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lasmon-resonant gold nanorods

(GNRs) have attracted much recent

attention for their potential as multi-
functional agents in theragnostics, an inte-
grated approach to diagnostic imaging and
therapy.' 3 GNRs are well-known for their
very high extinction coefficients at near-
infrared (NIR) wavelengths; when excited
at plasmon resonance, they can serve simul-
taneously as optical contrast agents and as
photothermal transducers capable of medi-
ating local heating effects.* ° These reso-
nances are tunable as a function of size and
shape: the absorption and scattering cross
sections both increase rapidly with particle
volume, whereas the plasmon frequencies
are sensitive to particle anisotropy and as-
pect ratio. For in vivo applications, nanopar-
ticles with NIR resonances are particularly
favored because of the relatively high trans-
mittivity of biological tissues in the spectral
range between 750 and 1300 nm. Other ex-
amples of NIR-absorbing Au nanoparticles
used in theragnostic applications include
nanoshells,"®'" nanocages,’? and aggre-
gates of spherical nanoparticles.’'*

In order to be considered for translation
to clinical studies, nanoparticles and their
functionalized derivatives must pass a pre-
clinical evaluation commonly referred to as
adsorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) profiling. These
are performed in vivo using standard animal
models but are usually preceded by in vitro
cell-based assays for preliminary evaluation
of selective targeting and cytotoxicity. Cell-
based assays provide a rapid and cost-
effective method for evaluating three prac-
tical issues that affect the viability of
nanoparticle agents for in vivo use: (i) sur-
face functionalization to enable targeted
delivery while avoiding nonspecific adsorp-
tion and uptake, (i) long-term dispersion
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ABSTRACT We address an outstanding issue associated with the biocompatibility of gold nanorods (GNRs), a
promising agent for biomedical imaging and theragnostics. GNRs are typically prepared in the presence of
cetyltrimethylammonium bromide (CTAB), a cationic surfactant whose rigorous removal is necessary due to its
cytotoxicity and membrane-compromising properties. CTAB-stabilized GNRs can be partially purified by treatment
with polystyrenesulfonate (PSS), an anionic polyelectrolyte often used as a surrogate peptizing agent, followed
by chloroform extraction and ultrafiltration with minimal loss of dispersion stability. However, in vitro cytotoxicity
assays of PSS-coated GNRs revealed I, values in the low to submicromolar range, with subsequent studies
indicating the source of toxicity to be associated with a persistent PSS—CTAB complex. Further exchange of CTAB-
laden PSS with fresh polyelectrolyte greatly improves biocompatibility, to the extent that 85 pg/mL of “CTAB-
free” GNRs (the highest level evaluated) has comparable toxicity to a standard phosphate buffer solution.
Ironically, PSS is not effective by itself at stabilizing GNRs in CTAB-depleted suspensions: while useful as a
detergent for GNR detoxification, it should be replaced by more robust coatings for long-term stability under
physiological conditions.
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stability in fluids of high ionic strength, as
it relates to targeting efficacy, and (iii) mini-
mal cytotoxicity at high dosages. While
each issue can be addressed independently
in relatively straightforward fashion, ad-
dressing all three criteria at once is more
challenging because biocompatibility may
be compromised by the coatings and sur-
factants responsible for nanoparticle target-
ing and dispersion stability, and vice versa.
The criteria above present a particularly
vexing problem for anisotropic nanoparti-
cles such as GNRs, whose synthesis involves
high concentrations of cetyltrimethylam-
monium bromide (CTAB), a cationic surfac-
tant with membrane-compromising prop-
erties. CTAB has a poor biocompatibility
profile, with in vitro toxicological studies
yielding ICs, values in the low micromolar
range."” '’ Furthermore, CTAB-coated
nanoparticles are susceptible to nonspe-
cific cell uptake, even at very low surfac-
tant levels."®"® While submicromolar CTAB
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Figure 1. (A) PSS-coated GNR dispersions over a range of pH values (8.2, 9.3,
11, 12.5, 13.5), after 24 h at room temperature. Samples were prepared by di-
luting concentrated GNR suspensions with buffer in a 10:1 ratio. (B) Stability of
dialyzed GNRs dispersed in PBS solution (pH 7.4) over 24 h, using different pep-
tizing agents: (H) 70 kDa PSS; (O) 3.4 kDa PSS; (O) 100 kDa DSS (weight ratio

of peptizing agent to GNR = 0.94). Lines drawn to guide the eye.

concentrations may have little adverse effect on cell vi-
ability, the effort to target nanoparticles to diseased
cells is nonetheless compromised by residual CTAB, as
it heightens the possibility of collateral photothermal
damage caused by subsequent NIR irradiation. These
studies indicate that GNRs and other formulations con-
taining CTAB will require a rigorous purification proce-
dure prior to clinical testing.*

The unresolved issue of biocompatibility belies the
numerous methods of surface coating methodologies
developed for GNRs and other nanoparticles in recent
years.>'>1972% Most of these appear to be useful for
exploratory investigations in a laboratory setting, al-
though few if any have been subject to the rigors of
thorough preclinical evaluation. For example, a widely
used method of nanoparticle coating involves the elec-
trostatic physisorption of polyelectrolytes, which can
provide dispersion stability as well as a foundation for
immobilizing antibodies or protein biomarkers.>#2°~24
However, the stability and biocompatibility of nanopar-
ticles functionalized in this manner cannot be assumed,
as the surface binding energies are often variable or at-
tenuated under physiological conditions, with possible
leaching of the physisorbed species.

In this paper, we evaluate polystyrenesulfonate so-
dium salt (PSS, 70 kDa) as a peptizing agent and deter-
gent for the efficient removal of CTAB from GNR sus-
pensions. Our interests are driven by a need to identify
a reliable and ultimately scalable process for producing
batch quantities of GNRs with good dispersion control
and low cytotoxicity, to support their application as im-
aging and theragnostic agents in a clinical setting. PSS
is commonly used as a nontoxic peptizing agent in nu-

TABLE 1. IC;, Values (ng/mL) of CTAB-Stabilized GNRs, before and
after Treatment with 70 kDa PSS“

CTAB-GNRs PSS-GNRs®
LLC-PK1 HepG2 LLC-PK1 HepG2
t(h) MTT LDH MTT LDH MTT LDH MTT  LDH
24 12 n >100 >100 1.1 1.0 33 45
48 83 55 78 >100 0.77 0.56 22 22

“All experiments run in triplicate. “GNRs were subject to stirred-cell ultrafiltration (100 kDa MWCO)
prior to testing to remove excess CTAB and PSS.
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plex that gradually desorbs from the GNR surface.
CTAB also appears to play a cooperative role in PSS
adsorption, but the PSS—CTAB complex can be re-
moved from GNRs by centrifugation and replaced
with fresh polyelectrolyte or other surfactants, to
the point that cytotoxic effects are no longer
observed.

RESULTS AND DISCUSSION

Peptization of Gold Nanorods. In previous studies, GNRs
were successfully stabilized by treatment with a mixed-
bed ion-exchange resin (Amberlite MB-3, Sigma), prior
to removal of CTAB by membrane dialysis.*'® However,
the scalability of this protocol is limited, and its reliabil-
ity can depend on the source of ion-exchange resin. In
particular, we noted that GNRs exposed to older resin
beads retained better dispersion stability after removal
of CTAB than those treated with newly purchased
beads, regardless of mesh size and method of activa-
tion. lon-exchange resins are well-known to degrade
and release small amounts of polyelectrolytes over
time, suggesting that polymer adsorption may be con-
tributing to dispersion stability. Several other studies
have shown that GNRs can be coated by PSS and other
anionic polyelectrolytes, then functionalized without
apparent loss of dispersion stability.?' ~>* We thus
evaluated a scalable protocol for surfactant exchange
based on polyelectrolyte-coated GNRs.

GNRs were synthesized by seeded growth methods
in micellar CTAB solutions, then treated with Na,S and
precipitated by centrifugation to separate them from
excess CTAB (see Methods for details).?®~ 28 The precipi-
tate was resuspended as a highly concentrated disper-
sion with an optical density (0.D.) of 16.8 and washed
multiple times with chloroform to extract additional
CTAB from the GNR suspension. Three washes is suffi-
cient for reducing the CTAB concentration below its
critical micelle concentration (CMC; ca. T mM),?® but
can lead rapidly to GNR flocculation if performed in the
absence of a surrogate stabilizing agent. Introduction
of 70 kDa PSS after the first wash?° can provide effec-
tive dispersion stability and nearly complete retention
of optical density and absorption peak line width, even
after several rounds of chloroform extraction and mem-
brane ultrafiltration. This conditioning also produces a
shift in zeta potential from +29 to —51 mV, indicating
that PSS replaced CTAB as the dominant adsorbate on
the GNR surfaces. After three cycles of ultrafiltration, the
concentrated PSS-coated GNR dispersions have an
O.D. of 16.6 (586 wg/mL) and appear stable at room
temperature or 4 °C for at least a year.
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The peptizing qualities of PSS are dependent on ini-
tial loading levels and solution pH, as well the molecu-
lar weight and fine structure of the polyelectrolyte. In
the case of 70 kDa PSS, the minimum concentration re-
quired to maintain a stable GNR dispersion at O.D. 1
was determined to be 33 wg/mL.2° Furthermore, CTAB-
coated GNRs have limited stability above pH 7,2% so it
is important to conduct the PSS coating procedure be-
low this threshold pH. A convenient condition for pep-
tization involves dispersing PSS and CTAB-coated GNRs
in deionized water with previous exposure to atmo-
spheric CO, (pH 5.2). The adsorption of PSS to the CTAB-
coated GNRs increases their stability to environmental
variations; they can maintain stable dispersions in phos-
phate buffered solution (PBS, pH 7.4, | = 150 mM) and
withstand basic solutions up to pH 12.5 (Figure 1A).

The molecular weight and amphiphilic character of
the supporting polyelectrolyte are also important in
GNR stabilization. GNRs treated with low molecular
weight PSS (3.4 kDa) are much more prone to floccula-
tion, presumably due to poor surface adsorption (Figure
1B). This is consistent with earlier studies of polymer ad-
sorption which demonstrated the preferential accumu-
lation of high molecular weight species onto solid
surfaces.®'*? We also evaluated a high molecular
weight dextran sulfate (DSS, 100 kDa), another non-
toxic polyelectrolyte which is superficially similar to PSS
but considerably more hydrophilic. DSS was able to sta-
bilize GNRs after multiple purification steps but was un-
able to support them in PBS solution, with an apparent
dispersion half-life of just several hours. The large differ-
ences in peptization by PSS and DSS can be attributed
to their ability to form complexes with residual CTAB on
the GNR surface (see below).

Cytoxicity Studies. GNRs were evaluated against three
different cell lines, LLC-PK1 (porcine kidney), HepG2
(human liver carcinoma), and KB (human nasopharyn-
geal carcinoma), using standard viability tests based on
MTT oxidation and LDH release (see Methods for de-
tails). A control study was conducted using CTAB-
stabilized GNRs without PSS (CTAB-GNRs), which were
introduced as serial dilutions from a stock solution con-
taining CTAB slightly above CMC. CTAB-GNR disper-
sions were determined to have a cytotoxic effect at
moderate loading levels; in the case of LLC-PK1 cells, a
24 or 48 h exposure to CTAB-GNRs yielded IC,, values of
12 and 8.3 p.g/mL, respectively, based on MTT assays
(Table 1 and Figure 2A). Parallel studies with HepG2 and
KB cells gave somewhat more complex results but oth-
erwise confirmed the toxicity of CTAB-GNRs. The
amount of CTAB present in a 10 pg/mL GNR solution
is estimated at 20 wM, which is within range of the IC;,
values reported from previous cytotoxicity studies in-
volving CTAB."> "7

LDH release provides complementary information
to MTT assays, and the strong correlation in IC,, values
suggests membrane disruption as the basis for acute

www.acsnano.org
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Figure 2. Cytotoxicity of (A) CTAB-stabilized GNR dispersions and (B) GNR
dispersions treated with 70 kDa PSS and subjected by ultrafiltration (aged
for 11 weeks), based on a MTT viability assay after a 24 h exposure (pH 7.4):
(M) LLC-PK1 cells; (T) HepG2 cells; (A) KB cells. All MTT viability data are nor-
malized with respect to a media-only control. Lines drawn to guide the
eye.
cytotoxicity, implicating the active role of cationic am-
phiphiles (Table 1). We therefore consider the observed
toxicity to be molecular in nature and associated with
the membrane-compromising effects of CTAB. This
mode of action can also explain why the HepG2 cells
are less affected than the KB and LLC-PK1 cells; HepG2
cells cultured under standard conditions typically ex-
press very few microvili on their outer membranes,
which may decrease their surface area and sensitivity
to solute adsorption relative to the other cell types.*®
GNR dispersions treated with 70 kDa PSS and sub-
jected to membrane ultrafiltration (PSS-GNRs) were
evaluated and found to be even more toxic than CTAB-
GNRs, contrary to expectations (Figure 2B). LLC-PK1
cells were again found to be the most sensitive, with
MTT assays yielding ICs, values of 1.1 and 0.77 pg/mL
after a 24 or 48 h exposure, respectively; parallel stud-
ies with HepG2 and KB cells confirmed the heightened
toxicity to be general (Table 1). The poor biocompatibil-
ity profile of the PSS-GNRs was surprising given the
minimal toxicity of both PSS and colloidal gold,* as
well as the repeated attempts to remove CTAB by ex-
haustive dialysis.
To determine whether the cytotoxicity was directly
associated with the GNRs, the PSS-GNR suspensions
were resubjected to 100 kDa ultrafiltration and sepa-
rated into retentate and filtrate fractions. The separate
evaluation of GNR retentate and filtrate revealed the
source of cytotoxicity to lie with the latter, whereas the
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Figure 3. MTT and LDH assays establishing the viability and
membrane integrity, respectively, of LLC-PK1 cells after incu-
bation over 48 h with the following: 45 pg/mL GNR stock so-
lution; 100 kDa retentate (after resuspension in fresh me-
dia); 100 kDa filtrate. Percentage values are normalized with
respect to a media-only control.
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Figure 4. MTT cytotoxicity profile of PSS-coated GNRs using
KB cells, before and after exchange with unadulterated PSS.
(M) PSS-coated GNRs contaminated with CTAB (prior to PSS
exchange); (O) “CTAB-free” GNRs after three times exchange
and redispersion with 70 kDa PSS (4.4 ing/mL/O.D.; PSS/GNR
weight ratio of 0.12). Lines drawn to guide the eye.

GNRs themselves were determined to be essentially
nontoxic (Figure 3). Ultraviolet absorption spectroscopy
of the filtrate indicated a significant amount of des-
orbed PSS (see below), leading us to suspect the source
of cytotoxicity to be derived from a complex of PSS
and residual CTAB. It is important to note that the cyto-
toxicity assays were performed 11 weeks after the PSS-
GNRs were prepared and initially purified by ultrafiltra-
tion, strongly suggesting that much of the
polyelectrolyte coating desorbed from the GNR surface
during the interim.

The interactions between PSS and CTAB are well-
documented and have been characterized by a variety
of analytical methods.>*~3° These studies all indicate that
the strong and essentially irreversible association of CTAB
with PSS is due to complementary electrostatic and hy-
drophobic interactions. The free energy of binding of
CTAB to PSS has been reported to be 32 kJ/mol and is suf-
ficient to prevent the passive resorption of CTAB into
aqueous solution.>” The PSS—CTAB complex is also more
rigid than micellar CTAB, which may be a contributing fac-
tor in its activity. For example, a cryogenic TEM study of
PSS polymer brushes on silica particles indicated the col-
lapse of PSS chains into spikes when exposed to a CTAB
concentration of 20 wM, well below the CMC value; the
aggregates could not be undone by subsequent wash-
ing or exchange with inorganic cations.®®

While the PSS—CTAB complex itself is very stable,
its adsorption to the GNR surface is sufficiently weak
that it can be removed by shear forces. Concentrated
dispersions of PSS-GNRs contaminated with CTAB were

centrifuged at 6000g for 5 min, then decanted and re-
dispersed in a solution with unadulterated PSS (4—5
ng/mL/0O.D.). The centrifugation—redispersion cycle
could be repeated twice more to yield “CTAB-free” GNR
suspensions stabilized by variable amounts of PSS (see
below). To our satisfaction, these GNR dispersions ex-
hibited greatly reduced toxicity toward KB cells, as as-
certained by MTT assays following a 24 h incubation:
The toxicity was reduced from an effective ICy, value
of 3.7 wg/mL without PSS exchange to no appreciable
toxicity at 85 pg/mL (highest concentration tested) af-
ter three times exchange with fresh PSS (Figure 4). This
dramatic improvement in biocompatibility demon-
strates that residual CTAB can be reduced to below cy-
totoxic levels by its removal as a PSS—CTAB complex.

The reversibility of polyelectrolyte adsorption im-
plies that the amount of PSS introduced during the ini-
tial purification stages is not necessarily equal to the
amount present in the final GNR dispersions. The level
of PSS can be monitored after each processing step by
absorption spectroscopy after appropriate dilution,
based on a characteristic absorption peak at 225 nm
which scales linearly with solute fraction between 0.7
and 20 pg/mL (Figure 5A). This provides a convenient
means to estimate the weight ratio of PSS to GNR, by
comparing peak absorptions at 225 nm (following sub-
traction of background absorption due to Au interband
transitions) and at longitudinal plasmon resonance
(LPR), respectively. For example, a GNR solution of O.D.
13.3 (470 pg/mL) treated with 70 kDa PSS at a loading
of 33.3 wg/mL/O.D. has an approximate PSS/GNR
weight ratio of 0.94. The PSS/GNR weight ratio de-
creases only slightly after several rounds of chloroform
extraction and membrane dialysis, which upon dilution
yields the absorption spectrum in Figure 5B. However,
if the PSS-GNRs are centrifuged at speeds above 6000g
and the retentate is redispersed in deionized water, the
PSS drops below optical detection limits (<0.02 O.D.
or 0.175 wg/mL). The polyelectrolyte-depleted GNRs do
not retain good dispersion stability in PBS, indicating
that the shear forces experienced during centrifugation
are sufficient to strip PSS (and coadsorbed CTAB) from
the GNR surfaces.

Dispersion stability is temporarily restored by re-
plenishing the GNR suspensions with fresh 70 kDa PSS,
although not quite to the same levels observed
prior to centrifugation and exhaustive CTAB re-
moval. CTAB-free suspensions (O.D. 6) having a
PSS/GNR weight ratio of 0.15 were observed to

have a dispersion half-life in PBS on the order of
24 h, with modest improvement at higher PSS/GNR

500 200 400 600 800 1000
wavelength (nm)

300 400
wavelength (nm)
Figure 5. Absorption spectroscopy of PSS and PSS-GNRs. (A) Linear absorp-
tion range of PSS (free polyelectrolyte; slope = 0.053). (B) PSS-GNRs purified
by membrane ultrafiltration (- - -); GNRs after centrifugation (6000g, 5 min) and
redispersion in deionized water (—); supernatant containing PSS stripped
from GNRs (**°).
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ratios (Figure 6A). The tradeoff between biocom-
patibility and peptizing efficiency suggests that
the initial adsorption of PSS to GNRs was assisted
by its affinity for surface-bound CTAB and thus
weakened considerably by its removal. The loss of
stabilization is congruent with the low peptizing ac-
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tivity of DSS (cf. Figure 1B), which does not have A
the capacity to form a stable complex with CTAB.
More to the point, while CTAB-anchored PSS-GNRs
can withstand passive membrane dialysis, they
are not robust over longer periods of storage or
against mechanical forms of surface desorption
and are thus less likely to survive the shear forces
encountered during blood circulation in vivo. This
set of observations, in conjunction with our in vitro
cytotoxicity assays, confirms that PSS is poorly
suited for maintaining GNR dispersion stability un-
der physiological conditions.

The limited peptizing efficiency of PSS is not a
serious concern, as it is easily replaced with other
surface coatings. For example, GNRs cleansed by
PSS treatment are readily stabilized by polyoxyethyl-
ene (20) sorbitan monolaurate (Tween 20), a nonionic
surfactant known to stabilize colloidal Au nanoparti-
cles*® (Figure 6B). Other polyelectrolytes and nonionic
surfactants can also be useful for mediating surfactant
exchange; in particular, they can be replaced with
chemisorptive surfactants, as recently illustrated for
GNRs using a weakly basic polyelectrolyte resin.*' With
respect to GNR biocompatibility and dispersion stability
in living systems, methyl-terminated polyethylenegly-
col (mPEG) chains can be grafted onto GNR surfaces by
chemisorption using either the standard alkylthiol
approach®**?® or by the in situ dithiocarbamate (DTC)
method introduced by us.'®** mPEG-DTC-coated GNRs
have recently been shown to be inert to nonspecific

rel. abs. 785 nm (%)

METHODS

Synthesis of Au Nanorods. All reagents were obtained from
Sigma-Aldrich or Fluka and used as received unless otherwise
stated. Deionized water was obtained using an ultrafiltration sys-
tem (Milli-Q, Millipore) with a measured resistivity above 18
M - cm and passed through a 0.22 pum filter to remove particu-
late matter. GNRs were prepared with high-purity CTAB (Sig-
maUltra, >99%) using seeded growth conditions as previously
described?®?” and treated with Na,S to arrest further growth and
changes in their optical resonances.”® A GNR growth solution
(400 mL) containing HAuCl, (0.5 mM), AgNO; (96 M), ascorbic
acid (0.54 mM), and CTAB (0.1 M) was treated with a cold solu-
tion of freshly prepared Au nanoparticle seeds (3—5 nm; 0.48
mL) and allowed to stand at room temperature for 50 min, then
quenched by addition of a 4 mM Na,S solution (100 mL) to yield
a 500 mL suspension of GNRs with a longitudinal plasmon reso-
nance (LPR) centered at 784 nm and an optical density (O.D.) of
0.8. The GNRs were separated and decanted from most of the su-
pernatant by centrifugation at 24000g for 20 min, then resus-
pended in water to yield a highly concentrated sample of GNRs
with a LPR centered at 786 nm (23 mL, O.D. ca. 16.8 based on
10X dilution).

Stabilization with Polyelectrolytes. In a typical procedure, a sus-
pension of highly concentrated, CTAB-stabilized GNRs (8 mL,
0.D. 16.8) were combined with chloroform (8 mL) and agitated
with a vortex mixer for 1 min to produce an emulsion. The
phases were separated by centrifugation at 1000g for 4 min.
The aqueous phase was removed and treated with a 1% w/v so-
lution of PSS (70 kDa, 445 p.L), then washed several more times
with chloroform every 3 h (3 X 8 mL). The polyelectrolyte-treated
GNR suspension was further purified using a stirred ultrafiltra-
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cell uptake in vitro'® and, therefore, viable candidates
for subsequent in vivo studies.

In summary, our studies indicate that PSS is use-
ful as a mild detergent for detoxifying GNRs pre-
pared under micellar CTAB conditions. The PSS con-
ditioning protocol described here has been
performed on a laboratory scale (30—50 mL), but
the simplicity of the method is expected to be prac-
tical for process development and scaleup of CTAB-
free GNRs. Ironically, PSS is less useful as a peptizing
agent after the rigorous removal of CTAB from GNRs
but can be readily replaced by other types of non-
toxic coatings, preferably ones which can survive
mechanical shear forces and are inert to nonspecific
cell uptake or adsorption of serum proteins.'?

tion cell (Millipore, Model 8010) outfitted with a regenerated cel-
lulose membrane having a nominal molecular weight limit
(NMWL) of 100 kDa. The GNRs were subjected to three cycles of
membrane ultrafiltration, with starting volumes of 200 mL and fi-
nal volumes of 2, 2, and 7.5 mL. The final dialyzed suspension
of PSS-GNRs (O.D. ca. 16.6) could be serially diluted with PBS so-
lution (pH 7.4); the diluted GNR dispersions exhibited a LPR
peak at 785 nm and were stable at room temperature for at
least 30 days. A similar procedure was performed for control ex-
periments involving low molecular weight PSS (3.4 kDa) and dex-
tran sulfate sodium salt (DSS, 100 kDa).

CTAB-free GNRs were obtained by subjecting concentrated
dispersions of PSS-GNRs to centrifugation at 6000g for 5 min to
strip the CTAB-contaminated PSS coating from the GNR surface.
The supernatant was decanted, and the GNRs were redispersed
in an aqueous solution of unadulterated PSS (4—5 w.g/mL/O.D.).
The centrifugation—redispersion cycle was repeated twice more
to yield PSS-coated GNR suspensions with minimal cytotoxicity.

Quantitative Particle Size Analysis. Transmission electron micros-
copy (TEM) images were obtained using a Hitachi H7600 instru-
ment operated at 80 kV. A 400-mesh Formvar carbon-coated
copper grid was glow discharged in a vacuum evaporator (Den-
ton) for 30 s to make the grid hydrophilic for favorable nanopar-
ticle adsorption. The sample was prepared by dropping 3 pL of
a GNR suspension onto the charged grid, then gently wicking the
excess solution with filter paper after 30 s and allowing the re-
sidual wetting layer to dry in air. TEM analysis of PSS-coated
GNRs indicated a mean length and midsection width of 71.5 =
10.7 and 28.5 * 7.3 nm, respectively (aspect ratio 2.6 = 0.6). The
GNRs were dumbbell-shaped and highly uniform, with fewer
than 1% of the particles having an irregular structure (Figure
7AB).
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Figure 6. (A) Dispersion stability of GNRs in PBS (pH 7.4), following centrifuga-
tion (6000g) and 3x exchange with 70 kDa PSS at 4.4 jng/mL/O.D. (PSS/GNR =
0.12), then dispersed at different PSS/GNR weight ratios: (0) no PSS added; (H)
PSS/GNR = 0.06; (A) PSS/GNR = 0.15; (A) PSS/GNR = 0.37; (®) PSS/GNR = 0.98.
(B) GNR dispersion stability in PBS following 3 X exchange with 70 kDa PSS (4.4
rg/mL/0.D.) and redispersion in Tween 20 at a final concentration of 4 mM (ca.
5 pg/mL). Lines drawn to guide the eye.
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re 7. (A, B) Representative TEM images of PSS-stabilized GNRs;

(C, D) histogram of GNR length and width distribution (71.5 = 10.7

and

28.5 %= 7.3 nm, respectively; N = 426). Less than 1% of the ob-

served particles were irregularly shaped (marked with white arrows
in B).

Aliquots of GNRs were also subjected to inductively coupled
plasma optical emission spectroscopy (ICP-OES) in order to cor-
relate O.D. with particle count. Comparison against a calibration
standard yielded a gold content of 35.3 ppm (wg/mL) at O.D. 1,
corresponding to a GNR concentration of 69 pM (4.15 X 10'°
particles/mL) and an effective molar extinction coefficient of 1.45
X 10" M~ " cm ™. This value is higher than previously reported
estimates,*> mainly due to differences in particle volume. The
concentration of the PSS-coated GNR stock solution (O.D. 16.6)
is 586 wg/mL.

Dynamic light scattering (DLS) measurements were per-
formed with Malvern Zetasizer Nano ZS and ZS90 instruments
(Southborough, MA) with backscattering and 90° detectors, re-
spectively. Hydrodynamic sizes are reported as intensity-
weighted averages with a minimum of 12 measurements and
conducted in batch mode at 25 °C using low volume polysty-
rene microcuvettes which were disposed after a single use. Stock
samples were diluted 10- and 100-fold in phosphate buffered sa-
line (PBS). Scattering intensities from these concentrations were
collected with backscattering and 90° optics (Figure 8) and sug-
gest an apparent bimodal size distribution, with the higher peak
value corresponding to a hydrodynamic diameter (d,,) of 61.0 =
0.8 nm for PSS-coated GNRs in PBS. The lower peak is not con-
stant and shifted to a lower d,, value with the 90° collection op-
tics, indicating that this peak is due to rotational and not transla-
tional diffusion. This information is thus omitted from the
intensity-weighted average and polydispersity index of the final
particle size distribution.

10

intensity (%)

1 10 100 1000

hydrodynamic diameter (nm)

Figure 8. Intensity-averaged size distribution plots of PSS-
stabilized GNRs in PBS, at 35 pg/mL with backscattering op-
tics (green trace) and 90° collection optics (orange trace),
and at 3.5 pg/mL with backscattering optics (red trace).
Peaks below 10 nm are due to rotational diffusion and have
been omitted from size distribution analysis. Traces are
based on a minimum of 12 measurements per sample.
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Figure 9. Zeta potential distribution of PSS-stabilized GNRs
at pH 8.8, in 100 mM NaCl. The trace in the figure is based on
the average of three measurements.

Zeta Potential Measurements. GNR samples were prepared at a
concentration of 35 pg/mL in 10 mM NaCl. The pH of the sample
was measured prior to loading into a prerinsed, folded capillary
cell. Zeta potential measurements were performed using Malv-
ern Zetasizer Nano ZS instrument at 25 °C with an applied volt-
age of 150 V and a minimum of three measurements per sample.
The zeta potential for PSS-stabilized GNRs at pH 8.8 is —51.2 =
2.8 mV (Figure 9).

Cell Culture Conditions. All cell cultures were maintained in a
5% CO, environment at 37 °C. KB cells (derived from a human na-
sopharyngeal carcinoma) were grown to confluence in a folate-
deficient cell culture medium (RPMI 1640, Gibco). The medium
was supplemented with 10% fetal bovine serum (FBS, Sigma)
and 1% penicillin—streptomycin (Invitrogen). Porcine renal
proximal cells (LLC-PK1, ATCC) were maintained in Medium 199
with 3% FBS. Human hepatocarcinoma cells (Hep G2, ATCC) were
maintained in RPMI 1640 with 2 mM L-glutamine and 10% FBS.
Hep G2 cells were split 1 to 5, and limited to 20 passages.

Cell Viability Assay (MTT). Cell survival was quantified by a colori-
metric assay, based on the mitochondrial oxidation of 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT).*647
In a typical experiment, cells were harvested after passage and
plated at a density of 2.5 X 10° cells/mL in 96-well microtiter for-
mat (100 p.L/well), then incubated at 37 °C under a 5% CO, at-
mosphere and allowed to reach approximately 80% confluence.
Cells were incubated for 6, 24, and 48 h with aliquots of PSS-
coated GNR (20 plL) at varying concentrations, then treated with
a freshly prepared 0.5% MTT solution (10 L) and incubated for
an additional 3 h before treatment with a 20% SDS solution in 1:1
DMF:H,0 (20 pL) adjusted to pH 4.7 to solubilize the formazan
dye. Alternatively, the MTT media was removed, and the cells
were fixed with DMSO (200 L) plus 0.1 M glycine buffer (25 L)
adjusted to pH 10.5. The plates were left for 2 h in the dark,
then assayed with an automated reader using an absorbance
wavelength of 570 nm and a reference wavelength of 680 nm.
The viability of GNR-treated cells was expressed as percent rela-
tive to cells treated with media alone. Aliquots of PSS-GNRs were
prepared as serial dilutions from a stock solution in PBS with an
initial concentration of 510 wg/mL; IC5, values were interpolated
from the data points closest to 50% absorbance produced by
positive control wells.

Lactose Dehydrogenase (LDH) Release Assay. Membrane integrity,
an indicator of cell viability, was quantified by a commercial col-
orimetric assay (Biovision #K311-400) based on the activity of
LDH released from the cytoplasm of compromised cells.***° The
LDH assay provides an estimate of membrane integrity by mea-
suring the LDH-catalyzed oxidation of lactate to pyruvate, which
reacts with the tetrazolium salt INT to form a formazan dye.
Briefly, cells were harvested after passage and plated as previ-
ously described and incubated for 6, 24, and 48 h with aliquots
of PSS-coated GNR at varying concentrations. Aliquots of cell me-
dium (100 pL) from each well were then mixed with 100 pL of
the LDH assay solution, incubated in the dark for 20 min, then as-
sayed with a plate reader at 490 nm.

Filtrate/Retentate Cytotoxicity Study. PSS-coated GNRs (aged for
11 weeks after preparation and purification, as described above)
were separated from the suspension using a stirred ultrafiltra-
tion cell (Millipore, Model 8010) outfitted with a regenerated cel-
lulose membrane having a nominal molecular weight limit
(NMWL) of 100 kDa. The resulting GNR retentate was resus-
pended to its original volume in cell culture media, then diluted
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to 45 pg/mL. This was compared with an aliquot of the filtrate
collected after ultrafiltration, diluted in similar fashion. LLC-PK1
cells were plated in 96-well microtiter format as previously de-
scribed and incubated for 48 h with the test materials. Cytotox-
icity was determined using the MTT and LDH assays as described
above.
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