IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Development of Therapeutic Au—Methylene Blue Nanoparticles for
Targeted Photodynamic Therapy of Cervical Cancer Cells

Jiashing Yu,”"T’l Che-Hao Hsu,T’L Chih-Chia Huang,*’i’§’L and Po-Yang Changi

TDepartment of Chemical Engineering, National Taiwan University, Taipei 106, Taiwan

“Institute of Biophotonics, National Yang-Ming University, Taipei 112, Taiwan
§Biophotonics and Molecular Imaging Research Center (BMIRC), National Yang-Ming University, Taipei 112, Taiwan

© Supporting Information

ABSTRACT: Photodynamic therapy (PDT) involves the
cellular uptake of a photosensitizer (PS) combined with oxygen
molecules and light at a specific wavelength to be able to trigger
cancer cell death via the apoptosis pathway, which is less
harmful and has less inflammatory side effect than necrosis.
However, the traditional PDT treatment has two main
deficiencies: the dark toxicity of the PS and the poor selectivity
of the cellular uptake of PS between the target cells and normal
tissues. In this work, methylene blue (MB), a known effective
PS, combined with Au nanoparticles (NPs) was prepared using
an intermolecular interaction between a polystyrene-alt-maleic
acid (PSMA) layer on the Au NPs and MB. The Au@polymer/
MB NPs produced a high quantum yield of singlet oxygen
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molecules, over 50% as much as that of free MB, when they were excited by a dark red light source at 660 nm, but without
significant dark toxicity. Furthermore, transferrin (Tf) was conjugated on the Au@polymer/MB NPs via an EDC/NHS reaction
to enhance the selectivity to HeLa cells compared to 3T3 fibroblasts. With a hand-held single laser treatment (32 mW/cm) for 4
min, the new Au@polymer/MB-Tf NPs showed a 2-fold enhancement of PDT efficiency toward HeLa cells over the use of free
MB at 4 times dosage. Cellular staining examinations showed that the HeLa cells reacted with Au@polymer/MB-Tf NPs and the
660 nm light excitation triggered PDT, which caused the cells to undergo apoptosis (“programmed” cell death). We propose that
applying this therapeutic Au@polymer/MB-Tf nanoagent is facile and safe for delivery and cancer cell targeting to
simultaneously minimize side effects and accomplish a significant enhancement in photodynamic therapeutic efficiency toward

next-generation nanomedicine development.
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1. INTRODUCTION

Photodynamic therapy (PDT), which combines a light source,
oxygen molecules, and a photosensitizer (PS) to generate
reactive oxygen species (ROS), has been widely researched and
proven effective for treating different types of cancer.' ™ ROS
would also be generated in the presence of reducing agents,
which consist of type II and type I reactions.* ® However,
traditional PDT treatment cannot usually be applied to a region
that is deep within the body due to the limitations of the light
source penetration. The selective delivery of PS to the targeted
area of the tumor site was also a problem and requires efficient
accumulation in cancer cells in order to prevent random
distribution in the skin tissue from causing light-induced
superficial skin lesions.”® In addition, the dark toxicity of
several PS compounds increases with the dose and incubation
time.

The methylene blue molecule is a member of the
phenothiazinium family and is a PS with excellent photo-
chemical properties for generating high quantum intersystem
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crossing (@O ~ 0.52) of singlet oxygen, showing potential as a
PS candidate for PDT. It has been reported that MB has been
clinically used for the treatments of basal cell carcinoma,
Kaposi’s sarcoma, melanoma, and virus and fungal infections.”
In addition to MB’s appealing photochemical properties, its
excitation at a pure dark red wavelength (650—670 nm) within
the “optical window””'® can decrease endogenous absorption
of water and pigments in the biological environment and is also
advantageous for PDT applications. Typically, the cytotoxic
ROS generated by MB and PDT treatments often trigger cell
death, which is a moderate therapeutic method of cancer tumor
elimination."" ™" Apoptosis (“programmed” cell death) is less
harmful than necrosis.'* Moreover, MB costs only ~$2 USD/g
and is an inexpensive chemical when compared to other
commercially available photosensitizers in clinical use, for
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example over $10000 for Photofrin, Verteporfin, protopor-
phyrin-based PDT drugs, and [Ir(dtbbpy)(ppy)2][PF6]. In
spite of these advantages, dark cytotoxicity occurs in doses of
MB over 20 uM."'™*® This is because MB easily crosses the cell
membrane with the aid of its benzene ring structure and
accumulates in mitochondria, lysosomes and double-stranded
DNA.SHM1 o improve these aforementioned shortcomings,
we designed the Au@polymer nanostructure encapsulated with
MB drug to prevent leakage of MB molecule and cause
collateral damage to cellular organelles. When conjugated with
transferrin (Tf) protein, an enhancement in the targeted PDT
treatment would be accessed through transferrin receptor-
mediated endocytosis pathway, rather than slow diffusion of
MB into cells. Au@polymer core—shell NPs were prepared by
our previous one-pot polymerization shell coating method™
following tightly and physically bonding methylene blue (MB)
PSs and functionalization with transferrin (Tf) proteins, leading
to the formation of a sandwich structure, as shown in Figure 1.
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Figure 1. Schematic illustration of the preparation of Au@polymer/
MB-Tf NPs and their application for targeted PDT treatment for
killing HeLa cancer cells with a 660 nm light excitation.
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Our demonstration showed that the Au@polymer/MB-Tf NPs
could enhance the Tf receptor (TfR) targeting selectivity of
HeLa cells (human cervical cancer cell line) compared to 3T3
fibroblasts and thus eliminate HeLa cancer cells effectively with
fewer side effects when applied in PDT treatment.

In recent years, nanoparticles (NPs) have received much
attention in many fields, including biomedical applications.
Because of their small size and relatively high surface area-to-
volume ratio, NPs have unique and desirable properties.">™"® In
addition, NPs have a longer half-life in the body’s circulatory
system, known enhanced permeability and retention effects in
nanoscale particles,"” and can easily enter the cell body due to
their particles size effect.”® Many types of NPs have been
researched for biomedical use, such as quantum dots, magnetic
NPs, polymer NPs, and metal polymers.”'~>* Among the many
NPs for biomedical use, Au nanomaterials have shown great
potential in cell tracking, drug delivery, photothermal therapy,
and molecular imaging”*”>* Au NPs are chemically inert,
nontoxic, and easy to modify.'¥'****" Therefore, Au NPs
are easily combinable with other materials to develop a
multifunctional and biocompatible drug delivery nanocarrier.
Research on gold nanoparticle—MB composites in recent years
has focused primarily on their applications in molecular
imaging and catalysis. With the aid of surface-enhanced
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Raman scattering (SERS) and other electrochemical techni-
ques, the spatial distribution of methylene blue in gold
nanoparticle—MB composite has been investigated.*® Studies
of biosynthesized gold and silver nanoparticle cataylized
degradation of MB were also performed.’’ However,
investigation into the application of gold nanoparticle-MB
NPs in targeted delivery and PDT has rarely been studied. For
PDT applications, Khan et al. utilized gold nanoparticle-MB
NPs for inhibiting the growth of a Candida albicans biofilm
throught a PDT reaction after excitation at 660 nm.** This
study did not provide evidence of the photochemical properties
of phototoxicity by ROS and was not a targeted effort for the
PDT treatment. In this work, we utilized 9,10-anthracenediyl-
bis (methylene)dimalonic acid indicator by using UV—visible
spectra and single oxygen emission at ~1270 nm with a
fluorescence spectrometer to prove the type II phototoxicity
from the Au@polymer/MB NPs after excitation at 660 nm.
The Au@polymer/MB NPs have similar quantum yields (QYs)
of singlet oxygen production as that produced by free MB
molecules, but performed more effectively with the selective
PDT elimination of HeLa cancer cells.

2. RESULTS AND DISCUSSION

2.1. Characterization of Au NPs. To prevent the close
contact of MB and Au NP from causing nonradiative energy
transformation®>** and possibly depleting the yields of singlet
oxygen molecules, a spacer composed of a polystyrene-alt-
maleic acid (PSMA) polymer layer was designed to prepare the
Au@polymer NPs first. The MB solution was added to the
surface of the Au NPs via 7—7 stacking and/or electrostatic
interactions.'® By possibly decreasing the release of the PS and
locally concentrating the effect of the Au@polymer/MB NPs,
we hypothesized that this development of a novel drug delivery
platform could simultaneously reduce the MB’s dark toxicity
and enhance the PDT efficiency.

The Au@polymer NPs were synthesized via a hydrothermal
reaction of poly(styrene-alt-maleic acid)sodium salt, 13 wt %
solution in water (545 g/mL), and HAuCl, solution (4.45
mM) in accordance with our previous synthesis method."®
After 6 h of reaction time, each spherical Au NPs (~21 nm)
was decorated with a thin PSMA layer (Figure 2a). The
collected sample concentration was estimated to be 489.3 +
77.5 ppmia, according to atomic absorption spectroscopy
(AAS) measurements. On the basis of the XRD pattern, we
concluded that the Au in the center of the Au@polymer NPs
was in element form with a face-centered cubic structure
(Figure 2b). Owing to the carboxylate structure of the PSMA
polymer, the surface charge of the Au@polymer NPs showed a
{-potential of —44.8 mV (Table S1, Supporting Information),
which is advantageous for the subsequent absorption of
positively charged MB molecules.

2.2. Optical Properties of Au@polymer and Au@
polymer/MB NPs. Next, we utilized a UV—visible spectrom-
eter to analyze the concentration-dependent absorption of MB
molecules at the polymer surface of the Au@polymer NPs
(Figure 2c). After the interaction of Au@polymer NPs (50
ppm) with 0—22 uM of MB solution, Au@polymer/MB NPs
were obtained. These nanoproducts showed three absorption
peaks located at ~540, 610, and 660 nm. The first is very large
and could be assigned to a surface plasmon resonance (SPR)
band of Au NPs. In addition, the absorption peak at
approximately 660 nm was determined to be due to a
monomer form of the MB molecule® that resided on the
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Figure 2. (a) TEM image and (b) XRD pattern of the Au@polymer NPs (scale bar: 100 nm). (c) UV—visible spectra of Au@polymer NPs reacted
with 0—22 uM of MB concentrations and (d) MB (22 uM)-loaded Au@polymer NPs dispersed in deionized water and PBS solutions before and

after 14 days.

polymer shell, whereas a shoulder developed at approximately
610 nm for the MB dimer structure as the MB concentrations
increased significantly, from 11 yM to 22 uM. The amount of
MB adsorption on the Au@polymer NPs as a function of the
addition of MB concentration was plotted in Figure SI1
(Supporting Information). For an MB concentration range
from 5.5 to 22 uM, the MB PS was not detectable in the
supernatant after centrifugation of the Au@polymer/MB
samples solution, and the graph was almost linear. An average
of 29490 MB molecules was attached to single Au@polymer
NPs according to the quantification of 22 uM of MB PSs
loaded into ~S50 ppmp,, of Au@polymer NP solution.
However, as the MB concentration approached 36.4 uM, the
graph plateaued, which was probably due to the saturated
adsorption amount. It was noted that the preparation of Au@
polymer/MB NPs with 36.4 uM resulted in the formation of
particle aggregates (Figure S2a, Supporting Information) and
absorption band shifting (Figure S2b, Supporting Information).
To prepare stable Au@polymer/MB NPs and carry a maximum
amount of MB, 22 uM MB PS attached to the surface of Au@
polymer NPs was determined to be the optimal condition
under saturation absorption for the cellular studies and
photodynamic therapy.

2.3. Stability Test of Au@polymer/MB NPs. In the
stability test, an Au@polymer/MB NP solution at 22 My
and ~50 ppm [,,] concentration was used for optical analysis.
The cumulative amounts of MB released at each time point
were quantified. When compared to the original MB loading
amount, the MB leakage after 14 days was negligible (Figure
S3, Supporting Information). Moreover, the UV/visible spectra
of Au@polymer/MB NPs in phosphate buffered saline (PBS)

and deionized (DI) water solution showed that a single SPR
peak from the Au@polymer NPs at 540 nm accompanied by
double absorption bands (at 610 and 660 nm), due to the
stable resident MB, was still retained after 14 days (Figure 2d).
Results showed that the Au@polymer/MB NPs are quite stable
in both DI water and PBS buffer solution, indicating that the
Au@polymer NPs are a good carrier and not only bind to MB
tightly but also retain the optical properties of MB that could be
applied to further PDT treatment.

2.4. ROS Generation Test: ABDA Method. To detect
ROS generated from MB-based Au@polymer NPs during the
exposure to a 660 nm laser (75 mW) for 4—30 min, 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) was
used. ABDA has three strong absorption peaks at 360, 380,
and 400 nm. In the presence of singlet oxygen or ROS, ABDA
rapidly reacts with ROS, followed by a decrease of all three
peaks.>***” In this experiment, a series of as-prepared Au@
polymer/MB NPs was prepared at SO ppm [4,] with MB
concentrations of 11 and 22 yM. Au@polymer NPs alone and
free MB with the same concentrations as above were used.
Results from the Au@polymer/MB NPs groups showed that
the ability to generate ROS is dose dependent on the MB
concentration, whereas the pure Au@polymer NPs group
showed negligible ROS production (Figure 3a). When
compared with the free MB groups, the Au@polymer/MB
NPs showed a stable and continuous increase in the generation
of ROS. It has been reported that monomer species of MB
favor a high type II yield of singlet oxygen.* The domination of
dimer forms in the high free MB concentration resulted in the
decrease of the MB monomer amount. We carried out a low
sample dose (12.5 ppm [4,) with MB concentrations of 2.7 and
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Figure 3. ABDA absorbance reduction at 400 nm for (a) high and (b) low sample concentrations of the free MB and Au@polymer/MB NPs as a
function of irradiation time. [Au] represents the concentration of the Au@polymer/MB NPs in the solution, whereas [MB] represents the final
concentration of MB in the solution. Data are presented as mean + standard deviation (1 = 3). (c) Fluorescence spectra of the generation of single
oxygen molecules from free MB (2.2 M) and Au@polymer/MB NPs (S ppm,,] and 2.2 uM) upon 660 nm light excitation (75 mW). (d)
Fluorescence spectra of the aqueous solution include TA only (black line); TA and H,0, (1 mM) (red line); TA and MB (11 M) with 660 nm
laser (75 mW) (blue line); TA and Au@polymer/MB NPs (25 ppm(,] and 11 uM) with 660 nm laser (75 mW) (green line). The concentration of

TA was 0.5 mM.

5.5 uM), as shown in Figure 3b. There is no significant
difference between the Au@polymer/MB NPs and free MB
molecules at a short irradiation time. Indeed, the QY of singlet
oxygen molecule generation was nearly identical for both the
Au@polymer/MB NPs and free MB molecules (~50% of QY),
according to the similar fluorescence intensity the from 'O,
molecules at 1270 nm (Figure 3c), which indicate the absence
of nonradiative energy transformation.

Considering the possible production by other ROS species,
we performed the additional examination to monitor the
generation of hydroxyl radical (-OH) from the Au@polymer/
MB NPs and free MB molecules after laser excitation at 660
nm. Terephthalic acid (TA) was used as a molecular probe to
detect -OH by the conversion of TA to fluorescent 2-
hydroxyterephthalic acid (TAOH). As reaction TA with
H,0, molecules, which could slowly decompose into -OH
radicals and hydroxide ions, the generation of emission at
around 435 nm was detectable (Figure 2d). However, there is
no remarkable fluorescence from the H,0, Au@polymer/MB
NPs, and free MB molecules after 4 min of irradiation time,
indicating the absence of -OH radicals via Type I mechanism.

Au@polymer/MB NPs were rugged and had a remarkable
yield of ROS after 30 min of irradiation. This is probably due to
the Au@polymer/MB NPs resistance to the photobleaching of
the MB molecules during exposure to a laser light. To support
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these speculations, a 660 nm light excitation of Au@polymer/
MB NPs during 0—8 min possessed a stable MB molecular
absorption band (Figure S4, Supporting Information), in
contrast to pure MB. These results indicated that that the
Au@polymer/MB NPs retained the ability to generating ROS,
which is important for PDT treatment.

2.5. In Vitro Cell Toxicity Test. A cell toxicity test using a
series of as-prepared Au@polymer/MB NPs was prepared at 50
ppm [4,] (with MB concentrations of 11 and 22 yM) and at
12.5 ppm [4,) (with MB concentrations of 2.7 and 5.5 uM) and
was reacted on HeLa cells. After 2 h of incubation, the cells
were exposed to a 660 nm light excitation for 4 min and then
returned to an incubator for another 24 h of culture. Cell
viability was plotted with the concentration of MB in the
culture medium (Figure 4). Both the PDT treatment efficiency
and dark toxicity are dose dependent. The pure Au@polymer
NPs showed their biocompatibility. In comparison with pure
MB groups for 67% at 2.7 uM and 63% at 5.5 uM, 12.5 ppm(,,
of Au@polymer/MB NPs effectively reduces dark toxicity over
97% of cell variability at 2.7 and 5.5 uM concentrations of MB.
It is important to note that when [Au] is at SO ppm and [MB]
is at 22 uM, the cell viability was slightly reduced to 77%
without laser excitation, probably due to excessive MB-based
particle accumulation in cell organelles. The Au@polymer that
carried MB molecules readily reduced the dark toxicity of MB
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Figure 4. Cell viability (with MTT assay) of HeLa cells incubated with
Au@polymer/MB NPs and MB alone for 2 h and then treated with
two conditions of 660 nm light excitation for 4 min and dark aging (4
min) followed by an another incubation for 24 h. [Au] represents the
concentration of the Au@polymer NPs in a cell culture medium,
whereas [MB] represents the final concentration of MB in a cell
culture medium. Data are presented as mean + standard deviation (n
=3).

but retained nearly the same PDT efliciency as pure MB when
[Au] was at 12.5 ppm and [MB] was at 5.5 M. A similar trend
of less dark toxicity and compatible phototoxicity on HeLa,
AS549, and HT1080 cells also observed when incubated with
Au@polymer/MB NPs, compared to cells treated with free MB
(Figure SS, Supporting Information). Therefore, we used these
conditions in the following experiments.

2.6. Transferrin Conjugation onto Au@polymer/MB
NPs. Past investigations have established that the Tf-targeted
delivery of anticancer drugs into different cancer cell lines
presented with 3- to 10-fold more cytotoxicity than drugs
alone®® A receptor-mediated endocytosis pathway was
proposed to increase the cellular uptake and internalization of
therapeutic agents. By using the carboxylate group on the
polymer surface, transferrin (Tf) was conjugated to Au@
polymer NPs via an EDC/NHS reaction. The excess Tf was
quantified by using a BCA assay (Figure S6, Supporting
Information). An average of 153 + 19 Tf was estimated to
conjugate to a single Au@polymer NP. After the surface
modification of Tf, the surface charge of the Au@polymer-Tf
NPs drastically increased to a {-potential of —37.3 mV from
—44.8 mV with the Au@polymer NPs (Table S1, Supporting
Information), implying a successful bioconjugation. The
absorption of the MB molecule on the Au@polymer-Tf NPs
was prepared with the same methods described above to reach
saturation absorption. The loading amount of MB on the Au@
polymer-Tf NPs was found to be nearly the same as the Au@
polymer/MB NPs (~50 ppm,,; and ~20 uMys)). Figure S7
(Supporting Information) shows that the Au@polymer/MB-Tf
NPs presented similar optical properties as the Au@polymer/
MB NPs. A slight decrease in the surface charge for the Au@
polymer/MB-Tf NPs (—30.3 mV) was obtained (Table S,
Supporting Information) after an absorption of positively
charged MB molecules, suggesting a screening of the negatively
charged carboxylate group on the polymer surface.

2.7. Cellular Interaction Quantification. To compare the
cell targeting selectivity between cancer cells and nonmalignant
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cells, HeLa cells and 3T3 fibroblasts were used. After
incubation with the Au@polymer-Tf NPs and Au@polymer
NPs (12.5 ppm) for 24 h, the binding interaction between cell
membrane proteins and particles was measured by atomic
absorption spectroscopy (AAS) measurement. After 2 h of
incubation, the selectivity of the Au@polymer-Tf NPs and
Au@polymer NPs to cells was plotted (Figure Sa). The
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Figure S. (a) A cellular uptake examination of Au@polymer-Tf NPs
and Au@polymer NPs was conducted on HeLa cells and 3T3
fibroblasts for 24 h. b) MTT assay for Au@polymer/MB NPs-, Au@
polymer/MB-Tf NPs-, and free MB-treated HeLa cells for 2 h,
followed by replacing the particle-containing media. The sample-
treated cells were reacted under two conditions of 660 nm light
excitation for 4 min and dark aging (4 min), followed by a further
incubation for 24 h. [Au] represents the concentration of the Au@
polymer NPs in a cell culture medium, whereas [MB] represents the
final concentration of MB in the cell culture medium. All data are
presented as mean =+ standard deviation (n = 3).

accumulation of the sample dose was approximately 3 times
higher for the Au@polymer-Tf NPs to HeLa cells than the
percentage of the Au@polymer NPs. This result is similar to
the study of Parab et al, who used J5 liver cancer cells.* It
should be noted that the uptake percentage in the 3T3 cells
also increased with the Au@polymer-Tf NPs. In spite of this
fact, the cellular uptake percentage of the Au@polymer-Tf NPs
in HeLa cells was almost 2-fold higher than in 3T3 cells. When
compared to the result reported by Song et al. that showed that
folic acid could enhance cellular uptake in HeLa cells to 1.5-fold
higher than 3T3 fibroblasts,*’ transferrin also appeared to be a
good ligand candidate for cancer targeting therapy. This result
indicates that the cancer cell targeting selectivity of Au@
polymer nanocarriers is significantly enhanced after Tf
modification, which might be followed with a transferrin
receptor-mediated endocytosis pathway.*®
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2.7. PDT Efficiency Using Au@polymer-Tf NPs. Au@
polymer/MB-Tf NPs and Au@polymer/MB NPs containing
culture media (12.5 ppmi,,) and 5.5 uMy)) were utilized to
coincubate HeLa cells for 2 h. Solution at 22 uMjyp) was
prepared in a medium to treat cells (2 h) for a comparison. A
fresh medium solution was employed to replace the reagents,
including the medium, before 660 nm light and dark
treatments. These cells were cultured again for another 24 h.
No groups had significant dark toxicity because they were
incubated for only 2 h (Figure Sb). Upon exposure to laser light
(32 mW/cm?) at 660 nm for 4 min, the Au@polymer/MB-Tf
NPs had the highest PDT efficiency (~65% of cell death)
compared to the Au@polymer/MB NPs (~45% of cell death)
and the free MB group (~30% of cell death) with a 4-fold
higher MB concentration. Combined with cellular interaction
analysis (Figure Sa), a surface modification of Tf on the Au@
polymer nanocarrier appears to successfully target cancer cells
and thus significantly enhance, by over 2-fold, the PDT efhicacy,
over the use of free MB at 4 times dosage.

2.8. ROS Generation Monitoring: DCFH-DA Staining.
To prove the ROS induced by Au@polymer/MB-Tf NPs for
PDT treatment of cancer cells, in vitro ROS generation
monitoring was conducted. To detect the generated ROS, 2',7'-
dichlorofluorescin diacetate (DCFH-DA) was used. Owing to
its great permeability through cell membranes, it could easily
enter into the cells and then be hydrolyzed into 2',7’-
dichlorodihydrofluorescein (DCFH) by cellular esterases.*!
Once the ROS was presented, DCFH would react with it to
form 2',7’-dichlorofluorescein (DCF), which fluoresces green
(Figure 6a). After loading the DCFH-DA, the Au@polymer/
MB-Tf NPs and Au@polymer/MB NPs containing culture
media (12.5 ppmy,,; and 5.5 uMyy)) were incubated with
HeLa cells for 2 h, followed by irradiation for 4 min. After the
PDT treatment, fluorescence images of DCF (green) were
taken and are shown in Figure 6b. Stronger green fluorescence
of DCF was observed in Au@polymer/MB-Tf NPs and Au@
polymer/MB NPs as compared to that of free MB. There was
very weak fluorescence in the control group. To semiquantify
the DCF signals in the cells, Image] was used to analyze the
ROS generation in cells by measuring the integrated
fluorescence intensity per area of the fluorescence image. The
results are shown in Figure 6c. In comparison to the free MB
and control results, higher ROS levels were reported when
using Au@polymer/MB NPs. This implied the success of Au@
polymer NP carried MB for enhancing the PDT efficiency.
With the aid of transferrin, the Au@polymer/MB-Tf NPs
induced the highest ROS level of all the groups, indicating a
further enhancement in the PDT efficacy.

2.9. Annexin V-FITC/PI Staining. Because ROS is
essential in several vital regulatory pathways, the ROS levels
in cells are kept in balance under normal conditions. An
excessive ROS level could be fatal, owing to its character in
activating cell-cycle inhibitors and triggering cell death
pathways at high levels.**** To verify the cell death pathway,
Annexin V-FITC and PI dyes were applied to stain the
inversion of phosphatidylserine with green fluorescence and
binding into DNA with red fluorescence.** Au@polymer/MB
and Au@polymer/MB-Tf NPs (12.5 ppm,,] and 5.5 uMyp))
containing culture media were incubated with HeLa cells for 2
h, followed by fresh medium replacement and a 660 nm light
treatment. An MB group at a concentration of 5.5 #M was also
used. At 4 h/24 h post irradiation time, each group was stained
with Annexin V-FITC (green)/PI(red) dyes and monitored by
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Figure 6. Intracellular ROS generation for PDT treatment in vitro
with DCFH-DA: (a) schematic representation for the conversion of
the DCFH-DA to generate green fluorescent DCF molecule by
reacting with ROS species, (b) fluorescence images of DCF (green) in
HeLa cells incubated with Au@polymer-Tf NPs and Au@polymer/
MB NPs and pure MB after receiving 660 nm laser exposure for 4 min
(scale bar: 100 ym). (c) Integrated fluorescence intensity per area in
each group. *, P < 0.05, data are presented as mean + standard
deviation.

using fluorescence microscopy. The resulting fluorescence
images are shown in Figure 7. At 4 h after irradiation, green
fluorescence signals of Annexin V-FITC are seen in the Au@
polymer/MB and Au@polymer/MB-Tf NPs and pure MB-
treated groups (Figure 7a). A few red fluorescence spots of PI
were detected. In the reagent-free treatment, as a control group,
no obvious fluorescence signals were obtained for the cells. The
Annexin V-FITC positive/PI negative cells imply that cell
membrane inversion has occurred, which is a special character-
istic of early stage apoptosis. At 24 h post 660 nm light
treatment, the cell membranes of apoptotic cells have no
integrity (Figure 7b), allowing the PI dye to enter the cell
nuclei. Indeed, the red fluorescence of the PI could be observed
in late-stage apoptotic cells. Double-positive stained cells were
found in the Au@polymer/MB and Au@polymer/MB-Tf NPs
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Figure 7. Fluorescence images of Annexin V-FITC (green) and PI
(red) in HeLa cells incubated with Au@polymer/MB-Tf NPs and
Au@polymer/MB NPs and free MB at (A) 4 h (B) 24 h
postirradiation (a single 4 min hand-held 32 mW/ cm? laser treatment)
(scale bar: 100 ym).

and pure MB-treated groups, while no fluorescence was
detected in the control group (Figure 7b).

Lu et al. reported that free MB PSs induced a series apoptotic
process in HeLa cells upon excitation at 660 nm."" Dead cell
bodies induced from apoptotic pathway are removed by
phagocytosis without affecting neighboring healthy cells.
However, necrosis is unfavorable for normal body tissue
because it Fositively correlates with inflammatory diseases and
metastasis.”™* On the basis of DCFH-DA (Figure 6) and
Annexin V-FITC/PI (Figure 7c) staining, these images
demonstrated that using Au@polymer/MB-Tf NPs treatment
can cause an MB-dependent apoptotic cell death. However, the
PDT effects of Au@polymer/MB-Tf NPs aid antitumor
mechanism will need further justification through animal study.

3. CONCLUSION

We have developed a more effective but less harmful Au@
polymer/MB-Tf NP, consisting of a sandwich structure with a
Tf coating at the uppermost surface, a polymer/MB
intermediate layer, and an Au interior nanocore as a new
nano-object photosensitizer for PDT treatment. MB PSs
absorbed on the Au@polymer NPs were examined to improve
the dark toxicity due to a strong absorption interaction, thereby
preventing the MB from leaking out. Fluorescence examina-
tions established an emission peak at ~1270 nm from a 660 nm
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light excitation of Au@polymer/MB NPs, suggesting a
correlation of the generation of type II phototoxicity (‘O,)
with a quantum yield comparable to that of free MB PS. In vitro
studies showed that the Au@polymer/MB-Tf NPs produced
more ROS than MB alone in the cellular environment due to
the locally concentrated effect, resulting in a superior PDT
efficacy for killing HeLa cells via the apoptotic pathway.

It is worthy of mention that the Au NPs provided additional
features as multifunctional nanoagents for molecular contrast
enhancement in modern molecular imaging, such as multi-
photon imaging, SRES tag for tracking, computed tomography
(CT) enhancement, and photoacoustic imaging.ls'28 Combined
with these imaging abilities, Au@polymer/MB-Tf NPs could
act as tumor tracers, which offer a potent development for an
imaging-guided therapeutic platform.

4. EXPERIMENTAL SECTION

4.1. Materials. Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl,-3H,0) (Alfa-Aesar 36400), methylene blue (Alfa-Aesar
A18174), poly(styrene-alt-maleic acid) sodium salt solution (PSMA)
(Aldrich 662631), blue tetrazolium bromide (MTT reagent) (Alfa-
Aesar L11939), dimethyl sulfoxide (DMSO) (Scharlau SUO01SS),
Dulbecco’s Modification of Eagle’s medium—high glucose (DMEM-
HG) (Thermo Hyclon SH30003.02), phosphate buffered saline (PBS)
tablet (Sigma P4417), fetal bovine serum (FBS) (Biological 04-001-
1A), antibiotic antimycotic solution (Penicillin/Streptomycin/Ampho-
tericinf) (Biological 03-033-1B), trypsin-EDTA (Biological 03-051-
SB), 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA)
(FLUKA 75068), apo-transferrin human (Tf) (Sigma-Aldrich
TS391), 4-morpholineethanesulfonic acid (MES) hydrate (Sigma
M2933), N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide hydro-
chloride (EDC) (Fluka 03450), N-hydroxysuccinimide (NHS)
(Aldrich 130672), quantiPro BCA Assay kit (Sigma QPBCA), sodium
hydroxide (Mallinckrodt 7708—100), hydrochloric acid (Fish Scientific
231-595-7), 2',7’-dichlorofluorescin diacetate (DCFH-DA) (Sigma-
aldrich D6883), annexin V-FITC fluorescence microscopy kit (BD
Pharmingen $50911), propidium iodide staining solution (BD
Pharmingen 556463). All chemicals were used as received.

4.2. Synthesis of Au@polymer NPs. Au@polymer core—shell
NPs were synthesized according to the one-pot synthesis method that
we have developed.™ Initially, 1 mL of HAuCl, (5 mM), 7.5 mL of DI
water, and 2.5 mL of poly(styrene-alt-maleic acid) sodium salt
(PSMA) solution (24 mg/mL) were introduced into a 23 mL Teflon-
lined stainless steel autoclave. The reactor was kept in a circulator oven
(DENG YNG) at 200 °C. After 6 h, the redox reaction was completed.
The solution was centrifuged at 11000 rpm for 10 min. The
supernatant was removed, and the pellet was resuspended with 4 mL
of DI water. The solution was centrifuged again at 11000 rpm for 10
min, and the supernatant was removed before the pellet was
resuspended with DI water. The final concentration of Au NPs was
adjusted to 500 ppmy,) for further use, based on the atomic
absorption spectroscopy measurements.

4.3. Preparation of Au@polymer/MB NPs. Au@polymer/MB
NPs were prepared by setting up several groups of solutions
containing 0.1 mL of AuNP solution (~550 ppm), 1 mL of DI
water, and 0/4/8/12/24/48/80 uL of MB (0.5 mM). Each group was
kept at room temperature and in the dark. After the solution was
mixed overnight during the MB adsorption, the products were purified
by centrifugation and redispersion processes. UV—visible measure-
ments indicated that no detectable absorption signals were obtained
from the first supernatant of the loading of 0—48 yL of MB (0.5 mM).
Subsequently, each group was redispersed in 1.1 mL of H,O solution.
The final concentration of [Au] was ~50 ppm, and the concentration
of MB in each group was estimated to be ~0/1.8/3.6/5.5/11/22 uM,
respectively. Control groups containing pure MB with the same
concentrations as above were also prepared.

4.4. Optical Characterization of Au@polymer/MB NPs. To
observe the optical behaviors of the Au@polymer/MB NPs that were
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prepared at different concentrations, we centrifuged the solutions of
each group at 11000 rpm for 10 min to separate the nonadsorbed MB.
The supernatants were collected, and the pellet was resuspended in 1
mL of DI water. The collected supernatants containing the
nonadsorbed MB were centrifuged again at 13000 rpm for 20 min
to remove the remaining Au@polymer NPs, after which the
supernatants were collected again. The UV—visible absorption spectra
of each group were recorded by a UV—visible spectrometer. The
loading amount of MB on the Au@polymer NPs was determined by
using Lambert—Beer’s Law to compare the absorbance at a wavelength
of 660 nm for each collected supernatant and corresponding control
group.

In a saturation absorption condition through a complete reaction of
~50 ppmp,,) Au@polymer NPs solution with a 22 yM MB
concentration, the loading amount of MB on the Au@polymer NPs
was calculated to be 0.0024 ymol. The total amount of the Au@
polymer NPs in this solution was measured to be 8.138 X 10™'* mole
by assuming uniform spherical morphology with a mean diameter of
21.46 nm and a density of 19.3 g/ cm?®. Thus, it can be estimated that
an average of 29490 MB molecules was attached on a single Au@
polymer NP.

4.5. Stability Tests of the Au@polymer/MB NPs. An Au@
polymer/MB NPs solution at 22 4uM of MB concentration (~50 ppm
[au]) Was used in this test. The solution was kept at room temperature
and in the dark. We centrifuged the solution (0.1 mL) at 11000 rpm
for 10 min. The supernatants that contained the released MB were
collected after 1/4/7/14 days. The UV—visible absorption spectra of
the supernatant at each time point were recorded using a UV—visible
spectrometer. The amount of MB leaking out of the Au@polymer/MB
NPs was quantified using the Beer—Lambert Law. Fresh Au@
polymer/MB NPs were also prepared after centrifugation and were
resuspended in 0.1 mL of DI water and phosphate buffered saline
(PBS). After 1/4/7/14 days of incubation time, the as-obtained
samples were characterized with a UV—visible spectrometer.

4.6. ROS Generation Test: ABDA Method. Initially, 0.2 mg
ABDA was dispersed in 0.1 mL dimethyl sulfoxide (DMSO). Next,
ABDA solution was diluted with DI water, followed by mixing with
different doses of samples. Final concentrations of ABDA in each
group were 0.1 mg/mL reacted with ~50 ppmy,,; of Au@polymer/
MB NPs including [MB] concentrations at 11 gM and 22 uM. To
verify the effect of [Au] on ROS generation, the two above groups
were diluted 4-fold to prepare a 12.5 ppmy,,) of Au@polymer/MB
NPs solution including MB concentrations at 2.7 and 5.5 uM. Free
MB groups that contained pure MB with the same above
concentrations were also prepared. A 96-well plate was used with
each well containing 0.2 mL solution of each group, followed by an
exposure to a 660 nm laser (7S mW) for 4/10/20/30 min,
respectively. Then absorbance at a wavelength of 380 nm at different
time points was recorded by a microplate reader (Awareness
Technology). The whole process was done without light exposure.

4.7. Cell Culture. 3T3 fibroblast cells (National Taiwan University,
Department of Medical Engineering) and HeLa cells (National
Taiwan University, Department of Plant Pathology and Microbiology)
were cultured in DMEM-HG culture medium. Cell culture began with
a cell seeding density of about 3 X 10* cells/cm? on a 10 cm culture
dish at 37 °C, 5% CO,. After confluency was reached, the cells were
cultured with trypsin-EDTA for 4 min at 37 °C to detach the cells
from the culture dish. To stop the enzyme reaction, culture medium
was added to the dish. The suspended cells were counted using a
hemocytometer; cells were stained with trypan blue to test cell
viability. After trypsinization, the cells were collected for further
experiments.

4.8. In Vitro Cell Toxicity Test. We tested cell viability with Au@
polymer/MB NPs seeding HeLa cells at a density of S000 per well in a
96-well plate. After 1 day of incubation, we dispersed the Au@
polymer/MB NPs (11 and 22 uM of [MB] adsorbed) in culture media
and then added 100 L (~50 ppm [4,)) to each well to replace the
original culture medium. Approximately 12.5 ppmp,, of Au@
polymer/MB NPs, including 2.7 puMpp; and 5.5 puMpg), were
prepared by diluting the above particle samples four times in a parallel
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experiment. As a control, we used an MB containing medium with the
same concentration. In the PDT treatment, after individual samples
were introduced for 2 h, we applied a 660 nm light (32 mW/cm?) to
each well for 4 min, containing the original media without a fresh
medium as a substitute. The PDT-treated cells were then kept in the
incubator for 1 day, again followed by an MTT assay. In the dark
toxicity group (without laser treatment), the particle-treated cells were
kept in an incubator for 1 day followed by an MTT assay. Cell viability
was reported as a percentage, a ratio between the treated groups and
the control group (without particle and laser treatment).

To understand the cell specificity, we carried out HeLa, A549 cell
(human lung adenocarcinoma epithelial cell line), and HT1080 cell
(fibrosarcoma cell line) incubated with Au@polymer/MB NPs (12.5
PP, and 5.5 uMyp)) and free MB (5.5 uMyp) for 2 h. Next,
PDT (exposure to a 660 nm light for 4 min) treatment was applied.
The cell viability was determined by utilizing the MTT assay.

4.9. Transferrin Grafting on Au@polymer NPs. To bind
transferrin (Tf) on Au@polymer NPs, we diluted AuNP solution
(~500 ppm) 10-fold in 0.45 mL of MES buffer (100 mM, pH= $.5) to
activate the carboxylate groups at the PSMA structure. Subsequently,
10 pL of N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide hydro-
chloride (EDC, 100 mM) and 25 uL of N-hydroxysuccinimide (NHS,
100 mM) solutions were added to the solution. After 30 min, the
activated Au@polymer NP solution was centrifuged at 13000 rpm for
20 min at 4 °C to remove excess EDC/NHS and the particles were
resuspended in 0.5 mL of PBS. Finally, the Au@polymer NP solution
was mixed with 0.5 mL of the apo-transferrin human solution (60 g/
mL) for a substitution reaction overnight at room temperature.35 The
particles were then separated from the excess Tf by centrifugation at
13000 rpm for 20 min at 4 °C and resuspended in 0.5 mL of DI water
as a Au@polymer-Tf NP solution (~S50 ppm). The supernatant that
contained excess Tf was collected. The nonconjugated material in the
supernatant was quantified by a BCA assay (Figure S2, Supporting
Information). The amount of the grafted transferrin was then
determined.

4.10. Cellular Uptake Quantification. To compare the cell
targeting selectivity between cancer cells and nonmalignant cells, HeLa
cells and 3T3 fibroblasts (p13) were chosen for our work. HeLa cells/
3T3 fibroblasts were seeded at a seeding density of S000 per well in a
96-well plate. After the plate was cultured for 1 day, we dispersed the
Au@polymer-Tf NPs/Au@polymer NPs in culture mediums (~12.5
ppm) and then added 100 uL to each well to replace the original
medium. After the particles were introduced for 2 h, each well was
washed twice with PBS to remove the free particles. Subsequently, 150
UL of DMSO was introduced to each well to lyse the cells and to
release the particles uptaken by the cells. The solution was collected
and 70 uL of the solution was be mixed with 130 yL NaOH solution
(8 mM) to dissolve the PSMA layer of the particle. After 1 h, 1.8 mL
of 4.5 M HCI solution was applied to digest the particles into smaller
sizes for further measurement. Finally, the cellular uptake amount was
quantified by an atomic analyzer (AA, PerkinElmer). To normalize the
slight difference between concentrations of Au@polymer-Tf NPs and
Au@polymer NPs, cellular uptake amounts were divided by the
amount we initially introduced in the culture medium and reported as
a percentage.

4.11. Intracellular ROS Generation Monitoring: DCFH-DA
staining. To detect ROS generation in vitro, we prepared 10 mM
2/,7’-dichlorofluorescin diacetate (DCFH-DA) solution in DMSO and
diluted it 10-fold with PBS buffer as 1 mM stock. Next, a DCFH-DA
stock solution was mixed with PBS at a ratio of 2:98 as a working
solution (20 M) for further use. We cultured HeLa cells at a seeding
density of 50000 cells (1 mL) in one well (10.7 X 9.4 mm) of the
chamber slide for 1 day. The cells were incubated with 1 mL of
working solution for 30 min for DCFH-DA uptake and then washed
once with PBS to remove excess DCFH-DA. After the DCFH-DA
loading, 1 mL of Au@polymer/MB NPs and Au@polymer/MB-Tf
NPs containing medium (~12.5 ppm [Au] and 5.5 M) was
added. A free MB-containing medium at 5.5 uM was also used as a
control. After 2 h of incubation, the particle containing medium was
removed, and the slide was washed and rinsed with PBS. Each group
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received PDT (by applying a 660 nm laser for 4 min) and was
monitored by a fluorescence microscope (Nikon) to detect ROS
generation. The intensity of fluorescence staining on intracellular ROS
was analyzed with Image] 148 software. The integrated green
fluorescence in each sample was available after deducting by
background fluorescence from the background. The integrated
fluorescence intensity was calculated based on 50 cells.

4.12. Cancer Cell Targeting Effect on PDT. Similar to the in
vitro cell toxicity test, we tested cell viability with Au@polymer-Tf NPs
and MB NPs/Au@polymer/MB NPs by using HeLa cells. Au@
polymer/MB-Tf NPs and Au@polymer/MB NPs were added into
culture media (12.5 ppmpy,; and 5.5 uMpyg)). A medium group
containing only MB (22 uM) was also used as a control. Next, 100 uL
of the particle containing medium was added to each well. To verify
the influence of the transferrin conjugation on the therapeutic
efficiency, we replaced the particle containing medium with a fresh
one after the particles were incubated with the cells for 2 h. PDT
(applied by a 660 nm laser for 4 min)/dark (without laser application)
treatments were carried out. After 1 day of incubation, the cell viability
was measured by an MTT assay. Cell viability was reported as a
percentage calculated as a ratio between the treated groups and the
control group (without particles and laser treatment).

4.13. Annexin V-FITC/PI Staining. HeLa cells incubated with
Au@polymer/MB-Tf NPs and Au@polymer/MB NPs underwent
PDT treatment and were monitored. We cultured HeLa cells at a
seeding density of 50 000 per mL on a microscope slide (total 1 mL)
for 1 day. These cells were then incubated with the particles. After 2 h
of incubation with 1 mL of Au@polymer/MB-Tf NPs and the Au@
polymer/MB NPs containing medium (~12.5 ppm [4,] and 5.5 uM of
[MB] adsorbed), the medium was replaced with fresh media. The
medium group containing only MB (5.5 uM) was also used as a
control. Next, PDT (exposure to a 660 nm laser for 4 min) treatment
was applied. To detect early stage apoptosis and necrosis, all cells were
stained by Annexin V—fluorescein isothiocyanate (Annexin V-FITC)/
propidium iodide (PI) for 15 min. Fluorescence images of HeLa cells
at 4 and 24 h post-treatment were taken by a fluorescence microscope
(Nikon). For these cells, membrane inversion was detected by
Annexin V-FITC (green) and the subsequent membrane rupture was
verified by PI (red)."!

4.14. Characterization. The structure and optical property of
Au@polymer NPs were characterized by transmission electron
microscopy (TEM, JEOL), multipurpose X-ray thin-film diffractom-
eter (XRD, Rigaku), UV—vis spectrophotometer (8452A; Hewlett-
Packard Company, Palo Alto, CA), and zetasizer analyzer (Malvern
Instruments, Malvern, UK).

4.15. Statistical Analysis. All data are expressed as means +
standard deviation. Comparison of different groups was determined
using Student’s t-test and significant difference was assumed at P-value
<0.0S. The statistical data was analyzed using SigmaPlot 10.0 (Systat
Software, San Jose, CA).
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