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Introduction

Exploiting the protein corona around gold
nanorods for low-dose combined photothermal
and photodynamic therapyt

Eugenia Li Ling Yeo,? Joshua U-Jin Cheah,® Dawn Jing Hui Neo,® Wah Ing Goh,”
Pakorn Kanchanawong,® Khee Chee Soo,° Patricia Soo Ping Thong® and
James Chen Yong Kah**“

A nanodevice comprising human serum (HS) protein corona coated gold nanorods (NRs) has been
developed to perform both photothermal therapy (PTT) and photodynamic therapy (PDT) simultaneously
at a very low dose under irradiation by a single laser. Here, we exploit the protein corona to load a
photosensitizer, chlorin e6 (Ce6), to form NR-HS-Ce6, whose excitation wavelength matches with the
longitudinal surface plasmon resonance (LSPR) of NRs. When excited by a single laser, the NRs caused
photothermal ablation of cancer cells while Ce6 simultaneously produced reactive oxygen species (ROS)
to kill cancer cells through oxidative stress in PDT. We found that the protein corona did not affect the
photothermal heating of NRs and observed more than 5-fold increase in ROS generation when Ce6 was
loaded on NR-HS compared to free HS-Ce6 dissolved in HS. The uptake of Ce6 by Cal 27 oral
squamous cell carcinoma (OSCC) cells also increased 57-fold when loaded on NR-HS compared to free
HS-Ce6. While both PDT and PTT have established modest success in reducing cancer cell viability on
their own, we have shown that the combined therapy can achieve near complete eradication (95.2% cell
kill) of cancer cells even at an extremely low dose of 50 pM of NR-HS-Ce6 containing an equivalent of
7.67 ng mL™* Au and 4.83 nM Ce6. This near complete cell kill at such a low dose has not been
reported previously. The advantages of this nanoscale delivery system showcase the application of
protein corona in cancer treatment instead of considering it as an undesirable biological artefact.

of exogenous photosensitizers and chromophores that are optically
excited to generate reactive oxygen species (ROS) and heat
respectively. While the cytotoxic ROS comprising free radicals

The concept of multimodal cancer therapy combining two or
more therapeutic modalities has shown to be more effective in
treating cancer than a single modality."™ This concept has
recently been extended to combine photothermal therapy (PTT)
and photodynamic therapy (PDT) into a single treatment
regime,>® and has achieved better outcomes compared to
individual treatment.'® Both PDT and PTT involve the delivery
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or singlet oxygen is able to destroy tumor tissue by damaging
their vasculature in an oxygen-dependent process,'*'® the heat
from PTT ablates the tumor in an oxygen-independent process."®

Early PTT chromophores comprising mostly of organic dyes
with modest optical absorption’”'® have been increasingly
replaced by nanoparticulate absorbers with higher photothermal
conversion efficiency.'** These include gold nanoparticles
(NPs),>*?*2> carbon nanotubes***” and graphene,”"*® which
also have widely recognized biocompatibility.

The PDT photosensitizers also showed improved quantum
yield with successive generations. However, despite promising
therapeutic outcomes in vitro and in vivo with improved exogenous
agents, none of these studies achieved complete or near-complete
eradication of cancer cells, thus leading to common cancer
recurrence.”*°

Recent advances combining PDT and PTT involve an integrated
nanoscale delivery system that allows the loaded exogenous agents
to undergo passive targeting to tumors through the enhanced
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permeability and retention (EPR) effect.
can function either solely as a drug delivery vector®® or double
up as a photothermal agent in itself.> 334736

An efficient and effective combination of PDT and PTT
should require a single optical excitation to simultaneously
excite both the photosensitizer and the photothermal agent.
This would avoid multiple lasers or excitation sources in the
clinic. Unfortunately, the choice of photosensitizers and photo-
thermal agents with a common excitation wavelength is limited,
leading several groups to be content with multiple excitation
Sources‘5,9,12,34736

Several groups have sought to overcome this limitation by
loading photosensitizers on NPs with coinciding excitation
wavelengths for simultaneous PDT and PTT excitation. While
the combined PDT and PTT have led to increased therapeutic
efficacy, high photosensitizer concentrations between 1 and
30 uM were co-delivered with the NPs to achieve >90% cell
kill.”»#343%3774¢ Hence, the benefit offered by combined PDT
and PTT over PDT alone was marginal. To date, a combined
PDT and PTT capable of achieving >90% cell kill with both
photosensitizer and photothermal agent concentrations in the
pM or nM range has not been reported.

Furthermore, as with all nanoscale systems introduced
in vivo, these nanoscale delivery systems suffer from undesirable,
yet unavoidable formation of protein corona around the NPs.
This affects their physicochemical properties and consequently
their biological response.””>° While recent studies have shown
that NPs lose their active targeting ability with the protein
corona,”"*? little is known about its effect on heat transfer from
the photothermal agent.

We have recently shown that the “undesirable” protein corona
can be exploited for various biomedical applications,**”* including
a carrier for loading and triggered release of small molecules.” The
passive release profile can also be tuned by a complex interplay of
corona proteins.”® With its endogenous nature, such a carrier
presents a biocompatible and non-immunogenic facade that could
minimize an undesirable immune response. This in turn could
lead to reduced blood clearance by the immune system, giving
improved tumor accumulation and therapeutic efficacy.””

Here, we build on our previous work by exploiting the
protein corona formed from human serum (HS) around gold
nanorods (NRs) to load a clinically approved second generation
hydrophobic photosensitizer Chlorin e6 (Ce6)’® to form a
nanodevice NR-HS-Ce6 capable of simultaneous PTT and PDT
under single optical excitation (see the table of contents graphic).
We achieve this by tuning the longitudinal surface plasmon
resonance (LSPR) of photothermal NRs>® to match the excitation
Q-band of Ce6>®" at 665 nm. This near infrared (NIR) wavelength
also provides for deeper optical penetration in tissue to reach sub-
epithelial tumor tissue.®

The protein corona did not affect the photothermal heating
of NRs. The novel approach of utilizing the protein corona to load
photosensitizers onto NRs also resulted in a plasmon enhanced
5-fold increase in ROS generation, coupled with a significant
increase in the uptake of Ce6 in Cal 27 oral squamous cell
carcinoma (OSCC) cell lines from Ce6 loaded on NR-HS compared
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to free Ce6 dissolved in HS. These allowed NR-HS-Ce6 to achieve
near-complete cancer cell kill at an extremely low dose of 50 pM
NR loaded with an extremely low dose of 4.83 nM Ce6. In other
studies performing PDT and PTT using low NP concentration in
the nM range, high photosensitizer concentrations between 1 to
30 uM had to be co-delivered with the NPs to achieve >90% cell
kill.”#343%3774¢ 7 our knowledge, none of these studies achieved
the near complete eradication of cancer cells using photo-
sensitizers loaded in the nM concentration range on a potentially
less immunogenic protein corona construct as we have shown in
this study.

Materials and methods

All reagents were purchased from Sigma-Aldrich unless specified
otherwise. Milli-Q water with a resistivity of 18.2 MQ cm was
used for all experiments.

Synthesis of NR-CTAB

The synthesis of NRs coated with a hexadecyltrimethylammonium
bromide (CTAB) ligand (NR-CTAB) was adapted from a previously
established seed-mediated method.*® Briefly, 250 pL of 10 mM
chloroauric acid was added to 9.75 mL of 100 mM CTAB under
constant stirring at 27 °C. 600 pL of ice-cold 10 mM sodium
borohydride was then added to the mixture and stirred for 1 h to
form gold nanosphere seed solution. To synthesize NR-CTAB with a
LSPR at 665 nm, a separate 4.75 mL of 100 mM CTAB was
prepared, to which 250 pL of 10 mM chloroauric acid, 50 pL of
10 mM silver nitrate, 31 pL of 10 mM ascorbic acid and 6 pL of the
seed solution were added in the given order. The mixture was
swirled following the addition of each reagent to ensure thorough
mixing. After the final addition of the seed solution, the mixture
was left in the dark at 27 °C for 4 h to form NR-CTAB. The NR-CTAB
colloid was centrifuged at 7000 rpm for 15 min, redispersed in
Milli-Q water, and stored at room temperature before further
experiments.

Formation of HS corona around NRs and loading of Ce6

Ce6 (Frontier Scientific, USA) has poor aqueous solubility,
forming large brown-black aggregates in water due to its high
hydrophobicity.*® However, Ce6 dissolved well in HS under
sonication to form a clear, dark green 2 mM Ce6 stock solution
in HS. The Ce6 stock solution was then further diluted in
phosphate buffer (10 mM PhB, pH 7.0) to give a 1 mM Ce6
solution in HS.

To prepare NR-HS-Ce6, 1 mL of 0.5 nM as-synthesized
NR-CTAB was centrifuged at 7000 rpm for 15 min, before
1 mL of 1 mM Ce6 solution in HS was added to the soft pellet.
The mixture was left to incubate at 37 °C for 20 h to allow the
spontaneous formation of HS protein corona around the NRs
and simultaneous loading of Ce6. The NR-HS-Ce6 was then
purified by repeated centrifugation three times at 6000 rpm for
20 min to remove excess HS and Ce6, before re-dispersion in
5 mM PhB buffer or serum-free medium for subsequent
experiments.
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Characterization of NR-CTAB and NR-HS-Ce6

The optical properties of NR-CTAB and NR-HS-Ce6 were char-
acterized by UV-Vis spectroscopy (Multiskan™ GO, Thermo
Scientific, USA). Their zeta potential ({) and hydrodynamic
diameter (Dy;) measurements were acquired using a Zetasizer
(Nano ZS, Malvern, UK) at 25 °C while their morphology was
characterized using transmission electron microscopy (TEM)
(JEM-1220, JEOL Ltd, Japan). The concentration of NRs was
determined from the UV-Vis spectrum and known extinction
coefficients.>

Quantifying Ce6 in NR-HS-Ce6

The use of Ce6 absorbance for quantification was not possible due
to interfering absorption by NRs. Furthermore, Ce6 absorbance was
negligible at concentrations <100 nM (see the ESL{ Fig. Sla).
Direct Ce6 fluorescence measurement from NR-HS-Ce6 against free
Ce6 concentration calibration was also not possible due to the
quenching of Ce6 fluorescence when loaded onto NR-HS. Here, we
quantify the amount of loaded Ce6 by measuring the Ce6 fluores-
cence (Jex//em = 405/665 nm) in NR-HS-Ce6 against calibrating
standards of different Ce6 concentrations in a fixed concentration
of 0.5 nM NRs. To account for the quenching, we prepared a
separate Ce6 concentration calibration curve in the absence of NRs
by diluting 1 mM Ce6 solution in HS with 5 mM PhB. Ce6
fluorescence was measured using Tecan Safire® (Tecan Group
Ltd, Switzerland) with Aeycitation = 405 nm (bandwidth of 20 nm)
and Aemission = 665 nm (bandwidth of 20 nm).

From the two sets of linear Ce6 concentration calibration
curves (see the ESL T Fig. S1b), we determined the percentage
fluorescence quenching at various Ce6 concentrations as fol-
lows,

Percentage fluorescence quenching

_ Flfree Ce6 — FlCeé in NR-HS-Ce6 % 100%

Flfree Ce6

From this, we showed that for Ce6 concentration at 10 uM and
below, an average of 42.8 + 1.0% of Ce6 fluorescence was
consistently quenched in the presence of NR-HS-Ce6 (see the
ESI,t Fig. S1c). Since the range of Ce6 concentrations used in
subsequent experiments do not exceed 500 nM and fall within
the range with consistent 42.8% quenching, this was used to
correct for quenching when Ce6 fluorescence was measured
directly from NR-HS-Ce6 to quantify the amount of Ce6 loaded
on each NR-HS-Ce6.

We also quantified the amount of loaded Ce6 in NR-HS-Ce6
using high performance liquid chromatography in tandem with
mass spectrometry (HPLC-MS) to verify the Ce6 quantification
obtained from fluorescence. HPLC analysis was performed
using Dionex UltiMate 3000 (Thermo Scientific, US) equipped
with an autoinjector. Chromatographic separations of Ce6 from
NR-HS were performed on a 50 mm x 2.1 mm ZORBAX Eclipse
XDB-C18 column (50 mm X 2.1 mm internal diameter, 3.5 pm
particle size) (Agilent, US). NR-HS-Ce6 samples were injected in
10 mM ammonium acetate in water and calibrating standards
of different Ce6 concentrations were injected in 10 mM
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ammonium acetate in 50% methanol. Gradient elution was
carried out using mobile phases A (10 mM ammonium acetate
in water) and B (10 mM ammonium acetate in 95% methanol)
at a flow rate of 0.4 mL min " with the column temperature
maintained at 25 °C. The following gradient scheme was used:
10% B for 0.5 min, 10-100% B in 2.5 min, 100% B for 3 min,
100-10% B in 0.5 min, and 10% B for 3 min.

Mass spectrometry was performed in tandem with HPLC
using a triple quadrupole/linear ion trap system (AB SCIEX
QTRAP® 5500 System, Applied Biosystems, US) equipped with
an electrospray ionization (ESI) interface in the negative ioniza-
tion mode for multiple reaction monitoring of Ce6 molecular
ions (m/z = 595.3) and two main daughter fragments (m/z =
507.4, 551.4). Thus, quantification of Ce6 in NR-HS-Ce6 was
performed by measuring the peak intensity of the daughter
fragment peaks against calibrating standards of different Ce6
concentrations.

Photothermal heating and ROS production of NR-HS-Ce6 in
buffer

We irradiated 200 uL of 0.5 nM NR-HS-Ce6 in a 96-well plate
with a 665 nm continuous wave (CW) laser (Photonitech,
Singapore) at 500 mW cm™ > using an optical fiber to deliver
the light dose directly above the plate for 15 min with a laser
spot size of 12.57 mm?, giving a total energy dose of 56.6 J. The
temperature of the colloid in 5 mM PhB buffer was measured at
1 min intervals using a thermocouple probe (Fluke, USA). The
sample volume, laser power and NR-HS-Ce6 concentration were
varied, one parameter at a time, while keeping the remaining
parameters constant at the above-stated values, and the tem-
perature increase was measured.

We determined the ROS production of NR-HS-Ce6 in buffer
by adding 0.8 puL of 5 mM 3'-(p-aminophenyl) fluorescein (APF)
(Invitrogen, USA) to 200 pL of 0.5 nM NR-HS-Ce6 in a 96-well
plate before irradiation with a 665 nm CW laser at 250 mW cm 2
for 15 min (Total energy = 28.3 J). APF is a probe that reacts with
ROS to produce a green fluorescence (/gy/Agm = 490/515 nm).
Following irradiation, the samples were transferred to 1.5 mL tubes
and centrifuged at 12 000 rpm for 15 min to remove the NR-HS-
Ce6, and 150 pL of the supernatants were then transferred to a
black 96-well plate for measuring APF fluorescence (Safire?, Tecan,
Switzerland). Changes in ROS production by varying laser
power and NR-HS-Ce6 concentration were characterized.

In both studies, NR-CTAB, 5 mM PhB alone, and free Ce6
dissolved in HS (HS-Ce6) at concentrations equivalent to that
loaded on NRs (as determined from the Ce6-to-NR ratio earlier)
served as controls and were subjected to the same irradiation
and measurement conditions.

Cell culture

Cal 27 oral squamous cell carcinoma (OSCC) cells (ATCC, USA)
were maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS) (GE Healthcare, UK), 1% non-essential
amino acids (Gibco, USA), 100 U mL™" penicillin-streptomycin
(Gibco, USA) and 1% sodium pyruvate (Gibco, USA), and incubated
at 37 °C in a humidified atmosphere with 5% CO,.

This journal is © The Royal Society of Chemistry 2017
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Cell uptake of NR-HS-Ce6

We examined the cell uptake of NR-HS-Ce6 and free Ce6
dissolved in HS (HS-Ce6) using flow cytometry and fluorescence
microscopy under varying dose concentrations and dosing
times. Cal 27 cells were seeded at a density of ~6 x 10> cells
per well either on a clean coverslip placed in a 6-well plate for
fluorescence microscopy or directly on empty 6-well plates for
flow cytometry. After 24 h of cell adhesion, the cells were dosed
with varying concentrations of NR-HS-Ce6, NR-HS and free HS-
Ce6 in serum-free medium for 6 h in a dose-dependent cell
uptake study. The cells were then rinsed twice with PBS to
remove excess NRs and Ce6 not taken up by cells.

For flow cytometry, cells were trypsinized and transferred to a
glass tube where the Ce6 fluorescence in cells was acquired with
a FACSCanto flow cytometer using FACSDiva software (Becton,
Dickinson, USA). The data were then analysed based on at least
1.5 x 10" cells using FlowJo version 7.2.2 (Flow]Jo, USA).

For fluorescence microscopy, cells on coverslips were fixed
by 3.7% formaldehyde in PBS for 15 min. The cells were rinsed
twice with PBS before the nuclei were stained with 4’,6-diamidino-
2-phenylindole dihydrochloride (DAPI) (Invitrogen, USA). The cells
were then rinsed twice with PBS again before being mounted on
glass slides with VECTASHIELD® Mounting Medium (Vector
Laboratories, USA). Cellular images were acquired using a Nikon
Eclipse Ti-E inverted fluorescence microscope (Nikon Instruments,
Japan) equipped with a sCMOS camera (Orca Flash 4.0,
Hamamatsu Photonics, Japan). An oil immersion objective
(CFI Apo TIRF 60x, N.A. 1.49) was used for imaging.

Therapeutic efficacy of NR-HS-Ce6

We examined the cell viability of Cal 27 cells after combined PDT
and PTT with NR-HS-Ce6 in vitro. Cal 27 cells were seeded in a
96-well plate at a density of 2.7 x 10 cells per well and left for 24 h
at 37 °C to allow cell adhesion. In a dose-dependent study, the cells
were then dosed with NR-HS-Ce6, NR-HS and free Ce6 dissolved in
HS (HS-Ce6) in serum-free medium for 6 h at varying concentra-
tions up to 0.2 nM NRs, or an equivalent of 11 nM Ce6 based on the
amount of Ce6 loaded onto NR-HS. The cells were rinsed twice with
PBS (Gibco, USA) before placing them in fresh serum-free medium
and irradiated with a 665 nm CW laser at 250 mW cm > for 15 min
(Total energy dose = 28.3 ]). After irradiation, the cells were left to
incubate at 37 °C for another 24 h before the cell viability was
assessed using CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, USA). Dark toxicities of NR-HS-Ce6, NR-HS and free
HS-Ce6 were also evaluated by dosing cells with the same concen-
tration range for 6 h, and then assessing their viability after leaving
them in the dark without any irradiation.

Results and discussion
Synthesis and characterization of NR-HS-Ce6

Isolated and monodispersed NR-CTAB with dimensions of
46.5 + 1.2 nm by 19.0 + 0.7 nm (aspect ratio = 2.45 + 0.11)
as measured from TEM (Fig. 1A) and a LSPR peak at 658.4 +
2.2 nm (Fig. 1B) were obtained using established protocols.**

This journal is © The Royal Society of Chemistry 2017
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This peak wavelength matches with the 665 nm excitation
Q-band of Ce6 (Fig. 1E), which allows simultaneous excitation
of both NRs and Ce6 by a single 665 nm laser. The hydrodynamic
diameter (Dy) measured by DLS showed the presence of two
peaks, typical of gold NRs.**®® Unlike TEM, the hydrodynamic
diameter measurements were not equivalent to actual particle
sizes. Instead, the smaller peak signified that the rotational
diffusion coefficient of the NRs was equal to the translational
diffusion coefficient of a spherical gold NP with Dy = 4.8 +
0.3 nm, while the larger peak was indicative of the NRs having
the same translational diffusion coefficient as a spherical gold
NP with Dy; = 57.4 + 0.2 nm (Fig. 1C).

The TEM images showed little aggregation of NR-HS-Ce6
after the formation of the HS protein corona and loading with
Ce6 (Fig. 1D), see ESIT Fig. S2 for additional images taken at
lower magnification), and dimensions of NR-HS-Ce6 (46.5 +
1.4 nm by 19.1 £ 0.2 nm, aspect ratio = 2.43 + 0.07) were
unaffected. The LSPR peak remained largely unchanged at
AspR peak = 657.3 & 2.4 nm (Fig. 1E). As a red shift in wavelength
is generally attributed to the aggregation of NRs, the negligible
change in the LSPR peak was an expected result with our stable
and isolated NR-HS-Ce6. The colloidal stability of NR-HS-Ce6
is important as aggregation would affect its cell uptake and
therapeutic efficacy.®®

However, the Dy for both peaks in DLS increased to 17.2 +
0.7 nm and 93.0 £ 3.1 nm for the smaller and larger peaks
respectively (Fig. 1F). This was attributed to the non-specific
adsorption of HS protein corona around NRs and loading
of Ce6 which caused both their rotational and translational
diffusion coefficients to mimic that of larger sized gold nano-
spheres. Here, the final Dy of NR-HS-Ce6 would affect its
biodistribution and tumor selectivity in vivo.

In general, nanoparticles are able to passively target and
accumulate in tumors due to the EPR effect arising from a leaky
tumor vasculature and impaired lymphatic drainage.***”*® In
particular, Perrault et al. showed that larger nanospheres
between 60 and 100 nm accumulate better in tumors compared
to smaller nanospheres,* probably due to reduced renal clearance
and longer blood halflife for tumor accumulation.”® Therefore,
with the protein corona formation, we can expect NR-HS-Ce6 with a
Dy; of 93.0 nm to accumulate efficiently in tumors.

Furthermore, the non-specific adsorption of negatively
charged HS protein corona and Ce6”" on the positively charged
CTAB capped NR surface also caused the zeta potential of
NR-CTAB to flip from { = +41.6 £+ 0.6 mV to —19.4 £ 0.2 mV
for NR-HS-Ce6 (Fig. 1G). This is similar to the zeta potential of
the HS solution ({ = —18.2 + 0.4 mV), and is consistent with
observations by others where protein binding to nanoparticles
causes a change in the zeta potential to ~—20 mV due to the
protein corona, regardless of the initial charge of the nano-
particles.”>”3

The charge stabilization allowed NR-HS-Ce6 to maintain
high colloidal stability in serum-free medium over prolonged
periods, with the absorption intensity of the LSPR peak decreas-
ing by only 5.80% after 6 h (Fig. 1h). Therefore, the NR-HS-Ce6
remained stable as we dosed cells with NR-HS-Ce6 for 6 h
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Fig. 1 Characterization of as-synthesized NR-CTAB showing the (A) TEM micrograph, (B) UV-Vis absorption spectrum, and (C) hydrodynamic diameter
(Dy) distribution measured by dynamic light scattering (DLS). Upon human serum (HS) protein corona formation on NR-CTAB and Ce6 loading to form
NR-HS-Ce6, the (D) NR-HS-Ce6 remained colloidally stable under the TEM, their (E) UV-Vis peak absorption remained largely unchanged and
overlapped with the excitation and emission spectra of Ce6. (F) DLS showed an increase in Dy of NR-HS-Ce6 compared to NR-CTAB, signifying a
corresponding increase in both rotational and translational diffusion coefficients of NR-HS-Ce6. (G) The zeta potential measurements also showed a flip
in the positive charge of NR-CTAB to negative charge of NR-HS-Ce6 to confirm the formation of protein corona. (H) Peak absorption intensity of NR-
HS-Ce6 in serum-free medium decreased slowly with time, demonstrating the high colloidal stability of NR-HS-Ce6.

in vitro, with minimal aggregation that would affect cell uptake
throughout the dose duration. The absorbance intensity con-
tinued to decrease slowly over time, with a total decrease of only
17.8% over 48 h.

Ce6 loading on NR-HS-Ce6

The protein corona formation occurred simultaneously with Ce6
loading. Here, the HS protein corona behaved like a “sponge” to
hold the Ce6 payload, which was responsible for the PDT efficacy of
NR-HS-Ce6. In fact, certain proteins in HS are endogenous trans-
port proteins for small drugs or biomolecules e.g human serum
albumin (HSA)™*”® and lipoproteins.”””® The hydrophobic Ce6
was formulated in HS which served as a versatile drug carrier to
form soluble and stable self-assembled complexes through strong
hydrophobic interactions between Ce6 molecules and hydrophobic
domains in HSA,”® similar to the interactions with the apoli-
poprotein matrix of lipoproteins, or the incorporation of drugs
into the hydrophobic lipid core of lipoproteins.””"”%5°

To quantify the amount of Ce6 loaded on each NR-HS-Ce6,
we initially attempted to measure the absorbance of the Ce6
peak at 405 nm.*’ %81 However, this was not sufficiently
sensitive as the absorbance Ce6 was negligible at concentra-
tions below 100 nM (ESI,+ Fig. S1a), and the absorbance of NRs
interfered with that of Ce6. Therefore, no Ce6 peak was visible

258 | J Mater. Chem. B, 2017, 5, 254268

in the absorbance spectrum of NR-HS-Ce6 after three centrifugal
washes to remove unbound Ce6 (Fig. 1E).

The fluorescence of Ce6 was therefore used to quantify the
amount loaded although fluorescence quenching by NRs likely
occurred (See the ESL Fig. Sib), as was observed by others
previously.**?7?%%381 Uging the two linear concentration
calibration curves of Ce6 in buffer and NR-HS-Ce6 respectively,
we were able to correct for the fluorescence quenching (see
Materials and methods). We determined ~96.6 + 55.5 Ce6
molecules loaded on each NR-HS-Ce6 by measuring the Ce6
fluorescence directly in NR-HS-Ce6 against calibrating standards
of Ce6 in NR-HS-Ce6 and correcting for fluorescence quenching.
Quantification by HPLC-MS also produced similar results of
~114 Ce6 molecules loaded on each NR-HS-Ce6. This amount
was similar to that obtained by Wang et al using covalent
conjugation of DNA aptamers on NRs and subsequent hybridiza-
tion of Ce6-labeled reporter probes to achieve Ce6 loading.** The
large loading variability observed with NR-HS-Ce6 was expected
due to the complex and random nature of corona formation
involving noncovalent interactions between multiple charged
species. This was previously observed for other molecules
loaded on the protein corona using the same technique.>”°
As strong electrostatic interactions occurred between the posi-
tively charged CTAB-capped NRs and negatively charged free

This journal is © The Royal Society of Chemistry 2017
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and NR-CTAB in buffer upon irradiation with a 665 nm continuous wave (CW)

laser at 500 mW cm™2 for 15 min with a laser spot size of 12.57 mm?, yielding a total energy dose of 56.6 J, showing the temperature rise with (A) irradiation
time, (B) solution sample volume, (C) laser power and (D) concentration of NRs. Here, the sample volume, laser power and NR-HS-Ce6 concentration were
varied, one parameter at a time while keeping the remaining parameters constant at the above-stated values. The temperature rise with NRs present is
significant compared to our control of 5 mM phosphate buffer (PhB), and is higher than the minimum temperature of 41 °C for cell killing in PTT.

HS-Ce6, the NR-HS-Ce6 remained stable in buffer as was shown

previously.”>>°

Photothermal heating of NR-HS-Ce6 in buffer

The photothermal heating of NR-HS-Ce6 was not affected by
the protein corona formation and Ce6 loading compared to
NR-CTAB. The temperature of 200 uL of 0.5 nM NR-HS-Ce6 in
5 mM PhB rose rapidly from 31.6 + 0.5 °C to 69.2 £+ 0.5 °C
within 15 min of irradiation with a 665 nm laser at 500 mW cm >
(Fig. 2A). A similar rise in temperature to 69.8 £ 0.7 °C was also
observed for NR-CTAB, while irradiation of 5 mM PhB buffer
alone saw minimal temperature rise to 32.8 + 0.3 °C. With a
LSPR peak that matched the 665 nm irradiation, the rapid
absorption of photons by NRs and conversion to heat**®%%
resulted in a fast temperature rise, which was otherwise not
possible with buffer alone.

Apart from irradiation time, we were also able to tune the
temperature rise of NR-HS-Ce6 by varying the sample volume in
a 96-well plate (Fig. 2B), the laser power (Fig. 2C) and the
concentration of NRs (Fig. 2D). While it was expected that
temperature increased with both laser power and NR concen-
tration, we noted that the temperature seemed to peak at 1 nM
NR-HS-Ce6, and decreased slightly thereafter. We attributed
this temperature drop to an increased opacity, which reduced
the effective penetration depth of irradiation. This resulted in a

This journal is © The Royal Society of Chemistry 2017

smaller population of NRs being excited for PTT, and thereby a
lower temperature observed. This finding demonstrated the
trade-off between the concentration of NR-HS-Ce6 and optical
excitation. Hence, an appropriate concentration was required
to optimize the temperature rise in tissue.

Furthermore, maximum temperature occurred at an optimum
sample volume of 200 pL as the volume was varied. An initial
increase in volume led to more NRs available for excitation,
resulting in higher maximum temperatures reached rapidly
within 15 min (Fig. 2B). However, the rate of temperature rise
became limiting as the heat capacity increased with volume
beyond 200 pL. At these larger volumes, the temperature rise
slowed since more energy was required to raise the temperature of
the solution by one degree and thus the temperature was unable
to reach its maximum within 15 min. In addition, as the tem-
perature increased, the rate of heat dissipation became greater
due to a large heat dissipation area. These two factors combined
resulted in a lower temperature reached by a larger volume of NRs
within a fixed irradiation time of 15 min. This means that larger
tumor would require a longer photothermal irradiation time to
achieve a higher temperature rise.

We also observed from all the photothermal studies that the
temperature rise of NR-HS-Ce6 was only slightly lower than NR-
CTAB with a maximum temperature difference <7 °C. The rate
of temperature rise of NR-HS-Ce6 was also similar to NR-CTAB.
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NR-CTAB under irradiation by a 250 mW cm ™2 665 nm laser for 15 min. The amount of ROS is determined from fluorescence of 3'-(p-aminophenyl)
fluorescein (APF). The ROS generation from 0.5 nM HR-HS-Ce6 without irradiation is also shown as a control. The ROS generation from NR-HS-Ce6 can
also be increased by irradiating it with a (B) higher laser power, and (C) increasing the concentration of NR-HS-Ce6.

These suggested that the formation of HS protein corona and
Ceb6 loading on NRs did not significantly impede photothermal
heat transfer from the NRs to the surrounding media. Further-
more, we were able to rapidly heat NR-HS-Ce6 beyond 41 °C in all
our studies. This is the minimum temperature required for cell
killing in PTT.**%* Therefore, NR-HS-Ce6 was effective as a PTT
agent even after protein corona formation and Ce6 loading.

ROS production of NR-HS-Ce6 in buffer

We next compared the ROS production between NR-HS-Ce6
and free HS-Ce6 at the same concentration as the loaded Ce6.
However, since Ce6 on its own aggregates in aqueous buffers,
Ce6 was first dissolved in HS prior to dilution in buffer to
maintain the stability and activity of concentration-matched
free HS-Ce6 controls for comparison. The APF fluorescence
correlated linearly with the ROS produced. We were able to
achieve more than 5-fold increase in the ROS production by
irradiating 0.5 nM NR-HS-Ce6 with a 250 mW c¢cm™> 665 nm
laser for 15 min compared to 48.3 nM free HS-Ce6 which was
the same concentration as the Ce6 loaded on NR-HS-Ce6
(Fig. 3A). ROS production is triggered only by laser irradiation,
since no APF fluorescence was detected in non-irradiated
control. There was also negligible ROS production in 0.5 nM
NR-CTAB in the absence of Ce6.

The enhancement in ROS production by NR-HS-Ce6 can be
attributed to the localized intense electromagnetic field in the
immediate vicinity of the NRs as a result of their surface plasmon

260 | J Mater. Chem. B, 2017, 5, 254-268

resonance under light irradiation. Such a gold nanoparticle-
enhanced ROS production has also been observed by others.*>*>
We were also able to increase the ROS production from NR-
HS-Ce6 by irradiating it with a higher laser power (Fig. 3B) and
increasing its concentration (Fig. 3C). Although the same was
also observed for free HS-Ce6, the ROS produced from free HS-Ce6
was much lower. This was likely due to rapid photodegradation of
free HS-Ce6 under laser irradiation.*®® Hence, it was apparent
that the loading of Ce6 onto the HS corona around NRs exerted a
photoprotective effect on Ce6 at a higher laser power.>*°

Cell uptake of Ce6 by NR-HS-Ce6

Protein corona is known to mediate the cell uptake of nano-
particles,” ™ and would consequently affect the uptake of
loaded Ce6. Using flow cytometry to probe Ce6 uptake in Cal
27 cells dosed with 0.2 nM NR-HS-Ce6, we observed Ce6
fluorescence in cells increased by an order of magnitude as
early as 0.5 h despite the possibility of fluorescence quenching
by NRs (Fig. 4A). This fluorescence continued to increase
over time, up to 6 h as more Ce6 entered the cells. However,
the equivalent 19.3 nM of free HS-Ce6, based on a loading of
~96.6 Ce6 molecules per NR determined earlier, showed far
smaller increase in Ce6 fluorescence in cells over time (Fig. 4B).
This indicated much lower uptake of free HS-Ce6 in cells
without the help of NR-HS.

The Ce6 fluorescence in cells also showed much higher
increase with NR-HS-Ce6 concentration (Fig. 4C) compared to
free HS-Ce6 at the equivalent concentrations (Fig. 4D), which

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Ce6 uptake and localization in cells probed by fluorescence microscopy. Ce6 fluorescence was shown in the red channel, while the cell nucleus
(DAPI-stained) was shown in the blue channel. Much stronger Ce6 fluorescence was observed in cells dosed with 0.2 nM NR-HS-Ce6 for 6 h compared to
the equivalent of 19.3 nM free HS-Ce6 under the same excitation and acquisition parameters, which showed weak fluorescence likely due to background
autofluorescence. The fluorescence was comparable only when the concentration of free HS-Ce6 was increased ~ 57-fold to 1100 nM. The merged image
and the magnified inset show Ce6 localization mainly confined to the cytoplasm with no overlap with the DAPI staining in the nucleus. Scale bar = 20 um.
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Fig. 6 Ce6 uptake with increasing concentration of NR-HS-Ce6 down the row probed by fluorescence microscopy. The Ce6 fluorescence in cells
increased with NR-HS-Ce6 dosing. Bright spots associated with the cytoplasm of some cells were also observed in the DIC images, likely arising from
aggregates of NR-HS-Ce6 since their frequency increased with NR-HS-Ce6 concentration. These aggregates were likely formed after endocytosis of
NR-HS-Ce6 when endosomes containing NR-HS-Ce6 coalesced. Scale bar = 20 pm.

showed less dose-dependent change in fluorescence due to far
lower uptake as discussed earlier.

The wide-field fluorescence microscopy images of Ce6
uptake and localization agreed with flow cytometry. Strong
Ce6 fluorescence was observed in cells dosed with 0.2 nM
NR-HS-Ce6 for 6 h, with localization mainly confined to the
cytoplasm (Fig. 5). On the other hand, weak fluorescence, likely
due to background autofluorescence, was observed in cells
dosed with the equivalent 19.3 nM free HS-Ce6 for 6 h using
the same excitation and acquisition parameters. The fluores-
cence was comparable only when the concentration of free HS-
Ce6 was increased ~ 57-fold to 1100 nM (see the ESL Fig. S3).
The high Ce6 fluorescence observed with 0.2 nM NR-HS-Ce6
despite the quenching of fluorescence by NRs therefore implied
that there was much greater cell uptake of NR-HS-Ce6 com-
pared to the equivalent 19.3 nM free Ce6.

The enhanced Ce6 uptake in cells with NR-HS-Ce6 is likely
due to a stronger and prolonged multivalent binding between
the serum proteins in the protein corona and the cell surface
membrane receptors.”® This allows more time for membrane
wrapping, resulting in an increased rate of successful inter-
nalization. This was not possible for free HS-Ce6 since its smaller
size in the absence of NR-HS was less favorable for multivalent
binding and receptor-mediated cell uptake. Studies by other

262 | J Mater. Chem. B, 2017, 5, 254268

groups have also reported similar observations in increased cell
uptake when small molecules were conjugated onto NPs as
facilitated by improved receptor mediated endocytosis due to
the larger size of NPs compared to free molecules on their
OW1'1.96_100

The Ce6 fluorescence in cells increased with NR-HS-Ce6
dosing, similar to flow cytometry results (Fig. 6). In addition, we
also observed bright spots within several cells in the differential
interference contrast (DIC) images. These were likely aggregates of
NR-HS-Ce6, since their frequency increased with NR-HS-Ce6
concentration and NRs possessed enhanced scattering properties
due to their surface plasmon resonance.'” The NR-HS-Ce6
aggregates appear to coincide with the endomembrane systems
surrounding the cell nucleus (Fig. 6, inset), further corroborating
the abilities of NR-HS-Ce6 to become internalized and accumu-
lated in cells. Taken together with the corresponding Ce6
fluorescence images, our observations suggested the coalescence
of endosomes containing NR-HS-Ce6 after internalization, form-
ing large aggregates in cells.

While NR-HS-Ce6 demonstrated high extracellular high
colloidal stability in serum-free medium (Fig. 1H), uptake by
cells and exposure to the acidic environment in the endosomes
could have resulted in the denaturation and unbinding of the
protein corona, leading to aggregation of the NRs. Since this

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Cell viability after dosing Cal 27 cells with varying concentrations of
NR-HS-Ce6, NR-HS and free HS-Ce6 in serum-free medium for 6 h and
irradiating them with a 250 mW cm™2 665 nm CW laser for 15 min of
treatment. Using CellTiter-Glo™ Luminescent Cell Viability Assay, the dark
toxicity of NR-HS-Ce6, NR-HS and Ce6 were minimal (high cell viability
>88%) (dotted lines). The viability decreased drastically with combined
therapy by 0.2 nM NR-HS-Ce6 to give a near complete cell kill of 99.3%
(solid blue) compared to 45.4% cell kill with 0.2 nM NR-HS for PTT alone
(solid red) and 25.3% cell kill with 19.3 nM free HS-Ce6 for PDT alone (solid
green).

aggregation only occurred post-uptake, cell uptake remained
unaffected. On the other hand, we can expect the NR-HS-Ce6
aggregates formed inside the cells to be too large for efflux out
of the cell, leading to better accumulation in cells and
enhanced cell killing efficacy.

Therapeutic efficacy of NR-HS-Ce6 in vitro

The large cell uptake of NR-HS-Ce6 translated to a better
therapeutic efficacy of the combined PTT and PDT compared
to single mode PTT and PDT using NR-HS and free HS-Ce6 alone
respectively. Without irradiation, Cal 27 maintained a high
viability of >88% when dosed with NR-HS-Ce6 or NR-HS of
concentrations up to 0.2 nM and free HS-Ce6 concentrations of
up to 19.3 nM (Fig. 7, dotted lines). This showed that NR-HS-Ce6
and NR-HS possessed low dark toxicity, similar to free HS-Ce6.

This low dark toxicity was expected as several processes were
performed to remove the cytotoxic CTAB that was present in
as-synthesized NR-CTAB. First, the as-synthesized NR-CTAB
was washed twice by centrifugation in Milli-Q water and redis-
persed in HS or HS-Ce6 for protein corona formation and Ce6
loading respectively; the NR-HS and NR-HS-Ce6 were washed
again 3 times by repeated centrifugation before redispersion in
medium. These multiple centrifugations (up to 5 times) were
precautions we took to remove as much residual CTAB on the
NRs as possible prior to in vitro studies, thus resulting in
minimal dark toxicity.

Upon irradiation by a 665 nm laser, the viability of Cal 27
cancer cells decreased drastically with combined therapy by
NR-HS-Ce6. We achieved 95.2% cell kill even at an extremely

This journal is © The Royal Society of Chemistry 2017
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low dose of 50 pM NR-HS-Ce6 containing an equivalent of
7.67 ug mL~ " Au and 4.83 nM Ce6. An increase in the dose to
0.2 nM NR-HS-Ce6 (containing an equivalent of 30.7 pg mL ™"
Au and 19.3 nM Ce6) resulted in near complete cell kill of
99.3% (Fig. 7, solid blue). In other studies utilizing single or
dual laser irradiation and low NP concentration in the nM range,
high photosensitizer concentrations between 1 and 30 uM had to
be co-delivered with the NPs to achieve >90% cell kill, which
offered limited benefit over performing PDT alone with the same
photosensitizer concentration. A substantial decrease in cell
killing efficacy was observed in other studies when the photo-
sensitizer concentration was reduced.”****>*7*¢ To our knowl-
edge, near complete eradication of cancer cells at such a low
dose of both the photosensitizer and the NPs has not been
previously reported, and is crucial towards eliminating tumor
recurrence with minimal off-target toxicity.

In contrast, irradiating cells dosed with 0.2 nM NR-HS for
PTT alone or 19.3 nM free HS-Ce6 for PDT alone resulted in far
less effective cell kill values of 45.4% (Fig. 7, solid red) and
25.3% respectively (Fig. 7, solid green). Hence, the strong
enhancement in therapeutic efficacy with combined therapy by
NR-HS-Ce6 was readily apparent. The light dose administered to
the cells was 450 J cm ™2 (500 mW cm > laser power density,
15 min irradiation time), which was also comparable to other
in vitro single-laser combined PDT and PTT studies.>”?%*1434>

The high cell kill achieved by combined therapy with a low
dose of NR-HS-Ce6 was more than an additive effect of PDT and
PTT applied separately. We believe this to be due to three
possible reasons: first, the enhanced Ce6 uptake in cells by
the protein corona as observed under flow cytometry and
fluorescence microscopy; second, the plasmonic enhanced
ROS production by Ce6 in NR-HS-Ce6. The combination of
these may have contributed to an enhanced PDT efficacy
compared to treatment with an equivalent amount of free
HS-Ce6. Finally, a synergistic effect between PDT and PTT could
have also led to a more effective combined treatment. PDT is
oxygen-dependent for ROS generation.>”'°>'% As irradiation
proceeds, PDT efficacy drops as oxygen in the tumor environ-
ment depletes. PTT then augments the PDT since it is oxygen-
independent. Furthermore, the hypoxia induced in tumor as the
oxygen is depleted during PDT would further sensitize the Cal 27
cancer cells to heat from PTT.'°"'%® Together, these play a
significant role in creating a strong synergistic enhancement in
therapeutic efficacy from the combined therapy with NR-HS-Ce6.

Conclusion

This study shows that we can utilize the protein corona formed
around NRs to load a hydrophobic photosensitizer Ce6. By
tuning the LSPR of NRs to match the excitation of Ce6, we can
perform combined PTT and PDT under a single laser excitation
wavelength and achieve near complete eradication of cancer
cells at an extremely low dose of 50 pM NRs (7.67 pg mL~ " Au)
loaded with 4.83 nM Ce6, which has not been reported before.
This was possible not just because of the 57-fold increased
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uptake of Ce6 with the protein corona, but also the synergistic
effect between PTT and PDT. Major contributors to this synergy
include the > 5 times greater plasmonic-enhanced ROS produc-
tion by NRs and augmentation by oxygen-independent PTT when
PDT became less effective during hypoxia. The protein corona
also did not affect the photothermal heating of NRs. The many
advantages of such a nanoscale delivery system showcase the
application of protein corona in cancer treatment instead of
considering it as an undesirable biological artefact. The out-
comes also provided a sound basis for future in vivo studies and
biotoxicity analysis, wherein we would also expect high thera-
peutic efficacy to be achieved with extremely low drug dose.
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CTAB Cetyltrimethylammonium bromide
CcwW Continuous wave

Dy Hydrodynamic diameter

EPR Enhanced permeability and retention
FBS Fetal bovine serum

HS Human serum

LSPR Longitudinal surface plasmon resonance
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PDT Photodynamic therapy
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