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ABSTRACT: We describe the effectiveness of a multicoordinating
polymer coating to surface functionalize gold nanospheres,
nanoshells, and nanorods and promote their steric stabilization in
biological media. The polymer ligand synthesized via one-step
nucleophilic addition reaction starting with poly(isobutylene-alt-
maleic anhydride) precursor presents multiple lipoic acid groups for
strong coordination on metal-rich surfaces and several hydrophilic
motifs (e.g, zwitterion groups or short poly(ethylene glycol)
(PEG) chains) to promote water solubilization. We show that

nanocrystals ligated with this polymer are compact in size and

exhibit excellent long-term colloidal stability over broad conditions. We compare the ability of zwitterion- and PEG-modified
polymer ligands to shield the metal surfaces from sodium cyanide digestion, or resist the competitive removal by dithiothreitol
(DTT). We find that polymers appended with either hydrophilic motif essentially eliminate DTT competition for surface
binding, while nanocrystals capped with the PEGylated coating exhibits substantially better resistance to sodium cyanide
digestion compared with zwitterionic coating. Furthermore, we probe the differences between the two coatings in terms of
endowing surface charge to the nanocrystals and affecting their Brownian diffusion properties. Additionally, we show that
zwitterionic coating is very effective in preventing the formation of protein corona on such nanostructures, a highly valuable

result with direct implications in biotechnology.

B INTRODUCTION

Nanocrystals made of gold and silver cores exhibit several
surface plasmon resonance (SPR) absorption properties that
can be tuned by controlling their size and/or shape.'™ For
instance, spherical gold nanoparticles with a diameter smaller
than ~50 nm exhibit a single SPR peak at ~520 nm with size-
dependent extinction coefficients.” In comparison, the
absorption spectra of gold nanorods exhibit an additional
longitudinal SPR peak that shifts toward the near-infrared
(NIR) regime with increasing aspect ratio.” The strong
longitudinal absorption permits easy excitation of these
materials with NIR laser sources, efliciently generating localized
heat.> These nanostructures can also interact with proximal
molecules (e.g, dyes), where they act as either strong
fluorescence quencher or enhancer depending on the
separation distance.”” These properties coupled with a size
range comparable to that of biomolecules make them attractive
for use in biological sensor design and therapeutic/diagnostic
applications.”””*™'* Their effective integration into biology
hinges on the ability to develop surface functionalization
approaches that provide nanocrystals with robust colloidal
stability and compact dimensions, while endowing them with
specific targeting properties.9’15’16

Cap exchange with coordinating ligands is an effective
strategy for fine-tuning the surface properties of a variety of
inorganic nanocrystals. ' >'” Because of the strong Au-to-thiol
coordination, thiolated ligands (e.g., derivates of dihydrolipoic
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acid, DHLA) have been widely used for the surface
modification of gold nanoparticles."*™>' Moreover, to provide
gold nanocrystals with long-term colloidal stability while
reducing nonspecific absorption of proteins, incorporating
high molecular weight poly(ethylene glycol) (e.g., PEGsyy) as
the hydrophilic motif in the ligand has often been used as the
method of choice.'””*** This tends to substantially increase the
hydrodynamic volume of the hydrophilic nanocrystals. To
reduce the overall dimensions while maintaining aqueous
solubility, thiol-based ligands appended with compact zwitter-
ion groups have been developed.'®****> However, using
molecular-scale ligands and/or ligands with low coordination
numbers to promote the long-term colloidal stability of large
gold nanospheres and nanorods has remained a great challenge.
This is further compounded by the fact that under ambient
conditions most thiolated ligands are prone to oxidative
desorption from the nanoparticle surfaces.”*>” Such problems
seriously affect the stability of nanocrystal dispersions at very
low concentrations, where higher dissociation rates tend to take
place.”® The advent of multicoordinating polymer ligands can
alleviate the above issues. With their multicoordinating
interactions, these ligands can reduce the dissociation rates,
thus enhancing the binding affinity to the nanocrystal
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Figure 1. (A) Schematic representation of the synthetic scheme employed for preparing the lipoic acid- and zwitterion-modified polymer ligand, LA-
PIMA-ZW, using one-step nucleophilic addition reaction, along with a representation of a LA-PIMA-ZW-coated AuNP. (B) Other representative
nanocrystal surface coatings used in this study, LA-PIMA-PEG, LA-ZW, and LA-PEG.

surfaces.”® > A few recent studies have shown that capping
gold nanorods (over 100 nm in length) with PEG-modified
polymer yields excellent long-term colloidal stability.*”**~*°

In this study, we introduce a multicoordinating zwitterion-
rich polymer as a ligand ideally suited for the surface
functionalization of gold nanocrystals, namely, gold nano-
spheres (NPs), gold nanoshells (NSs), and gold nanorods
(NRs). The ligand presents multiple lipoic acid anchors for
metal coordination and several zwitterion moieties for water
solubilization. Coating with this ligand yields nanocrystals that
are compact and exhibit long-term colloidal stability over a
broad range of biological conditions. This zwitterionic ligand
also drastically reduces the nonspecific adsorption of proteins.
We characterize the colloidal stability of these polymer-capped
nanocrystals using a combination of analytical techniques
including optical absorption spectroscopy, transmission elec-
tron microscopy (TEM), agarose gel electrophoresis, and
dynamic light scattering (DLS). We also compare ligands
presenting the zwitterion motifs with the ones modified with
short PEG chains (as shown in Figure 1). In particular, we
probe differences between the abilities of zwitterionic and PEG
coatings to impart surface charge, affect the diffusion behavior,
and protect the metallic core from sodium cyanide digestion
and competition from dithiothreitol.

B EXPERIMENTAL SECTION

Ligand Synthesis. We focus on the synthesis of one
representative polymer ligand made of 50% lipoic acid (LA)
and 50% zwitterion (ZW), LA-PIMA-ZW. In a 50 mL three-
neck round-bottom flask, 0.385 g of poly(isobutylene-alt-maleic
anhydride) (PIMA, MW ~ 6000 g/mol, 2.5 mmol of monomer
units) was dissolved in § mL of dimethyl sulfoxide (DMSO).
The solution was purged with nitrogen and heated to 50 °C
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using an oil bath. LA-NH, (0.31 g, 1.25 mmol) dissolved in 1
mL of DMSO was added to the PIMA solution through a
syringe, followed by addition of 1 mL of DMSO solution
containing amino-zwitterion, ZW-NH, (0.280 g 125 mmol).
The reaction mixture was left stirring at 50 °C overnight. The
content was concentrated to ~1 mL under vacuum, then 30 mL
of acetone was added to precipitate the compound. Following
one round of centrifugation, the solid pellet was collected,
washed two times with chloroform, and then dried under
vacuum, yielding the final product as a yellow solid, with a
reaction yield of ~87%. Additional details on the synthesis of
precursors (i.e, LA-NH, and ZW-NH,) and other ligands,
namely, LA-PIMA-PEG polymer, LA-PEG, and LA-ZW are
summarized in the Supporting Information and previous
reports.zg’%’37

Growth of Gold Nanoparticles. Citrate-stabilized gold
nanospheres (~14 nm in diameter as measured by TEM) were
prepared following the method developed by Turkevich and co-
workers.”® Briefly, HAuCl, (50 mM, 5 mL) was added to a
boiling aqueous solution of sodium citrate (1.7 mM, 500 mL)
and left stirring for 15 min. The reaction mixture was then
cooled to room temperature. The nanoparticles were purified
from excess unreacted reagents and concentrated using a
centrifugal filtration device (Millipore, MW cutoff = 50 kDa).

Growth of Gold Nanoshells. The gold nanoshells (~18
nm in diameter) were prepared following the protocol reported
by Zhang and co-workers.”” Briefly, a solution (2 L total
volume) made of deionized water mixed with 11 mL of 0.5 M
sodium citrate and 4 mL of 0.4 M cobalt chloride was purified
from oxygen by bubbling ultrahigh purity argon gas for ~30
min. Rapid injection of freshly prepared sodium borohydride
solution (~10 mL, 2 M) under vigorous stirring initiated the
growth of cobalt nanospheres. The clear, slightly pinkish
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solution turned brown after sodium borohydride reduction,
indicating the formation of cobalt nanoparticles. The solution
was left at room temperature for ~30—4S5 min (no stirring)
under argon flow until the complete hydrolysis of the sodium
borohydride. The cobalt nanoparticle dispersion was then
quickly transferred to a vortexing solution made from 2 L of
deionized water containing ~800 L of 0.1 M chloroauric acid.
Rapid reduction of the gold precursors by cobalt NPs resulted
in deposition of a gold layer on the nanoparticles. At the same
time, the cobalt NP cores were oxidized to cobalt oxide. Further
exposing the solution to air promoted the complete oxidation
and dissolution of the cobalt cores, leaving empty gold
nanoshells. The gold nanoshell dispersion was centrifuged at
14000 rpm for 20 min, the solvent was decanted, and the
resulting pellet was resuspended in deionized water. The
process was repeated twice, and the final sample was stored for
further use.

Growth of Gold Nanorods. The gold nanorods used in
this study (45 nm X 19 nm) were prepared following the
scheme initially developed by Murray and co-workers using
seeded growth in binary surfactant mixtures of cetyltrimethy-
lammonium bromide and sodium salicylate (CTAB/NaSa)."
The seed solution was prepared as follows: 5 mL of 0.5 mM
HAuCl, was mixed with 5 mL of 0.2 M CTAB solution in a 20
mL scintillation vial. Fresh NaBH, solution (0.6 mL, 0.01 M)
was diluted with deionized (DI) water to 1 mL, and the mixture
was injected into the above Au(II)—~CTAB solution under
vigorous stirring (1200 rpm); the stirring was stopped after 2
min. This seed solution was “aged” at room temperature for 30
min before use. The growth solution was prepared separately
by dissolving 9.0 g of CTAB and 0.8 g of NaSa in 250 mL of
warm water (~S0 °C) using a 1 L Erlenmeyer flask. The
solution was cooled to 30 °C, and 6 mL of 4 mM AgNO;
solution was added. The mixture was kept undisturbed at 30 °C
for 15 min, after which HAuCl, solution (250 mL, 1 mM) was
added. After stirring at 400 rpm for 15 min, 1 mL of 0.064 M
ascorbic acid was added followed by vigorously stirring for 30 s.
Finally, 0.8 mL of seed solution was injected into the flask. The
resulting mixture was stirred for 30 s and left undisturbed at 30
°C for 12 h to allow for growth and homogenization of the
nanorods. The materials were isolated by centrifugation at 7000
rpm for 30 min and removal of the supernatant. The nanorods
were resuspended in DI water.

Ligand Exchange. We limit the description to ligand
exchange of citrate-capped nanoparticles with LA-PIMA-ZW
ligand. The same protocol was applied to gold nanoshells and
nanorods. Briefly, 10 mg of LA-PIMA-ZW was dissolved in 2
mL of phosphate buffer (pH 8, SO mM). An aliquot of gold
nanoparticle dispersion (~6 nM, 2 mL) was slowly added to
the ligand solution, and the mixture was left under continuous
stirring overnight at 50 °C. The nanoparticle dispersion was
filtered through a 0.45 pum syringe filter, and excess free ligands
were removed by applying three rounds of concentration/
dilution with DI water using a centrifugal filtration device
(Millipore, MW cutoff = 50 kDa).

Gel Electrophoresis and Protein Corona Tests. Gel
electrophoresis experiments were run on 0.6% agarose gel using
Tris borate EDTA buffer (TBE, 89 mM Tris, 8 mM boric acid,
1 mM EDTA). For colloidal stability tests and surface charge
comparison, the stock dispersions of gold nanospheres,
nanoshells, and nanorods were diluted to 8, 4, and 1.5 nM
with DI water, respectively. The dispersions were mixed with 2
UL of loading buffer made of Ficoll 400 immediately prior to

use; the total loading volume was 20 L. The gel was run for 30
or 60 min using a voltage of 5.5 V/cm, and then white light
images were captured using a Nikon D3000 camera.

For the protein corona tests, the stock dispersion of each set
of nanocrystals was mixed with different volumes of bovine
serum albumin (BSA) solutions in Eppendorf tubes and then
diluted with phosphate buffer (pH 7, 20 mM). The final
concentrations were 8 nM for AuNPs, 4 nM for AuNSs, and 1.5
nM for AuNRs. The concentration of BSA in these samples was
varied from 0 to 50 mg/mL. The mixtures were incubated for 1
h at room temperature and then mixed with 2 uL of loading
buffer made of Ficoll 400 immediately prior to gel electro-
phoresis measurements; the total loading volume was 20 uL.
The gels were run under a voltage of 5.5 V/cm for 30 min, and
then imaged under white light exposure.

Dynamic Light Scattering: Background. Dynamic light
scattering relies on the analysis of the time-dependent scattered
laser signal intensity, I(q,7), due to Brownian motion of the
solute objects in the medium (in this case the nanocrystals in
the dispersion).”" 7 and q respectively designate the delay time
and the scattering wavevector (i.e., scattering angle ). Analysis
of the scattered intensity and its dependence on time and
scattering angle provides a measure of the solute diffusion
coefficient. Experimentally, the autocorrelation function of the
scattered intensity 1(q,7) is defined as***

(1(% t) I(‘I! t+ 1))
<I(% t)>2 (1)

where (...) denotes the average over time and the scattering

g(Z)(Tx q) =

. 4an . (0O .
wavevector is expressed as q = T Sin ; . From thlS one can

extract a measure of the electric field autocorrelation function

defined as

gV, @) = a(g®(z, ) — 11?) @)

where a is an experimental constant proportional to the
amplitude of the scattered signal. For solutions of homoge-
neous colloidal nanoparticles, polymers, proteins, etc. with a
given size dispersity and in the dilute regime (ie., isolated
solute objects), g(l)(‘r,q) deviates from an ideal single
exponential decay (predicted for a monodisperse nanoparticle
dispersion). Instead it is commonly fit to a cumulants series:

W = I L P )
gz, q) aexp( T+ T 3)

where I' and y, designate the first and second cumulants. I"

corresponds to the decay rate expressed in terms of the

scattering wavevector, g, and the apparent translational

diffusion coefficient, Dy, as
_ 2

I'=Dypp (4)

The ratio p1,/I"* is the polydispersity index, PDI (defined as size
distribution width/mean size), which reflects the effects of
inhomogeneities in the sample, attributed among others to size
heterogeneity. Plotting I versus q” yields a linear curve, where
the slope is the apparent diffusion coefficient of the scattering
nanoparticles. The measured D,,, also accounts for the
internanoparticle interactions in the medium and can be
simplified to**

Dapp = DO(1 + de) (5)
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Figure 2. (A—C) TEM images of LA-PIMA-ZW-capped gold nanospheres, nanoshells, and nanorods. (D—F) Size distribution histograms of
polymer-coated gold nanospheres (D ~ 14 nm), nanoshells (D ~ 18 nm), and nanorods (L X D: ~45 nm X 19 nm). (G—I) UV—vis absorption
spectra of various gold nanocrystals before and after ligand exchange with LA-PIMA-ZW. Insets show white light images of three sets of LA-PIMA-

ZW-coated nanocrystals dispersed in water.

where the interaction parameter, kg, depends among others on
the second virial coeflicient, A,, and ¢ is the NP
concentration.”"**> When kg > 0, it indicates that repulsive
stabilizing interparticle interactions dominate the medium,
while k; < 0 implies that destabilizing interactions dominate;
the latter may indicate early stages of aggregation buildup.
Extrapolation of D, at concentration ¢ = 0 yields a measure for
the diffusion coeflicient of single nanoparticles, D,. If combined
with the Stokes—Einstein relation, it can provide an accurate
measure for the hydrodynamic radius (Ryy) of a single
nanoparticle in the medium:

kT
H,0 671D, ©)

where k is the Boltzmann constant, T is the temperature in
kelvin, and # is the solvent viscosity.

Sodium Cyanide Digestion Test. NaCN solution (80 L,
0.5 M) was loaded into a quartz cuvette (0.2 cm X 1 cm, optical
path = 1 cm). The solution was diluted with deionized water;
then the desired volume of AuNP stock solution was swiftly
added to the cuvette and mixed thoroughly. The amount of DI
water added was adjusted so that the final volume was 800 yL.
For each experiment, the final concentrations of AuNPs and
NaCN were 1 nM and 50 mM, respectively. The first
absorption spectrum was recorded within 30 s of mixing
followed by collecting an absorption spectrum every 4 min.

Dithiothreitol (DTT) Stability Test. DTT solution (400
uL, 2 M) was mixed with NaCl solution (240 uL, 1 M) in a
quartz cuvette (0.2 cm X 1 cm, optical path = 1 cm) and further
diluted with H,O before addition of the desired volume of
AuNP/AuNR dispersion; the total volume of the dispersion
was 800 yL. The AuNP or AuNR dispersion was rapidly added
to the NaCl/DTT aqueous solution and mixed thoroughly. An
initial absorption spectrum was collected within 30 s after
mixing followed by recording an absorption spectrum every 3
min. The final concentrations of DTT and NaCl were 1 M and
300 mM, respectively, while the final concentrations of AuNPs
and AuNRs were 1 and 0.1 nM.

B RESULTS AND DISCUSSION

Rationale. Our approach is centered on the premise that a
polymer ligand presenting several thiolate anchors and
zwitterion hydrophilic moieties should be more effective for
coating metal nanostructures even with rather large surface
areas (e.g,, nanorods) than molecular-scale mono- or bidentate
ligands. The synthesis of the polymer ligand, LA-PIMA-ZW,
used in this study relies on the nucleophilic addition reaction to
modify a short poly(isobutylene-alt-maleic anhydride), PIMA,
with hydrophilic zwitterion (ZW) groups and lipoic acid (LA)
anchors, as schematically shown in Figure 1. This yields a
coordinating polymer laterally appended, via amide bonds, with
several lipoic acid groups for strong coordination on the
nanocrystal surface, along with compact zwitterion moieties for
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Figure 3. Colloidal stability tests applied to polymer-coated Au nanocrystals. (A) White light images of dispersions of AuNPs, AuNSs, and AuNRs
coated with LA-PIMA-ZW dispersed in phosphate buffer (20 mM) over the pH range from 3 to 13 and in the presence of 1 M NaCl. (B) Agarose
gel electrophoresis images of AuNPs, AuNSs, and AuNRs ligated with LA-PIMA-ZW dispersed in buffers over the pH range 3—13. The top panels
represent freshly prepared samples, while the bottom panels show the images collected from those samples after 8 months of storage. The dashed
line indicates the location of the loading wells. Gels were run at 5.5 V/cm for 30 min.

water solubilization. The ligand also presents several carboxyl
groups freed during the ring opening reaction, which are
hydrophilic and reactive. The ligand architecture can be tuned
by controlling the molar ratio of each amine-containing
precursor with respect to the maleic anhydride rings in the
PIMA chain. In this study, the ratio of lipoic acid to zwitterion
was limited to 50:50, which is expected to yield ~20 anchoring
groups and ~20 hydrophilic moieties per ligand.”® We should
emphasize that this synthetic scheme can be easily applied to
prepare other types of ligands, such as PEGylated polymer (e.g.,
LA-PIMA-PEG, see Figure 1).*%%7

Three different gold nanostructures have been used to test
the effectiveness of the designed polymer: (1) Citrate-stabilized
spherical gold nanoparticles, AuNPs, with average diameter of
~14 nm were prepared following the route introduced by
Turkevich and co-workers.*” (2) Gold nanoshells, AuNSs, with
diameter of ~18 nm were grown on cobalt seeds as previously
described in refs 39 and 48. (3) Gold nanorods (~4S nm X 19
nm), AuNRs, were prepared by seeded-mediated growth in
binary surfactant mixtures of cetyltrimethylammonium bromide
(CTAB) and sodium salicylate.”” Representative TEM images
show that the nanocrystals exhibit uniform size and shape with
reduced dispersity (see Figure S1). Because of differences in the
resonance features (i.e, resonance bands and absorption
wavelengths), dispersions of these gold nanocrystals exhibit
distinct colors.””** For instance, dispersions of nanoshells and
nanorods with low aspect ratio appear blue, while those of
spherical gold nanoparticles are reddish.
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Characterization of the Hydrophilic Nanocrystals.
Following ligand exchange with LA-PIMA-ZW, the purified
hydrophilic nanocrystals were characterized using TEM and
UV—visible absorption spectroscopy, and supplemented with
'"H NMR spectroscopy.

The TEM images combined with the size distribution
histograms, shown in Figure 2, indicate that nanocrystals
capped with LA-PIMA-ZW maintain their overall size, with no
sign of aggregation or change in the overall shape. The
absorption spectra of these nanocrystals exhibit features
essentially identical with those collected from the starting
materials (Figure 2), implying that the integrity of the various
nanocrystals following phase transfer has been preserved. The
polymer-ligated nanoparticles were further characterized using
pulsed-field gradient-based water suppression 'H NMR spec-
troscopy. Spectra collected from the polymer-ligated AuNPs
and AuNRs as well as from the precursors LA-NH, and ZW-
NH, are provided in the Supporting Information, Figures S2—
S4. A typical spectrum of LA-PIMA-ZW-capped AuNP or
AuNR dispersions shows several broadened but distinct peaks
at ~1.1-1.9 ppm, attributed to protons characteristic of the
lipoic acid groups; these chemical shifts are consistent with the
signatures of the precursor LA-NH,. The spectrum also shows a
pronounced resonance at 3.0 ppm corresponding to the methyl
groups of the zwitterion moieties, while the broad peak at ~0.9
ppm is ascribed to the methyl protons of the PIMA backbone.
These data clearly indicate that the native capping molecules
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Figure 4. Protein corona tests. (A) Agarose gel electrophoresis images of LA-PIMA-ZW-capped AuNPs (left), AuNSs (middle), and AuNRs (right)
after incubation with different concentrations of BSA (0—50 mg/mL) for 1 h. (B) Histogram of hydrodynamic size distribution extracted from DLS
measurements, applied to LA-PIMA-ZW-AuNP dispersions that have been incubated with BSA over the concentration range from 0 to 50 mg/mL.
Essentially identical size distribution profiles were extracted, with Ry; 2 13 + 1 nm. (C) Progression of hydrodynamic size of AuNSs following
incubation with BSA (0—50 mg/mL). The hydrodynamic radius was essentially unchanged, albeit a slight increase of ~5 nm was measured at S0

mg/mL BSA.

have essentially been completely substituted by the coordinat-
ing polymers during ligand exchange.

Colloidal Stability Tests. Figure 3A shows white light
images of LA-PIMA-ZW-capped nanospheres, nanoshells, and
nanorods dispersed in buffers in the pH range 3—13 and in the
presence of 1 M NaCl. All dispersions stayed stable for at least
8 months of storage, with no sign of degradation or aggregate
buildup. These stability tests were further complemented with
agarose gel electrophoresis measurements. As shown in Figure
3B, narrow and homogeneous migration bands with little to no
smearing were measured for each set of hydrophilic nanocryst-
als dispersed in different pH buffers, either freshly prepared or
after 8 months of storage. Additionally, we note that the
polymer-coated nanocrystals have migrated toward the anode, a
result that reflects a homogeneous size distribution of
nanocrystals with net negative surface charge; the latter is
attributed to the combined contributions from several
carboxylic groups along the polymer backbone and sulfobetaine
groups in the hydrophilic motifs (see section on Surface
Charge).

Protein Adsorption Tests: Reduced Nonspecific
Interactions. Effective integration of a variety of nanoprobes
(e.g., gold nanoparticles) in biomedicine has been hampered by
low targeting efficiency and unfavorable biodistribution.*’™>*
This is primarily attributed to the nonspecific protein
adsorption on the nanocrystal surfaces, particularly when
exposed to biological fluids.””>"**** Such protein adsorption
can severely alter the nanoparticle’s physical properties

including in vivo diffusion coeflicient and circulation lifetime.
It can also compromise the targeting efliciency toward specific
receptors.”’ Thus, engineering “nonsticky” surfaces with no
protein adsorption is crucial for better integration of these
materials into biology and nanomedicine.

To test the ability of our polymer coating to prevent protein
adsorption on the nanocrystals, we used a simple yet sensitive
measurement based on probing changes in the gel electro-
phoretic mobility of the nanocrystals when exposed to high
concentrations of proteins. A few previous studies have
reported that buildup of an absorbed protein layer (often
referred to as “protein corona”) on the nanoparticle surfaces
can alter the mobility shift and band shape.”” In this study,
three sets of nanocrystals ligated with LA-PIMA-ZW were
evaluated in the presence of bovine serum albumin (BSA), a
protein routinely used in model studies of protein adsorption
onto nano];)articles.55 The BSA concentration was varied from 0
to 50 mg/mL, a value close to the highest concentration of
serum albumin found in the human blood (35—50 mg/ mL).>
Following incubation with BSA, the dispersions were loaded
onto agarose gel and run at 5.5 V/cm for 30 min. The images in
Figure 4A show that narrow bands with essentially identical
mobility shifts were measured for each set of nanocrystals over
the range of BSA concentrations used, although a slightly
smaller shift was observed for dispersions of nanoshells and
nanorods mixed with 50 mg/mL BSA. Gel electrophoresis data
were further confirmed by tracking changes in the hydro-
dynamic radius extracted from dynamic light scattering (DLS)
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measurements. These measurements were limited to spherical
nanocrystals (i.e, nanoparticles and nanoshells); the shape
anisotropy of gold nanorods makes the use of DLS not very
sensitive in this case. The collected data show that, when the
concentration of BSA increased from 0 to 50 mg/mlL, the
hydrodynamic radius of the spherical nanoparticles essentially
stayed constant (Ry = 13 + 1 nm, Figure 4B). Similar results
were measured for gold nanoshells except that the hydro-
dynamic size increased by ~S nm at 50 mg/mL BSA, indicating
the presence of weak interactions between polymer-coated
nanoshell and BSA at the highest concentration (Figure 4C).
These results are consistent with the gel electrophoresis data.
The above data combined confirm that zwitterion coating
provides Au nanocrystals with uniform size and surface charge
distribution along with “nonsticky” surface properties, which
greatly reduces protein adsorption on the nanocrystals. Similar
results have been observed for Au nanocrystals ligated with
PEG-modified polymers, LA-PIMA-PEG.”

Comparing the Nature and Effectiveness of Zwitter-
ion and PEG Coatings. An important question to address is
how nanocrystals capped with ligands presenting the zwitterion
motif compare with those presenting PEG moieties in terms of
achieving colloidal stability, endowing surface charge, affecting
the Brownian diffusion properties, and the ability to shield the
metallic cores from the surrounding medium. Our ligand design
provides a flexible platform where the properties of the two
hydrophilic motifs can be directly compared. A side-by-side
comparison of the behavior of Au nanocrystals ligated with LA-
PIMA-ZW and LA-PIMA-PEG was carried out with emphasis
on three main aspects: (1) gel mobility and effects of surface
charges; (2) nanoparticle diffusion properties and hydro-
dynamic size; (3) resistance to sodium cyanide digestion. We
also investigated the effects of ligand coordination number on
the colloidal stability of the nanocrystals in aqueous solutions
by comparing the above polymer coatings to bidentate ligands
(LA-PEG and LA-ZW) against competition from dithiothreitol.

Surface Charge. We probed differences in the overall surface
charge endowed by the zwitterion-appended and PEG-modified
polymer coatings by comparing the mobilities of the nano-
crystals functionalized with either polymer using agarose gel
electrophoresis measurements. The gel images in Figure 5A,B
show a side-by-side comparison of the mobility shifts measured
for the three sets of nanocrystals ligated with either LA-PIMA-
PEG or LA-PIMA-ZW polymer; the gels were run for 30 and
60 min at 5.5 V/cm. The mobility data indicate that, though
both polymers yield nanocrystals with a negative surface charge,
a larger net negative charge was measured for LA-PIMA-ZW
coating. This implies that, in addition to the charges provided
by the carboxy groups on the polymer backbone, zwitterion
moieties contribute extra net negative charges to the nano-
crystals. This result is consistent with the gel data collected
from luminescent quantum dots functionalized with these two
coatings.”” It is also worth noting that, though similar mobility
shifts were measured for the different types of nanocrystals
coated with LA-PIMA-PEG, small differences were observed
when LA-PIMA-ZW coating was used. Similar data were
collected after 8 months of storage, as shown in Figure SC. This
difference in mobility shift measured for the LA-PIMA-ZW-
coated nanocrystals may be attributed to variations in the
overall surface area, shape, and net surface-charge density
presented on each set of nanocrystals.

Brownian Diffusion and Hydrodynamic Radius. We
characterized the diffusion properties of gold nanocrystals

A .
LA-PIMA-PEG LA-PIMA-ZW
........ S D . oo SRS
NP NS NR NP NS NR
- 30 min
B +
T — -
........ — —— | —
LA-PIMA-PEG LA-PIMA-ZW
- 60 min
C
LA-PIMA-PEG LA-PIMA-ZW
........ — e e— -
= 8-month storage

Figure S. Side-by-side comparison of gel mobility shifts for AuNPs,
AuNSs, and AuNRs coated with LA-PIMA-PEG (left) and LA-PIMA-
ZW (right). The gels were run at 5.5 V/cm run for (A) 30, (B) 60, and
(C) 30 min after 8 months of storage. The black dashed line indicates
the location of the loading wells.

capped with LA-PIMA-ZW and LA-PIMA-PEG in the dilute
regime using dynamic light scattering measurements. For each
sample with a given nanocrystal concentration, we measured
the autocorrelation function, g(l) (7,0), at several scattering
angles between 40 and 140° using an average over three runs of
10 s each. Figure 6 shows representative plots of log(g""(z)) vs
7 and gV)(7) vs log 7, collected from dispersions of LA-PIMA-
ZW-AuNPs (Figure 6A,B) and LA-PIMA-PEG-AuNPs (Figure
6E,F) at six different scattering angles. A very good fit to the
data using second-order cumulants (eq 3, Experimental
Section) was found, indicating that the dispersions are
homogeneous with narrow size distribution. The plots of
decay rate " (the first cumulant) versus g* shown in Figure
6C,G are linear, as expected from eq 4 for homogeneous
nanoparticle dispersions in the dilute regime and at small
scattering angles.’' Additionally, the dependence of the
apparent diffusion coefficient (D, extracted from the slope
of I" vs g*) on the concentrations is linear with a positive slope,
implying that repulsive stabilizing interactions between the
nanoparticles dominate in both cases (see Figure 6D,H).

From extrapolation to zero concentration, we extract a
measure for the diffusion coeficient of individual nanoparticles,
Dy = 17.08 um* s™* for LA-PIMA-ZW coating and D, = 12.44
um? s~ for LA-PIMA-PEG coating. Combining this D, with
the Stokes—Einstein relation (eq 6, Experimental Section)
provides a measure for the hydrodynamic radius for individual
nanoparticles: Ryy ~ 12.9 nm for LA-PIMA-ZW-AuNPs and
Ryy ~ 169 nm for LA-PIMA-PEG-AuNPs. Clearly, the
zwitterion coating provides a smaller radius, as expected given
the relative larger lateral extension of the PEG moieties
compared with the zwitterion groups.

We next compared the apparent hydrodynamic radius
(RH@PP) of the nanoparticles before and after ligand exchange
with the two polymer coatings. Figure 61 shows representative
plots of the autocorrelation function collected from dispersions
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Figure 6. Dynamic light scattering measurements. (A, B) Representative profiles of normalized autocorrelation function, Iog(g(l)(r)) vs 7 and gm(r)
vs log 7, respectively, collected from LA-PIMA-ZW-AuNP dispersions at various scattering angles in the range 40—140°, along with second order

cumulant fits. g(l)(r) were normalized with respect to the value at 7 = 0.

(C) Plot of decay rate I' versus ¢?, together with a linear fit using eq 4. (D)

Apparent diffusion coefficient (D,,,) versus concentration, along with a linear fit. (E—H) Similar set of data was collected and analyzed for LA-
PIMA—PEG capped AuNPs. (I) Representative plots of gm vs log 7, collected from dispersions of AuNPs before and after ligand exchange with the
LA-PIMA-ZW and LA-PIMA-PEG. (J) Histogram of hydrodynamic size distribution extracted from the Laplace transform of the autocorrelation
functions collected from dispersions of (red) citrate, (blue) LA-PIMA-ZW, and (green) LA-PIMA-PEG capped AuNPs.

of AuNPs before and after ligand exchange with LA-PIMA-ZW
(blue profile) and LA-PIMA-PEG (green profile). Plots of the
intensity vs hydrodynamic size histograms extracted from the
Laplace transform of gV(z,q),"" shown in Figure 6], indicate
that both coatings provide aggregate-free nanocrystal dis-
persions with low polydispersity index values (PDI < 0.1). The
DLS data also indicate that ligand exchange using these
polymers increases the overall size of the nanocrystals: Ry, ~
8.3 nm for citrate-capped AuNPs, Ry,,, ~ 12.0 nm for LA-
PIMA-ZW-capped AuNPs, and Ry, ~ 15.5 nm for LA-PIMA-
PEG-AuNPs. Nonetheless, the zwitterion coating yields more
compact overall size as discussed above. Note that Ry, is
slightly smaller than Ry, an expected result for sterically
stabilized NP dispersions.””*'

Similar analysis was applied to the DLS data collected from
LA-PIMA-ZW-capped gold nanoshells (see Supporting In-
formation, Figure SS). These data slightly differ from those
collected from AuNPs above. For instance, the value extracted
for nanoshells Ry;, ~ 35.8 nm (calculated using D, = 6.15 ym®
s7') is ~3 times larger than that measured for AuNPs (see
above), although their core sizes measured by TEM are close.
Additionally, the size distribution profiles extracted from the
Laplace transform of g(l)(f) for nanoshells stabilized with either
LA-PIMA-ZW or LA-PIMA-PEG coatings are comparable. This
may be attributed to differences in the contributions of the
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hydrodynamic interactions to the Brownian motion experi-
enced by hollow nanoshells compared with solid nanoparticles.

NaCN Digestion Tests. This test probes the ability of the
surface coating to “protect” the metallic core against etching by
sodium cyanide ions. When cyanide anions come in contact
with the metallic cores, they form complexes with the gold
atoms, progressively etching the nanoparticle surfaces. This
converts the reddish AuNP dispersions into a colorless solution
of Au(CN),” ions. This test has been used to study the effects
of coordination number on the colloidal stability of different
size nanoparticles.”®” Here, we utilized the test to probe the
effects of varying the nature and coordination number of the
capping ligands on their ability to shield the metal cores against
etching by the surrounding ions. We compare the shielding
provided by PEG and ZW motifs in both polymeric and
molecular-scale ligands: LA-PIMA-ZW vs LA-PIMA-PEG and
LA-ZW vs LA-PEG.

Figure 7A,B shows the time progression of the absorption
spectra collected from AuNP dispersions (1 nM concentration)
capped with LA-PIMA-ZW and LA-PIMA-PEG following the
addition of 50 mM NaCN. The absorption spectra were
acquired at 4 min intervals. Data show that there is a
progressive and steady decrease in the absorption profiles
with time for both samples. However, the changes were
drastically different from one set of ligands to another. In
particular, the decay in the plasmonic peak with time was much
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Figure 7. Time progression of absorption spectra collected from 1 nM AuNPs in the presence of S0 mM sodium cyanide with four distinct surface
coatings: (A) LA-PIMA-ZW, (B) LA-PIMA-PEG, (D) LA-ZW, and (E) LA-PEG. (C, F) Normalized absorbance of AuNPs at the SPR peak (~520
nm), extracted from the data plotted in panels A/B and D/E. (G) Schematic representation of the shielding effects provided by PEG vs zwitterion

coatings against sodium cyanide etching.

slower for LA-PIMA-PEG-AuNPs compared with LA-PIMA-
ZW-AuNPs, indicating rather different digestion kinetics of the
NPs depending on the capping ligand. The rate of
decomposition was assessed by measuring the time-dependent
decrease in the SPR peak and fitting it to a first-order
exponential decay function in the form®"*’

A= Aoe(—t/td) (7)
where A, is the absorbance value at t = 0 min and ¢4 designates
the decay constant; the latter reflects the ability of the capping
ligand to prevent etching of the NPs by cyanide ions when the
other parameters are fixed (e.g, NaCN and AuNP concen-
trations). The progression of the normalized absorbance at
~520 nm for AuNPs are shown in Figure 7C, where the LA-
PIMA-PEG-AuNPs exhibited a slower digestion rate (f; = 108
min) than their zwitterionic analogue (f; = 22 min). Smaller
differences in the digestion kinetics are collected from AuNPs
coated with the bidentate monomer ligands, as shown in Figure
7D—F, where the decay time for LA-PEG-AuNPs (t; = 38.3
min) is ~1.6 times longer than that of LA-ZW-AuNPs (t; =
23.9 min); note that the t; values extracted for LA-PEG-AuNPs
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are comparable to those reported for similar size AuNPs.*®
These results clearly indicate that PEG coating provides a
better protection against etching by cyanide ions. This result
can be attributed to the packing of PEG coils on the
nanoparticle surfaces, resulting in more effective shielding of
the metallic cores as schematically depicted in Figure 7G.
Compared with the rather small, rigid, and charged zwitterion
motif, such a close-packed “mushroom” structure formed by the
PEG moieties can effectively limit access of cyanide ions to the
gold surface. Moreover, the shielding effects are drastically
enhanced when a multicoordinating PEG-modified polymer is
used.

Stability against DTT Competition. Ligand-to-nanoparticle
coordination affinity is a crucial factor that determines the
colloidal stability of nanoparticles in aqueous media or organic
solvents. It has been shown that ligands presenting dithiol
anchors exhibit higher affinity to AuNPs than their mono-
thiolate counterparts.”® Here, we probe the effects of increasing
the coordination number of ligands, modified with either PEG
or zwitterionic motifs, on the colloidal stability of AuNPs and
AuNRs in the presence of competitive binding from DTT. At
high concentration, DTT can competitively displace the
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Figure 8. DTT competition tests. Time progression of UV—vis absorption spectra collected from 14 nm AuNPs capped with LA-PIMA-ZW (A) and
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extracted from the data in panels A/B and D/E. Data consistently show that the multicoordinating polymer capping provides stronger resistance to
DTT competition compared to those measured for the bidentate ligands, independent of the nanocrystal structure.

capping ligands from the AuNP surface, resulting in progressive
aggregation buildup. DTT competition is also more rapid in the
presence of excess salt because of enhanced screening
effects.”®* As the competitive removal of the surface ligands
alters the spectroscopic properties of the dispersion, the
strength of ligand coordination onto the nanoparticle can be
experimentally tested by tracking changes in the dispersion
absorption spectra with time.

Figure 8A shows the time-dependent progression of the
absorption spectra collected from LA-PIMA-ZW-AuNP dis-
persion (~1 nM) containing 1 M DTT and 300 mM NaCl.
The spectra exhibit little to no change, indicating no sign of
aggregate buildup. In control experiments, spectra collected
from dispersions of LA-ZW-AuNPs show a significant change
with time, manifesting in a decrease in the plasmon band at
~520 nm along with an increase in the absorbance at longer
wavelengths, as shown in Figure 8B. The increase at ~740 nm
reflects the nanoparticle-to-nanoparticle association and
aggregation induced by DTT competition. To quantify this
competition, we track the progression of the aggregation factor
defined as the ratio between the optical densities at 740 and
520 nm (AF = Abs;,/Abssy), because changes in the
absorption spectra due to aggregation were most noticeable
at these two wavelengths in our experiments.’® If the ligand
affinity to the nanoparticle is strong, AF should remain either
unaltered or exhibit small change with time. In contrast, the
nanoparticles become unstable and AF will increase with time if
DTT can rapidly displace the capping ligands. Figure 8C shows
a side-by-side comparison of the progression of AF with time
for dispersions of LA-PIMA-ZW-AuNPs (red dots) and LA-
ZW-AuNPs (blue dots). Data show that a negligible
aggregation factor was measured for the polymer-coated NPs
throughout the duration of the test, whereas the increase in AF
was sizable after 60 min for AuNPs coated with the LA-ZW
ligand, indicating that macroscopic aggregation has taken place.
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Similar differences were recorded between AuNPs capped with
LA-PIMA-PEG and with LA-PEG (data not shown).

The DTT stability test has also been applied to AuNRs. The
comparison centered on PEGylated ligands: LA-PIMA-PEG
versus LA-PEG. Similar to what was measured for AuNPs, we
found that LA-PIMA-PEG-AuNRs stayed stable and aggregate-
free in the presence of DTT (Figure 8D,F). In contrast,
pronounced changes were measured for LA-PEG-AuNR
dispersions within 30 min, where a decrease in the absorption
profiles for both longitudinal and transverse resonance peaks
coupled with an increase in the absorption at longer wavelength
(>700 nm) were recorded, see Figure 8E,F. We also examined
the colloidal stability of AuNRs coated with zwitterionic ligands
against DTT competition. The LA-PIMA-ZW coating provided
strong resistance to DTT competition, albeit with a slight
decrease in the longitudinal plasmon resonance peak (see
Supporting Information, Figure S6). In contrast, we found that
ligand exchange of AuNRs with LA-ZW failed to reproducibly
provide stable dispersions, as precipitation of the NRs often
built up during ligand exchange. This implies that these rather
small size ligands do not confer enough entropy-driven steric
stabilization to the nanorods (due to their rather large surface
areas), compared to PEG-modified lipoic acid or the multi-
coordinating polymers.

These data combined clearly show that nanocrystals ligated
with polymers presenting multidentate anchors exhibit stronger
resistance to DTT competition than those capped with
monomeric bidentate ligands. They suggest that the dominant
factor in the ligand capacity to provide stable Au nanocrystals
against competition from small coordinating molecules is the
number of coordinating groups, as this defines the strength of
the ligand binding to the metal surfaces.

B CONCLUSION

We have shown the effectiveness of a multicoordinating
polymer ligand to surface functionalize three different types
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of gold nanocrystals (nanospheres, nanorods and nanoshells)
and promote their long-term stability in biological media. The
polymer is prepared via nucleophilic addition reaction by
simultaneously modifying a short poly(isobutylene-alt-maleic
anhydride) with multiple lipoic acid anchoring groups that
ensure strong coordination onto the metal surfaces, along with
several zwitterion or PEG motifs for buffer compatibility. This
coating strategy yields nanocrystals that are compact in size and
exhibit excellent colloidal stability over a broad range of
conditions, while drastically reducing nonspecific protein
adsorption in biological media. We have applied various
analytical techniques (e.g, dynamic light scattering, agarose
gel electrophoresis and optical spectroscopy) to investigate
differences between zwitterion and PEG coatings on the
nanocrystal properties with respect to net surface charge,
Brownian diffusion properties, and the ligand’s ability to protect
the metallic core from etching by sodium cyanide. We also
tested the capacity of these polymer ligands compared to their
monomer counterparts (ie., high and low coordination), to
provide colloidal stability against competition from excess
DTT. Overall, we found that polymer coating presenting the
zwitterion motif reduces the hydrodynamic size and provides
effective resistance against competition by DTT, but has limited
effect against sodium cyanide digestion. PEGylated polymer
ligands, in comparison, provide better protection from cyanide
digestion, while maintaining great resistance to DTT
competition. In addition to the nanocrystals tested here,
other metallic nanostructures including Au nanostars and silver
nanocrystals could be functionalized with this coating approach.
These polymer-coated gold nanostructures are greatly promis-
ing for use in biology and nanomedicine. They could be easily
tested in a variety of biological demonstrations ranging from
sensor design and cellular/tissue imaging to photothermal
therapy.

We should emphasize that the current chemical scheme and
surface functionalization strategy is applicable to a variety of
nanomaterials, such as those made of semiconducting and
magnetic cores by simply changing the anchoring groups. In
addition, the synthetic scheme used here allows the easy
introduction of various functional groups, providing platforms
that are readily adapted for bioorthogonal conjugation. It can
also allow the insertion of specific biomolecules within the
ligand structures in situ.”’
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