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Abstract

A theranostic agent was successfully fabricated by the formation of Au nanoshell around poly(lactic
acid) nanoparticles entrapping doxorubicin, followed by linking a Mn-porphyrin derivative on the
Au shell surface through polyethylene glycol. The resulted agent exhibited excellent colloidal
stability and long blood circulation time due to introducing polyethylene glycol. The grafting
Mn-porphyrin onto the nanoparticle surface endowed a greatly improved relaxivity (r, value of
22.18 mM™'s™" of Mn**), favorable for accurate cancer diagnosing and locating the tumor site to
guide the external near infrared (NIR) laser irradiation for photothermal ablation of tumors. The in
vitro experiments confirmed that the agent exhibited an efficient photohyperthermia and a light
triggered and stepwise release behavior of doxorubicin due to the high NIR light absorption co-
efficient of Au nanoshell. The in vivo experiments showed that the combination of chemotherapy
and photothermal therapy through such theranostic agent offered a synergistically improved
therapeutic outcome compared with either therapy alone, making it a promising approach for
cancer therapy. Therefore, such theranostic agent can be developed as a smart and promising
nanosystemplatform that integrates multiple capabilities for both effective contrast enhanced
magnetic resonance imaging and synergistic therapy.

Key words: Au nanoshell; porphyrin; photothermal therapy; chemotherapy; magnetic resonance
imaging.

Introduction

Developing stimulus-responsive nanoparticles
(NPs) for remote controlled cancer treatments has
aroused widespread interest in nanomedicine [1]. Up
to now, several physical stimulus, such as light, heat,
ultrasound and magnetic field, have been successfully
utilized as “remote controls” to trigger and regulate
the nanoparticle based therapeutic process [2-5].
Photothermal therapy (PTT), a hyperthermia thera-
peutic methodology for cancer, has become one of
research focuses due to its reasonable penetrating

depth, minimal invasiveness and good controllability
[6, 7]. With the help of photo-absorbing agents,
near-infrared (NIR) light penetrating into tumor re-
gion can be converted into heat for specific ablation of
cancer cells without damaging nearby healthy tissues.
A variety of nanomaterials, such as Au nanostructures
(for example Au nanoshells [8-10], Au nanonords [11,
12] and Au nanocages [13-15]), carbon nanomaterials
[16-19], polypyrrole nanoparticles [20], and copper
sulfide nanoparticles [21-23], have been extensively
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explored as promising photo-absorbing agents for
photothermally ablating cancer owing to the high NIR
light absorption coefficient and favorable biocompat-
ibility. Besides directly ablating tumor, NIR light me-
diated photothermal effect has also been utilized to
trigger the release of therapeutic agents, such as anti-
cancer drug and siRNA, for intelligently increasing
their accumulation at tumor target and drastically
decreasing side effect [24, 25]. In most cases, the com-
bined cancer treatment could offer a synergistically
improved therapeutic outcome compared with either
therapy alone [26].

As effective guidance for NIR light mediated
cancer therapy, appropriate medical imaging modal-
ity is essential to identify the tumor size and location
before therapy for adjusting the power, direction and
range of external NIR laser, to monitor the treat pro-
cedure during therapy, and to assess the effectiveness
after therapy. Among various imaging modalities,
magnetic resonance imaging (MRI) is particularly
attractive due to its advantages of noninvasive, high
spatial resolution and three-dimensional imaging
[27-29]. In addition, the sensitivity of MRI can be en-
hanced greatly by the utilization of contrast agents.
Paramagnetic Gd** complexes are clinically favorable
MRI contrast agents due to their high contrast ability
[30, 31]. However, the renal toxicities of widely used
Gd3* complexes have raised our concerns [32]. Iron
oxide NPs are the first clinically used T> contrast
agents [33], especially for imaging reticuloendothelial
system (RES) organs like the liver, spleen and lymph
nodes. Yet, iron oxide NPs induce a negative contrast
which may be confused with areas of innate hy-
pointensities, such as hemorrhage and blood clots, or
interfered with magnetic susceptibility artifacts [34].
Manganese is an essential element for humans.
Compared with other paramagnetic metal ions,
manganese is less toxic and has relatively high elec-
tronic spins and fast water exchange rate [35]. As Ty
contrast agents, Mn and its derivatives have been
demonstrated to be potential molecular MRI probes in
cancer imaging due to their excellent stability, high
longitudinal relaxivity and tumorous “preferential
uptake” property [35, 36]. Nevertheless, nearly all
paramagnetic metal complexes have short half-lives
in vivo, leading to limited imaging time and poor
imaging outcomes [37]. Therefore, we have pressing
need to conquer such problems.

Poly(lactic acid) (PLA) has been approved by the
USS. Food and Drug Administration (FDA) for medi-
cal and clinical applications due to its outstanding
biocompatibility and biodegradability. In the past
decades, PLA based nanostructures have been widely
investigated as efficient delivery systems for various
therapeutic agents [38, 39]. For most polymers, in-

cluding PLA, glass transition temperature (Tg), which
denotes the structural transition from glassy to rub-
bery state, is a characteristic property [40, 41]. PLA
NPs with the molecular weight above 14 kDa have
been found to exhibit significant thermal-sensitive
drug release behavior: very slow at physiological
temperature but significantly accelerated under ele-
vated temperature above their Tg [40].

Inspired by the remarkable thermal-sensitive
property of PLA NPs, we made an effort to utilize the
NIR light mediated photothermal effect to elevate the
temperature of PLA matrix for triggering the release
of inner loaded anticancer drug at tumor target, thus
making it possible to achieve intelligent drug delivery
as well as photothermal tumor ablation. For this
purpose, doxorubicin (DOX) was loaded into PLA
NPs (DOX@PLA NPs), followed by the formation of
Au nanoshell on the surface of the DOX loaded PLA
nanoparticles (DOX@PLA@Au  NPs). Then,
Mn-porphyrin (MnP) was covalently attached onto
the Au nanoshell surface using monosuccina-
mide-polyethylene glycol(PEG)-thioctamide with the
molecular weight of 3 kDa as a spacer, resulting a
multifunctional agent of DOX@PLA@Au-PEG-MnP
NPs (Fig 1). Each component would play a different
role. Au nanoshell could act as a photo-absorbing
agent to convert NIR light into heat for selectively
ablating cancer cells and triggering the release of DOX
from inner PLA matrix. On the other hand, MnP could
endow DOX@PLA@Au-PEG-MnP NPs with the ca-
pability to enhance MRI for effectively guiding the
synergistic therapy. Introduction of the PEG spacers
would greatly prolong the circulation time in vivo,
thus facilitating biomedical applications of such
agent. The  physicochemical properties  of
DOX@PLA@Au-PEG-MnP NPs were characterized in
terms of morphology, size distribution, drug release
profile and MRI contrast behavior. The in vitro and in
vivo anticancer activities of the agents were evaluated
using HT-29 cells and HT-29 tumor bearing mice.

Materials and methods

Chemicals and Materials

Poly (DL-lactic acid) (DL-PLA, 80k MW, inher-
ent viscosity 0.2-0.5 dL/g) and polyvinyl alcohol
(PVA, 86-89% hydrolyzed, 20k MW) were obtained
from Shandong Medical Instrumental Institute and
Alfa Aesar, respectively. Hydroxylamine hydrochlo-
ride (NH,OH*HCI) was obtained from Shanghai
Shanpu Chemical. Poly (allylamine hydrochloride)
(PAH, 56k MW), 2-(4-Amidinophenyl)-6-indole-
carbamidine dihydrochloride (DAPI), 1-(3-Dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) and N-Hydroxysuccinimide (NHS) were ob-
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tained from Sigma-Aldrich. Hydrogen tet-
ra-chloroaurate (III) hydrate (HAuCls*4H>O) and
sodium borohydride (NaBHs) were obtained from
Sino Reagent, China. Doxorubicin hydrochloride was
obtained from Beijing Huafeng United Technology
Co. Dialysis membrane was obtained from Spectrum
Laboratories Inc. (molecular weight cut-off
12,000-14,000). All other chemicals and reagents were
of analytical grade.

Synthesis of MnP and PEG spacer

MnP was synthesized according to our reported
method [42]. PEG spacer of monosuccina-
mide-polyethylene glycol-thioctamide was synthe-
sized according to the following procedure (Supple-
mentary Material: Fig S1). Firstly, NH>-PEG3000-NH>
(500mg, 0.15 mmol) and thioctic acid (35m g, 0.15
mmol) were dissolved in 20 mL anhydrous di-
chloromethane (DCM), followed by adding dicyclo-
hexylcarbodiimide (DCC) (70mg, 0. 3mmol) at 0 °C.
The resulting solution was stirred overnight at room
temperature. When the reaction finished, precipitate
was removed by filtration, then the filtrate was con-
centrated under reduced pressure and isolated via
silica  gel  chromatography  using  80:20:1
(CHCIs/CHsOH/NH,OH) as eluent. The resulting
product (200mg) and succinic anhydride (20mg) were
dissolved in 20 mL anhydrous tetrahydrofuran. After
stirring at 80 °C for 10 h, the mixture was evaporated
and dissolved in 2 mL CH,Cl,, then precipitated from
diethyl ether at -20 °C. Finally, the PEG spacers were

PEG spacer

MnP

PEG spacer i, il
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Figure 1. Structural illustration of DOX@PLA@Au-PEG-MnP NPs.

./

isolated via silica gel chromatography using 80:20
(CHClI3/CH30H) as eluent. Chemical structures were
analyzed by 'H-NMR spectroscopy (Supplementary
Material: Fig S2 and S3).

Preparation of DOX loaded PLA nanoparticles
(DOX@PLA NPs)

Briefly, 100mg PLA, a certain amount of DOX
and excess triethylamine (quadruple the amount of
DOX) were dissolved in 20 ml of DCM. Resulted or-
ganic phase was mixed with 40 ml 2 % (w/v) PVA
continuous phase. Then, the mixture was emulsified
by probe sonication for 1 min (Sonicator 4000, Miso-
nix) under 100 % output amplitude setting. After
evaporation of the organic solvent by magnetic stir-
ring, the nanoparticles were obtained by centrifuga-
tion at 15,000 rpm, washing three times by DI water,
and lyophilization (-55 °C, 72 h) using a freeze dryer
(TFD5505, Ilshin Lab, Korea).

Preparation of citrate-stabilized Au
nanopaticles

Citrate-stabilized Au nanoparticles with an av-
erage diameter of about 3 nm were prepared accord-
ing to the reported method [8]. Briefly, 1.0 mL of
HAuCly*4H;O aqueous solution (1%, w/v) and 1.0
mL of sodium citrate solution (1%, w/v) were added
into 100 mL DI water with vigorous stirring for 1 min,
followed by adding NaBH, (1.0 mL, 0.075% w/v) in
sodium citrate (1% w/v) solution and continuously
stirring for 5 min.

DOX-loaded PLA nanoparticle

MnP
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Preparation of DOX@PLA@Au NPs

100 mg of DOX@PLA NPs were suspended in 20
mL PAH solution (1.0 mg/mL in 0.5 mol/L NaCl
aqueous solution). After magnetic stirring for 10 min,
the PAH coated DOX@PLA NPs were centrifuged at
15000 g for 20 min and washed by DI water, then
mixed with 200 mL citrate-stabilized Au nanopaticles
(Au NPs) aqueous solution. After repeated adsorp-
tion/centrifuge/wash step, the resulted Au NPs
coated DOX PNPs were poured into HAuCly*4H,O
solution (12 mL, 1% w/v) under magnetic stirring.
Then, freshly prepared NH>OH*HCI solution (2 mL,
0.5mol/L) was added dropwise. The mixture was
further stirred for about 30 min to allow the reduction
of HAuCly to form Au nanoshell on the surface of
DOX@PLA NPs.

Preparation of DOX@PLA@Au-PEG-MnP
NPs

100 mg of monosuccinamide-polyethylene gly-
col-thioctamide, 2 mg of NaBH; and 20 mg of
DOX@PLA@Au NPs were mixed in 10 mL DI water.
The resulting solution was dispersed by sonication for
2 min and stirred at room temperature for another 6 h,
then centrifuged at 15000 g for 20 min and washed by
DI water for 3 times to obtain purified pegylated
DOX@PLA@Au NPs. Afterward, the pegylated NPs
were mixed with 2mg MnP with one amino group per
molecule, 3mg 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and 2mg
N-Hydroxysuccinimide (NHS) in 10 mL DI water. The
resulting solution was stirred at room temperature for
6h, then centrifuged at 15000 g for 20 min and washed
by DI water to obtain DOX@PLA@Au-PEG-MnP NPs.

Characterization

FEI Quanta 200 scanning electron microscope
(SEM) and FEI Tecnai G2 Sphera transmission elec-
tron microscope (TEM) were used to observe the
morphology and structure of the nanoparticles. The
size distributions and zeta potentials of the nanopar-
ticles were evaluate using a 90Plus/BI-MAS instru-
ment (Brookhaven Instruments Co., US.A). The
UV /Vis absorption spectra of the nanoparticles were
obtained by a Varian 4000 UV-Vis spectrophotometer.
Both  Au and Mn contents of the obtained
DOX@PLA@Au-PEG-MnP NPs was determined by
inductively coupled plasma optical emission spec-
trometry (ICP-OES) after decomposing the nano-
composite by aqua regia.

Photohyperthermic effect of DOX@PLA@Au-
PEG-MnP NPs

The nanoparticle dispersions of different con-
centrations in quartz cuvettes were irradiated by con-

tinuous-wave diode NIR laser (Xi’an Minghui Opto-
electronic Technology, China) with a center wave-
length of 808 + 10 nm and output power of 2 W for 10
min. The temperature was measured by a digital
thermometer with a thermocouple probe every 10 s.
DI water and RPMI 1640 were also exposed to the
laser light for comparison.

DOX loading and releasing

To investigate the drug loading content,
DOX@PLA@AuU-PEG-MnP NPs were suspended in
DMSO and irradiated by NIR laser (808 + 10 nm, 2 W)
to quickly dissolve the inner PLA matrix. After cen-
trifugation, the content of DOX in supernatant was
determined using a fluorescence spectrophotometer
(Varian Cary Eclipse). To investigate the DOX release
pattern under NIR light irradiation or not, 5 mg of
DOX@PLA@Au-PEG-MnP NPs was suspended in 2
mL of phosphate buffered saline (PBS) (10 mM, pH
7.4), sealed in dialysis bag and immersed in 20 mL of
PBS, then exposed with or without NIR light at output
power of 2 W at 37 °C under moderate shaking. In
addition, the release pattern of DOX from DOX@PLA
NPs was also investigated. The amount of released
DOX was monitored at regular time intervals. The
release test was performed in triplicate to calculate a
mean value and standard deviation.

Elimination of DOX@PLA@Au-PEG-MnP NPs
from the circulation

Three male Wistar rats (180-200 g) were intra-
venously injected with 500 pL of
DOX@PLA@Au-PEG-MnP NPs at 3 mg/mL (a dose
of about 30 mg/kg) and blood samples (0.5 mL) were
collected at the time points of 0.5, 1, 1.5, 2, 4, §, 12, 24
and 48 h. The pharmacokinetics profile of
DOX@PLA@AuU-PEG-MnP NPs in bloodstream was
finally evaluated by measuring the Au content in
blood over the course of 48 h via ICP measurements
after decomposing the blood samples by aqua regia.
The pharmacokinetic parameter was calculated using
a Kinetica TM software package. The infinitesimal
calculus method was used to estimate the plasma
concentration-time curve from zero to time infini-
ty(AUCo-»), elimination half-life (T1/2) and mean res-
idence time (MRT), which are different from the tra-
ditional calculation method depending on the finite
curve from several data points. Compared with the
widely used model of mice, Wistar rats have about ten
times the volume of blood, relative large vascular
aperture, which may lead to the improved circulation
time in our study. All the animal experiments were
approved by institutional animal use committee and
carried out ethically and humanely.
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Cellular experiment MRI procedure
HT-29 cells were cultured in RPMI-1640 medium The relaxation times of DOX@PLA@

with 10% fetal bovine serum (FBS) at the environment
of 37 °C and 5% CO,. To visualize the solo photo-
thermal cytotoxicity, a total of 2x10* HT-29 cells were
plated in 96-well plates with 24 h incubation. Then,
HT-29 cells were incubated with PLA@Au-PEG-MnP
NPs with no DOX at the concentration of 0.2 mg/mL
in 6 well-plate (2.0 mL per well) for 2 h, then washed
with PBS (10mM, pH 7.4) and exposed to NIR laser
(1.5 W/cm?) for 10 min, and finally stained with cal-
cein acetoxymethyl ester (calcein AM). In addition,
cells treated with no agent and no laser, or only agent
(PLA@Au-PEG-MnP NPs), or only laser were inves-
tigated as comparison, respectively.

To investigate the synergistic antitumor effect, a
total of 2x10* HT-29 cells were plated in 96-well plates
with 24 h incubation, and then exposed to free DOX,
PLA@Au-PEG-MnP NPs and DOX@PLA@Au-
PEG-MnP NPs with various concentrations for 4h,
respectively. Then, the cells were irradiated with NIR
laser at an output power of 1.5 W/cm? for 10 min. Cell
viability was measured by standard MTT method
after further 24 h incubation. In addition, to investi-
gate the enhanced chemotherapy of DOX due to the
accelerated release under the irradiation of NIR light,
a total of 2x10% HT-29 cells were plated in 96-well
plates with 24 h incubation, and then exposed to
DOX@PLA@Au-PEG-MnP NPs (with various con-
centrations) pretreated with or without NIR light (1.5
W, 10 min) respectively. Then, cell viability was
measured by standard MTT method after further 48 h
incubation.

Animal experiment

The animal experiment was investigated on
HT-29 tumor-bearing nude mice. When the tumor
volume reached ~100 mm?, nude mice were randomly
divided in to four groups (n = 7) and were intrave-
nously injected with 200 pL of PBS, free DOX,
PLA@AuU-PEG-MnP NPs and DOX@PLA@Au-
PEG-MnP NPs, respectively. At 24h post-injection,
tumors in nude mice were irradiated by continu-
ous-wave diode NIR laser at 1.5 W/cm? for 10 min.
The temperature of the tumor was recorded by a
thermometer probe during the irradiation period. The
tumor sizes were measured by a caliper every three
days after photothermal treatment and calculated
according to the formulation: The tumor volume =
(tumor length) x (tumor width) 2/2. The distribution
of DOX@QPLA@Au-PEG-MnP NPs in blood, tumor
and major organs including heart, liver, spleen, lung
and kidney were investigated. All the animal experi-
ments were approved by institutional animal use
committee and carried out ethically and humanely.

Au-PEG-MnP NPs at different concentration were
measured at 0.5 T with NMI20 Analyst (Shanghai
Niumag Corporation, China). Relaxivity r; was ob-
tained from the slopes of the relaxation time (T1) vs
the concentration of Mn®. Ti-weighted images of
DOX@PLA@AuU-PEG-MnP NPs at different concen-
trations in pure water were also acquired at 0.5 T with
NMI20 Analyst using a spin-echo pulse sequence with
pulse repetition time Dy = 300 ms. To investigate the
in vivo MRI potential, HT-29 tumor-bearing mice
were intravenously injected with
DOX@PLA@Au-PEG-MnP NPs (100 p L, 8 mg/mL)
and imaged with Pharmascan 70/16 US In-vivo MRI
system (Bruker, 7.0 T, TR = 1000 ms, TE = 9 ms) at
different time intervals.

Result and discussion

Preparation and characterization of
DOX@PLA@Au-PEG-MnP NPs

DOX was loaded into PLA nanoparticles
through a nanoemulsion method [42]. To get the
maximum entrapment efficiency and relative high
drug loading content, the weight ratio (DOX: PLA) of
1:10 was chosen [42]. TEM image (Fig 2A) revealed
that as-prepared DOX@PLA NPs possessed a spheri-
cal morphology and smooth surface. The dynamic
light scattering data showed that DOX@PLA NPs
have a narrow size distribution of 98.6 + 8.5 nm (Sup-
plementary Material: Table S1), in agreement with
TEM measurement. Owing to the negative surface
charge of -14.87 + 0.73 mV, DOX@PLA NPs could
easily adsorb positively charged PAH for subsequent
attachment of negative charged citrate-stabilized Au
NPs with a diameter of about 3nm and a absorption
peak at 520nm (Supplementary Material: Table S1; Fig
54). The densely distributed dark spots seen in the
TEM micrograph revealed the successful deposition
of Au NPs onto the surface of DOX@PLA NPs (Fig
2B), which made the plasmon resonance around
500~600 nm increase to form a peak (Fig 2E). The
attached gold NPs were able to nucleate the growth of
a gold coating around the microcapsule surface
through seeding procedure by further reduction of
HAuCls*4H,O to bulk metal [43]. As gold
nanoparticles grew large enough to aggregate, a
dense gold mnanoshells around the surface of
DOX@PLA NPs were achieved. The obtained
DOX@PLA@Au NPs turned to be rough in the border
and looked to be much more compact (Fig 2C).
Compared with DOX@PLA NPs, the DOX@PLA@Au
NPs had an increased size distribution of 114.7 + 6.8
nm (Supplementary Material: Table S1), indicating
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gold shell thickness of about 8 nm, which led to a new
broad peak ranging from 600 to 900 nm (Fig 2E). The
red shift and broaden of plasmon resonance peak of
gold species could be attributed to the wider size
distribution and aggregation of the gold nanoparticles
on the capsule surface [44]. The broad absorbance
between 600 and 900 nm ensured that DOX@PLA@Au
NPs could operate as a photo-absorbing agent for NIR
light mediated PTT, where there is minimum light
absorption in tissues.

After covalent attachment of MnP to the surface
DOX@PLA@Au NPs, no obvious change was seen in
the morphology of the obtained DOX@PLA@
Au-PEG-MnP NPs (Fig 2D). But, the zeta potential
was converted to be -31.4 +£3.82 mV and the mean
diameter increased to 123.6 + 9.4 nm (Supplementary
Material: Table S1) ascribable to the introduction of
the strong negatively charged sulfonate groups of
MnP and the high molecular weight of the PEG spac-
ers. As shown in Fig 2E, several narrow absorption
peaks ranged from 400 nm to 500 nm (characteristic
absorption peaks of MnP showed in Supplementary
Material: Fig S5) provided an additional evidence for
successful linkage of MnP to the surface
DOX@PLA@Au NPs using PEG as spacers. Through
ICP measurement, the Au and Mn content in
DOX@PLA@Au-PEG-MnP NPs were evaluated to be

m

Absorbance (au.)

47.28 £5.33 wt.% and 0.74 £ 0.21 wt.%, respectively.

Photothermal effect of DOX@PLA@Au-PEG-
MnP NPs

The photothermal effect of DOX@PLA@
Au-PEG-MnP NPs was evaluated under the irradia-
tion of NIR light (808 nm, 2 W) for 10 min in RPMI
1640 as well as in water. As shown in Fig 3A and 3B,
the temperature collected by a digital thermometer
every 10 s of samples under irradiation. It was found
that the temperature rose with increasing exposure
time and concentration of DOX@PLA@Au-PEG-MnP
NPs solution. At the concentration of 0.2 and 0.4
mg/mL, the temperature elevations were 19°C and
13°C in water medium (Fig 3A), while the tempera-
ture elevations were 21°C and 13 °C in RPMI 1640
medium (Fig 3B). In contrast, no significant tempera-
ture elevation was observed when water or RPMI
1640 was exposed to NIR light, verifying the excellent
photothermal efficiency of DOX@PLA@Au-PEG-MnP
NPs. At the initial temperature of about 27°C and
concentration of 0.4 mg/mL, the solutions can be eas-
ily heated up to above 45 °C, which can efficiently kill
cancer cells at this level of temperature [8]. The data
suggested that the DOX@PLA@Au-PEG-MnP NPs
could operate an efficient photo-absorber for PTT of
cancer.

1.8

Au NPs coated DOX@PLA NPs

1.6 s DOX@PLAGAU NPS s DOX@P LA@AU-PEG-MnP NPs|

—

.

o
i

0.8
300

L] L L) T
500 600 700 800
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400 900

Figure 2. (A) - (D) TEM micrographs of the nanoparticles at different fabrication stages: (A) DOX@PLA NPs, (B) Au NPs coated DOX@PLA NPs, (C)
DOX@PLA@Au NPs, (D) DOX@PLA@Au-PEG-MnP NPs. (E) UV/vis absorption spectra of the nanoparticles of Au NPs coated DOX@PLA,

DOX@PLA@AuU and DOX@PLA@Au-PEG-MnP in aqueous solution.
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Figure 3. Temperature elevations of DOX@PLA@Au-PEG-MnP NPs at different concentrations under NIR laser irradiation (808 nm, 2 W): (A) in water;
(B) in RPMI 1640. (C) Fluorescence microscopy images of HT-29 cells with different treatments stained with calcein AM: (1) no agent and no laser
irradiation; (2) PLA@Au-PEG-MnP NPs only; (3) laser irradiation only; (4) with both PLA@Au-PEG-MnP NPs and laser irradiation. (Scale bars: 300 um).

To visualize the solo photohyperthermic cyto-
toxicity, HT-29 cells were incubated with
PLA@Au-PEG-MnP NPs with no DOX for 2 h, fol-
lowed by illumination with an NIR laser (808 nm, 1.5
W/cm?) for 10 min. Upon the exposure of the cancer
cells to higher temperatures, normal cellular growth
and proliferation could be inhibited by denaturing
intracellular proteins [45]. After treatment with vari-
able combination of agents and lasers, cell viability
was assessed by fluorescent cell staining with
non-fluorescent cell permeable dye calcein AM, which
can turn into strongly green fluorescent calcein after
hydrolysis by intracellular esterases in live cells [46].
Under inverted fluorescence microscope (Fig 3C), a
dark region was seen in combination of the
PLA@AuU-PEG-MnP NPs and laser irradiation due to
NIR laser-induced hyperthermic effect on cancer cells
(Fig 3C4). Cancer cells outside of the illumination spot
showed green fluorescence, suggesting the survival
cancer cells. On the contrary, all the other three sam-
ples exhibited vivid green color in the entire well (Fig
3Cy3). It demonstrated that the exposure of cancer
cells to either PLA@Au-PEG-MnP NPs or high inten-
sity NIR laser alone could not efficiently kill cancer
cells. The dark region in Fig 3Cs matched the laser
irradiation area very well, revealing that the agent
with Au nanoshell could induce cancer cells to death
through photohyperthermic effect only in combina-
tion of the irradiation of NIR lasers.

Drug release

The loading content of DOX in
DOX@PLA@Au-PEG-MnP NPs was evaluated to be
3.57 £ 0.61%. The Tg value of the inner PLA matrix of
DOX@PLA NPs was 53.1 °C (Supplementary Materi-
al: Fig S6) by differential scanning calorimetry (DSC)
using a TGA/SDTAS851e Instruments (Mettler-Toledo,
Switherland). Fig 4A shows the accumulative DOX
release profile. A significant difference in the DOX
release was observed between DOX@PLA NPs and
DOX@PLA@Au-PEG-MnP NPs before and after NIR
laser irradiation. In physiologic temperature, only
about 11 % of DOX was released from the
DOX@PLA@AuU-PEG-MnP NPs within 24h, much
slower than DOX@PLA NPs, which released about
29% of DOX within 240 h at 37 °C. The slower release
rate for DOX@PLA@Au-PEG-MnP NPs was attribut-
ed to their Au nanoshell, which block the drug release
channels. Actually, the formed Au shell was incom-
plete, which was the reason for the drug release
without laser irradiation. In contrast, nearly 39 % of
DOX was released from DOX@PLA@Au-PEG-MnP
NPs within 24h upon one-time irradiation of NIR la-
ser (808 nm and 2 W) for 10 min, much faster than
DOX@PLA NPs. It suggested that the photothermal
effect of Au nanoshell can be utilized to trigger DOX
release from the inner PLA  matrix of
DOX@PLA@Au-PEG-MnP NPs.

To further evaluate the NIR light triggered DOX
release, DOX@PLA@Au-PEG-MnP NPs were irradi-
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ated repeatedly over a period of 10 min, followed by
50 min intervals with the laser turned off. A rapid
DOX release was achieved upon NIR laser irradiation
and the drug release rate slowed down when the laser
was switched off. After the first irradiation for 10 min,
the percentage of released DOX increased from 0% to
10.6 %. After three cycles of laser on/off, 37.9% of
DOX was released from DOX@PLA@Au-PEG-MnP
NPs within 180 min, significantly higher than that
without NIR irradiation (8.8%). It was about 4-fold
greater than that without laser irradiation. It was
found that the DOX release amount after each irradi-
ation decreased from the first cycle to the third cycle.
It would result from the decreased coverage of gold
nanoshells due to the melting effect of gold
nanostructures [47]. All the results successfully
demonstrated a stepwise triggered release based on
NIR exposure using DOX@PLA@Au-PEG-MnP NPs,
which was likely attributed to the high temperature
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(above the Tg of PLA matrix) caused by the autolo-
gous photohyperthermia effect of the Au nanoshell
under the irradiation of NIR laser.

Colloidal stability and circulation profile of
DOX@PLA@Au-PEG-MnP NPs

It has been demonstrated that PEG modified
nanoparticles show significantly improved colloidal
stability and prolonged circulation time in vivo [48,
49]. For this purpose PEG chains were introduced
onto the surface of DOX@PLA@Au for conjugating
MnP. Upon exposure to PBS (10 mM, pH 7.4) at 37 °C,
no obvious change in the mean diameter of
DOX@PLA@AuU-PEG-MnP NPs within one week,
suggesting their excellent colloidal stability (Fig 5A).
In contrast, DOX@PLA@Au with no PEG showed
significantly increased size distribution, indicating the
aggregation of the NPs occurred.
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Figure 4. (A) DOX release profiles from DOX@PLA NPs and DOX@PLA@Au-PEG-MnP NPs without or with NIR irradiation (10 min, 808 nm, 2W) at
37 °C. (B) DOX release profile from DOX@PLA@Au-PEG-MnP NPs with three cycles of laser on/off. Control samples were not irradiated over the

whole period. All release studies were performed in triplicate.
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Figure 5. (A) The changes of size distributions of DOX@PLA@Au-PEG-MnP NPs and DOX@PLA@Au NPs in PBS (10 mM, pH 7.4) at 37 °C. (B)
Concentration—time profiles of Au element in plasma of Wistar rats after intravenous injection of DOX@PLA@Au-PEG-MnP NPs and DOX@PLA@Au
NPs at an Au dosage of 30mg/kg. Error bars were based on standard deviations of 3 rats per group.
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The  blood  circulation  dynamics  of
DOX@PLA@Au-PEG-MnP NPs was investigated in
comparison with DOX@PLA@Au. Wistar rats were
intravenously administrated with the agent at an Au
dosage of 30mg/kg. The circulation profile of the
agent was evaluated by measuring the Au content in
blood over the course of 48 h via ICP measurement.
Parameters including elimination half-life (T1/2), mean
residence time (MRT) and area under the plasma
concentration-time curve from zero to time infinity
(AUCo-;) were evaluated using the KineticaTM soft-
ware package (version 5.0, Thermo Fisher Scientific

Inc, MA, ©USA). As seen in Fig 5B,
DOX@PLA@Au-PEG-MnP NPs displayed a signifi-
cant longer blood circulation time than

DOX@PLA@Au. The Au content of the later de-
creased to 48.6 % at 6 h and almost disappeared at 24
h in blood circulation, exhibiting rapid clearance ki-
netics. On the contrary, the Au content of the former
remained to be 87.7 % at 24 h, showing dramatically
prolonged and slow clearance kinetics. T1/2, MRT and
AUCy_, of Au element were calculated to be 4.5 h, 5.76
h and 347.61 hmg/L for DOX@PLA@Au, respec-
tively. In contrast, these values were significantly in-
creased to be 39.78 h, 61.46 h and 2644.87 h mg/L for
DOX@PLA@Au-PEG-MnP NPs, respectively. Thus, it
provided evidence that DOX@PLA@Au-PEG-MnP
NPs can maintain a long circulation due to the intro-
duction of PEG chains.

photothermal cytotoxicity and chemotherapy of
DOX@PLA@AuU-PEG-MnP NPs, we determined cell
viability for HT-29 cells after incubation with the DOX
loaded (or free) agents of different concentrations
with or without laser irradiation by MTT assay. Fig
6A showed that no cytotoxicity was observed when
HT-29 cells were incubated with PLA@Au-PEG-MnP
containing no DOX over 48 h even at the highest in-
cubated concentration of 1.0 mg/mL without NIR
light exposure. For comparative study the agent’s
cytotoxicities, HT-29 cells were incubated with free
DOX, PLA@Au-PEG-MnP, and DOX@PLA@Au-
PEG-MnP at various concentrations for 24 h in com-
bination of the irradiation of NIR light at 1.5 W/cm? in
initial 10 min of the 24 h time period. The free DOX
group had equivalent concentration of DOX to the
DOX@PLA@AuU-PEG-MnP  group, and  the
PLA@Au-PEG-MnP group had an equivalent Au
dosage to the DOX@PLA@Au-PEG-MnP group. As
seen in Fig 6B, all three therapies showed an increas-
ing cytotoxicity against HT-29 cells in a
dose-dependent manner. At the highest dose, cell
viability decreased to 45 % for free DOX (9 pg/mL of
DOX), 38 % for PLA@Au-PEG-MnP (125 pg/mL of
Au), 13 % for DOX@PLA@Au-PEG-MnP (125 pg/mL
of Au, 9 ug/mL of DOX). These results revealed that
the combination of chemotherapy and photothermal
therapy through DOX@PLA@Au-PEG-MnP
significantly increased the likelihood of cell killing,
and potentially overcame the resistance to chemo-
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As shown in Fig 6C, without laser irradiation,
HT-29 cells treated with DOX@PLA@Au-PEG-MnP
NPs of various concentrations showed relatively
lower cell viability compared to control group. In ad-
dition, the cell viability decreased with increasing the
NPs concentrations. It suggested the effect of DOX
acting as chemotherapeutic drug. When exerting the
NIR laser irradiation, the decrease in the cell viability
became more remarkable. The ICs values were eval-
uated to be 141 pM and 308 upM for
DOX@PLA@Au-PEG-MnP NPs with and without
NIR laser irradiation, respectively (Fig 6 D). The en-
hanced cytotoxicity was attributed to the increased
DOX concentration in the inner or surrounding mi-
croenvironment of cancer cells, which caused by the
triggered release of DOX from DOX@PLA@Au-
PEG-MnP NPs under the irradiation of NIR laser.
Therefore, DOX@PLA@Au-PEG-MnP NPs could sig-
nificantly improve the therapeutic accuracy of DOX
through the remote control by NIR laser.

MRI imaging

Mn-porphyrins, a serious of potential MRI con-
trast agents, have been reported as promising substi-
tutes for Gd*? based complexes. Owing to the exist-
ence of attractive force between water soluble por-
phyrins and the surrounding water molecules, the
rigid porphyrin structure could potentially modulate
the internuclear distance between the paramagnetic
metal center and the hydrogen atoms in the sur-
rounding water molecules, thus Mn-porphyrins usu-
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ally exhibited high r; relaxivity [35]. Fig 7A indicated
that the T; relaxation time increases as the concentra-
tions of Mn?" increasing and the trend is well fit by a
linear line within the analyzed range of Mn3* concen-
trations for both free MnP and
DOX@PLA@AuU-PEG-MnP NPs. At the magnetic field
strength of 0.5 T, the 1; relaxivity of free MnP were
measured as 6.70 mM's71, higher than that of clinical
approved Gd-DTPA (4.5 mMs1) at the same mag-
netic field strength[50]. More excitingly, after the co-
valent linkage of MnP onto the surface of
DOX@PLA@Au through PEG chains, this r; value
significantly increased to 22.18 mM-1s71, which was
more than three times as high as that of free MnP (Fig
7A). It is has been reported that the r; values of vari-
ous paramagnetic metal complexes could be highly
enhanced by grafting them onto solid supports due to
the reduction of tumbling rate of those paramagnetic
metal complexes and the effective interaction between
water and the paramagnetic metal complexes [51].
Hence, the r; relaxivity of DOX@PLA@Au-PEG-MnP
NPs was strongly enhanced due to grafting MnP onto
the Au nanoshell surface and the introduction PEG
spacers. In addition, T; weighted images of phantoms
containing aqueous dispersions of

DOX@PLA@AuU-PEG-MnP NPs showed that the sig-
nal intensity of MRI increased with the increase of the
Mn3* concentrations (Fig 7B). It further confirmed that
DOX@PLA@Au-PEG-MnP NPs could operate as an
excellent positive MRI contrast agent.

Figure 7. (A) Linear relationship between T, relaxation rate (1/T,) and Mn** ion concentrations for aDOX@PLA@Au-PEG-MnP NPs, ¢MnP in water at
0.5 T and 37 °C, (B) T,-weighted images of DOX@PLA@Au-PEG-MnP NPs with increasing amount of Mn3* at 0.5 T, 37 °C, Do= 300 ms. The in vivo MRI
images of DOX@PLA@Au-PEG-MnP NPs (100 p L, 8 mg/mL): (C) before injection, (D) 30 min after injection, (E) 24 h after injection.
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In vivo MRI potential of DOX@PLA@Au-
PEG-MnP NPs was evaluated on HT-29 tu-
mor-bearing nude mice. The tumors were imaged
with the Pharmascan 70/16 US In-vivo MRI system at
7.0 T before and after intravenous single injection of
the agent (100 pL, 8 mg/mL). As shown in Fig 7C-E,
Ti-weighted MRI was able to capture the detailed
structure of the tumor after administration of the NPs.
Compared with the homogeneous and slight dark
image before injection (Fig 7C); the signal enhance-
ment in tumor region was gradually obvious as the
time increased. There were obvious bright dots in the
tumor area after 0.5h and 24h post-injection of nano-
particles, indicating an inhomogeneous distribution
of the contrast agent within the tumor (Fig 7D and
7E). In addition, after 24h injection, the whole tumor
area was becoming much brighter than that before
administration, suggesting large amount of
DOX@PLA@Au-PEG-MnP NPs were accumulating in
the tumor area. The tumor sites exhibited obvious
increase in Ti-weighted MR intensity compared with
that before injection, indicating that the
DOX@PLA@Au-PEG-MnP NPs remain in the tumor
sites as long as 24h to provide adequate time for the
following treatment. The passive targeting and high
MRI contrast ability of MnP-DOX GPNPs are favora-
ble for accurate cancer diagnosing and locating the
tumor site to guide the external NIR laser irradiation
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for photothermal ablation of tumors without damag-
ing the surrounding healthy tissues.

In vivo therapeutic investigation

The antitumor efficiency of the combined pho-
tothermal-chemotherapy using DOX@PLA@Au-
PEG-MnP NPs was investigated on HT-29 tu-
mor-bearing nude mice. When tumor size reached
approximately 100 mm?3, PBS, free DOX, PLA@Au-
PEG-MnP NPs and DOX@PLA@Au-PEG-MnP NPs
solutions were administered by intravenous injection,
respectively. The free DOX group used an equivalent
DOX concentration to the DOX@PLA@Au-PEG-MnP
group (0.1 pmol), and the used Au dosage for the
PLA@Au-PEG-MnP group was equivalent to the
DOX@PLA@Au-PEG-MnP group (1.6 mg). Upon ex-
posure to the 808 nm laser with a low power density
of 1.5 W/cm? for 8 min, the temperature in the tumor
areas of mice from both PLA@Au-PEG-MnP and
DOX@PLA@Au-PEG-MnP treated groups could rap-
idly increased because of the high photothermal effi-
ciency of their Au nanoshells. As shown in Fig 8A, the
average temperature of tumor tissue treated with
DOX@PLA@AuU-PEG-MnP increased from 36.5 °C to
57.3 °C during 8 min irradiation, which was high
enough to kill tumors in vivo. In contrast, the temper-
ature in the tumor areas from PBS + laser group was
not obviously affected after laser irradiation.
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Figure 8. (A) Temperature change curves determined by thermographic camera after treatments of the nude mice tumor with or without
DOX@PLA@Au-PEG-MnP NPs upon exposure to the 808 nm laser at a power density of 1.5 W/cmZ (B) The tumor growth curves of different groups of
mice after various treatments (A PBS only, m DOX only, ePLA@Au-PEG-MnP + laser, aDOX@PLA@Au-PEG-MnP + laser). (C) Representative pho-
tographs of tumors in mice at the |8th day post treatment: (1) PBS, (2) DOX, (3) PLA@Au-PEG-MnP + laser, and (4) DOX@PLA@Au-PEG-MnP NPs +
laser). (D) The in vivo biodistributions of Au element at 24h and |8th day post intravenous injection the NPs.
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To evaluate the therapeutic outcome of each
group, tumor volumes were recorded (Fig 8B). In PBS
treated group, tumor volume increased rapidly, from
about 100mm3 to approximately 800 mm? over 18
days (Fig 8B and 8C1). On the contrary, different levels
of tumor growth inhibition were seen in other three
groups. The tumor volume in mice treated only with
DOX increased from about 100mm? to approximately
500 mm?3 over 18 days (Fig 8B and 8C,), suggesting
that the dosage of administered DOX in our study
could not significantly reduce the tumor volume due
to the short half-life and nonspecific tumorous uptake
of free DOX. In the PLA@Au-PEG-MnP + laser group,
tumor volume decreased from about 100mm? to ap-
proximately 60 mm? until 6 days. After 6 days, how-
ever, the tumor began to regrow and had increased to
about 250 mm? by 18 days (Fig 8B and 8Cs), implying
that incomplete destruction of tumor cells by the
photothermal treatment can induce a recurrence of
the tumor. More excitingly, in DOX@PLA@Au-
PEG-MnP + laser group, the tumor volume decreased
gradually from 100 mm? to 20 mm? within 18 day after
photothermal treatment, leaving black scars at their
original sites without the phenomenon of tumor re-
currence (Fig 8B and 8C,). In addition, histological
section of tumors showed that maximum damage was
caused by the synergistic treatment (Fig S7) using
DOX@PLA@Au-PEG-MnP NPs in combination with
NIR laser irradiation. Overall results demonstrated
that the combined DOX and photothermal treatment
were more cytotoxic than either treatment alone.
Photohyperthermia effect would greatly enhance the
permeability of tumor vessels and the sensitivity of
the tumor cells toward chemotherapeutics, holding
the promise of improving drug efficacy. Moreover,
photothermal effect may trigger an instant drug re-
lease from DOX@PLA@Au-PEG-MnP NPs, leading to
high effective drug concentration in the tumor. Fur-
thermore, NIR laser light as a source of hyperthermia
is noninvasive and applied extracorporeally, which
takes a major advantage over other types of hyper-
thermia like radiofrequency ablation or microwave
ablation, which require interstitial needle or antenna
insertion.

The particle tracking in animal studies is vital to

the understanding of the efficacy of drug delivery [52].

The amounts of the NPs accumulated in blood and
vital organs were quantified by evaluating the Au
content using ICP measurement. Fig 8D showed that
the in vivo distribution of DOX@PLA@Au-PEG-MnP
NPs. At 24 h post-injection, nearly 90 % amount of
injected NPs was found in vital organs (including
heart, liver, spleen, lung, kidneys and brain), tumor
and blood. Approximately 6.3% amount of injected
NPs was found to accumulate in tumor tissue at 24 h

post-injection, providing an opportunity for the com-
bined photothermal-chemotherapy. Because of the
enhanced permeation and retention (EPR) effect,
DOX@PLA@Au-PEG-MnP NPs could be passively
accumulated into tumor [53]. In addition, the intro-
duction of the PEG layer on the surface of the Au
nanoshells contributes to the inhibition from the
macrophage recognition at reticuloendothelial system
(RES) of liver and spleen due to the good hydration
property, resulting in a prolonged circulation time in
blood.

It is worth noting that a relative rapid clearance
rate of the NPs was observed in Fig 8D, nearly 60%
amount of the NPs was cleared from the body within
18 days. In addition, histological section of vital or-
gans (including heart, liver, spleen, lung and kidneys)
stained with hematoxylin and eosin did not show any
apparent injury in cellular structures (Supplementary
Material: Fig S8). This result indicated the good safety
of the therapeutic process using as-prepared NPs.

Conclusion

A multifunctional nanoparticle of DOX@PLA@
Au-PEG-MnP has been successfully developed by
integrating different components, including PLA as
biodegradable drug carrier, gold nanoshell as NIR
photo-absorber to perform photothermal therapy and
trigger an instant drug release, MnP as T; contrast
agent to enhance MR imaging, and PEG to prolong
the circulation time in vivo, into a single agent. Both in
vitro and in vivo experiments demonstrated that
DOX@PLA@Au-PEG-MnP NPs exhibited a greatly
improved longitudinal relaxivity (r; value of 22.18
mM-1s1 of Mn%), facilitating to capture the location
and detailed structure of the tumor through MRI.
Under the irradiation of NIR laser, the composite
agent exhibited excellent photothermal therapeutic
potential and triggered DOX release, resulting in ac-
curate and synergistic therapeutic effect of cancer in
both cellular experiments and tumor-bearing nude
mice model. It was found that the combined DOX and
photothermal treatment were more cytotoxic than
either treatment alone. NIR laser light as a source of
hyperthermia is noninvasive and applied extracor-
poreally, which takes a major advantage over other
types of hyperthermia like radiofrequency ablation or
microwave ablation, which require interstitial needle
or antenna insertion. Therefore, DOX@PLA@Au-
PEG-MnP NPs could operate as an intelligent nan-
otheranostic agent, which is very helpful for accu-
rately visualizing the size and location of the tumor,
guiding and monitoring the therapeutic process, as
well as synergistically treating cancer through a single
agent.
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