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anoparticles are being increas-

ingly investigated as potential

therapeutics, drug delivery ve-
hicles, imaging agents, and diagno-
stics as part of the expanding field of
nanomedicine."® The unique plasmonic
properties of gold nanoparticles make them
attractive candidates in a number of bio-
logical applications including drug delivery
and imaging. In particular, gold nanorods
demonstrate a tunable photothermal re-
sponse to near-infrared (NIR) light as a func-
tion of nanoparticle aspect ratio.®” While
the transverse absorption of gold nanorods
is at a wavelength of 520 nm, the longitudi-
nal peak can be tuned to different regions
of the absorption spectrum as a function
of the nanorod length. Consequently,
gold nanorods have been employed in
diagnostics,®? therapeutic systems,'013
aging,' sensing,” "7 and responsive
materials/assemblies.'®

The photothermal response of gold

nanoparticles, including nanorods, nano-
shells, and nanocages, has been ex-
ploited for the hyperthermic destruction
of cancer cells.?*?' The ability to generate
high temperatures at a desired site with
externally tunable control holds signifi-
cant promise for cancer therapy over
whole-body hyperthermia. In this ap-
proach, gold nanorods can be targeted
to the tumor in vivo and subjected to la-
ser irradiation from an external source,
leading to the selective localization of hy-
perthermic treatment.?? Both, targeted
and nontargeted methods (e.g., using tar-
geting antibodies or aptamers) can be ex-
ploited for the photothermal ablation of
cancer cells using gold nanorods. In addi-
tion to hyperthermic ablation of cancer

im-
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ABSTRACT The propensity of nanoparticles to aggregate in aqueous media hinders their effective use in
biomedical applications. Gold nanorods (GNRs) have been investigated as therapeutics, imaging agents, and
diagnostics. We report that chemically generated gold nanorods rapidly aggregate in biologically relevant media.
Depositing polyelectrolyte multilayers on gold nanorods enhanced the stability of these nanoparticles for at least
up to 4 weeks. Dispersions of polyelectrolyte (PE)-gold nanorod assemblies (PE—GNRs) demonstrate a stable
Arrhenius-like photothermal response, which was exploited for the hyperthermic ablation of prostate cancer cells
in vitro. Subtoxic concentrations of PE—GNR assemblies were also employed for delivering exogenous plasmid
DNA to prostate cancer cells. PE—GNRs based on a cationic polyelectrolyte recently synthesized in our laboratory
demonstrated higher transfection efficacy and lower cytotoxicity compared to those based on polyethyleneimine,
a current standard for polymer-mediated gene delivery. Our results indicate that judicious engineering of
biocompatible polyelectrolytes leads to multifunctional gold nanorod-based assemblies that combine high
stability and low cytotoxicity with photothermal ablation, gene delivery, and optical imaging capabilities on a
single platform.

KEYWORDS: gold nanorods - stability - photothermal - near-infrared -
polyelectrolytes - cationic polymers - nonviral gene delivery - hyperthermia

cells, gold nanoparticles have also been
investigated for delivering drugs®*~% and
exogenous nucleic acids®® 3 to cells.
Properties such as biocompatibility, ease
of functionalization, and near-infrared
imaging make gold nanorods promising
as theranostic platforms.

A variety of techniques, including those
based on chemical®® and electrochemical®®%
methods, have been employed for the genera-
tion of gold nanorods. In particular, cetyltrime-
thyl ammonium bromide (CTAB)-templated
growth is a popular method for making gold
nanorods (GNRs) in aqueous dispersion me-
dia. 3 GNRs with peak longitudinal wavelengths
in the visual and near-infrared region of the ab-
sorption spectrum can be reproducibly synthe-
sized using this method. CTAB forms a bilayer
on the surface of the nanorods and repulsion
between the cationic quaternary ammonium
head groups of the surfactant results in stable
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ployed to successfully transfect PC3-PSMA
prostate cancer cells with plasmid DNA, in
contrast to CTAB—GNRs which did not dem-
onstrate any transfection efficacy. GNRs
coated with a recently synthesized polymer
from our laboratory demonstrated signifi-
cantly lower cellular toxicities than poly(ethyl-
eneimine), the current standard for poly-
meric gene delivery.
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RESULTS AND DISCUSSION
Polyelectrolytes Enhance Short-Term and Long-
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Term Stability of Gold Nanorods Dispersed in
Biologically Relevant Media. A facile method for
preparing gold nanorods involves the use of
cetyltrimethyl ammonium bromide (CTAB) as
a template for nanorod growth.3> We first in-
vestigated the short-term stability of as-
prepared CTAB gold nanorods (CTAB—GNRs)
in different aqueous media including deion-
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gold nanorod dispersions in certain aqueous media. How-
ever, different modification strategies,®** have been inves-
tigated for replacing CTAB on nanorods in order to adapt
gold nanorods for diverse biological applications and in or-
der to overcome CTAB toxicity.3%4°

We report that short-term and long-term stability
of gold nanorods depends on the media in which these
nanoparticles are dispersed. As-prepared gold nano-
rods, centrifuged only once in order to remove CTAB
present in the dispersion, are not stable in phosphate-
buffered saline (PBS) and serum-free media (SFM), while
they are stable in deionized (DI) water and serum-
containing media (SCM). However, gold nanorods are
stable only in DI water following an additional two
rounds of centrifugation (total three centrifugation
steps) carried out to remove excess CTAB. We investi-
gated the use of layer-by-layer polyelectrolyte deposi-
tion on nanoparticle surfaces* as means to enhance
gold nanorod stability. Optical stability, determined us-
ing absorbance in the near-infrared (NIR) region of the
absorption spectrum, and thermal stability, determined
using the dispersion temperature response following
laser irradiation of gold nanorods, were maintained for
at least 4 weeks following nanorod coating with alter-
nating layers of anionic and cationic polyelectrolytes
(polyelectrolyte—coated-gold nanorods or PE—GNRs).
PE—GNRs demonstrated a stable and tunable photo-
thermal response which was exploited for the ablation
of prostate cancer cells. In addition, PE—GNRs were em-
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Figure 1. Short-term optical stability of CTAB—gold nanorods (CTAB—GNRs) dispersed
in different biologically relevant media. CTAB—GNRs, optical density 0.5 at 800 nm, were
centrifuged once and resuspended in same volume of (A) deionized or DI water, (B),
phosphate-buffered saline (PBS) (C) serum-free medium, and (D) serum-containing me-
dium. Absorbance spectra were monitored from 400 to 999 nm for up to 48 h in respec-
tive media.

" ized (DI) water, phosphate-buffered saline
(PBS), serum-free media (RPMI-1640), and
serum-containing media (RPMI-1640 + 10%
fetal bovine serum or FBS). The nanorods
were centrifuged once as part of the synthe-
sis protocol in order to remove excess CTAB in
the aqueous dispersion and resuspended in
equivalent volumes of the respective media.
The short-term optical stability was deter-
mined by following the longitudinal peak in the near-
infrared region of the absorbance spectrum as a func-
tion of time for 48 h. As seen in Figure 1A, gold
nanorods formed stable dispersions in DI water; the lon-
gitudinal peak was maintained over the period of the
investigation (48 h). However, the absorbance of
CTAB—GNRs decreased rapidly in PBS (Figure 1B) and
serum-free media (SFM; Figure 1C). The peak absor-
bance values were found to be approximately 60—70%
of the initial values following only 2 h of dispersion in
the two media, indicating rapid aggregation of the
nanorods in PBS and SFM. The aggregation is induced
presumably because of the higher salt concentration
(~150 mM) of these solutions, which screened repul-
sive interactions between individual CTAB-covered
nanorods. However, CTAB—GNRs demonstrated excel-
lent stability in serum-containing media (SCM; Figure
1D) with no loss in absorbance in the NIR peak over
48 h. It is possible that interactions with serum pro-
teins (e.g., albumin) resulted in enhanced stability of
gold nanorods*“® in serum-containing media.

It has been reported that multiple centrifugation
rounds are necessary to remove excess CTAB from gold
nanorod dispersions.** However, centrifugation can also
result in the loss of CTAB molecules self-assembled on the
surface of the gold nanorods resulting in their aggrega-
tion. We investigated the role of subsequent centrifuga-
tion rounds on the stability of CTAB—GNRs in aqueous
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sults in reduced interactions with proteins 0 0.1

and uptake by cells.>® While this is desirable
in some cases, it might not be desirable in
cases where the nanorods might be em-
ployed for applications such as gene delivery
which require cellular binding and uptake.
We have recently generated a novel library
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Figure 2. Long-term UV —visible spectra of CTAB—GNRs dispersed in different biologi-
cally relevant media. CTAB—GNRs, optical density 0.5 at 800 nm were centrifuged three

times and resuspended in same volume of (A) deionized water, (B) PBS, and (C) serum-
free medium, and (D) serum-containing medium. Spectra were measured immediately fol-

lowing preparation (“week 0”), 1, 2, and 4 weeks after preparation. Similar results were
seen with GNRs with a maximal absorption peak at 750 nm.

of cationic polyelectrolytes for enhancing
binding to anionic plasmid DNA leading to ef-
ficient transfection of mammalian cells.>' We asked
whether coating CTAB—GNRs with polyelectrolyte layers
could result in stable dispersions of gold nanorods that
also demonstrate high gene delivery and photothermal
ablation efficacies.

Following centrifugation, CTAB—GNRs were first
coated with the anionic polymer poly(styrene sulfonate)
(PSS). The resulting PSS—CTAB—GNRs were centri-
fuged once in order to remove excess PSS and the su-
pernatant was decanted. The PSS—CTAB—GNRs were
then resuspended in solutions containing different con-
centrations of the cationic polymers pEI25 or EGDE-
3,3’ in 0.01 X PBS (PBS diluted 100 fold; pH = 7.4, salt
concentration 1.5 mM) leading to the formation of
pEI25—PSS—CTAB—GNRs or EGDE-3,3' —PSS—
CTAB—GNRs. The EGDE-3,3' cationic polyelectrolyte
was generated using the ring-opening polymerization
of ethyleneglycol diglycidylether and 3,3’-diamino-N-
methyl dipropylamine as described previously.>' Fol-
lowing equilibration with PSS—CTAB—GNRs, excess cat-
ionic polymer was removed by centrifugation and the
polyelectrolyte-nanorod assemblies were dispersed in
serum-free medium in order to investigate their optical
stability. As seen in Figure 3i, low concentrations of
the EGDE-3,3’ polymer did not enhance the stability of
the gold nanorods, which aggregated presumably due
to bridging between the PSS layer and EGDE-3,3" poly-
mer layer between different nanorods. Aggregation of

www.acsnano.org

GNRs led to a loss of the longitudinal peak in the NIR re-
gion. However, “recovery” of the NIR peak was made
possible by increasing the concentration of the EGDE-
3,3’ polymer (Figure 3iC,D). Increasing EGDE-3,3" poly-
mer adsorption on PSS—CTAB—GNRs leads to interpar-
ticle repulsion due to an increase in cationic charges
on the surface, and therefore, results in enhanced sta-
bility of the gold nanorod dispersion. As seen in Figure
3iD, the short-term stability of these dispersions was
significantly enhanced compared to CTAB—GNRs.

In addition to the EGDE-3,3" polymer, we investi-
gated the efficacy of another cationic polymer, 25 kDa
polyethyleneimine (pEI25), for stabilizing GNRs. As seen
in Figure 3iiA—D, pEI25 showed similar trends to EGDE-
3,3’-coated nanorods. Low concentrations of pEI25 re-
sulted in aggregation and loss of the NIR absorption
peak due to bridging with the anionic PSS layers. How-
ever, pEI25-PSS—CTAB—GNRs formed stable disper-
sions in the media with an increase in pEI25 concentra-
tion. The amount of cationic polyelectrolyte required
for NIR peak recovery was similar in cases of both, the
EGDE-3,3' polymer and pEI25; gold nanorods stabilized
with 3 mg/ml cationic polyelectrolytes were used in
subsequent experimentation.

While the short-term stability results with PE—GNR as-
semblies were indeed promising, we investigated
whether the use of polyelectrolytes could keep the nano-
rod dispersions stable over a longer period of time. The
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Figure 3. Stability of (i) EGDE-3,3'—PSS—CTAB—GNREs, (ii) pEI25-PSS—CTAB—GNRs in serum free media as monitored by the transverse

and longitudinal absorption peaks. CTAB nanorods were coated with the anionic polyelectrolyte PSS (2 mg/mL), followed by coating with
different concentrations of cationic polyelectrolytes, (i) EGDE-3,3’ and (ii) pEI25. In panel set i: (A) 0 mg/mL, (B) 0.2 mg/mL, (C) 1 mg/mL,
and (D) 3 mg/mL EGDE-3,3’ polymer. In panel set ii, (A) 0.2 mg/mL, (B) 0.4 mg/mL, (C) 1 mg/mL, and (D) 3 mg/mL, pEl-25k polymer. The ab-
sorption spectra of polyelectrolyte-coated GNRs were monitored for up to 36 h using a temperature-controlled plate reader (see Experi-

mental Section for details).

absorption properties of EGDE-3,3" and pEI25-based gold
nanorods remained invariant over a period of 4 weeks in
serum-free media (Figure 4 A,B). The near-infrared (NIR)
absorption peak (~770 nm) was maximal following im-
mediate preparation of the nanorods (0 day) in serum-
containing media. However, the peak absorbance value
settled to a lower maximum in 1 week and was found to
be stable thereafter. It is possible that serum-
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Figure 4. Long-term UV —uvisible spectra of polyelectrolyte-coated
gold nanorods (PE—GNRs) dispersed in serum-free media and serum-
containing media. EGDE-3.3' —PSS—CTAB—GNRSs (Amax = 770 nm) dis-
persed in serum-free media (A) and serum-containing media (C);
pEI25k—PSS—CTAB—GNRs dispersed in serum-free media (B) and
serum-containing media (D).
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polyelectrolyte interactions result in the precipitation of
a portion of the nanorods dispersed in serum-containing
media over the period of one week, leading to a reduction
in the NIR peak absorbance. Taken together, polyelectro-
lytes stabilize gold nanorod dispersions in both serum-
free and serum-containing media over extended periods
of time, making this a viable strategy for their use in bio-
logical applications.

EGDE-3,3’ —PSS— CTAB—GNRs Demonstrate Lower
Cytotoxicities Than pEI25-PSS—CTAB—GNRs. We evaluated
the cytotoxicity of pEI25-PSS—CTAB—GNRs toward
PC3-PSMA human prostate cancer cells and compared
it to that of EGDE-3,3" —PSS—CTAB—GNRs. Following
treatment with different PE—GNR concentrations, cells
were treated with ethidium homodimer which fluo-
resces red in dead/dying cells. Figure 5ii,iii show the
phase contrast and fluorescence microscopy images of
cells treated with different concentrations of the
PE—GNRs shown in Figure 5i. As seen in Figure 5ii—iv,
EGDE-3,3'-coated GNRs were less toxic to cells than
pEl25-coated GNRs indicating that the candidate from
a recently generated polymer library in our laboratory®!
demonstrated less cytotoxicity than pEI25, which is a
standard for polymer-mediated gene delivery. How-
ever, we found that EGDE-3,3'-coated GNRs were more
toxic than as-prepared CTAB—GNRs (centrifuged once)
at comparable optical densities (not shown). It is not
clear whether the aggregation of CTAB—GNRs reduces
the interaction of surface CTAB molecules with cells
leading to lower toxicities. In addition, CTAB—GNR ag-
gregation can also result in reduced uptake due to in-
creased size, and therefore lower toxicities toward cells.

www.acsnano.org
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Figure 5. Cytotoxicity of polyelectrolyte-coated gold nanorods (PE—GNRs): (i) Absorption spectra of PE-coated nanorods
employed in the cytotoxicity analysis; (ii) phase contrast and fluorescence microscopy images that show the cytotoxicity of
EGDE-3,3' —PSS—GNRs, toward PC3-PSMA cells. Red fluorescent ethidium homodimer, which stains DNA in compromised nu-
clei, was used to determine cytotoxicity following 6 h treatment. A total of 10, 25, 50, 75, and 100 pL of EGDE-3,3'-
PSS—CTAB—GNRs (optical density (OD) = 0.25), was added to cells. The final volume in each well was brought up to 500
RL, resulting in final optical densities of (A) 0.005; (B) 0.0125; (C) 0.025, (D) 0.0375, and (E) 0.05. Scale bar: 500 pm. (iii) Phase
contrast and fluorescence microscopy images that show the cytotoxicity of pEI25—PSS GNRs: (A) 5 pL (OD = 0.0025), (B)
10 pL (OD = 0.005), (C) 15 L (OD = 0.0075), (D) 20 L (OD = 0.01), and (E) 25 pL (OD = 0.0125) of pEI25—PSS—GNRs. Other
conditions are similar to those described above. Scale bar: 500 pm. (iv) Comparison of cytotoxicity of pEI25—PSS—CTAB—
GNRs and EGDE-3,3'—PSS—CTAB—GNRs as a function of PE—GNR optical density.
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Figure 6. Photothermal response of EGDE-3,3’ —PSS—CTAB—GNRs in
serum-free media. Different concentrations (as determined by their
optical densities) of nanorods were irradiated with continuous wave-
length (CW) laser at 770 nm (20 W/cm?) for a maximum of 15 minutes.
The temperature of the dispersion was monitored using a K-thermo-
couple. The steady-state temperatures showed an increase of approxi-
mately 10 °C with a doubling of nanorod concentration indicating
Arrhenius-like behavior.

Polyelectrolytes Maintain Long-Term Photothermal Activity of
GNRs. Photothermal properties of gold nanorods have
been employed in various biomedical applications in-
cluding, ablation of cancer cells, sensors, and diagnos-
tics. We investigated the photothermal response of
polyelectrolyte-stabilized gold nanorods 1 h after
preparation and after 4 weeks of storage in serum-free
media in order to determine if these properties were
also maintained over a period of time. As seen in Fig-
ure 6, PE-stabilized gold nanorods demonstrated a re-
producible photothermal response as a function of the
nanorod concentration in the dispersion. The tempera-
ture of the media rose rapidly in the first 5 minutes of la-
ser exposure after which, the temperature either rose
gradually as in the case of higher nanorod concentra-
tions or remained invariant as in the case of lower nano-
rod concentrations. Interestingly, the steady-state tem-
perature of the dispersion increased by approximately
10 °C following a doubling of the gold nanorod concen-
tration (as determined by the nanorod optical density),
indicating that the photothermal response of PE—GNR
dispersion followed Arrhenius-like behavior. Impor-
tantly, the photothermal response of EGDE-3,3’-coated
gold nanorods after 4 weeks of storage closely followed
the same trend observed for freshly prepared nano-
rods for all concentrations employed in the investiga-
tion (Figure 6). However, CTAB—GNRs demonstrated a
lower photothermal response compared to EGDE-
3,3—PSS—CTAB—GNRs only 1 h after preparation; while
the temperature increase with EGDE-3,3—PSS—
CTAB—GNRS (OD = 0.22) was approximately 53 °C af-
ter 15 min of exposure to the laser, the temperature of
a dispersion containing a higher concentration of

\L%J\&) VOL.3 = NO. 10 = HUANG ET AL.

CTAB—GNRs (i.e., OD = 0.5) rose only to 32 °C after an
equivalent laser exposure time. Expectedly, these re-
sults correlate well with optical stability in that gold
nanorods that demonstrate stable optical behavior also
demonstrate effective photothermal behavior. Con-
versely, aggregation leads to a loss in the photother-
mal efficacy of CTAB—GNRs. Taken together,
polyelectrolyte-mediated stabilization helps maintain
the optical as well as photothermal properties of gold
nanorods for extended periods of time.

EGDE-3,3’ —PSS— CTAB—GNRs Induce Photothermal Ablation
of PC3-PSMA Human Prostate Cancer Cells. The ability of plas-
monic gold nanostructures to convert near-infrared
(NIR) radiation to heat energy has been exploited for in-
ducing hyperthermic death of cancer cells. We there-
fore asked if EGDE-3,3’ —PSS—CTAB—GNRs could in-
duce death in PC3-PSMA human prostate cancer cells
following NIR laser irradiation. Cells were treated with
a final concentration of 0.1 OD of EGDE-3,3' —PSS—
CTAB—GNRs (absorbance spectrum in Figure 7i) which
resulted in a final temperature of approximately 42 °C
following seven minutes of laser irradiation (Figure 6).
Laser irradiation induced significant cell death in PC3-
PSMA human prostate cancer cells after 24 h of
PE—GNR treatments (Figure 7ii A,B). Although cell mor-
phology remained invariant immediately after
PE—GNR/laser treatment, extensive changes in cell
morphology and high ethidium homodimer staining
of compromised nuclei were seen after 24 h, indicat-
ing that cell death occurred presumably due to apopto-
sis of these cells. Negligible loss of cell viability was ob-
served in PC3-PSMA cells treated with EGDE-3,3'—
PSS—CTAB—GNRs but not exposed to NIR laser
irradiation (Figure 7iiC,D), laser alone (Figure 7iiE,F);
the viability of these cells was similar to untreated PC3-
PSMA cells (Figure 7iiG,H).

PC3-PSMA cells were treated with EGDE-3,3" —
PSS—CTAB—GNR assemblies (OD = 0.1) and subjected
to different power densities ranging from 7.5—25
W/cm? in order to investigate if tuning laser power den-
sities resulted in differential cell death. As seen in Fig-
ure 7iii, increasing laser power density resulted in an in-
crease in media temperature in correlation with the
extent of PC3-PSMA cell death. Interestingly, PC3-PSMA
cell death was as high as 55% and 70%, following laser
treatment at power densities 7.5 and 15 W/cm?, even
though the media temperature was only 30 and 35 °C,
respectively. This apparent discrepancy can be ex-
plained due to two reasons. First, the temperature mea-
surements were carried out immediately after the laser
was turned off. It is possible that these recordings were
somewhat lower than those during the photothermal
treatment, especially in the case of cells directly in the
path of the laser spot which was 2 mm in diameter (well
diameter ~6.5 mm). Second, it is important to note
that negligible cell death was seen immediately after
the seven-minute laser treatment and that the cell vi-
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Figure 7. Photothermal ablation of PC3-PSMA human prostate cancer cells using EGDE-3,3'—PSS—CTAB—GNR:s: (i) absor-
bance spectrum of EGDE-3,3’ —PSS—CTAB—GNRs used in the photothermal ablation studies. (ii) Phase contrast images
(A,C,E,G) and fluorescence microscopy images (B,D,F,H) of PC3-PSMA cells treated as described below; red fluorescence is
due to ethidium homodimer staining of compromised nuclei. Scale bar: 200 pum. (A,B) EGDE-3,3'—PSS—CTAB—GNRs + la-
ser (7 min; power density: 20 W/cm?); (C,D) EGDE-3,3’ —PSS—CTAB—GNRs (without laser treatment); (E,F) laser alone (no
nanorods); (G,H) no treatment. (iii) Photothermal ablation of PC3-PSMA cells using EGDE-3,3'—PSS—CTAB—GNR (PE—GNR)

assemblies (OD = 0.1) as a function of laser power density.

ability was determined 24 h after the photothermal
treatment. It is possible that a significant number cells
die due to the bystander effect>? over the 24 h period
following signals from those cells directly in the path of
the laser. However, we have not directly determined
the role of the bystander effect on PE—GNR induced hy-
perthermic ablation of cancer cells as part of this inves-
tigation. Nevertheless, these two factors can explain
the high levels of PC3-PSMA cell death observed in
these experiments. As may be expected, higher laser
power densities resulted in higher (>85%) PC3-PSMA
cell death. Cells treated with the laser alone (without
PE—GNRs) and PE—GNRs alone (without laser irradia-
tion) did not induce PC3-PSMA cell death.

While the above results are encouraging, it is im-
portant to point out that a balance exists between
polyelectrolyte cytotoxicty and PE—GNR-induced
hyperthermic ablation of cancer cells. While low con-
centrations of PE—GNRs are not sufficient for either
stabilizing GNRs or for inducing hyperthermic tem-
peratures, higher concentrations are cytotoxic and
are therefore, not useful in hyperthermic ablation of
cancer cells. As a result, we chose those concentra-
tions of EGDE-3,3' —PSS—CTAB—GNRs that were not
toxic to PC3-PSMA cells but demonstrated photo-
thermal activity for the ablation of these cells. In con-

) VOL.3 = NO.10 = HUANG ET AL.

trast, pEl25-coated GNRs were highly toxic to the
cells at concentrations that would result in hyper-
thermic temperatures (>40 °C) and therefore, were
not included in this study. The use of such untar-
geted PE—GNRs can be useful in the hyperthermic
ablation of relatively accessible tumors such as blad-
der or prostate tumors.

EGDE-3,3’ —PSS—CTAB—GNRs Successfully Deliver Exogenous
DNA to Prostate Cancer Cells in Vitro. Cationic polymers have
emerged as promising candidates for delivering ex-
ogenous nucleic acids, including plasmid DNA, to a
variety of mammalian cells. We asked whether stable
PE—GNR assemblies could be employed to bind
and deliver plasmid DNA to PC3-PSMA cells in vitro.
Greater than 95% of the original plasmid DNA
amount (350 ng) was loaded on PE—GNRs, while
only 50—55% was loaded on equivalent amounts of
CTAB—GNRs (Supporting Information, Table S1). Dif-
ferent subtoxic concentrations of PE—GNRs loaded
with pGL3 plasmid DNA were delivered to PC3-PSMA
cells. GNR concentrations were kept below OD =
0.25 X 102 in order to compare the transfection ac-
tivity of EGDE-3,3’ polymer with that of pEI25 which
was toxic to cells beyond this concentration (Figure
5). EGDE-3,3'-based PE—GNRs resulted in up to 10-
fold higher gene expression in PC3-PSMA cells com-
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Figure 8. Transfection of PC3-PSMA human prostate cancer
cells using EGDE-3,3’' —PSS—CTAB—GNRs and pEI25-
PSS—CTAB—GNRs. PC3-PSMA cells were treated with differ-
ent concentrations of PE—GNRs containing 350 ng pGL3
plasmid for 6 h. Luciferase expression, in relative lumines-
cence units or RLU was analyzed 48 h following transfection
and normalized to protein content in each case (RLU /mg).
The normalized luciferase expression for EGDE-3,3’' —PSS—
CTAB—GNRs is reported relative to that for pEI25-PSS—
CTAB—GNRs. CTAB—GNRs did not demonstrate any trans-
fection activity at similar optical densities. Asterisks (¥)
indicate p values < 0.02 determined using two-tailed Stu-
dent’s t test for a minimum of three independent
experiments.

pared to pEl25-based PE—GNRs (Figure 8) after 48 h
following transfection. CTAB—GNRs did not demon-
strate any transfection activity under these condi-
tions (not shown), presumably because of a combi-
nation of low DNA loading, nanoparticle
aggregation which can lead to reduced cellular up-
take, and inherently poor transfection efficacy.>>*
The use of polyelectrolytes not only overcomes the
poor GNR stability associated with CTAB, but also fa-
cilitates higher plasmid DNA binding and enhanced
transfection activity of the resulting assemblies. The
lower cytotoxicity of EGDE-3,3'—PSS—CTAB—GNRs
makes it an attractive vector for nonviral gene deliv-
ery, compared to assemblies based on pEI25. Taken
together, these results indicate that interfacing engi-
neered polyelectrolytes with gold nanorods results
in stable multifunctional assemblies that possess
photothermal ablation, gene delivery, and optical
imaging capabilities,'%'*>5~57 all on a single platform.

EXPERIMENTAL SECTION

Materials. Sodium borohydride, powder, reagent grade,
=98.5%, cetyltrimethylammonium bromide (CTAB), 95%,
gold(lll) chloride trihydrate (HAuCl4 - 3H,0), 99.9+%, L-ascorbic
acid, reagent grade, ethyleneglycol diglycidyl ether (EDGE), 3,3'-
diamino-N-methyl dipropylamine (3,3'), and branched poly(eth-
yleneimine) (My = 25000, My = 10000; henceforth called pEI25)
were purchased from Sigma-Aldrich. Crystalline silver nitrate
was purchased from Spectrum and poly(styrene sulfonate) (so-
dium salt; henceforth called PSS) (My = 14900) was purchased
from Polysciences, Inc. All materials were used as received with-
out further purification.

Generation of Gold Nanorods. Gold nanorods were synthesized
using the seed-mediated method as described by El-Sayed
et al.* Briefly, a seed solution was prepared by adding 0.6 mL
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CONCLUSIONS

We have demonstrated that gold nanorods pre-
pared using the CTAB-based seed-mediated method
are poorly stable in phosphate buffered saline (PBS),
serum-free media (SFM), and serum-containing media
(SCM) following centrifugation. We employed the layer-
by-layer deposition of polyelectrolytes in order to en-
hance the short-term and long-term stability of gold
nanorods in these media. Polyelectrolyte-coated gold
nanorods (PE—GNRs) demonstrate excellent long-term
optical stability in all three media as determined by
their optical properties even after 4 weeks of storage.
Stabilization of the optical response, in turn, resulted in
a reliable photothermal response of the well-dispersed
gold nanorods over the period investigated, which fa-
cilitated their successful use in the photothermal abla-
tion of PC3-PSMA human prostate cancer cells using
near-infrared laser irradiation. Gold nanorods coated
with the recently developed EGDE-3,3’ polymer in our
laboratory demonstrated lower cytotoxicities and
higher transfection efficacies than 25 kDa poly(ethyl-
ene imine), which is a current standard for polymer-
mediated gene delivery. While EGDE-3,3’-coated GNRs
demonstrated higher toxicities than CTAB—GNRs at
similar optical densities, PE—GNRs possess greater ad-
vantages including stable photothermal properties,
higher transfection efficacies, and the ability to further
derivatize residual reactive amines.®' These results indi-
cate that molecular engineering of cationic polyelectro-
lytes can lead to stable, biocompatible, and multifunc-
tional gold nanorod assemblies, which can be useful for
a variety of simultaneous applications including optical
imaging, nonviral gene delivery, and localized hyper-
thermia. Further discovery and engineering of polyelec-
trolytes that optimize toxicity, stability, and gene deliv-
ery efficacy will be required in case of polyelectrolyte-
coated assemblies. While the current in vitro results are
indeed encouraging, future studies on therapeutic effi-
cacy, biocompatibility, and biodistribution in appropri-
ate animal models will be needed in order to fully real-
ize the potential of these assemblies.

of iced water-cooled sodium borohydride (0.01 M) in order
to reduce a solution of 5 mL of CTAB (0.2 M) (cetyltrimethyl-
ammonium bromide) in 5 mL of auric acid (0.0005 M)
(HAuCl, - 3H,0). The growth solution was prepared by reduc-
ing 5 mL of CTAB (0.2 M) in 5 mL of auric acid (0.001M)
(HAuCly - 3H,0) containing 250 pL of silver nitrate (0.004 M)
with 70 pL of L-ascorbic acid (0.0788 M) solution. Seed solu-
tion (12 pL) was added to a 10 mL growth solution which re-
sulted in the generation of gold nanorods after 4 h of con-
tinuous stirring. Gold nanorods that possessed absorbance
maxima (A\max) at different wavelengths (750—900 nm) in the
near-infrared (NIR) region of the absorption spectrum were
generated by slightly increasing or decreasing silver nitrate
amount in this method.

Polymer Synthesis and Characterization. Polymerizations were car-
ried out as described previously.>' Briefly, ethyleneglycol digly-
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TABLE 1. Composition of the PE—GNR Assemblies
Employed in the Current Investigation

polyelectrolyte

first layer A second layer polyelectrolyte
olyelectrolyte concentration polyelectrolyte concentration (mg/mL)
P (mg/mL)
PSS 2 EGDE-3,3’ 0 02 04 1 2 3
PSS 2 25 kDa pEl 02 04 1 2 3 4

cidylether (EGDE; 2.3 mmol) was reacted with equimolar quanti-
ties of 3,3’-diamino-N-methyl dipropylamine (3,3’) resulting in
the formation of the EGDE-3,3" cationic polymer. Neat, as-
purchased solutions were employed in the polymerization reac-
tion, which was carried out in 7 mL glass scintillation vials for
16 h. Following completion of the reaction, the resulting poly-
mer was diluted to a concentration of 2 mg/mL in phosphate-
buffered saline (0.01 X PBS). The solution pH was adjusted to 7.4
using 30% hydrochloric acid in deionized (DI) water in order to
compensate for the basicity of the cationic polymer. Polymer for-
mation was confirmed using Fourier transform infrared (FT-IR)
spectroscopy, and the molecular weight was determined using
gel-permeation chromatography as described previously.”!

Generation of Polyelectrolyte (PE)—Gold Nanorod (PE—GNR)
Dispersions. Gold nanorods were modified with polyelectrolytes
(PEs) using a layer-by-layer deposition approach. Briefly, gold
nanorods (optical density 0.5), in 1.5 mL microcentrifuge tubes,
were first centrifuged at 6000 rcf for 10 min using a Microfuge 18
centrifuge (Beckman Coulter) in order to remove excess CTAB.
Following removal of the supernatant, nanorods were resus-
pended in 0.5 mL of poly(styrene sulfonate) or PSS solution
(2 mg/mL PSS in 0.01X PBS; ~1.5 mM salt concentration) and
were immediately sonicated for 25 min leading to the forma-
tion of PSS—CTAB—GNRs. Excess PSS was removed by centrifu-
gation at 6000 rcf for 10 min, and different amounts of cationic
polyelectrolytes, either pEI25 or EGDE-3,3" polymer, were added
and sonicated for 25 min leading to the formation of pEI25—
PSS—CTAB—GNRs or EGDE-3,3’ —PSS—CTAB—GNRs. Finally, cat-
ionic polyelectrolyte coated gold nanorods (PE—GNRs) were cen-
trifuged and resuspended in different aqueous media (DI water,
PBS, serum-free media, or serum-containing media) to monitor
their stability. The conditions for generating these different
PE—GNRs are summarized in Table 1.

Determination of Short- and Long-Term Optical Stability. CTAB—gold
nanorods with optical density 0.5 at 800 nm were first prepared
and dispersed in DI water using the seed-mediated method. Ali-
quots (0.5 mL) of CTAB gold nanorods, placed in 1.5 mL centri-
fuge tubes, were centrifuged and resuspended in the same vol-
ume of DI water, 1X PBS, serum-free medium (SFM) or serum-
containing medium (SCM). Absorption spectra were determined
at different times using a temperature-controlled plate reader
(Biotek Synergy 2) for up to 48 h; spectra were typically mea-
sured between 400—999 nm. Absorbance spectra were moni-
tored every week for a period of 4 weeks as described above for
long -term optical stability studies.

Determination of Photothermal Response.” Dispersions of CTAB-

(1 h) or PE-coated (1 h and 4 weeks) gold nanorods in serum
free media (RPMI-1640 medium plus 1% penicillin/streptomy-
cin) were employed for determining the temperature response
of gold nanorods following exposure to near-infrared (NIR) laser
treatment. Stable, EGDE-3,3' —PSS—CTAB—gold nanorods were
prepared and diluted to form a stock solution with a maximum
optical density of 0.22 at 770 nm (maximal absorbance wave-
length). A titanium CW sapphire (Ti:S) laser (Spectra-Physics, Tsu-
nami) pumped by a solid state laser (Spectra-Physics, Millennia)
was used for determining the photothermal response. Samples
were diluted and placed in a 96-well plate (diameter ~6.4 mm,
height ~10.7 mm) in the path of the laser (diameter of the laser
spot was 2 mm). The laser was turned on for 15 min and the tem-
perature of the dispersion was monitored using a K-type thermo-
couple; laser output was fixed at 600 mW (20 W/cm?).

Cell Culture. The PC3-PSMA human prostate cancer cell line®®
was a generous gift from Dr. Michel Sadelain of the Memorial
Sloan Cancer Center, New York, NY. RPMI 1640 with L-glutamine
and HEPES (RPMI-1640 medium), Pen-Strep solution: 10000
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units/mL penicillin and 10000 pg/mL streptomycin in 0.85%
NaCl, and fetal bovine serum (FBS) were purchased from Hy-
clone. Serum-free medium (SFM) is RPMI-1640 medium plus 1%
antibiotics. Serum-containing medium is SFM plus 10% FBS. Cells
were cultured in a 5% CO, incubator at 37 °C using RPMI-1640
medium containing 10% heat-inactivated fetal bovine serum
(FBS) and 1% antibiotics (10000 units/mL penicillin G and 10000
rg/mL streptomycin).

Cytotoxicity of Polyelectrolyte (PE)-Coated Gold Nanorods. Stable poly-
electrolyte (EGDE-3,3'—PSS—CTAB and pEI25—PSS—CTAB) gold
nanorods with an absorbance maximum at 770 nm were pre-
pared as described above. PC3-PSMA human prostate cancer
cells were seeded in a 24-well plate with a density of 50000 cells/
well and allowed to attach overnight at 37 °C, in a 5% CO; incu-
bator. Different amounts of polyelectrolyte-coated gold nano-
rods (PE—GNRs, dispersed in serum-free media) were added into
each well, and the final volume in each well was brought up to
500 pL with serum-free media. Cells were incubated for 5 h to
determine the cytotoxicity of PE—GNR assembilies. Following in-
cubation, cells were treated with 100 pL of 4 M ethidium
homodimer-1 (EthD-1; Invitrogen) and 2 wM calcien AM (Invitro-
gen) for 30 min and imaged immediately using Zeiss AxioOb-
server D1 inverted microscope (10 X X/0.3 numerical aperture
(NA) objective; Carl Zeiss Microlmaging Inc., Germany). Fluores-
cence using excitation at 530 nm and emission at 645 nm were
used for the microscopy; dead/dying cells with compromised nu-
clei stained positive (red) for EthD-1. Quantitative analysis of
PE—GNR-induced cell death was carried out by manually count-
ing the number of dead cells in all cases using the Cell Counter
plug-in in ImagelJ software (Rasband, W. S., ImageJ, U.S. National In-
stitutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/,

1997 —2005). The number of dead cells in both live and dead
controls was determined for at least two independent experi-
ments, and their average values were calculated. The number
and percentage of red fluorescent cells was determined for each
concentration of PE—GNR assemblies as a function of dose.

Photothermal Ablation of PC3-PSMA Cells Using EGDE-3,3" —PSS—
(TAB—GNRs. Stable polyelectrolyte gold nanorods (EGDE-
3,3’—PSS—CTAB—GNR) with an optical density 0.2 at 800 nm
were prepared as described above. PC3-PSMA human prostate
cancer cells were seeded in a 96-well plate with a density of
30000 cells/well and allowed to attach overnight at 37 °C, in a
5% CO, incubator. PE—GNRs (EGDE-3,3’ —PSS—CTAB—GNR)
were diluted to an optical density of 0.1 with serum-free media.
The laser excitation source was tuned to 800 nm in order to co-
incide with the longitudinal absorption maximum of the EGDE-
3,3'—PSS—CTAB—GNR. First, cell culture media was replaced by
200 L of EGDE-3,3' —PSS—CTAB—GNR solution (optical den-
sity 0.1) followed by exposure to laser irradiation for 7 min at dif-
ferent power densities (7.5—25 W/cm?). The temperature of the
dispersion was measured using a K-type thermocouple immedi-
ately after removal of the laser treatment. Following treatment,
EGDE-3,3'—PSS—CTAB—GNR containing media was removed
and immediately replaced with fresh serum-containing cell cul-
ture media and the cells were returned to the 37 °C incubator. Af-
ter 24 h, cells were treated with 4 uM ethidium homodimer-1
(EthD-1; Invitrogen) for 30 min and imaged using Zeiss AxioOb-
server D1 inverted microscope (10 X X/0.3 numerical aperture
(NA) objective; Carl Zeiss Microlmaging Inc., Germany). Fluores-
cence using excitation at 530 nm and emission at 645 nm were
used for the microscopy; dead/dying cells with compromised nu-
clei stained positive (red) for EthD-1. Quantitative analysis of
PE—GNR induced cell death was carried out by manually count-
ing the number of dead cells in all cases using the Cell Counter
plug-in in ImageJ software (Rasband, W. S., ImageJ, U.S. National
Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/,
1997 —2005). The number of dead cells in both live and dead
controls was determined for at least two independent experi-
ments, and their average values were calculated.

Transfection of PC3-PSMA Cells Using PE—GNRs. Plasmid DNA. The pGL3
control vector (Promega Corp., Madison, WI), which encodes
for the modified firefly luciferase protein under the control of
an SV40 promoter, was used in transfection experiments.
E.coli (XL1 Blue) cells containing the pGL3 plasmid DNA were
cultured overnight (16 h, 37 °C, 150 rpm) in 15 mL tubes

www.acsnano.org



(Fisher) in 5 mL of Terrific Broth (MP Biomedicals, LLC) con-
taining 1 mg/mL ampicillin (Research Products International,
Corp.). The cultures were then centrifuged at 5400g and 4
°C for 10 min. Plasmid DNA was purified according to the
QlAprep Miniprep Kit (Qiagen) protocol and DNA concentra-
tion and purity were determined based on absorbance at 260
and 280 nm determined using NanoDrop spectrophotome-
ter (ND-1000; NanoDrop Technologies). Plasmid DNA concen-
trations of 100—130 ng/p.L were used in all experiments
and the volume was adjusted in order to load 350 ng of plas-
mid amounts (ng) on PE—GNRs prior to transfection.

DNA Loading on PE—GNRs. PE—GNRs (optical density 0.25 X 1072
were mixed with 350 ng of pGL3 plasmid DNA in the presence
of serum-free media for 30 min. The PE—~GNR—pGL3 plasmid as-
semblies were then centrifuged at 6000 rcf for 10 min. The plas-
mid amount of DNA remaining in the supernatant after centrifu-
gation was determined using calibration of fluorescence
intensity vs plasmid DNA concentration (not shown); ethidium
bromide was used for calibrating DNA amounts.

Transfections. PC3-PSMA cells were cultured as described
above. Cells were seeded in 24-well plates (Costar) at a den-
sity of 50000 cells/well and allowed to attach overnight.
PE—GNR—pGL3 plasmid assemblies were added to each
well in the presence of serum-free media for 6 h; CTAB—GNRs
with equivalent amounts of plasmid DNA were used as con-
trols. The media was then replaced with serum-containing
media for 48 h following which cells were permeabilized with
100 pL of cell lysis buffer (Promega, Madison, WI). The lu-
ciferase activity in cell lysates was measured using a lu-
ciferase assay kit (Promega, Madison, WI) using a plate reader
(Bio-Tek Synergy 2). The relative light units (RLU) deter-
mined from the assay were normalized with respect to pro-
tein concentration in the cell lysates, measured using the
Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rock-
ford, IL). Luciferase activity in cell lysates was expressed as
relative light units (RLU) per milligram (mg) of protein. Trans-
fection experiments were performed at least in triplicate.
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