Open Access Article. Published on 28 October 2016. Downloaded on 2/5/2026 8:24:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue,

CrossMark
& click for updates

Cite this: RSC Adv., 2017, 7, 248

Received 9th October 2016
Accepted 27th October 2016

DOI: 10.1039/c6ra24979%

www.rsc.org/advances

Facile synthesis of Prussian blue nanoparticles as
pH-responsive drug carriers for combined
photothermal-chemo treatment of cancery

Huajian Chen,}? Yan Ma,}? Xianwen Wang,? Xiaoyi Wu*® and Zhengbao Zha*?

Due to their clinical use approved by US Food and Drug Administration (FDA), Prussian blue nanoparticles
(PB NPs) have been explored as a new generation of photothermal agents for cancer photothermal therapy
(PTT). However, PTT treatment alone has limited therapeutic efficiency since it can not eliminate tumor cells
completely. Herein we developed a facile method for the synthesis of PB NPs through a combined ligand
exchange and thin film hydration process, modified the PB NPs by lipid-PEG conjugation, producing
PEGylated PB NPs, and encapsulated doxorubicin (DOX) in the PEGylated PB NPs via hydrophobic
interactions, creating PEGylated PB-DOX NPs. Obtained from the results of fluorescence intensity
measurements, the loading efficiency and content of DOX in PEGylated PB-DOX NPs was as high as
98.0% and 9.2%, respectively. The DOX release from the PEGylated PB-DOX NPs was significantly
enhanced at acidic pH, likely due to the protonation of the amine group, and a three-parameter
simulation model was used to gain insight into the pH effect on DOX release. Moreover, a cell
cytotoxicity study in vitro shows that PEGylated PB-DOX NPs exhibits a remarkable photothermal-
chemo synergistic effect to Hela cells, attributed to both photothermal ablation mediated by the
PEGylated PB NPs and enhanced cellular uptake of DOX. Therefore, our study may open a new path for
the production of PB NPs as drug delivery vehicles for combined photothermal-chemo cancer treatment.

Introduction

Malignant tumors (cancer) with high recurrence rates are
considered to be one of the most serious health issues due to
their multilevel intricacies and vast diversity in genetic content,
protein expression and cellular/tissue microenvironment.'
Comparing to conventional cancer-therapeutic modalities (e.g.
surgery, chemotherapy and radiotherapy), the burgeoning
photothermal therapy (PTT), which could “cook” cancer cells
using heat transferred from absorbed light energy (especially
near-infrared (NIR, 2 = 700-1000 nm) light), has received
increasing attention owing to their unique advantages, such as
localized cell-killing ability and remote controllability.**
However, the limitation is that PTT only can partially eradicate
tumor, because of inhomogeneous heat distribution with tumor
tissue.*” It has been proposed that combinating PTT with
chemotherapy may induce a synergistic effect in comparison to
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sole treatment.® Subsequently, various NIR-absorbing nano-
materials, such as gold nanostructures,”** carbon-based nano-
materials,"*™"® copper sulfide nanoparticles,*”** palladium
nanosheets," transition-metal dichalcogenides nanosheets
(e.g., MoS,, WS,, etc.),*** and a number of organic polymers
nanoparticles,”** have been developed as drug delivery vehicles
for combined photothermal-chemo treatment of cancer cells.

Prussian blue (PB), a prototype of mixed-valence transition
metal hexacyanoferrates, is considered as one of the earliest
developed metal-organic frameworks (MOFs) with a distinct blue
color.”® As a US Food and Drug Administration (FDA) approved
material with good biosafety, PB has gained wide clinical
acceptance for use to reverse the damage of excess radiation.*”
Very recently, PB nanoparticles (PB NPs) have been explored as
a new generation of NIR-laser driven PTT agent for cancer cell
ablation owing to their high absorbance in the NIR window.**"°
For instance, several theranostic systems based on PB NPs have
been developed, such as Fe;0,@PB NPs for improved magnetic
resonance imaging and PTT,*® Au@PB NPs for dual mode
photoacoustic/CT imaging and PTT,** PB coated NaDyF,:x% Lu
nanocomposites for multifunctional imaging-guided PTT,* etc.
Moreover, hollow and porous PB NPs with high drug payload
have been developed as anticancer drug delivery vehicles for
combined photothermal-chemo treatment of cancer cells with
enhanced efficiency.***”

This journal is © The Royal Society of Chemistry 2017
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However, the production of hollow and porous PB NPs are
not industrially feasible because of poor scalability along
with cumbersome processes.*® On the other hand, due to
their limited drug loading capacity, it is still challenging to
develop combined photothermal-chemo therapy based on
solid PB NPs.** As well documented in literatures,*®** the as-
prepared insoluble PB solid synthesized from an aqueous
mixture of Fe**’?" and [Fe'"™(CN)s]* >~ was an aggregate
form of ~10 nm NPs. Moreover, the 3D network of cyano-
bridged d-m bonding is discontinuous, and a 10 nm nano-
cube of PB inevitably bears 15% active surface reaction sites,
Fe(m)-OH,, on the basis of total number of Fe.**™** With the
help of surface modifications via Fe(ur)-OH, sites, the
insoluble PB NPs solid may be transformed into dispersed
solutions of PB NPs.

Therefore, in this study, we proposed a facile two-step
strategy to modify the surfaces of insoluble PB NPs for appli-
cations in biomedical fields (Scheme 1a). Firstly, a simple, low-
cost and high-yield synthesis of oleylamine modified PB NPs
(OA-PB NPs) through surface modification of insoluble PB NPs
solid with OA-toluene dispersion via Fe(ur)-OH, sites. After
that, a DSPE-PEG 2000 lipid was used to coat hydrophobic OA-
PB NPs through a thin-film hydration process, producing
hydrophilic PEGylated PB NPs. Inspired by the synergistic
effects of a combined photothermal-chemo therapy, hydro-
phobic doxorubicin (DOX, base form) was used as a model
anticancer drug and encapsulated into hydrophobic lipid
region of PEGylated PB NPs (PEGylated PB-DOX NPs). The
morphologies of the as-prepared PB NPs were characterized by
transmission electron microscope (TEM), and the photo-
thermal conversion efficiency, in vitro drug release behavior,
cell ablation efficiency were also carefully investigated. As
summarized in Scheme 1b, upon NIR laser irradiation,
PEGylated PB-DOX NPs would show synergistic cancer abla-
tion effects, useful for combinational photothermal-chemo
treatment of cancer cells. To the best of our knowledge,
combing solid PEGylated PB NPs and DOX to improve cell-
killing efficacy using this facile method has not been re-
ported previously.

FeCl,6H,0

K4Fe(CN)*3H,0
o G a®
temperature

Magnetic
stirring

b NIR laser
irradiation .

@ | Enhanced druginternalization '\ Synergistic cancer
.

PEGylated é ~ therapy
PB-DOX NPs P X
\ ® PEGylated PBNPs, o & Po{,
@ ‘. S
@ "

e More cancer cell

death

Scheme 1 Schematic illustration of (a) preparation of PEGylated PB-
DOX NPs; (b) PEGylated PB-DOX NPs for combinational photo-
thermal-chemo treatment of cancer cells.
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Experimental section

Materials

FeCl;-6H,0, K, Fe(CN)s-3H,O and toluene were purchased
from Sinopharm Chemical Reagent Co. Ltd. Oleylamine was
purchased from Aladdin. DSPE-PEG 2000 lipid was purchased
from Shanghai Advanced Vehicle Technology Pharmaceutical
Ltd. Doxorubicin hydrochloride (DOX-HCl) was bought from
Beijing Huafeng United Technology Co. Deionized water (DI
water, 18.2 MQ cm) was used for all the experiments.

Facile synthesis of insoluble PB NPs solid

According to the published literatures,**** the insoluble PB NPs
solid was precipitated as Fe,[Fe(CN)g];-15H,0 from a concen-
trated aqueous mixture of FeCl;-6H,O (6.487 g, 24 mmol) and
K,Fe(CN)s-3H,0 (7.603 g, 18 mmol). After centrifugating and
thoroughly washing with water and methanol, the PB NPs solid
was dried under vacuum for further use.

Preparation of hydrophobic oleylamine modified PB NPs (OA-
PB NPs)

To prepare the hydrophobic OA-PB NPs, the insoluble PB NPs
solid (350 ng, 0.395 umol) was dispersed in 1.0 mL DI water to
form an aqueous suspension. Then, a toluene (15 mL) solution
containing oleylamine (6.5 mg, 0.025 mmol) was added to the
above PB NPs aqueous suspension and stirred for 30 min at
room temperature. After that, centrifugation was carried out to
separate the toluene and aqueous layers. Due to the good
solubility of oleylamine in toluene, the as-prepared hydro-
phobic OA-PB NPs was successfully eluted into the toluene layer
as a uniform deep-blue solution. Then the toluene layer con-
taining OA-PB NPs was carefully taken out and stored in 4 °C for
further use.

Lipid-PEGylation of PB NPs (PEGylated PB NPs)

The lipid-PEGylation of PB NPs was performed using a typical
thin-film hydration method. As seen from Scheme 1a, DSPE-
PEG 2000 lipid, which was dissolved in chloroform (1 mg
mL™", 3.0 mL), was added to OA-PB NPs suspension in toluene
(1 mg mL™", 3.0 mL), followed with gentle solvent evaporation
under a nitrogen flow to form a blue thin film. After that,
a predetermined amount of PBS buffer (pH = 7.4) was added to
the vial and the whole system was treated with an ultra-
sonication process for 5 min to obtain PEGylated PB NPs
aqueous solution.

Characterization of as-prepared PB NPs

The diameters of OA-PB NPs and PEGylated PB NPs were
determined using a NanoBrook-90 Plus instrument (Broo-
khaven Instrument Corporation, Holtsville, New York, USA).
The UV-vis-NIR absorption spectra of as-prepared PB NPs were
obtained with a sample solution in quartz cuvette (path length:
1.0 cm) by using a spectrophotometer (U-5100, Hitachi). The
morphologies of as-prepared PB NPs were acquired by
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a transmission electron microscope (JEM-2100F, 200 kV accel-
erating voltage).

Preparation of DOX-loaded PEGylated PB NPs (PEGylated PB-
DOX NPs)

Anti-cancerous model drug DOX was loaded to PEGylated PB
NPs through hydrophobic interactions between hydrophobic
DOX and lipid moieties (of DSPE-PEG 2000 lipid) on PB NPs.
Briefly, the hydrophobic DOX in the base form was firstly
prepared according to our previously published method.**
Then, DOX and DSPE-PEG 2000 lipid at a 1: 10 DOX-to-lipid
molar ratio were mixed and dissolved in chloroform for
preparing PEGylated PB-DOX NPs by using the aforementioned
thin-film hydration method. Free DOX was removed from the
PEGylated PB-DOX NPs solution by a typical dialysis method
(dialysis bag, M,, = 3500, Biosharp). After that, the drug loading
efficacy was calculated according to our previously reported
method.* The drug loading content and efficiency were calcu-
lated by the following equations: loading content = (weight of
drug in PEGylated PB-DOX NPs)/(weight of DSPE-PEG 2000 lipid
in PEGylated PB-DOX NPs); loading efficiency = (weight of drug
in PEGylated PB-DOX NPs)/(initial weight of drug).

To investigate the pH-responsive drug release profile in vitro,
PEGylated PB-DOX NPs were incubated in PBS (0.01 mol L™,
pH 4.0 and 7.4) at 37 °C and the amount of released DOX was
determined by fluorescence spectrophotometry. In brief,
PEGylated PB-DOX NPs (1.0 mL, 1 mg mL™ '), packaged in
a dialysis bag (M,, = 3500, Biosharp), was placed in a centrifuge
tube (50 mL) containing 30 mL PBS (supplemented with 0.1% v/
v Tween 80) and incubated in a shaker at 37 °C. An aliquot of the
release medium (3.0 mL) was withdrawn from the system and
replenished with an equal volume of fresh PBS at pre-
determined times. The amount of released drug was quantified
from fluorescent intensity (excitation = 480 nm; emission = 590
nm) using a fluorescent spectrophotometer (Hitachi F-2700).
Free equivalent DOX also was dissolved in 0.75 mL DMSO
plus 0.25 mL PBS and used as control. To study the influence of
external NIR laser irradiation on drug release, the PEGylated PB-
DOX NPs (1.0 mL, 1 mg mL ') solution was irradiated with an
NIR laser (808 nm, 2.0 W) for 15 min and then a drug release
experiment was carried out following the aforementioned
protocol.

Numerical simulations of DOX release from PEGylated PB NPs

To gain insights into the effects of pH and laser irradiation on
DOX release, a previously developed three-parameter model,*®
which considers the initial burst release and the subsequent
sustained release of drug from micro- and nano-sized carriers,
was fit into experimental data to obtain the release parameters
of DOX. When the initial burst release and the sustained release
of DOX took place at distinct time scales, the original close-form
solution to the model can be simplified as follows

e-AG/kyT

1+ e AG/kgT

M, 1

ﬁo - 1+ e AG/kgT (1 - eﬁkSt) +

(1 _ e*korrt)
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here, M; was the cumulative release of DOX as a function of
time, M, was the amount of DOX that was encapsulated in
PEGylated PB NPs, AG is a model parameter quantifying the free
energy difference between the free and bound drug molecules,
ks is a model parameter defining the initial burst release, and
kogr is a model parameter dictating the sustained release of DOX.
Additionally, kg is the Boltzmann constant, and T'is the absolute
temperature of solution. A MATLAB code was used in the
numerical simulations of DOX release to determine AG, ks,
and kog.

Temperature elevation of PEGylated PB NPs under NIR
irradiation

Aqueous solutions of PEGylated PB NPs were irradiated with an
NIR laser (808 nm, 2 W, Changchun New Industries Optoelec-
tronics, China) for 10 min. A digital thermometer was used to
monitor the solution temperature every 10 s. Moreover,
according to the reported method,*”*® typical LASER ON/OFF
cycles were used to investigate photostability and photo-
thermal conversion efficiency of PEGylated PB NPs.

Photo-hyperthermic effect on cancer cells

Localized photothermal toxicity of PEGylated PB NPs was eval-
uated using HeLa cells (human cervical carcinoma cell line). In
brief, after 24 h cultivation of HeLa cells (seeding density: 5 x
10" cells per well, 24-well plate), the cells were refreshed with
400 uL PEGylated PB NPs solution (50 pg mL ™" and 100 ug
mL ") and locally irradiated with an NIR laser for different
times (0, 3 and 5 min). After that, the cancer cells were washed
with PBS buffer and treated with a live/dead assay by using
calcein-AM (green fluorescence) and propidium iodide (PI, red
fluorescence), respectively. According to our previously pub-
lished method,* a typical MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide) assay was further used to
quantitatively analyse the cell survival efficiency after various
treatments.

Results and discussion

As seen from Fig. 1a, large quantities of insoluble PB NPs solid
could be easily obtained by scaling up the coordination reaction
between Fe*" and [Fe(CN)¢]'”. Although the insoluble PB
pigment appears to be a bulk blue powder, actually it could be
considered as an aggregate form of much smaller NPs.** Indeed,
TEM analysis revealed that the PB pigment is an aggregated
form of NPs of 5-20 nm in size (Fig. S1t). Two reasons may
explain the formation of aggregated PB NPs. Firstly, due to the
rapid consumption of Fe** and [Fe(CN)e]'~ from the reaction
solution, innumerable PB NPs would be produced at once
through the rapid coordination reaction. Secondly, the neutral
surface charge of insoluble PB would facilitate the aggregation
precipitation even in much smaller NPs (less than 20 nm).
According to a hypothesis from reported literatures,*>** if the
insolubility of PB solid arises from a simple physical aggrega-
tion of smaller NPs, then PB NPs could be re-dispersed into
various solvents by displacement of water ligands of Fe(u)-OH,

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Characterization of PB NPs: (a) photograph of a mass of
insoluble PB NPs solid; (b) TEM image of hydrophobic OA-PB NPs; (c)
UV-vis-NIR spectra of as-prepared hydrophobic OA-PB NPs with
different concentrations, the inset was the photographs of as-
prepared OA-PB NPs; (d) the absorbance of OA-PB NPs at 808 nm
increased as the concentration of OA-PB NPs increased.

sites on the PB NPs surface. Following this synthetic strategy,
oleylamine modified PB NPs (OA-PB NPs) was successfully
developed by mixing the insoluble PB NPs solid with OA in
toluene for 30 min. The OA-PB NPs could be stably dispersed in
many organic solvents such as toluene, producing a blue solu-
tion (inset of Fig. 1c). The ultrasmall PB NPs possessed an
average diameter of 8.5 &+ 1.9 nm, and their good dispersity was
confirmed by TEM analysis (Fig. 1b), suggesting the successful
displacement of water ligands with OA molecules on the PB NPs
surfaces. Due to the charge transfer from Fe(u) to Fe(u),* the
UV-vis-NIR absorption spectrum of OA-PB NPs (dispersed in
toluene) showed an intense peak at 685 nm (Fig. 1c), and the
absorbance at 808 nm was increased as the concentration of OA-
PB NPs increased (Fig. 1d), further implying the good dispersity
of OA-PB NPs in toluene.

In order to facilitate the application of OA-PB NPs as drug
carrier in the biomedical field, a biocompatible DSPE-PEG 2000
lipid was used to convert the surface of PB NPs from hydro-
phobic into hydrophilic, and also endow the PB NPs the ability
to encapsulate chemotherapeutic drugs through hydrophobic
interactions. The mean hydrodynamic diameter of PEGylated
PB NPs was 111 £ 25.2 nm by DLS test (Fig. S2b¥), suggesting
that PEGylated PB NPs were aggregates of OA-PB NPs with
a lipid-PEG shell. This was further confirmed by the TEM
micrographs of PEGylated PB NPs (Fig. 2a and S2af). In a two
phase system composed of toluene and water, insoluble PB NPs
solid was precipitated in the bottom of the water phase due to
its aggregation property. After surface ligand changed into
oleylamine, the PB NPs were transferred from the aqueous
phase into toluene phase (inset of Fig. 2a). Finally, the PEGy-
lated PB NPs were dispersed very well in aqueous phase, sug-
gesting the successful surface modification with DSPE-PEG
2000 lipid. Also, the PEGylated PB NPs possessed strong
absorption in the NIR region and the absorbance linearly

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Characterization of PEGylated PB NPs: (a) TEM image (inset:
photographs of bare PB NPs solid, hydrophobic OA-PB NPs and
PEGylated PB NPs dispersed in the mixture of toluene and water,
respectively); (b) UV-vis-NIR spectra (inset: photograph of PEGylated
PB NPs solution with different concentrations); (c) temperature
elevation of the aqueous solution containing PEGylated PB NPs (3.0
mL) with different concentrations under NIR laser irradiation (808 nm,
2 W); (d) temperature elevation of PEGylated PB NPs (30 pg mL™%, 3.0
mL) solution under NIR laser irradiation as a function of irradiation time
and power density.

increased with the solution concentration of NPs (Fig. 2b and
S31), suggesting that PEGylation does not hinder the dispersity
of PB NPs and its potential as a PTT agent.

Encouraged by their strong absorption in the NIR region, the
photothermal conversion effect of PEGylated PB NPs was studied
by irradiating 3.0 mL PEGylated PB NPs aqueous solutions with
various concentrations (10, 20, 30, 40 and 50 pg mL™"). After
being continuously exposed to NIR laser irradiation (808 nm, 2
W) for 10 min, the solution temperature was elevated from
21.4 °C to 37.0 °C, 44.5 °C, 53.1 °C, 59.7 °C and 64.1 °C, respec-
tively (Fig. 2¢). In sharp contrast, the temperature of DI water only
increased 1.2 °C. Moreover, as shown in Fig. 2d, the solution
temperature increased as the laser power increased, suggesting
a laser power dependent manner of temperature elevation for
PEGylation PB NPs solution.

Furthermore, the photostability of PEGylated PB NPs was
investigated by using five LASER ON/OFF cycles upon the help
of NIR laser (808 nm, 2 W). 3.0 mL PEGylated PB NPs aqueous
solution with a concentration of 30 pg mL™" was used here
and no significant decrease in temperature elevation was
observed after five LASER ON/OFF cycles (Fig. 3a), confirming
the good photostability of PEGylated PB NPs. As shown in
Fig. 3b, there is no significant difference between UV-vis-NIR
spectra of PEGylated PB NPs before and after five LASER ON/
OFF cycles, consistent with little change in solution color
(inset of Fig. 3b) and TEM images of PEGylated PB NPs solu-
tion (Fig. S47). According to literature,” the photothermal
conversion efficiency also was calculated to be 36.7% for
PEGylated PB NPs (Fig. 3c and d), suggesting their good
potential as a photothermal agent for ablation for cancer
treatment.

RSC Adv., 2017, 7, 248-255 | 251
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Fig. 3 (a) Temperature elevation of PEGylated PB NPs solutions under

five LASER ON/OFF cycles; (b) UV-vis-NIR spectra and photographs
(inset image) of PEGylated PB NPs solution before and after five LASER
ON/OFF cycles, respectively; (c) the photothermal profile of a PEGy-
lated PB NPs aqueous solution (3.0 mL, 30 pg mL™Y) irradiated by NIR
laser until reaching a steady temperature, followed by natural cooling
to room temperature; (d) time constant for heat transfer of the system
is determined to be s = 539.59 s.

To test the hypothesis that PEGylated PB NPs could be used
as drug carriers for photothermal-chemo therapy, herein
hydrophobic DOX in the base form as a model anticancer drug
was encapsulated into PEGylated PB NPs (PEGylated PB-DOX
NPs). After a typical thin-film hydration, centrifugation and
washing process, PEGylated PB-DOX NPs solutions were finally
obtained. Upon DOX encapsulation, the color of PEGylated PB
NPs changed from blue to purple (Fig. 4b). As shown in Fig. 4a,
the UV-vis-NIR spectrum of PEGylated PB-DOX NPs possesses
both the characteristic absorbance of free DOX and PEGylated
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Fig. 4 (a) UV-vis-NIR spectra of PEGylated PB-DOX NPs, PEGylated
PB NPs and free DOX; (b) photographs of free DOX, PEGylated PB NPs
and PEGylated PB-DOX NPs solutions; (c) in vitro DOX release profile
from PEGylated PB-DOX NPs in the PBS buffer (pH 7.4 or 4.0). Spots
and lines represent results of experimental measurements and model
simulations, respectively. Free DOX dissolved in DMSO was used as
control.
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PB NPs, providing a strong evidence for successful loading of
DOX into the PEGylated PB NPs. According to the reported
method,* the drug loading efficiency and content were
respectively calculated to be 98.0% and 9.2% with a selected
mass ratio 1: 10 of DOX to DSPE-PEG 2000 lipid (Table S17).
Then, an in vitro drug release experiment was also carried out
using a typical dialysis method. As shown in Fig. 4c, the release
profiles of free hydrophobic DOX and PEGylated PB-DOX NPs
both showed pH-dependent manners. Approximately 89.5%
and 42.3% of DOX was released within 48 h at pH 4.0 for free
DOX and PEGylated PB-DOX NPs, respectively. In contrast, the
amount of released DOX was about 32.3% and 17.9% at pH 7.4
for free DOX and PEGylated PB-DOX NPs, suggesting that acidic
PH (4.0) could enhance the release of DOX. This pH-responsive
release behavior can be attributed primarily to the amine group
present in DOX and DSPE-PEG 2000 lipid that protonates at low
pH, rendering the drug and drug carriers hydrophilic and
leading to faster release. Due to the acidic environment of
cancer tissues, this pH-responsive drug release property would
enhance therapeutic efficacy at tumour sites but limit the non-
specific spread of toxic anticancer drugs to normal tissues with
neutral pH.

On the other hand, in solutions at a pH of 7.4 or 4.0, external
NIR laser irradiation (808 nm, 2.0 W, 15 min) did not induce any
noticeable change in DOX release. The good thermal and
mechanical stability of PEGylated PB-DOX NPs may be respon-
sible for the insensitivity of DOX release from the drug carrier to
laser irradiation. As reported by others,**** DSPE-PEG 2000
micelles have a fluid core at room temperature and do not
undergo endothermic lipid chain melting transitions upon
heating. Consequently, heat generated by NIR laser irradiation
could not change the lipid chain structure of PEGylated PB-DOX
NPs. Also the potential synergistic effect of combined
photothermal-chemo therapy induced by PEGylated PB-DOX
NPs may be attributed to heat-promoted NPs cellular uptake
rather than heat-enhanced drug release.

To further our understanding of the effects of pH and laser
irradiation on DOX release, numerical simulations using
a three-parameter model were performed. As shown in Fig. 4c,
the model captured DOX release from PEGylated PB NPs and
free DOX. The model considers that DOX molecules are either
molecularly dispersed or bound to each other and/or drug
carriers. While the molecularly dispersed DOX would be rapidly
released in the burst release phase, the bound DOX need to be
dissociated and released at a larger time scale. The ratio of the
molecularly dispersed DOX and the bound DOX is e*?%7, As
shown in Table S2,7 when DOX was not encapsulated (i.e., free
DOX), AG/kgT was determined to be —1.12 at pH 7.4 and +1.36
at pH 4.0. Accordingly, 25% DOX were molecularly dispersed at
pH 7.4 and 80% at pH 4.0. The result shows that the molecular
dispersion of DOX was improved in acidic conditions. When
DOX was encapsulated in PEGylated PB NPs, AG/kgT was
determined to be —1.64 (corresponding to 16% molecularly
dispersed DOX) at pH 7.4 and —0.8 (i.e.,, 31% molecularly
dispersed DOX) at pH 4.0. Therefore, in PEGylated PB NPs,
acidic conditions enhance the molecular dispersion of DOX
in the NPs. Further, encapsulation reduces the amount of

This journal is © The Royal Society of Chemistry 2017
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molecularly dispersed DOX, since some drugs bind to the drug
carriers. Compared to neutral conditions, acidic conditions
lower kg in both non- (0.847 h™" at pH 4.0 vs. 1.137 h™" at pH
7.4) and encapsulated DOX (1.025 h™* at pH 4.0 vs. 1.791 h™* at
pH 7.4), meaning a slower burst release at pH 4.0. Taken
together, the amount of the burst release increased but the rate
of the burst release of DOX decreased at pH 4.0 than at neutral
PH.

Compared to the profound impact of pH, laser irradiation
had little effects on DOX release. In PEGylated PB-DOX NPs at
PH 4.0, AG/kgT slightly increased upon 5 min laser irradiation,
leading to a 1.5% increase in the molecularly dispersed DOX;
but a noticeable increase in ks also was observed. This suggests
that laser irradiation improves the rate but not the amount of
the burst release of DOX.

An ideal photothermal agent should be non- or low-toxic for
biological applications.” Thus, an MTT assay was performed on
HUVECs to evaluate the cytotoxicity of PEGylated PB NPs. As
seen from Fig. 5b, a cell viability of 85.3 £+ 3.7% was achieved,
after HUVECs were incubated with the solution of PEGylated PB
NPs (40 pg mL ") for 24 h. The study suggests a good biocom-
patibility of PEGylated PB NPs. Furthermore, PEGylated PB NPs
were used to treat HeLa cells under NIR light illumination to
investigate their localized effects on tumor photothermal
destruction. After being treated with different combinations of
NPs and laser irradiation, HeLa cells were stained with calcein
AM (green) and PI (red) to assess cell viability. In comparison to
the negative control without PEGylated PB NPs or laser
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Fig. 5 (a) Localized photothermal destruction of Hela cells treated
with or without PEGylated PB NPs and NIR laser (808 nm, 2.0 W); (b)
cell viability of HUVECs after 24 h exposure to various concentrations
of PEGylated PB NPs; cell viability after treatment with PEGylated PB-
DOX NPs and different NIR laser irradiation times (c) O min; (d) 3 min
and (e) 5 min.
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treatment, no significant change in cell viability was identified
among groups which were treated with NPs (50 pg mL™") or
laser irradiation (5 min) alone (Fig. 5a). Also, no acute cell death
was observed after the cells were treated with free DOX (5 pg
mL ") and NIR laser irradiation (5 min). In sharp contrast,
a combined treatment of HeLa cells with PEGylated PB NPs (50
pg mL™ ') and NIR laser illumination (5 min) led to substantial
cellular death, indicating a strong photothermal destruction
ability of PEGylated PB NPs. Moreover, as evident by the study,
the cell destruction ability of PEGylated PB NPs depends on the
illumination time and the concentration of NPs as well.

To test the synergistic effects of the combined photothermal-
chemo therapy, a standard MTT assay was used to quantitatively
evaluate the cytotoxicity of PEGylated PB-DOX NPs with or
without NIR laser irradiation. As seen from Fig. 5c, the PEGy-
lated PB NPs show no or little toxicity to HeLa cells without drug
treatment or NIR laser irradiation, suggesting their inherent
biocompatibility. When HeLa cells were treated with PEGylated
PB-DOX NPs, the cell viabilities decreased as the concentration
of equivalent DOX or the time of NIR laser irradiation increased
(Fig. 5d and e). A concentration threshold also was identified to
generate sufficient heat to kill cancer cells without the help of
chemotherapeutic drug. Particularly, upon 5 min NIR light
irradiation, the cell viability was 88.3% and 75.8% when HeLa
cells were incubated with PEGylated PB NPs and free DOX
(equivalent DOX concentration of 0.2 ug mL™"), respectively
(Fig. 5e). Impressively, a much lower cell viability (39.2%) was
achieved when the cells were treated with PEGylated PB-DOX
NPs with the same equivalent DOX concentration. Specifically,
the cell-killing efficacy (60.8%) of PEGylated PB-DOX NPs with
laser irradiation is higher than the combined cell-killing effi-
cacies of the photothermal therapy (11.7%) by PEGylated PB
NPs and chemotherapy (24.2%) by free DOX with an equivalent
concentration. At an equivalent DOX concentration that is lower
than 0.5 pg mL ", the heat generated upon NIR laser irradiation
could not kill HeLa cells with high efficacy, but may increase
cellular metabolism and membrane permeability, leading to
enhanced drug uptake by cells. Therefore, our experimental
findings support the potential use of PEGylated PB-DOX NPs for
combinational photothermal-chemo treatment of cancer cells
due to their strong synergistic effects.

Conclusions

In conclusion, a facile strategy based on ligand-exchange and
thin-film hydration processes was developed for the facile
synthesis of PEGylated PB NPs by coating insoluble PB NPs solid
with oleylamine and then modifying OA-PB NPs with DSPE-PEG
2000 lipid. The as-prepared PEGylated PB NPs display good
biocompatibility, an excellent photothermal conversion effi-
ciency as high as 36.7%, and high absorbance in the NIR region.
Utilizing hydrophobic interactions, DOX as a model anticancer
drug was encapsulated into the lipid region of PEGylated PB
NPs with an ultrahigh drug loading capacity and an excellent
pH-responsive drug release property. Finally, our results
confirmed that the as-prepared PEGylated PB-DOX NPs showed
an impressive synergistic cell-killing effects on cancer cells
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upon NIR laser irradiation, suggesting the promising potential
of PEGylated PB NPs as a novel drug delivery system for
combined photothermal-chemo treatments of cancer cells.
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