG-RGD on each AuNP
maximizes the specific targeting efficiency to U-87 MG cancer cells. Additionally, we
sequentially conjugated HS-PEG-COOH and HS-PEG-NH, to AuNPs to create double-
charged AuNPs with precise control over the PEG-NH,/PEG-COOH ratio to reduce non-
specific uptake by macrophage cells. This unique PEGylation process facilitates
unprecedented control in the synthesis of multifunctional nanoparticles, with implications
for both therapeutic and diagnostic nanoparticle development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3.

(a) Zeta potential before centrifugation of AUNPs PEGylated with HS-PEG-NH, at all molar
ratios and (b) fluorescence intensity at 480 nm, via fluorescamine-based assay, of the
corresponding supernatants after centrifugation.
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Figure 4.
Cellular uptake of AuNPs PEGylated with different PEG-RGD densities on the AuNP
surface in U-87 MG (a) and MCF-7 (b) cells.
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Macrophage cell non-specific uptake of AuNPs decorated with PEG-R in single (control) or
successive (double-charged) conjugations.
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