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A supramolecular nanovehicle toward systematic,
targeted cancer and tumor therapy

Ruizheng Liang,}? Shusen You,}? Lina Ma,® Chunyang Li, Rui Tian,? Min Wei,*?
Dan Yan,*® Meizhen Yin,*® Wantai Yang,® David G. Evans® and Xue Duan®

A supramolecular nanovehicle (denoted as SNV) was fabricated by encapsulating zinc phthalocyanine
(ZnPc) and doxorubicin (DOX) into a copolymer (PVP-b-PAA-g-FA), so as to achieve systematic and
synergistic chemotherapy-photodynamic therapy (PDT), targeted tumor imaging and therapy. The
sophisticated copolymer designed in this work can load the PDT photosensitizer (ZnPc) and

chemotherapy drug (DOX) simultaneously, which exhibits an excellent performance in chemotherapy-
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tests with mice. This work provides a new drug formulation with a chemotherapy-PDT synergistic effect

DOI: 10.1039/¢c55c00994d by virtue of the supramolecular material design, which possesses the advantages of an ultra-low drug

www.rsc.org/chemicalscience dosage and highly-efficient in vivo targeted tumor imaging/therapy.

Introduction

The social and economic burden of cancer demands a spectrum
of therapeutic methodologies, which so far includes surgery,
chemotherapy,"” radiotherapy, hyperthermia® and photody-
namic therapy (PDT).* However, owing to the limit of each
individual therapeutic route, a single methodology is rarely
sufficient to overcome cancers.>” For instance, surgery suffers
from a precise control over the resection of a tumor while
chemotherapy and radiotherapy would inevitably cause damage
to normal tissues when killing cancerous cells.® Recently, to
overcome the limitation of a single therapy and to enhance/
optimize the anticancer efficacy, the integration of multimodal
treatment strategies for the purpose of achieving a synergistic or
systematic therapy has attracted considerable research
interest.”™

PDT is a promising therapeutic modality owing to the
advantages of being an effective and non-invasive treatment of
diseased tissues with minimal side-effects. The principle of PDT
involves the injection of a photosensitizer followed by visible-
light irradiation to generate singlet oxygen that induces an
effective destruction of diseased tissues.’>™® In addition,
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fluorescence emission of the photosensitizers can be further
employed for cancer fluorescence imaging.***° The properties of
the photosensitizer play a key role in determining the PDT
effectiveness, which has been regarded as the research focus in
this area. An ideal photosensitizer should possess the following
properties: (1) a monomeric state with a high singlet oxygen
quantum yield;>* (2) a near-IR light response to allow
remarkable tissue penetration to deep-seated cancer cells;**>°
(3) a targeting ability and a suitable delivery vehicle toward
tumors in terms of inhibiting the side effects on normal
cells.®*%7

In spite of the advantages of PDT mentioned above, its
performance as an individual therapy is far from highly satis-
factory. For instance, the limited tissue penetration of the light
source makes the PDT effectiveness for internal tumors
suboptimal.***° From the viewpoint of a systematic therapy, the
combination of PDT and chemotherapy for tumor therapy is a
favorable strategy.** Chemotherapy is the treatment of cancer
with chemotherapeutic drugs (CTDs) to restrain DNA and RNA
synthesis and promote cell death, which has been one of the
traditional modalities in current clinical applications.*»** The
main obstacle of CTDs lies in the serious side effects on normal
tissues due to their powerful and nonselective activity. Based on
these considerations, the combination of PDT and chemo-
therapy by virtue of a biocompatible and targeted drug delivery
vehicle is a highly desirable and systematic approach, utilising
the advantages of both of these cancer therapies. Compared
with each individual method, the combined chemotherapy-PDT
would lead to a largely-enhanced therapeutic efficacy, decreased
drug dosage and depressed side effects.

Herein we report a supramolecular nanovehicle (SNV) to
achieve systematic and synergistic chemotherapy-PDT targeted
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cancer imaging and therapy, which involves a two-step
approach: (i) the synthesis of a copolymer (folic acid chemically-
modified polyvinylpyrrolidone-b-polyacrylic acid, denoted as
PVP-b-PAA-g-FA) with a targeting capability toward cancer cells;
(ii) the encapsulation of a PDT photosensitizer (zinc phthalo-
cyanine, ZnPc) and a chemotherapy drug (doxorubicin, DOX)
into the copolymer to obtain the final SNV micelle (denoted as
ZnPc-DOX/SNV; Scheme 1). The copolymer PVP-b-PAA-g-FA
plays the key role as a multifunctional SNV: the introduction of
acidic DOX neutralizes the partially ionized FA and therefore
constitutes the hydrophobic core of the micelle; the remaining
ionized FA and terminal PVP (ZnPc is combined with PVP by
hydrogen bonding interactions) serve as the exterior shell of the
micelle. This achieves an amphiphilic supramolecular nano-
vehicle (SNV) with a targeted cancer therapy owing to the over-
expression of FA toward cancer cells.***® The sophisticated SNV
designed in this work can load the PDT photosensitizer and
chemotherapy drug simultaneously, which exhibits an excellent
performance in chemotherapy-PDT targeted cancer and tumor
therapy both in vitro, performed with HepG2 cells, and in vivo
with mice. The synergistic effect of chemotherapy and PDT
(ultra-low drug dosage, highly-efficient behavior and in vivo
targeted tumor imaging and therapy) is the most distinct
feature of the combined therapy in this work.

Experimental section

Materials

N-Vinylpyrrolidone (NVP, Alfa Aesar, 99%), tert-butyl acrylate
(tBA, Alfa Aesar, 99%), N,N-dimethylformamide (DMF) and 2-
butanone (Sinopharm, 99%) were purified by distillation under
reduced pressure before use. The cyclic ligand 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetra-azacyclo-tetradecane = (MegCyclam),
was synthesized according to the method described by Hay and
Lawrance.” CuCl and CuBr (Aldrich, 98%) were purified by
stirring in acetic acid followed by washing with methanol before
drying under vacuum. Ethyl 2-bromoisobutyrate (EBiB, Alfa
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Scheme 1 The synthesis process of PVP-b-PAA-g-FA and a sche-
matic illustration of the structure of ZnPc-DOX/SNV.
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Aesar, 99%), N,N-diisopropylethylamine (DIPEA, Aladdin, 99%),
folic acid (FA, 99%) and 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU, Aladdin,
99%) were used as received without further purification. Zinc
phthalocyanine (ZnPc) was purchased from J&K (97%). The
disodium salt of 9,10-anthracenedipropionic acid (APDA) was
purchased from Sigma. Basic alumina and all other reagents
were purchased from Sinopharm and used as received without
further purification.

Dulbecco's modified eagle’s medium (DMEM) containing
high glucose, i-glutamine and sodium pyruvate, pen-strep
(10 000 units per mL penicillin and 10 000 pug mL ™' strepto-
mycin) and 0.25% trypsin-EDTA were purchased from Gibco
(Invitrogen, Carlsbad, CA). Fetal bovine serum (FBS) was
purchased from Hyclone (Thermo Scientific, Rockford, IL).
Phosphate-buffered saline (PBS) was purchased from Solarbio
Science & Technology Co, Ltd (Beijing, China). 3-(4,5-Dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
potassium iodide (PI) were purchased from Sigma. Human liver
carcinoma (HepG2) cells were obtained from the Institute of
Basic Medical Sciences Chinese Academy of Medical Sciences
and cultured in DMEM containing 10% (v/v) FBS and 1% pen-
strep at 37 °C in a humidified atmosphere containing 5% CO,.

Preparation of ZnPc(x%)/SNV and ZnPc-DOX/SNV

ZnPc/SNV and ZnPc-DOX/SNV were prepared for the study of
single PDT and chemotherapy-PDT, respectively. Firstly, the
copolymer PVP-h-PAA-g-FA serving as a targeting drug delivery
substrate was synthesized via chemical binding with FA to
specifically over-express the HepGz2 cells. The detailed synthesis
procedure involves a three-step route and two intermediate
products (PVP-Br and PVP-b-PAA), which is described in the ESI
(Scheme S17). Subsequently, a series of ZnPc(x%)/SNV materials
were prepared by incorporation of ZnPc and PVP-b-PAA-g-FA
through a facile liquid synthesis method. In brief, ZnPc and
PVP-b-PAA-g-FA with various mass ratios (ZnPc : PVP-b-PAA-g-FA
=1:6; 1:12; 1:15; 1:18; 1: 24, respectively) were simulta-
neously added into a centrifuge tube; each mixture was stirred
at 25 °C to produce a homogeneous solution. For the prepara-
tion of ZnPc-DOX/SNV, muriatic DOX was added into the
ZnPc(x%)/SNV solution, followed by a strong ultrasonic treat-
ment for 0.5 h and then vigorous agitation for 12 h. Finally, the
ZnPc-DOX/SNV micelles were purified by dialysis against pure
water (molecular weight cut off 3500) to remove the unbound
ZnPc and DOX. The reference samples, ZnPc(x%)/PVP-Br and
ZnPc-DOX/PVP-Br, were prepared in a similar way by using the
intermediate copolymer PVP-Br as the drug delivery substrate.

Detection of singlet oxygen

As a singlet oxygen sensor,*® the disodium salt of 9,10-anthra-
cenedipropionic acid (APDA) was used to detect the singlet
oxygen generated from the ZnPc(x%)/SNV photosensitizer.
Normally, an APDA solution (150 pL, 7.5 mM) was added into
the ZnPc(x%)/SNV suspension (concentration: 10 pg mL™%,
3 mL) and mixed thoroughly, followed by irradiation at 650 nm
using a simulated sunlight source with an optical filter of 650 +

This journal is © The Royal Society of Chemistry 2015
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5 nm. The decrease rate of the UV absorption intensity at
378 nm is proportional to the amount of singlet oxygen
produced, and the absorbance value was recorded per minute.

In vitro studies on cancer cells

HepG2 cells were cultured and expanded in a 25 cm? cell-culture
flask. After reaching 80-90% confluence, the HepG2 cells were
washed with PBS, and afterwards detached from the flask
through the addition of 1.0 mL of 0.25% trypsin for 1-3 min at
37 °C. HepG2 cells (2 x 10* cells per well) were seeded into two
96-well plates. To study the chemotherapy-PDT performance,
cells were treated with different concentrations of DOX, DOX/
SNV, ZnPc, ZnPc/SNV, ZnPc-DOX/SNV and ZnPc-DOX/PVP-Br,
respectively. After a further incubation of 24 h, the cells were
washed with PBS 3 times. The plates were irradiated with a
simulated sunlight source (optical filter: 650 = 5 nm; power
density: 10 mW cm™?) for 30 min. The colorimetric MTT was
used to determine the cell viability. To study the photo- and
dark-toxicity effect, HepG2 cells (2 x 10" cells per well) were
seeded into two 96-well plates and then treated with DOX
(5 ng mL™"), ZnPc (5 pg mL "), ZnPc/SNV (equivalent ZnPc:
5 pug mL '), ZnPc-DOX/SNV (equivalent DOX: 2.5 pg mL ™'
ZnPc: 2.5 ug mL™ ') and pristine SNV (500 ug mL™'), respec-
tively. After a further incubation of 24 h, the cells were washed
with PBS 3 times. One plate was irradiated with a simulated
sunlight source (optical filter: 650 = 5 nm; power density:
10 mW cm™?) for 30 min and another was kept in the dark
outside the incubator. The colorimetric MTT was used to
determine the cell viability.

In vivo chemotherapy-PDT

Male Balb/c mice (Balb/c-nu, ~25 g) were purchased from the
Academy of Military Medical Science and used under protocols
approved by the 302th Military Hospital Animal Research
Center. 2 x 10° HepG2 cells suspended in 200 uL phosphate
buffered saline (PBS) were subcutaneously injected into the
hind flank of each male Balb/c mouse. The mice bearing HepG2
tumors were treated when the tumor volume reached ~40 mm?.
The mice were randomized into seven groups (8 animals per
group) for the following treatments: (group i) 100 pL of saline
injected intravenously, with irradiation at 36 ] cm™>; (group ii)
100 pL of ZnPc (25 pg) injected intravenously, with irradiation at
36 ] cm 2 (group iii) 100 pL of ZnPc(5.3%)/SNV (equivalent
25 pg ZnPc) injected intravenously, with irradiation at 36 J cm™?;
(group iv) 100 puL of DOX (25 pg) injected intravenously, without
irradiation; (group v) 100 uL of DOX/SNV (equivalent 25 ug DOX)
injected intravenously, without irradiation; (group vi) 100 uL of
ZnPc-DOX/PVP-Br (equivalent 12.5 pg ZnPc and 12.5 pg DOX)
injected intravenously, with irradiation at 36 J cm™2; (group vii)
100 pL of ZnPc-DOX/SNV (equivalent 12.5 pg ZnPc and 12.5 pg
DOX) injected intravenously, with irradiation at 36 J cm 2. Mice
undergoing the PDT were irradiated with a simulated sunlight
source (optical filter: 650 & 5 nm; power density: 20 mW cm ™ ?)
for 30 min (i.e., an optical fluence rate of 36 J cm™2). The tumor
size was measured by a caliper every day and the volume was
calculated using the equation: volume = (tumor length) x

This journal is © The Royal Society of Chemistry 2015

View Article Online

Chemical Science

(tumor width)* x 0.5.*> The relative tumor volume was calcu-
lated as V/V, (V, V, are the tumor volume measured at time ¢ and
¢y, respectively).

Results and discussion
Structural and morphological characterizations

A copolymer was designed and synthesized with a targeting
capability toward HepG2 cells via a three-step procedure: (1) the
atom transfer radical polymerization (ATRP) of N-vinyl-
pyrrolidone (NVP) to obtain poly(N-vinylpyrrolidone) (PVP-Br),
(2) the ATRP of tert-butyl acrylate initiated by macroinitiator
PVP-Br and the subsequent deprotection of tert-butyl groups to
produce the block copolymer PVP-h-PAA, and (3) the covalent
grafting of folic acid (FA) onto PVP-b-PAA to achieve the final
hydrophilic copolymer PVP-b-PAA-g-FA. The detailed synthetic
process is described in the ESI (Scheme S1f). NMR spectra
demonstrate the successful synthesis of PVP-Br, PVP-b-PAA and
PVP-h-PAA-g-FA (Fig. S1-S4; Table S1f). Subsequently, a
ZnPc(x%)/SNV solution and ZnPc-DOX/SNV colloidal materials
were prepared via a facile microemulsion method as described
in the experimental section (Fig. S5t1). The design of the
copolymer PVP-b-PAA-g-FA with a targeting ligand (FA) is
essential for the fabrication of ZnPc-DOX/SNV micelles: the
acidic DOX neutralizes the partially ionized FA to constitute the
interior core of the micelle and the remaining ionized FA and
terminal PVP form the exterior shell. The interaction between
ZnPc and PVP was demonstrated using isothermal titration
calorimetry (ITC) (Fig. 1A and S67). The negative values of AH
and AS reveal the formation of hydrogen bonding between PVP
and ZnPc. The copolymer successfully loads the PDT photo-
sensitizer (ZnPc) and chemotherapy drug (DOX) simulta-
neously, ensuring the implementation of the chemotherapy-
PDT targeted cancer therapy.

Since monomeric ZnPc is crucial for PDT, UV-vis spectros-
copy was used to study the existence state of ZnPc in the ZnPc-
DOX/SNV micelle. The aqueous solution of ZnPc prefers to exist
as H-type aggregates with the absorption maximum at 635 nm,
but it moves to 675 nm in 60% ethanol solution (Fig. 1B). The
red-shift of the ZnPc Q-band indicates the collapse of the H-type
aggregation and the presence of a monomeric state in low
polarity media.*” In the case of the ZnPc(5.3%)/SNV aqueous
suspension, a strong monomeric absorption at 682 nm is
observed (Fig. 1B and S7Aft), suggesting that the PVP-b-PAA-g-FA
micelle provides a low polarity microenvironment for the exis-
tence of monomeric ZnPc. For the ZnPc-DOX/SNV sample, an
insignificant red-shift in the monomeric absorbance is
observed with the same intensity as that of ZnPc(5.3%)/SNV,
indicating that the coexistence of DOX imposes no obvious
influence on the monodispersity of ZnPc. Fig. 1C shows the
fluorescence emission spectra of the above samples. The spec-
trum of ZnPc display a rather weak peak at 682 nm in aqueous
solution, while there is a largely-enhanced emission at 692 nm
in 60% ethanol solution. For the samples of ZnPc(5.3%)/SNV
and ZnPc-DOX/SNV, a moderate photoluminescence intensity is
observed, accompanied by a red-shift of the emission maximum
to 702 and 700 nm respectively, implying their potential

Chem. Sci., 2015, 6, 5511-5518 | 5513
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Fig. 1 (A) ITC titration measurements of PVP-Br (1.0 x 10™* mol L™}
and ZnPc (1.0 x 107° mol L™Y: the thermodynamic parameters of
the interaction. (B) UV-vis absorption spectra of: pristine ZnPc
(20 pg mL™Y) in aqueous solution, pristine ZnPc (20 pg mL™Y) in 60%
ethanol solution, ZnPc(5.3%)/SNV and ZnPc-DOX/SNV (ZnPc equiva-
lent to 20 pg mL™) aqueous suspension. (C) Photoluminescence
spectra and photographs (inset) of: (a) ZnPc in aqueous solution, (b)
ZnPc in 60% ethanol, (c) ZnPc(5.3%)/SNV, (d) ZnPc-DOX/SNV
suspension. (D) Typical fluorescence decay curves of ZnPc and ZnPc/
SNV. (E) The particle size distribution of ZnPc-DOX/SNV determined
using a Malvern Mastersizer 2000 laser particle size analyzer. (F) TEM
image of the ZnPc-DOX/SNV sample.

application in NIR fluorescence imaging. The visual results are
shown in the inset of Fig. 1C. We further determined the fluo-
rescence lifetime of ZnPc and ZnPc¢/SNV (Fig. 1D). Compared
with the lifetime of ZnPc (3.47 ns) in aqueous solution, the
fluorescence lifetime of ZnPc/SNV (5.19 ns) increased markedly,
demonstrating the disaggregation of ZnPc in SNV. The equiva-
lent hydrodynamic diameter of ZnPc-DOX/SNV in aqueous
solution was determined to be ~70 nm (Fig. 1E) using the
dynamic light scattering (DLS) measurements. Transmission
electron microscopy (TEM) images clearly show the formation
of spherical micelles with a diameter range of 20-60 nm (Fig. 1F
and S8t). The zeta potential of the ZnPc-DOX/SNV suspension
was determined to be —11.1 mV (Fig. S97). The surface charge of
the micelle facilitates its stable dispersion in aqueous solution
for as long as 7 days.

Measurements of singlet oxygen

The singlet oxygen production efficiency of ZnPc(x%)/SNV is the
key factor of the PDT performance. The generation of singlet
oxygen by ZnPc(x%)/SNV was chemically detected using the
disodium salt of 9,10-anthracenedipropionic acid (ADPA),
whose absorption band at 378 nm as a detector can be bleached
to its nonfluorescent endoperoxide in the presence of '0,.*
Fig. 2 and S10f show the absorption spectra of ADPA at 378 nm
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with the presence of various samples as a function of irradiation
time under 650 nm light. For the ADPA solution alone, no
change in the absorbance was observed under light irradiation
(Fig. S10At). The addition of pristine ZnPc into the ADPA
solution accelerates the absorbance decrease to some extent
(Fig. 2A), indicating the generation of singlet oxygen by ZnPc. In
the case of the ZnPc(x%)/SNV materials (x% ranges between
14.3-5.3%), a sharp decrease in absorbance is observed with an
irradiation time of 6 min (Fig. 2B, S10B and Ct). It was found
that the sample of ZnPc(5.3%)/SNV exhibits the strongest
capability to produce singlet oxygen, in good accordance with
its strongest monomeric absorbance (Fig. S77). After an irradi-
ation time of 6 min, a decrease of 93.2% in the absorbance of
the ADPA probe is observed for ZnPc(5.3%)/SNV; while only a
15.3% decrease is found for pristine ZnPc. It is therefore
concluded that the monomeric state of ZnPc encapsulated in
the PVP-h-PAA-g-FA micelle plays a key role in boosting the
production of singlet oxygen. The singlet oxygen production
efficiency of ZnPc-DOX/SNV was also investigated, which
displays a rather close value to that of ZnPc(5.3%)/SNV (Fig. 2C
and D). This indicates that the coexistence of DOX does not
affect the singlet oxygen production of ZnPc. In addition, the
release tests indicate that the absorbance of ZnPc-DOX/SNV at
682 nm (originating from ZnPc) remains unchanged while the
one at 495 nm (originating from DOX) decreased by 25% after
48 h dialysis (Fig. S11%), indicating the effectiveness of the
delivery system.

In vitro anticancer activity

The anticancer activity of ZnPc-DOX/SNV was studied by in vitro
tests performed with HepGz2 cells. HepG2 cells were incubated
separately with DOX, ZnPc, ZnPc/PVP-Br, DOX/SNV, ZnPc/SNV,
ZnPc-DOX/PVP-Br and ZnPc-DOX/SNV with concentrations
ranging from 0 to 10 pg mL ™" for 24 h, and then washed with
PBS three times. Subsequently, the cells were irradiated with
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Fig. 2 Decay curves of the ADPA absorbance in the presence of (A)
ZnPc, (B) ZnPc(5.3%)/SNV and (C) ZnPc-DOX/SNV as a function of
irradiation time (at 650 nm). (D) The normalized decay curves of the
ADPA absorbance at 378 nm as a function of irradiation time, in the
presence of pristine ZnPc, ZnPc(x%)/SNV, ZnPc-DOX/SNV as well as
the blank measurement.
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NIR light (650 nm) at a power density of 10 mW cm > for 30
min. The standard methyl thiazolyl tetrazolium (MTT) assay was
carried out to determine the relative cell viability. As shown in
Fig. 3A and B, a significant anticancer effect occurs and
enhances gradually along with the increase of dosage from 0.1
to 10 pg mL . The half maximal inhibitory concentration (ICs5,)
of ZnPc-DOX/SNV is 0.60 ug mL ™", which is smaller than that of
DOX (2.29 pg mL '), DOX/SNV (3.66 pg mL '), ZnPc
(37.25 pg mL™"), ZnPc/SNV (1.71 pg mL™") and ZnPc-DOX/PVP-
Br (3.91 pg mL™"). The results absolutely verify the synergistic
effect of chemotherapy and PDT to achieve a greatly enhanced
anticancer activity. Compared with the results for treatment
with ZnPc-DOX/PVP-Br and ZnPc-DOX/SNV, the anticancer
efficacy was highly enhanced via conjugation with FA, demon-
strating the effectiveness of FA toward specifically targeting
HepG2 cells. In order to visualize the anticancer results, HepG2
cells were stained with propidium iodide (PI), which is excluded
by viable cells but can penetrate into the cell membrane of dead
cells.* The HepG2 cells treated with 5 pg mL™' of ZnPc,
ZnPc(5.3%)/PVP-Br, ZnPc(5.3%)/SNV under irradiation are dis-
played in Fig. 3C-F.

The anticancer activity of DOX, DOX/SNV, ZnPc-DOX/PVP-Br
and ZnPc-DOX/SNV is shown in Fig. 3G-J. The results verify that
the ZnPc-DOX/SNV drug displays superior anticancer efficacy,
in accordance with the in vitro tests above (Fig. 3A and B). For
comparison, the phototoxicities were also studied through
incubating HepG2 cells in these media (Fig. S121). DOX shows a
strong cytotoxicity without PDT performance; while some cyto-
toxicity as well as rather poor PDT effectiveness are observed for
ZnPc alone. For the sample of ZnPc/SNV, the cytotoxicity of

B mmZnPc

== ZnPc/PVP-Br
jmm ZnPc/SNV
[== ZnPc-DOX/SN'

010205 1 % 5 10
Concentration/ (ug/ml)

Fig. 3 The antitumor performance of (A) DOX/SNV, DOX, ZnPc-DOX/
PVP-Br, ZnPc-DOX/SNV, (B) ZnPc, ZnPc/PVP-Br, ZnPc/SNV, ZnPc-
DOX/SNV, with a concentration in the range 0-10 ug mL™* after 24 h
incubation and 0.5 h irradiation. Fluorescence microscopy and
merged images of the HepG2 cells treated with various samples and
irradiation (5 pg mL™ and 24 h incubation): (C) ZnPc, (D) ZnPc(5.3%)/
PVP-Br, (E) ZnPc(5.3%)/SNV, (F) blank, (G) DOX, (H) DOX/SNV, (I) ZnPc-
DOX/PVP-Br, (J) ZnPc-DOX/SNV.
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ZnPc is significantly depressed by encapsulation into the
copolymer and the sample displays a better PDT performance
owing to the targeting of FA toward the HepG2 cells. In the case
of the ZnPc-DOX/SNV drug which combines chemotherapy and
PDT, the cell viabilities are found to be 0.56 (no irradiation) and
0.07 (irradiation), demonstrating its largely-enhanced anti-
cancer activity by virtue of the chemotherapy-PDT. Moreover, in
order to provide distinct evidence of the synergistic effect of
PDT and chemotherapy, the intracellular ROS signal was
examined by using a fluorescent probe, dichlorofluorescein
diacetate (DCFH-DA). As shown in Fig. S13,f the sample of
HepG2 cells treated with ZnPc-DOX/SNV displays the strongest
fluorescence intensity compared with the control groups, which
indicates that ZnPc-DOX/SNV induces the highest ROS
production with HepG2 cells. In addition, the HepG2 cell
sample treated with ZnPc-DOX/SNV also shows the most
significant apoptosis (Fig. S147).

Fluorescence imaging and in vivo antitumor assay

To investigate the feasibility and targeting ability of ZnPc-DOX/
SNV for in vivo fluorescence imaging and theranostics, 100 pL of
ZnPc-DOX/SNV or ZnPc-DOX/PVP-Br (equivalent 25 pg ZnPc and
25 pug DOX) was injected intravenously into the tails of the mice,
and fluorescence images were recorded on a Carestream
Molecular Imaging In vivo MS FX PRO system. As shown in
Fig. 4A, the fluorescence signal from the tumor (at the hind
flank of the mouse; Fig. S151) becomes strongest at 24 h after
the intravenous injection, which is related to the following two
simultaneous processes: drug circulation/metabolization in the
whole body and gradual accumulation at the tumor site. The
results demonstrate a good targeting ability of ZnPc-DOX/SNV
in the mice. In the control sample of ZnPc-DOX/PVP-Br, no
obvious fluorescence signal from the tumor at the same posi-
tion is observed during the whole metabolic process after the
intravenous injection (Fig. 4B). The results show that ZnPc-
DOX/SNV can be used as a good NIR agent for in vivo targeted
imaging. Finally, the in vivo therapeutic efficacy of the ZnPc-
DOX/SNV induced tumor treatment was studied. Seven groups
of HepG2 tumor-bearing mice (8 mice per group) were
employed in this work. For the target group, tumors were
intravenously injected with ZnPc-DOX/SNV (dosage: both ZnPc
and DOX were 0.5 mg kg™ ') and irradiated by a simulated
sunlight source (optical filter: 650 + 5 nm) with a power density
of 20 mW cm™? for 30 min (fluence rate: 36 J cm™?). Other
control groups consisted of mice given a saline injection with
irradiation, ZnPc injection with irradiation, ZnPc/SNV injection
with irradiation, DOX injection without irradiation, DOX/SNV
injection without irradiation, ZnPc-DOX/PVP-Br injection with
irradiation (the total drug dosage: 1 mg kg™ '). The tumor size
was measured using a caliper each day after the treatment. As
shown in Fig. 4C, the in vivo antitumor efficiency increases in
the following order: saline < DOX = ZnPc = ZnPc-DOX/PVP-Br
< DOX/SNV < ZnPc¢/SNV < ZnPc-DOX/SNV. The ZnPc-DOX/SNV
drug exhibits the most superior in vivo antitumor performance,
i.e., the growth speed of the tumor was restrained to a great
extent in comparison with the control groups, and the tumor
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almost disappeared by the fourth day. This striking contrast can
be further observed in the mice photographs after treatment for
14 days (Fig. 4D). In marked contrast, both the tumors in the
ZnPc/SNV and DOX/SNV control groups show a faster growth
speed, illustrating the combined chemotherapy-PDT leads to a
significantly enhanced therapeutic efficacy. In addition, hae-
matoxylin and eosin (H&E) staining of tumor slices was also
carried out and collected one day after the treatment for all of
the seven groups (Fig. 4E). As expected, significant cancer cell
damage was noticed in the tumor with the ZnPc-DOX/SNV
injection and irradiation (Fig. 4E, E7); while only partial
necrosis/apoptosis can be observed in the other six control
groups. The results are consistent with the growth tendency of
the tumor (Fig. 4C and D). These results clearly demonstrate
that ZnPc-DOX/SNV can serve as a powerful chemotherapy-PDT
agent for in vivo antitumor treatment, with an ultra-low dosage
of 1.0 mg keg™* and an optical fluence rate of 36 ] cm 2. The
excellent in vivo antitumor performance of ZnPc-DOX/SNV with
good biocompatibility demonstrates great promise for its
employment in targeted tumor therapy.

Structure—property correlations

The excellent chemotherapy-PDT systematic therapy can be
attributed to the following three factors. Firstly, the grafted FA
molecule in the copolymer provides the targeting ability which
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Fig.4 Invivo fluorescence imaging of mice after intravenous injection
with 100 pL of (A) ZnPc-DOX/SNV and (B) ZnPc-DOX/PVP-Br at
different time points (O h, 0.5h,1h,2h,4h, 6 h, 8 h, 24 h). (C) Tumor
growth curves of the seven groups of mice after treatment. The tumor
volume was normalized to the initial size; the error bar is based on the
standard deviation from the mice in each group. (D) Representative
photos of mice bearing a HepG2 tumor after various treatments for 14
days (D1: saline, irradiation at 36 J cm™2; D2: ZnPc, irradiation at 36 J
cm~2; D3: ZnPc/SNV, irradiation at 36 J cm™2; D4: DOX, no irradiation;
D5: DOX/SNV, no irradiation; D6: ZnPc-DOX/PVP-Br, irradiation at 36
J cm™2; D7: ZnPc-DOX/SNV, irradiation at 36 J cm™2). (E) H&E stained
tumor slices collected from the seven groups after 48 h of various
treatments (E1-E7: the same as D; the scale bar is 300 pm).
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increases the drug intake by the HepG2 cells. Fig. 5A shows that
the fluorescence intensity of ZnPc-DOX/SNV (with the presence
of FA) in the cell lysate sample is a lot stronger than that of
ZnPc-DOX/PVP-Br (without FA) from 1 to 10 pg mL™", which
verifies the over-expression of FA toward the HepG2 cells. We
further investigated the intake of ZnPc-DOX/SNV and ZnPc-
DOX/PVP-Br using fluorescence microscopy. HepG2 cells were
respectively incubated with ZnPc-DOX/SNV and ZnPc-DOX/PVP-
Br with a concentration of 5 pg mL™" for 24 h, and their fluo-
rescence images were recorded. As shown in Fig. 5B, the fluo-
rescence intensity of HepG2 cells incubated with the former
(B1) is obviously stronger than with the latter (B2), further
demonstrating the larger intake of ZnPc-DOX/SNV owing to the
presence of the chemically-modified FA target.

Secondly, the hydrogen bonding interaction between PVP
and ZnPc facilitates the monomeric state of ZnPc in the SNV,
which tremendously enhances the PDT performance of ZnPc
(Fig. 6A). When the ZnPc molecule exists in a monomeric state,
its electron can be easily excited to the first short-lived singlet
state when irradiated with NIR light, followed by an intersystem
crossing to a longer-lived triplet state.'* Subsequently, the ZnPc
triplet state transfers energy to ground-state triplet oxygen to
produce 'O,. In contrast, the w7 interaction of the ZnPc
molecules in aggregates leads to a self-quenching effect of the
excited state,* which decreases the production of '0,. There-
fore, the monomeric ZnPc within the SNV as a result of drug-
support interactions is crucial for the PDT performance.

Thirdly, this systematic chemotherapy-PDT not only over-
comes the shortcomings of individual anticancer therapies, but
also imposes a significant synergistic therapeutic efficacy
compared with individual methods. It has been reported that
dual-modal treatment strategies can achieve an enhanced
synergistic therapeutic effect.'®*** In this work, the synergistic
effect of a combined chemotherapy-PDT was also demon-
strated. As revealed by the fluorescence imaging study (Fig. 3E
and 5C), PDT leads to an obvious treatment effect while
chemotherapy only shows a weak performance. However, HepG2
cells treated with chemotherapy undergo an inflammatory
response (e.g.,, a morphology change and a decrease in cell
activity); the assistance of PDT would easily cause the final death

10000] A /*
28000
2
g 6000 —=—ZnPc-DOX/SNV
= 4000 —a— ZnPc-DOX/PVP-B
/‘
2000 4
-2
o 2 4 6 8 1
Concentration/(ng/ml)
Fig. 5 (A) Fluorescence intensities of cell lysate samples from HepG2

cells incubated with various concentrations of ZnPc-DOX/SNV and
ZnPc-DOX/PVP-Br. (B1 and B2) Fluorescence images of HepG2 cells
incubated with 5 pg mL™! of ZnPc-DOX/SNV and ZnPc-DOX/PVP-Br,
respectively. (C) Bright field microscopy image and a merged image of
HepG2 cells treated with ZnPc-DOX/SNV without irradiation (5 pg
mL~?, 24 hincubation; HepG2 cells were stained with PI). The scale bar
is 100 pm in (B) and (C).
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Fig. 6 A schematic representation of enhanced PDT and the syner-
gistic effect in chemo-PDT therapy: (A) the mechanism of action of
photodynamic therapy. (B) A schematic representation of the syner-
gistic effect in this chemo-PDT therapy.

of HepGz2 cells, accounting for the largely enhanced therapy. This
is schematically illustrated in Fig. 6B. Therefore, the ingenious
design, synthesis and assembly of structure units are key factors
for the excellent therapeutic effect.

Conclusions

In summary, a supramolecular nanovehicle (SNV) toward
systematic and targeted chemotherapy-PDT tumor therapy was
fabricated through incorporation of ZnPc and DOX into a
copolymer (PVP-b-PAA-g-FA). Acidic DOX neutralizes partially
ionized FA to constitute the hydrophobic core and the hydro-
philic ionized FA and terminal PVP are exposed at the exterior
shell, endowing the formation of a stable SNV. The dispersion
of the ZnPc photosensitizer in a monomeric state was obtained
in this system, which shows a NIR photoactivity and high
singlet oxygen production efficiency.

In vitro tests performed with HepG2 cells reveal that ZnPc-
DOX/SNV exhibits a satisfactory anticancer effectiveness (equiv-
alent tests with 2.5 g mL ™" ZnPc and 2.5 ug mL ™" DOX result in
92.7% cell death), good biocompatibility as well as low cytotox-
icity. In vivo studies using mice with intravenous injections
demonstrate an excellent antitumor behavior, with an ultra-low
drug dose of 1 mg kg™ ' (the summation of ZnPc and DOX) and a
low optical fluence rate of 36 ] cm™2, by virtue of the synergistic
effect of chemotherapy and PDT. In addition, NIR fluorescence
imaging measurements substantiate its applications for in vivo
detection and imaging. Therefore, the supramolecular nano-
vehicle (SNV) fabricated in this work holds a great promise in the
field of targeted tumor imaging and therapy.
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