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eactive oxygen species (ROS) are oxi-
Rdative radicals (e.g., HOs, O,~, H,0;)
formed upon incomplete reduction of
oxygen.' In addition to their well-known
role in redox signaling,? ROS can cause
oxidation of DNA, amino acid, and lipid,
potentially leading to the development of
various diseases and cell apoptosis and
necrosis.®> On the other hand, the oxidative
nature of ROS can be used as a therapeutic
means to eradicate diseased cells, which
forms the basis for cancer treatment using
photodynamic therapy (PDT). PDT, a mini-
mally invasive technique for cancer therapy,
involves the administration of a photosen-
sitizing compound (also called photosensi-
tizer, PS) and subsequent light irradiation at
an appropriate wavelength to induce ROS
for selectively damaging cancerous cells
and tissues.*> Formation of elevated ROS
is clearly the key for effective PDT of cancers.
Numerous PSs have been developed to
generate ROS. Characteristics of an ideal PS
have been well-documented.®’ Low admin-
istration toxicities,® reliable photoactivation,
and controllable selectivity/targetability are
among the selection criteria for clinically
relevant PS. Current clinical PSs mainly origi-
nate from porphyrins, chlorophylls, and dyes.”
Porphyrin families have a long evolution
history? " and are extensively adopted for
clinical applications; for example, Photofrin
has been approved by FDA for its use in
treating early and late endobronchial lesions
as well as Barrett's esophagus and esophageal
obstructing lesions.'? In addition, 5-aminole-
vulinic acid (5-ALA), an enzymatically con-
vertible precursor of PplX,'® has shown a high
success against the skin basal cell and
squamous cell cancers''> apart from its
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ratio is determined to be 1:2.56:4.72 in order of increasing Au NP size, in general agreement

ABSTRACT Photosensitizer, protoporphy-
rin IX (PplX), was conjugated with Au nano-
particles (Au NPs) of 19, 66, and 106 nm
diameter to study the size-dependent enhance-

ment of reactive oxygen species (R0S) forma-

tion enabled by Au NPs. The ROS enhancement

with theoretically calculated field enhancement to the fourth power. The convergence of the
experimental and simulated results suggests that Au NP-enhanced and size-dependent ROS
formation can be attributed directly to the localized electromagnetic field as a result of surface
plasmonic resonance of Au NPs under light irradiation. /n vitro study on the ROS formation
enabled by PplX-conjugated Au NPs in human breast cancer cells (MDA-MB-231) revealed the
similar size-dependent enhancement of intracellular ROS formation, while the enhancement
greatly depended on cellular uptake of Au NPs. Cellular photodynamic therapy revealed that
cell destruction significantly increased in the presence of Au NPs. Compared to the untreated
control (0% destruction), 22.6% cell destruction was seen in the PpIX alone group and more
than 50% cell destruction was obtained for all PpIX-conjugated Au NPs. The 66 nm Au NPs
yielded the highest cell destruction, consistent with the highest cellular uptake and highest
ROS formation. Clearly, the complex cellular environment, size-dependent cellular uptake of
Au NPs, and ROS generations are vital contributors to the overall cellular PDT efficacy.
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FDA-approved use for outpatient treatment
of actinic keratosis.

With appealing clinical evidence of the
effectiveness of PDT, its application some-
how is mainly confined to the superficial
treatment due to the limited PS and light
penetration in the tissue. In the search for a
more effective route to deliver PS to deep
tissue and targeted cells, nanoparticles are
often used as a carrier considering their high
specific surface area for further modification
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to render the hydrophilicity and improve cellular up-
take. This becomes even more relevant to those hydro-
phobic PSs that are difficult to administer for in vivo
applications.'® For this purpose, the nanoparticles can
be biodegradable polymer-based, such as chitosan'’
and poly(lactic acid),'® or inorganic material-based,
such as silica,'® quantum dots,*® and gold.?' With the
aid of nanoparticles, selective accumulation of PS in
tumorous tissue can be achieved for targeted
therapy?? and for the simultaneous detection of ROS-
induced cell response.?® The latest pioneering pro-
gresses based on the chemical nature of nanoparticles
were described in a recent review paper.®* Besides
drug carrier functionality, metallic nanoparticles have
an additional unique property (i.e., localized plasmonic
field), which can enhance electric field near the nano-
structure. Among various metallic nanoparticles, Au
nanoparticles (Au NPs) have been broadly explored for
drug delivery and photothermal therapy due to their
biocompatibility,”> chemical stability,®® and strong
light absorption at tunable plasmon resonance wave-
length.?”~2° The functionalization of the Au NP surface
with PS can be achieved via strong covalent bonding
or weak interactions such as van der Waals interactions
and electrostatic interactions.”* We have shown re-
cently in an in vitro study that electrostatically con-
jugated 5-ALA-Au NP could significantly enhance the
PDT of cancer cells.*® A possible explanation for this
exciting observation can be ascribed to the enhanced
generation of ROS from PS as a result of the highly
localized plasmonic field of the Au NPs and their
aggregates. It has been well-established that the plas-
monic field of metal nanoparticles is closely regulated
by the particle size.>' We therefore further postulate
that the enhanced generation of ROS may also be
correlated with the size of Au NPs. Confirmation of this
hypothesis can better guide our efforts in developing
effective strategies for Au NP-assisted PDT with the
potential to increase the treatment depth while redu-
cing light dose and PS concentration.

To ascertain the contribution of plasmonic effect to
ROS formation as well as determine the size-depen-
dent ROS enhancement, protoporphyrin IX (PplIX) as a
model PS and positively charged Au NPs of three
different sizes were used. Positively charged Au NPs
could facilitate the binding of PpIX with Au NPs via
electrostatic interaction. In this regard, Au NPs acted as
both an ROS enhancer and a PS drug carrier. Three
representative particle sizes (19, 66, and 106 nm in
diameter) were synthesized and used. Au NP-assisted
ROS formation was first investigated with cell-free
conditions, in which ROS formation increased with
Au NP size. To better elucidate the size dependence,
we performed theoretical simulation of the electro-
magnetic field enhancement by Au NPs using RF
Module 3.5a of COMSOL Multiphysics software. Sur-
face-enhanced Raman scattering measurement of a
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TABLE1. Characteristics of Three Different Sizes of Au NPs

Au NPs 1# 2% 3#
BPEI (mg/mL) 2 14 12
HAudl; (mM) 4 4 4
average size (nm) 19+5 66 + 10 106 £ 12
maximum absorbance 520 527 531
wavelength (nm)
zeta-potential (mV) 47.8 +333 60.1 £ 16.2 70.2 £ 16.5

marker molecule with various sizes of Au NPs further
confirmed the size dependence of the Au NP-enhanced
plasmonic field. Clearly, the simulation result correlated
well with the experimental measurements. In contrast to
the well-controlled cell-free conditions, the complexity
of the biological system could drastically interfere with
such an observation. To this end, we further investigated
whether such size-dependent ROS formation could
similarly occur inside the cell. Human breast cancer cells
were treated with electrostatically conjugated PpIX—Au
NPs of different sizes to investigate their effect on PDT
treatment. The cellular uptake of various Au NPs was
size-dependent, with 66 nm Au NPs yielding the highest
uptake. Following the same trend, 66 nm Au NPs
displayed the highest enhancement of singlet oxygen
species formation, which in turn led to the lowest
viability of cancer cells after PDT treatment. However,
the size dependence in a cellular environment is not as
strong as under cell-free conditions, suggesting possible
involvement of an intracellular self-defensive mecha-
nism against oxidative stress.

RESULTS AND DISCUSSION

There are different approaches to make Au NPs.
Literature work has mostly followed the conventional
citrate-reducing method>*** to produce Au NPs that
are inherently negatively charged. In this study, we
used branched polyethyleneimine (BPEI) (molecular
weight 10000) as the reducing agent for HAuCl, in
order to obtain positively charged Au NPs (see details
in the Experimental Section and Table 1). Monodis-
perse Au NPs with three distinct size disparities of 19 &+
5, 66 + 10, and 106 =+ 12 nm were prepared by
adjusting the respective BPEI concentrations of 2, 1.4,
and 1.2 mg/mL while maintaining a constant HAuCl,
concentration of 4 mM in an aqueous solution. Shown
in Figure Ta—c are SEM micrographs of the resultant Au
NPs. The average Au NP sizes were determined based
on high-resolution SEM images from at least five
randomly selected locations, and their corresponding
size distributions were exhibited in Figure 1d—e. The
relatively narrow size distribution can prevent the
unwanted overlap between the adjacent Au NP
groups, allowing for a definitive correlation between
Au NP size and ROS enhancement. UV—visible absorp-
tion spectra of various Au NP colloids are shown in
Figure 1g, with the maximum absorbance wavelength,
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Figure 1. SEM micrographs of Au NPs of (a) 19 nm, (b) 66 nm, and (c) 106 nm in diameter. The scale bar represents 1 um. Size
distribution histograms of three different Au NPs, (d) 19 nm, (e) 66 nm, and (f) 106 nm, and (g) their corresponding UV—vis

absorption spectra.

or surface plasmon resonance wavelength, gradually
shifted from 520 nm for the smallest Au NPs (i.e., 19 nm)
to 531 nm for the largest ones (i.e., 106 nm). The red
shift with increasing particle size can be attributed to the
phase retardation, an electrodynamic phenomenon.*
The zeta-potentials of Au NPs were measured, and they
all remained positively charged after being washed with
deionized water (Table 1), indicating a strong interaction
between BPEI and Au NPs.

Adding PplX to the positively charged Au NP colloi-
dal solution under a dark condition would lead to the
formation of PpIX—Au NP conjugates via electrostatic
interaction between the negatively charged carbox-
ylate (—COO—) groups of PpIX>* and positively charged
amine (NH— and NH,—) groups of BPEI (Figure 2a). The
proximity of PpIX to the Au NP surface is necessary for
efficient energy transfer from Au NPs to PplX. Light
irradiation at 532 nm could promote PplX to an excited
state. Energy released due to de-excitation of PplX
would be subsequently transferred to neighboring
oxygen to form ROS (Figure 2b).2 The resultant ROS
can be monitored at its emission wavelength of
1270 nm as reported by Samia et al.>*® However, the
short lifetime of ROS, typically in the order of nano-
seconds, makes direct measurement of ROS extremely
challenging. Nevertheless, various ROS probes are
available for indirect measurement.?” In this study, in
order to detect the ROS formation, we used a non-
fluorescent dihydrorhodamine 123 (DHR123) as a uni-
versal ROS tracking agent,®® which was converted to
fluorescent Rhodamine 123 (R123) upon reaction with
ROS (Figure 2¢) (see details in Experimental Section).

Neither Au NPs nor PpIX was fluorescent at the
wavelength of 528 nm, but DHR123 had detectable
fluorescence after irradiation and the fluorescence
intensity slowly increased with irradiation time (see
Figure S1 in the Supporting Information). The irradiation-
induced fluorescence increase is a result of the slow
oxidation of DHR123 by ambient oxygen, indicating its
sensitivity to ROS measurement.®® With respect to the
sensitivity of DHR123 to irradiation, it became necessary
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to determine whether the presence of Au NPs would
also affect the conversion of DHR123 into R123 without
the presence of photosensitizer, PplX. A slight increase
of fluorescence intensity was similarly observed under
irradiation especially with larger Au NPs (66 and 106 nm);
however, the increase was slow and not significant (see
Supporting Information Figure S1) and its contribution to
the measurement of PpIX—Au NP-induced ROS formation
could be eliminated by subtracting the corresponding
background values.

Depicted in Figure 3 is time-resolved alteration of
R123 fluorescence intensity in the presence of
PpIX—Au NP conjugates. There, the conversion of
R123 from DHR123 was proportional to ROS concen-
tration. Clearly, the fluorescent intensity was strongly
correlated to the size of Au NPs. On the basis of the
fluorescent measurement, the enhancement ratio was
1:3.33:11.65 for 19, 66, and 106 nm Au NPs, respec-
tively. This measured enhancement comprised two
possible contributions: surface-enhanced fluorescence
of the end product of R123 by Au NPs and enhanced
conversion of DHR123 to R123 as a result of elevated
ROS generation by Au NPs. By directly measuring the
fluorescence intensity of R123—Au NP solution mix-
tures of 19, 66, and 106 nm in particle sizes, the
corresponding fluorescence enhancement ratio was
1:1.3:2.47 (see Supporting Information Figure S2). Off-
setting the R123 contribution from the original set of
fluorescent enhancement ratio of the PpIX—Au NP
conjugates, we calculated the ROS part of the enhance-
ment ratio involving 19, 66, and 106 nm Au NPs to be
1:2.56:4.72. Our experimental results clearly suggest a
strong correlation between ROS generation and the
size of Au NPs.

To better elucidate the size dependence of ROS
formation by Au NPs, we performed theoretical simula-
tion of the electromagnetic field enhancement by Au NPs
with particle size as a parameter using the RF Module 3.5a
of COMSOL Multiphysics software package. By utilizing
the values of complex dielectric function of Au at differ-
ent wavelengths reported by Johnson and Christy,*®
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Figure 2. Schematicillustration of ROS enhancement by Au NPs. (a) PpIX and Au NP conjugation, (b) lightirradiation (532 nm,
24 mW), and (c) fluorescence measurement at 528 nm via 485 nm excitation.
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Figure 3. Kinetics of ROS formation of PpIX-conjugated Au
NPs with tracking agent DHR123.

widely adopted by the modeling community, and apply-
ing the Mie scattering theory,”” we calculated the particle
size-dependent electric field scattering in the wavelength
range of 450 and 600 nm. The corresponding results are
shown in Figure 4. The field intensity has a weak depen-
dence on excitation wavelength below 480 nm
(Figure 4a). Above this wavelength, however, the field
increases significantly with both the size of Au NPs and
the wavelength. The respective simulation images of
electromagnetic field distribution for 20, 60, and
100 nm Au NPs at 530 nm excitation wavelength are
depicted in Figure 4b—d. At this wavelength, the calcu-
lated maximum electric field ratio for 20, 60, and 100 nm
Au NPs is 1:1.18:1.34, in agreement with previous
calculations.?” We note that in surface-enhanced Raman
scattering (SERS), a phenomenon attributed strongly to
localized plasmonic field, the SERS enhancement is
proportional to the fourth power of the electric filed
(|E]%).%°~*2 The fourth power of our calculated field ratio is
1:1.94:3.22, in qualitative agreement with that of the
experimentally determined size-dependent ROS en-
hancement of 1:2.56:4.72. The stronger dependence
shown in the experiments may be a result of the cluster-
ing of Au NPs, which is known to lead to the formation of
electromagnetic “hot spots”. As such, our simulation
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based on discrete nanoparticles represents only the
lower bound of the anticipated field enhancement.
Nevertheless, the general consistency of the theoretical
predication and experimental results further confirm that
ROS generation is significantly enhanced by localized
plasmonic field of Au NPs. The larger the particles are, the
stronger the effect is.

In light of the fact that the localized plasmonic field
of Au NPs plays a similar role in both ROS and SERS
enhancement, we also carried out SERS experiments
with Au NPs of all three sizes immobilized on silicon
substrates using R123 aqueous solution as a model
analyte to establish the general experimental consis-
tency of our findings. Shown in Figure 5 are the SERS
spectra obtained from 10~ M R123 with particle size as
a parameter. Raman background spectrum from
106 nm Au NPs is included for reference. Clearly, the
106 nm Au NP is most SERS-active, resulting in strong
and distinct Raman spectral features. The bands at
1555 cm ™' (xanthene ring stretching), 1611 cm ™'
(external phenyl ring stretching), and 1642 cm™
(xanthene ring stretching) are characteristic of
R123.%* On the other hand, both 19 and 66 nm Au
NPs could not yield detectable spectral features for
R123at107° M, indicating their weaker SERS enhance-
ment compared to 106 nm Au NPs. The size-depen-
dent SERS enhancement phenomenon is similarly
observed in a recent report on the detection of 2,4-
dinitrotoluene (DNT) vapor using glass-slide-immobi-
lized Au NPs** Clearly, the experimental results on
size dependence of Au NP-induced ROS generation
and SERS enhancement are self-consistent and
agree with the theoretical prediction. However, these
results were based on a well-controlled cell-free ex-
perimental setup, and it would be of great significance
to study the size dependence of Au NP-enhanced
ROS formation in a biological setting, relevant to
clinical application for PDT treatment of cancer. In this

1
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Figure 4. (a) Simulated field scattering maximum of Au NP of three particle sizes in the excitation wavelength range of 450
and 600 nm, and electric field distribution at 530 nm excitation for (b) 20 nm, (c) 60 nm, and (d) 100 nm Au NPs. The scale bar is
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Figure 5. Raman spectra of 102 M R123 aqueous solution
obtained using (a) 106 nm, (b) 66 nm, and (c) 19 nm Au NPs
immobilized on silicon substrates. (d) Background Raman
spectrum of 106 nm Au NPs. The spectra were acquired
using 785 nm excitation wavelength at 100 mW. Acquisition
time was 20 s.

regard, Au NPs of all three sizes were further evaluated
for their contribution to cellular ROS formation and the
corresponding PDT efficacy with PplX as the exogen-
ous photosensitizer.

The compatibility of various Au NPs to human breast
cancer cells (MDA-MB-231) was first evaluated by
supplementing Au NPs into the culture and incubating
for 24 h at 37 °C. The cell viability was determined by
the thiazolyl blue tetrazolium bromide (MTT, Sigma)
assay. The result showed that there was no difference
in cell viability among Au NP-treated groups (all three
sizes) and the untreated controls (data not shown),
suggesting the superior biocompatibility of Au NPs,
which is consistent with previous reports.>® In order to
evaluate the size-dependent intracellular ROS forma-
tion enabled by Au NPs, human breast cancer cells
were incubated with various PplIX-conjugated Au NPs
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Figure 6. Elevated generation of singlet oxygen in MDA-
MB-231 human breast cancer cells after various PDT treat-
ments with PplX-conjugated 19, 66, and 106 nm Au NPs,
PpIX only, and controls (without PpIX and Au NPs) and light
irradiation for 1 min. The singlet oxygen was measured
using singlet oxygen sensor green reagent (SOSG, Sigma).
The data are representative of three separate experiments;
**p < 0,005, *p < 0.05.

at a fixed concentration, irradiated, and then quanti-
fied for intracellular singlet oxygen species with the
singlet oxygen sensor green reagent (SOSG) (see Ex-
perimental Section). The results showed that elevated
ROS levels were measured for all of the groups treated
with PplX-conjugated with or without Au NPs, and
meanwhile, a relatively high level of endogenous
oxidative stress was indeed detected in the untreated
control group, similar to the findings reported
elsewhere.*® In general, various redox systems such
as the glutathione and NADH couples inside the cells
could effectively balance the cellular oxidative stress
and maintain it at a rather low level.*® However, the
well-balanced mechanism is interrupted in cancer cells
due to the constitutively activated mitogenic pathways
and transformed metabolic pathways, resulting in a
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Figure 7. Uptake of different size of Au NPs (19, 66, and
106 nm) after incubation for 4 h with human breast cancer
cells (MDA-MB-231). The uptakes were quantified by spec-
trometric assay. The data presented are the average of three
separate experiments; **p < 0.005.

high cumulative endogenous ROS level.*’ To deter-
mine the intracellular ROS formation directly coming
from exogenous PpIX and Au NP enhancement, the
endogenous ROS contribution was excluded from the
measurement and the result is summarized in Figure 6.
Consequently, the ROS enhancement ratio for PplX-
conjugated Au NPs was determined to be 2.90 + 0.95
(19 nm):6.75 £ 0.12 (66 nm):3.08 £+ 1.11 (106 nm),
respectively, compared to PpIX only. The 66 nm Au NPs
yielded the highest ROS enhancement, and the ratio
between 19 and 66 nm Au NPs is 1:2.3, close to the cell-
free measurement (1:2.56). To our surprise, the intra-
cellular ROS enhancement by 106 nm Au NPs, some-
how, was similar to that of 19 nm Au NPs, much lower
than the enhancement ratio from the cell-free studies
(Figure 3). Obviously, the enhancement of intracellular
ROS formation greatly relies on the availability of Au
NPs inside the cells. Although the same amount of Au
NPs for all of the sizes was initially added to the culture,
the particle size might significantly regulate the cellular
uptake of Au NPs based on the observation from a
previous report on the negatively charged Au NPs in
mammalian cells.*® Indeed, our measurement clearly
showed that the intracellular uptake of positively
charged Au NPs also depended on the particle size
(Figure 7). After incubation for 4 h, 106 nm Au NPs
exhibited the lowest uptake among all three sizes and
66 nm gave the highest uptake though the difference
between 19 and 66 nm was not statistically significant.
Most likely, it is the limited availability of 106 nm Au
NPs inside the breast cancer cells that accounts for the
low intracellular ROS enhancement. In the meanwhile,
after endocytosis by the cells, large Au NPs could be
trapped in the vesicles in the cytoplasm with limited
access to PplX. The shape and size of the aggregated
particles may vary, and the neighboring protein mol-
ecules could make the situation even more complicated.

It is known that cancer cell destruction in PDT
treatment is closely correlated with the intracellular
ROS level."? With the increase of intracellular ROS level
by Au NPs, higher cell destruction is expected. To
confirm this and determine whether cell destruction

KHAING OO ET AL.
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Figure 8. Destruction of human breast cancer cells (MDA-
MB-231) determined by MTT assay after various PDT treat-
ments where cells were incubated with PpIX-conjugated 19,
66, and 106 nm Au NPs, PplIX only, and the sham control
without PpIX and Au NPs for 4 h, and then irradiated for
1 min under a 150 W halogen light. The cells were subse-
quently cultured for 24 h prior to MTT measurement. The
data presented are the average of three separate experi-
ments; *p < 0.05, **p < 0.005.

by PDT treatment was also dependent on Au NP size,
the culture after 24 h was analyzed for cell viability by
measuring the metabolic activity via MTT assay. Com-
pared to the untreated control (0% destruction), 22.6%
cell destruction was seen in the PplX alone group and
more than 50% cell destruction was obtained for all the
PplX-conjugated Au NPs (Figure 8). Although the
66 nm Au NP—PplX yielded the highest destruction
of breast cancer cells (60.4%), the cell destruction ratio
between 19 and 66 nm Au NPs was only 1:1.15 and did
not fully comply with the ROS enhancement ratio.
Distinct from the straightforward ROS formation en-
hanced by PpIX—Au NPs, the ROS-triggered cell killing
comprises the apoptosis or in combination with ne-
crosis mechanism, depending on the location of ROS
formation and ROS dosage. Either cell killing mechan-
ism involves multiple signaling pathways, for example,
various caspase isoforms in the apoptosis and the Toll-
like receptors in necrosis.***° Further complicated by
the anti-apoptotic and pro-apoptotic regulation of Bcl-
2 family in mitochondria, the size-dependent PpIX—Au
NP-induced cell destruction via ROS becomes less
proportional to the ROS enhancement. In this regard,
our future studies will further understand the localized
intracellular ROS formation enabled by Au NPs and
correlate the cell destruction with ROS formation,
which can allow us to better design the Au NP-enabled
PDT treatment. Taken together, our results confirmed
that the presence of Au NPs in PpIX-PDT treatment
could significantly enhance the cell destruction effi-
cacy and the enhanced PDT efficacy partially de-
pended on the particle size.

CONCLUSION

We have demonstrated that ROS formation by light
irradiation of PpIX photosensitizer is significantly en-
hanced by Au NPs. The convergence of experimental
findings and theoretical simulation on the size
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dependence of the enhancement and the electrical
field intensity, respectively, suggests that the enhanced
ROS generation in the presence of Au NPs can be
attributed to the contribution of the high localized plas-
monic field, which increases with particle size in the range
of study. Moreover, the Au NP-enhanced PDT efficacy in
MDA-MB-231 human breast cancer cells indicates the

EXPERIMENTAL SECTION

Materials. Gold(lll) chloride solution (30 wt % of HAuCl, in
dilute HCI), branched polyethyleneimine (BPEI) (molecular
weight 10000), protoporphyrin IX (PplX), and dihydrorhoda-
mine-123 (DHR123) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). They were used without further purification.
Milli-Q water was filtered by Quantum Ex, Ultrapure Oranex
Cartridge filtration columns (Millipore, Billerica, MA, USA) and
used for all experiments.

All glassware and silicon wafers were cleaned overnight in
the mixture solution prepared by dissolving 120 g of Nochromix
powder (Godax Laboratories, Inc,, MD, USA) in 3.78 L of con-
centrated sulfuric acid and then thoroughly rinsed with Milli-Q
water. Fetal bovine serum (FBS) was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). All other cell
culture reagents and solutions were obtained from Invitrogen
(Carlsbad, CA, USA) except as indicated.

Synthesis of Gold Nanoparticles. HAuCl, and branched poly-
ethyleneimine (BPEI) (molecular weight = 10 000) were mixed
at various concentrations. The solution mixture was stirred for 5
min in an ice bath and subsequently placed under a metal
halide UV lamp (400 W, Cure Zone 2) for 1 h. Upon completion
of the reduction reaction, the color of the solution mixture
changed from yellow to dark red. Specifically, equal volumes of
4 mM of HAuCl, and BPEI concentration of 2, 1.4,and 1.2 mg/mL
were mixed to produce positively charged gold nanoparticles
(Au NPs) of ~19, ~66, and ~106 nm in diameter, respectively.

Characterization of Gold Nanoparticles. The sizes of Au NPs were
examined by a LEO 982 FEG scanning electron microscope
(SEM) (Carl Zeiss SMT Inc., Peabody, MA, USA) in conjunction
with ImageJ analysis software. The average coverage and
standard deviation data were obtained from high-resolution
SEM images of five different locations on each sample. Au NPs
wers further diluted 5—7 times in deionized water for -
potential measurement using a Zetasizer Nano Z (Malvern
Instruments Ltd., Worcestershire, UK).

Kinetics of ROS Formation. Au NP colloidal solutions (50 uL) of
various particle sizes were mixed with 50 uL of 10 uM proto-
porphyrin IX (PpIX) photosensitizer to study the effect of Au NPs on
ROS formation. Dihydrorhodamine-123 (DHR123, nonfluorescent)
was used as a universal ROS tracking agent.> Oxidation of DHR123
by ROS resulted in formation of fluorescent Rhodamine 123 (R123).
Then, 50 uL of 10 uM DHR123 was subsequently added to the
mixture under dark condition. Final concentrations of 0.67 mM Au
NPs, 3.33 uM DHR123, and 3.33 uM PplIX concentrations were
maintained constant for all measurements. Total volume of 150 uL
samples (n = 3) in 96-well plates was irradiated by 24 mW of 532 nm
coherent laser light for different time durations. The fluorescence
measurements were done after 1 min irradiation using a muilti-
mode microplate reader (Synergy HT, BioTek Instruments, Inc,
Winooski, VT, USA) at an excitation wavelength of 485/20 nm and
an emission wavelength of 528/20 nm.

Surface-Enhanced Raman Measurement. Au NPs of the three sizes
were deposited on the silicon wafer to achieve SERS-active
substrates for measurements of 1 x 10~° M Rhodamine 123.
Raman measurements were carried out with an in-house built
Raman imaging and spectroscopy system. The system involved
785 nm laser excitation, 300 groove/mm grating spectrometer
(Acton series spectrograph SP2300, focal length 300 mm)
attached with spectroscopy grade CCD (Princeton instruments,

KHAING OO ET AL.

importance of Au NP size-dependent intracellular uptake
and complex cellular environment. We postulate that
the phenomenon of Au NP-enhanced ROS formation
can be similarly found with the use of other photosensi-
tizers and thus will have general applicability to PDT. The
observed size dependence will be a significant guide
toward further study of Au NP-assisted PDT.

SPEC-10), and high sensitivity imaging grade CCD (Princeton
Instruments, PIXIS 1024 BR). Raman images and spectra were
synchronized during acquisition. The same 100x Nikon CFI60
microscope objective was used for laser excitation as well as
collection of the Raman signal.

Simulation. A Dell OptiPlex desktop was used to perform
high mesh density simulation of nanoparticles. The specifica-
tion of the computer was Intel(R) Core(TM)2 Quad CPU Q9650 at
3.00 GHz with 8GB RAM. The operating platform was 64-bit
Windows 7 professional. For the simulation of plasmonic prop-
erties of gold nanoparticles, RF module, an extended version of
COMSOL Multiphysics 3.5a version, was used. The desired
particle size and shape in 3D were drawn in draw mode using
the Cartesian coordinate system. Boundary conditions and
perfectly matched layer (PML) were also defined in the draw
mode. Simulation duration for a single nanoparticle took about
4—8h.

Cell Seeding and Culture. Human breast cancer cells (MDA-MB-
231, ATCC) were cultured in L-15 medium (Leibovitz) (Sigma)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin in a humidified incubator at 37 °C without CO,.
For PDT experiment, cells were seeded into a 96-well plate at the
concentration of 1.5 x 10* cells/mL and then cultured for 48 h
prior to treatment.

Cellular Photodynamic therapy (cPDT). The PDT procedure was
conducted according to our previous study.*® Briefly, the medi-
um of cell-seeded well plates was replaced with the serum-free
medium containing PpIX with/without Au NPs of different size
(19, 66, and 106 nm). The final concentrations of Au NPs and
PpIX in all sets of measurement were 40 and 3.33 uM, respec-
tively. Serum-free medium was used as control. After incubation
for 4 h with the medium containing different reagents, the cells
were carefully rinsed with Hank's buffered salt solution (HBSS)
under a dark condition and then maintained in 100 uL of HBSS.
The cells were irradiated with a broad-band light source using a
150 W halogen lamp (Dolan-Jenner Fiber-Lite MI-150) for T min.
After irradiation, HBSS was removed and the well was replaced
with complete cell culture medium and incubated for 24 h prior
to cell viability assessment.

In Vitro Cell Viability Assessment. The viability of cells after
treatment was determined by the thiazolyl blue tetrazolium
bromide (MTT, Sigma) assay. Briefly, the culture was incubated
with MTT in cell culture medium (0.5 mg/mL) for 2 h. After
discarding the nonreacted solution, 100 uL of dimethyl sulf-
oxide (DMSO, Sigma) was added to extract the formazan
crystals. Absorbance of the extract was measured at 570 nm
with BioTek microplate reader. The experiment was repeated at
least three times.

Cellular Uptake of Au NPs. To determine the size-dependent
uptake of Au NPs by breast cancer cells, Au NPs of different sizes
were mixed with the cell culture medium at the same concen-
tration of gold and added into cells with an identical cell density.
After incubation for 4 h, free particles were removed by washing
thoroughly with HBSS for at least three times. The cells were
then trypsinized, centrifuged, and washed with HBSS. The
collected cells were lysed with an alkaline buffer consisting of
sodium dodecyl sulfate (SDS) and 1 N sodium hydroxide. The
released Au NPs were quantified by the spectrometric assay
after normalization. The normalization was done via the areas
under the UV absorbance spectrum (400 to 800 nm); that is, the
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area was calculated in all of the groups and then subtracted with
the untreated control group.

Measurement of Singlet Oxygen Species. To measure the cellular
ROS formation after PDT treatment, singlet oxygen sensor green
reagent (SOSG, Sigma), specifically for singlet oxygen species,
was used according to manufacturer's protocol. In the presence
of singlet oxygen species, SOSG emits a detectable green
fluorescence. Briefly, a final SOSG concentration of 1.33 uM in
HBSS was incubated with the cells, and the fluorescence
intensity was measured using the microplate reader with the
excitation wavelength at 485/20 nm and the emission wave-
length at 528/20 nm.
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