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Introduction

Reactive oxygen species-responsive polydopamine
nanoparticles for targeted and synergistic chemo
and photodynamic anticancer therapy+t

Gaole Dai, @2 Jacky C. H. Chu, 2@ Cecilia Ka Wing Chan, &<
Chung Hang Jonathan Choi @ *° and Dennis K. P. Ng'

A thioketal-linked dimer of 3,4-dihydroxy-L-phenylalanine was prepared which underwent self-poly-
merisation in the presence of doxorubicin (Dox) in an ethanol/water (1: 4, v/v) mixture with ammonia. The
resulting Dox-encapsulated polydopamine (PDA) nanoparticles were further conjugated with molecules
of a zinc(n) phthalocyanine (Pc)-based photosensitiser and a peptide containing the heptapeptide
QRHKPRE sequence (labelled as QRH) that can target the epidermal growth factor receptor (EGFR) over-
expressed in cancer cells. Upon internalisation into these cells through receptor-mediated endocytosis,
these nanoparticles labelled as PDA-Dox-Pc-QRH were disassembled gradually via cleavage of the thio-
ketal linkages by the intrinsic intracellular reactive oxygen species (ROS). The stacked Pc molecules were
then disaggregated, resulting in activation of their photosensitising property upon irradiation. The ROS
generated by the activated Pc promoted further degradation of the nanoparticles and release of Dox,
thereby enhancing cell death by synergistic chemo and photodynamic therapy. Systemic injection of
PDA-Dox-Pc-QRH into EGFR-overexpressed tumour-bearing nude mice led to targeted delivery to the
tumour, and subsequent light irradiation caused complete tumour ablation without inducing notable
toxicity.

bials,"® partly due to their biocompatibility, high cellular
uptake, low cytotoxicity and fluorescence quenching ability.

Polydopamine (PDA) is a promising biomaterial derived from
the self-polymerisation of dopamine under alkaline conditions
based on covalent bonding, hydrogen bonding and =n-=w
interactions."” With reactive functional groups such as amine,
imine and catechol on the surface, PDA supports facile
modification with thiol- and amine-containing molecules
and coating on different types of materials, such as metal
oxides, synthetic polymers, noble metals and carbon
nanomaterials.>”> PDA-based nanomaterials have found a wide
range of biomedical applications, such as bioimaging,® mole-
cular diagnostics,” gene delivery,® controlled drug release,"°
photothermal therapy,'' cancer theranostics'> and antimicro-
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However, their limited biodegradability greatly obstructs their
clinical translation. As reported earlier, PDA-coated nano-
particles (NPs) can remain stable in vivo for at least six weeks
following an intravenous injection into animals.'* Despite the
preponderance of polymeric NP-based drug carriers, such as
poly(lactic-co-glycolic acid), polycaprolactone and chitosan that
upon intravenous injection can decompose into small meta-
bolic fragments for renal clearance,">"” biodegradable PDA-
based NPs remain infrequently reported.'®*°

To boost the translational potential of PDA-based nanome-
dicines, we have been interested in next-generation PDA-based
NPs that can be degraded in response to specific biochemical
stimuli inside the cells or in vivo. As a proof-of-concept, we
constructed a thioketal-linked PDA nanosystem that is degrad-
able upon the action of reactive oxygen species (ROS). These
oxygen-containing reactive species, such as superoxide anions,
singlet oxygen, hydrogen peroxide and hydroxyl radicals play
vital roles in living organisms.?® As a pathological hallmark of
tumours, ROS are also over-produced (up to 100 pM) in the
tumour microenvironment when compared to the levels in
normal tissues (about 20 nM).>"** Recently, nanomedicines
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with built-in ROS-cleavable linkers (e.g. sulfide, thioketal, sel-
enium and tellurium)®*** have been studied with a view to reg-
ulating the release of therapeutic components in the tumour.
However, most of these nanocarriers are not sensitive enough
to respond to the intra-tumoural concentrations of ROS, which
greatly hampers their antitumour efficacy.”>*® We report
herein a highly sensitive ROS-responsive PDA-based nano-
carrier that can release the immobilised chemotherapeutic
and photosensitising drugs upon interactions with the intra-
cellular ROS. The release of the latter also leads to activation of
its photosensitising property upon light irradiation to generate
additional ROS that can accelerate the degradation of the NPs
and release of the therapeutic components, resulting in syner-
gistic chemo and photodynamic therapy (PDT). The combi-
nation of these anticancer treatment modalities is of great
potential and much current interest.”” >’

The design, preparation and mechanistic actions of this
multifunctional nanosystem are shown in Fig. 1. As a starting
material, a dimer of 3,4-dihydroxy-L-phenylalanine (L-DOPA)
was prepared by covalently linking two r-DOPA units with a
ROS-sensitive thioketal linker. This dimer was mixed with
doxorubicin (Dox) and underwent self-polymerisation under
alkaline conditions to give Dox-encapsulated PDA-based NPs
(labelled as PDA-Dox). The surface of the NPs was then modi-
fied sequentially with molecules of a zinc(u) phthalocyanine
(Pc) and the peptide sequence QRHKPREGGGSC (labelled as
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QRH) to give PDA-Dox-Pc and PDA-Dox-Pc-QRH respectively.
Zinc(u) phthalocyanines have been well-documented as
superior photosensitisers for PDT,>** while the heptapeptide
QRHKPRE in QRH can preferentially bind to the epidermal
growth factor receptor (EGFR) that is typically overexpressed in
cancer cells.*’*? Owing to the self-quenching of the stacked Pc
molecules and the quenching effect of PDA, the Pc molecules
immobilised on the NPs are photodynamically inactive. Upon
selective uptake by EGFR-positive cancer cells via receptor-
mediated endocytosis, the initially basal amount of intracellu-
lar ROS would trigger the degradation of PDA-Dox-Pc-QRH via
cleavage of the thioketal linkages to release Dox and Pc mole-
cules. The disaggregation of the Pc molecules results in acti-
vation upon excitation with near-infrared light to generate
additional ROS, particularly singlet oxygen, that can cause cel-
lular damage via the photodynamic action and accelerate the
degradation of the thioketal-linked NPs and the release of
larger amounts of the two therapeutic components. The light-
triggered on-demand release of Dox can induce additional
cytotoxicity through a different pathway and reduce the unde-
sired side effects. It was expected that this multifunctional
nanodrug could localise in tumour in vivo by the active EGFR-
targeting and enhanced permeability and retention (EPR)
effects and exhibit light-triggered ROS-responsive degradation,
subsequently leading to synergistic chemo and photodynamic
anticancer therapy.
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Fig. 1 Design, preparation and mechanistic actions of PDA-Dox-Pc-QRH.
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Results and discussion
Synthesis and characterisation of raw materials

The synthetic scheme used to prepare this thioketal-linked
L-DOPA dimer (see its structure in Fig. 1) is shown in
Scheme S1 (ESIf). Treatment of 1-DOPA of which the two
hydroxyl groups and the amino group were previously pro-
tected with tert-butyldimethylsilyl (TBDMS) and tert-butyloxy-
carbonyl (Boc) moieties respectively (ie. compound 1)*
with 0.5 equiv. of thioketal-linked diol 2** in the presence of
N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl Juronium  hexa-
fluorophosphate (HBTU) and N,N-diisopropylethylamine
(DIPEA) gave the condensed product 3. The TBDMS and Boc
protecting groups were then removed sequentially upon treat-
ment with Buy,NF and trifluoroacetic acid (TFA), affording
dimer 4 and 5 respectively. The target .-DOPA dimer 5 was
obtained in quantitative yield through recrystallisation from
diethyl ether.

For the phthalocyanine-based photosensitiser simply labelled
as Pc (see its structure in Fig. 1), it was prepared according to
our previously reported procedure.>® The UV-Vis spectrum of
this compound in N,N-dimethylformamide (DMF) showed an
intense and sharp Q-band at 689 nm (e ~ 2 x 10° M " cm™), a
Soret band at 338 nm (¢ & 6 x 10' M~' cm™") and a vibronic
band at 621 nm (¢ ~ 4 x 10> M~" ecm™"). The linear dependence
of the Q-band absorbance on the concentration indicated that
the compound was essentially non-aggregated under these con-
ditions (Fig. S1a, ESIt). Upon excitation at 610 nm, Pc showed a
weak fluorescence emission at 707 nm with a fluorescence
quantum yield (®g) of 0.18 relative to the unsubstituted ZnPc
(@r = 0.28). The singlet oxygen generation efficiency of Pc was
also evaluated in DMF by a steady-state method using 1,3-diphe-
nylisobenzofuran (DPBF) as the scavenger of singlet oxygen.*®
The conversion of this probe to 1,2-dibenzoylbenzene via an
unstable peroxide intermediate was monitored by recording the
absorbance of DPBF at 415 nm with the irradiation time
(Fig. S1b, ESI}), from which the singlet oxygen quantum yield
(®4) was determined to be 0.77, which was significantly higher
than that of ZnPc (@, = 0.56). The weaker fluorescence and
higher singlet oxygen generation efficiency of Pc are the general
features of di-a-substituted zinc() phthalocyanines.®”

The QRH peptide sequence was prepared according to the
methodology we reported earlier’® with minor modifications.
The heptapeptide QRHKPRE was prepared and linked to a non-
functional GGGS spacer by using standard 9-fluorenylmethyl-
oxycarbonyl (Fmoc)-mediated solid-phase peptide synthesis,
and then a cysteine residue was introduced at the C-terminus to
provide a thiol group for immobilisation on the PDA-based NPs.
The peptide intermediate was cleaved from the resin and fully
deprotected upon treatment with a mixture of TFA, triisopropyl-
silane (TIPS) and H,O (95:2.5: 2.5, v/v/v). The free QRH peptide
was purified with high-performance liquid chromatography
(HPLC) and characterised with matrix-assisted laser desorption/
ionisation time-of-flight (MALDI-TOF) mass spectrometry,
which clearly showed an intense isotopic cluster at m/z 1310.958
due to the molecular ion (Fig. S2, ESIt).

This journal is © The Royal Society of Chemistry 2021
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Preparation and characterisation of PDA-based NPs

The Dox-loaded PDA-based NPs (i.e. PDA-Dox) were prepared
by a solution oxidation method.?® After separately dissolving
Dox (in the range of 4-12 pg mL™") and 1-DOPA dimer
(36 mmol) in deionised water, the two aqueous solutions were
injected into a mixture of ethanol and deionised water (1:4,
v/v) with ammonia introduced to maintain a basic reaction
environment. After stirring the mixture at room temperature
for 36 h, the NPs formed were collected by centrifugation and
washed with deionised water, followed by lyophilisation. By
monitoring the fluorescence of Dox in the supernatant
(Fig. S3, ESIt), it was found that only when the concentration
of Dox reached 12 pg mL™', a strong fluorescence was
observed, which suggested that the saturated concentration of
encapsulated Dox was 10 pg mL™". The Dox loading for this
batch of PDA-Dox was estimated to be 9% (by weight).

To immobilise Pc on PDA-Dox, the two components were
mixed in Tris buffer (pH 8.5, 10 mM) with 0.5% Tween 20
added to promote the water solubility of Pc. After being stirred
at room temperature for 14 h, the mixture was centrifuged to
collect the NPs formed. With a nucleophilic amino functional-
ity, Pc could be immobilised readily on the PDA-based NPs
through Schiff base reaction or Michael addition.”> Based on
the Q-band absorbance of the supernatant, the amount of free
Pc could be determined from which the Pc loading was esti-
mated to be 15% (by weight).

The resulting NPs (i.e. PDA-Dox-Pc) were then further modi-
fied with the QRH peptide by mixing the NPs with the peptide
in deionised water at 4 °C overnight. The thiol group of the
cysteine residue of QRH coupled with the reactive functional-
ities on the PDA surface, such as quinone via Michael
addition,® enabling peptide conjugation on the surface of the
resulting PDA-Dox-Pc-QRH.

The size and morphology of PDA-Dox, PDA-Dox-Pc and
PDA-Dox-Pc-QRH were studied using transmission electron
microscopy (TEM) and dynamic light scattering (DLS). As
shown in Fig. 2a, the PDA-Dox NPs were spherical in shape
with an average diameter of 127 + 7 nm. After loading with Pc,
a darkened shell appeared surrounding the PDA core,
suggesting that the immobilisation occurred on the surface of
the NPs. The average diameter was increased to 162 + 10 nm,
giving a shell thickness of ca. 18 nm. The size was further
increased to 180 + 9 nm after further conjugation with QRH.
The dimensions of these NPs were generally in accordance
with the hydrodynamic diameters determined by DLS, ranging
from 165 nm (for PDA-Dox) to 201 nm (for PDA-Dox-Pc) and
220 nm (for PDA-Dox-Pc-QRH) (Fig. 2b, Table 1). The small
polydispersity index (PDI) (0.05-0.07) indicated that these NPs
were well dispersed in water without significant aggregation.

The zeta potentials of these NPs were also determined by
DLS (Table 1). It was found that conjugation of QRH led to a
less negative value (—11.6 + 0.2 mV for PDA-Dox-Pc-QRH) com-
pared with the non-peptide-conjugated NPs (—26.1 + 0.3 mV
for PDA-Dox and —20.6 + 0.6 mV for PDA-Dox-Pc), which could
be attributed to the positive charges of the peptide.

Nanoscale, 2021,13,15899-15915 | 15901
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Fig. 2
in water measured by DLS. (c) Electronic absorption and (d) fluorescence
0.5% Tween 20. (e) Fluorescence spectra (1ox = 488 nm) of free Dox and

(a) TEM images of PDA-Dox, PDA-Dox-Pc and PDA-Dox-Pc-QRH. Scale bar: 200 nm. (b) Hydrodynamic diameter distribution of these NPs

(Aex = 610 nm) spectra of free Pc and these NPs ([Pc] = 2.0 uM) in PBS with
these NPs ([Dox] = 1.8 pM) in PBS with 0.5% Tween 20. (f) Comparison of

the rates of decay of DPBF sensitised by free Pc, PDA-Dox-Pc and PDA-Dox-Pc-QRH.

Table 1 Characterisation data for the three types of PDA-based NPs

NPs Physical size” (nm) Hydrodynamic diameter” (nm) Zeta potential” (mv) pDI”

PDA-Dox 127 +7 165+ 2 —-26.1 £0.3 0.06 + 0.02
PDA-Dox-Pc 162 £10 201 +£1 —20.6 £ 0.6 0.05 £+ 0.03
PDA-Dox-Pc-QRH 180+ 9 2201 -11.6 £ 0.2 0.07 £ 0.03

“The values were obtained from the analysis of 100 particles in the TEM images by Image]. ” The values are reported as the mean + standard

deviation (SD) of three independent measurements.

Fig. 2c shows the electronic absorption spectra of these NPs
in phosphate-buffered saline (PBS) with 0.5% Tween 20, which
was added to increase the water solubility of the NPs. The spec-
trum of free Pc is also included for comparison. Both the
Pc-containing PDA-Dox-Pc and PDA-Dox-Pc-QRH showed the
Q-band absorption at ca. 700 nm, which was significantly

15902 | Nanoscale, 2021, 13, 15899-15915

broadened and weaker compared with that of free Pc. This
band was not seen for the Pc-free PDA-Dox. Upon excitation at
610 nm, a very weak fluorescence band due to Pc was observed
at 705 nm for PDA-Dox-Pc and PDA-Dox-Pc-QRH (Fig. 2d).
Again, the intensity was much weaker than that of free Pc.
These spectral features strongly indicated that the Pc mole-

This journal is © The Royal Society of Chemistry 2021
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cules were significantly stacked in the NPs. We also excited the
Dox component in these NPs at 488 nm. Similarly, negligible
fluorescence was observed for all the NPs, while strong fluo-
rescence could be seen for free Dox (Fig. 2e). The results indi-
cated that the encapsulated Dox molecules were also severely
quenched.

For the Pc-containing NPs, their singlet oxygen generation
efficiency was also evaluated and compared with that of free Pc
in DMF, using DPBF as the singlet oxygen scavenger. The rate of
conversion of this probe to the corresponding peroxide was
monitored by recording the absorbance of DPBF at 415 nm
along with the irradiation time. As shown in Fig. 2f, while free
Pc could efficiently consume DPBF by sensitising the formation
of singlet oxygen, both PDA-Dox-Pc and PDA-Dox-Pc-QRH could
not generate singlet oxygen to consume the probe due to the
significantly stacked and hence quenched Pc molecules.

ROS-responsive properties of PDA-Dox-Pc-QRH

To examine the effect of ROS on the release of Pc from
PDA-Dox-Pc-QRH, we monitored the change in fluorescence
spectrum of the NPs in the presence of different concen-
trations of H,0, (0, 0.1 and 1 mM), a representative type of
ROS, at 37 °C over a period of 24 h [Fig. S4 (ESIT) and Fig. 3a].
It was found that the intensity of the fluorescence due to the
released Pc increased gradually with time and with concen-
tration of H,O, added. While the percentage of fluorescence
recovery was less than 10% in the absence of H,O, after 24 h,
the value reached ca. 70% when 1 mM of H,O, was used. The
results suggested the cleavage of the thioketal linkers in the
NPs by H,0,, triggering the release and disaggregation of
the Pc molecules. The released Pc also promoted the for-
mation of singlet oxygen. As shown in Fig. 3b, the rate of
decay of DPBF increased with the concentration of H,O,,
showing that the singlet oxygen generation efficiency of
PDA-Dox-Pc-QRH was also higher at a higher concentration
of H,0,. The trend was consistent with that of fluorescence
recovery as shown in Fig. 3a. H,O, alone could not sensitise
the photo-decay of DPBF (Fig. S5, ESI{). Hence, ROS such as
H,0, could activate the fluorescence emission and singlet
oxygen generation of the Pc immobilised on the NPs through
cleavage of the thioketal linkers to disassemble the NPs. As
the ROS levels are often elevated in tumour (up to
0.1 mM),>"?*> these NPs should also be responsive in the
tumour microenvironment.

The H,0,-triggered release of Dox from PDA-Dox-Pc-QRH
was also monitored using fluorescence spectroscopy. As shown
in Fig. S6a-c (ESIT), the fluorescence due to Dox was negligible
without the treatment with H,0,, but the intensity increased
gradually over a period of 48 h when the NPs were treated with
H,0,. Again, higher concentration of H,O, resulted in higher
fluorescence intensity, reflecting higher percentage of release
of Dox (18% vs. 38% when the concentration of H,0O, was
increased from 0.1 to 1 mM) (Fig. 3c). As the concomitantly
released Pc could generate singlet oxygen upon irradiation, we
believed that light irradiation could promote the degradation
of the NPs and release of Pc and Dox. Hence, we applied light

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

irradiation (4 > 610 nm) for 20 min at 24 h post-treatment with
H,0,. As expected, the fluorescence intensity of Dox was sig-
nificantly increased [Fig. S6d-f (ESIT) and Fig. 3d]. The release
of Dox was increased to 26% and 81% for the treatment with
0.1 and 1 mM of H,0, respectively. Without the treatment
with H,O,, the release of Dox was lower than 7% even with
light irradiation, showing that the NPs are generally stable
unless they are specifically triggered to degrade by ROS.

The H,0, and light-triggered disassembly of PDA-Dox-Pc-
QRH in PBS with 0.5% Tween 20 was also studied using DLS.
As shown in Fig. 3e, the hydrodynamic diameter distribution
was not significantly changed after 48 h in the absence of
H,0, even with light irradiation. It was in accordance with the
negligible Pc and Dox release as reported above and reflected
the high stability of the NPs. Upon treatment with H,O, (0.1
and 1 mM), particularly with light irradiation, the NPs dis-
assembled forming several forms of aggregates with different
hydrodynamic diameters (Fig. 3f and g). TEM also showed the
breakdown of the core-shell structure of these NPs upon the
actions of H,0, and light irradiation (see representative TEM
images of the NPs before and after the treatment with 1 mM of
H,0, and light irradiation in Fig. 3h).

To examine the stimuli selectivity of PDA-Dox-Pc-QRH, we
also examined the response of these NPs towards various
potential interferential species, including Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), Mg>",
Ca”", t-ascorbic acid (Vit. C) and glutathione (GSH). It was
found that in the presence of these species, both the fluo-
rescence intensities of Pc and Dox were not significantly
changed compared with those in blank PBS with Tween 20.
None of them could significantly increase the fluorescence
intensities as H,0,. Fig. 3i and j display the corresponding
percentage fluorescence recovery for Pc and Dox, which clearly
show that the NPs are susceptible only towards H,O,.

Cellular uptake and intracellular degradation of PDA-Dox-Pc-
QRH

To monitor the intracellular stability of PDA-Dox-Pc-QRH after
internalisation, A431 human epidermoid carcinoma cells were
incubated with the NPs ([Pc] = 0.50 pM or [Dox] = 0.45 pM) for
1 h and then with a NP-free medium for 7 h, followed by expos-
ing the cells to near-infrared light irradiation (4 > 610 nm) for
20 min and further incubation for 2 h. The post-incubation in
a NP-free medium was necessary to provide sufficient time for
the internalised NPs to degrade inside the cells. As Fig. 3a
shows that the fluorescence of Pc could be largely restored in
8 h, we used 7 h as the post-incubation period. As shown by
TEM (Fig. 4a), the NPs were accumulated inside the cells
instead of adhering on the cell membrane. Interestingly, the
TEM images also showed the degradation and deformation of
the core-shell morphology of the NPs inside the cells.

We then studied the tumour-targeting effect of the NPs and
whether the intracellular degradation would lead to release of
the therapeutic cargoes inside the cells. To this end, a range of
cell lines with different expression levels of EGFR was used,
including the EGFR-positive A431 and A549 human lung carci-
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treatment with H,O,. (h) TEM images of PDA-Dox-Pc-QRH before and after treatment with 1 mM of H,O, for 48 h with light irradiation as above.
Scale bars: 100 nm. Recovery of (i) Pc and (j) Dox fluorescence for PDA-Dox-Pc-QRH in PBS, DMEM or FBS with 0.5% Tween 20 at 37 °C for 24 h,
and after treatment with different species at a concentration of 1 mM in PBS with 0.5% Tween 20 at 37 °C for 24 h. Data are reported as the mean +
SD of three independent experiments. For figure (a) to (g), the measurements were performed in PBS with 0.5% Tween 20 at 37 °C. The concen-

tration of the NPs was fixed at [Pc] = 2.0 uM or [Dox] = 1.8 uM.

noma cells, as well as the EGFR-negative HepG2 human hepa-
tocarcinoma cells and HEK293 human embryonic kidney
normal cells.>*?° The cells were incubated with PDA-Dox-Pc-
QRH ([Pc] = 0.5 pM or [Dox] = 0.45 uM) for 1 h and then with a
NP-free medium for 7 h before the fluorescence microscopic
images were taken. As shown in Fig. 4b, the EGFR-positive
A549 and A431 cells showed strong intracellular fluorescence
due to Pc and Dox, while the fluorescence of these two species
could hardly be seen inside the EGFR-negative HepG2 and
HEK293 cells. Similar studies were performed using flow cyto-
metry to quantify the fluorescence intensities of these cells.
The results as shown in Fig. 4c were in good agreement with
those obtained by confocal fluorescence microscopy. The
results showed that PDA-Dox-Pc-QRH could be preferentially
taken up by the EGFR-positive cells as a result of the EGFR-
binding effect of the QRH peptide. The internalisation was fol-

15904 | Nanoscale, 2021, 13, 15899-15915

lowed by gradual degradation of the NPs and release of the
immobilised Pc and Dox inside the cells.

To investigate the effect of light irradiation on the intra-
cellular degradation of the NPs and release of the cargoes, the
four cell lines were further irradiated (1 > 610 nm) for 20 min
and then incubated for further 2 h after the above treatment.
The results obtained by confocal fluorescence microscopy
(Fig. 4d) and flow cytometry (Fig. 4e) were compared with
those obtained without the extra light treatment. For the two
EGFR-positive cell lines, the intracellular Dox fluorescence was
significantly increased upon light irradiation. This observation
could be attributed to the accelerated degradation of the NPs
by the additional ROS generated upon excitation of the
released Pc. For the two EGFR-negative cell lines, as the cellu-
lar uptake of NPs was low, the effect of irradiation was negli-
gible and the fluorescence intensity remained very weak even

This journal is © The Royal Society of Chemistry 2021
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(a) TEM images of a A431 cell upon incubation with PDA-Dox-Pc-QRH ([Pc] = 0.50 pM, [Dox] = 0.45 pM) for 1 h and then with a NP-free

medium for 7 h, followed by light irradiation (1 > 610 nm) for 20 min and further incubation for 2 h. The leftmost and the third (counting from the
left) images are the magnified images of the second image. The rightmost image shows the enlarged images at four different sites [labelled (i)—(iv)]
in the third image (Nu = nucleus, Cy = cytosol). (b) Bright-field, fluorescence (due to Pc and Dox) and the merged images of A549, A431, HepG2 and
HEK293 cells after incubation with PDA-Dox-Pc-QRH ([Pc] = 0.50 pM, [Dox] = 0.45 puM) for 1 h and then with a NP-free medium for 7 h. Scale bar:
25 pm. (c) Flow cytometric measurements for the four cell lines after the above treatment. (d) Bright-field, fluorescence (due to Pc and Dox) and the
merged images of the four cell lines after the above treatment without or with further light irradiation (1 > 610 nm) for 20 min and incubation for
2 h. Scale bar: 25 uym. (e) Flow cytometric measurements for the four cell lines after the treatment described in figure (d). Data in figure (c) and (e)
are reported as the mean + SD of three independent experiments.

after light irradiation. In contrast, the intracellular Pc fluo-
rescence was significantly reduced upon light irradiation, par-
ticularly for the two EGFR-positive cell lines. These results
might be due to the partial photo-bleaching of the released Pc.

This journal is © The Royal Society of Chemistry 2021

In fact, the fluorescence of Pc in PBS with 0.5% Tween 20 was
significantly reduced upon light irradiation (4 > 610 nm) for
20 min (Fig. S7, ESI}). Despite the apparently limited photo-
stability, the released Pc, upon light irradiation, could promote
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the degradation of the NPs and release of the two therapeutic
components.

The EGFR-targeting effect of PDA-Dox-Pc-QRH was further
examined by a competitive binding assay. The EGFR-positive
A549 and A431 cells were pretreated with different concen-
trations of free QRH peptide (0, 50 and 500 pM) for 1 h, and
then incubated with the NPs ([Pc] = 0.5 pM) for 1 h followed by
incubation in a NP-free medium for 7 h. The confocal fluo-
rescence images of the cells under different conditions were
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then captured and compared. As shown in Fig. 5a, the intra-
cellular fluorescence intensity was generally weaker as the
concentration of free QRH increased for both the cell lines.
Similar results were obtained by flow cytometry (Fig. 5b).
The intensity was reduced by ca. 30% when the cells were
pretreated with 500 pM of free QRH. The results suggested
that the EGFR-targeting effect of PDA-Dox-Pc-QRH was due
to the QRH peptide chains immobilised on the surface of
the NPs.

A431
(EGFR¥)

50 uM QRH

0 uM QRH 500 uM QRH

16000
14000 ¥
12000 4
*kk
10000
8000
(1] 50 500
[QRH] (uM)
16000
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0 50 500
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(a) Confocal images of A549 and A431 cells being pretreated with culture medium in the absence or presence of free QRH (50 or 500 pM)

for 1 h, and then with PDA-Dox-Pc-QRH ([Pc] = 0.5 pM) for 1 h followed by incubation in a NP-free medium for 7 h. Scale bar: 25 pm. (b) Flow cyto-

metric measurements for the two cell lines after the treatment conditions
dent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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described above. Data are reported as the mean + SD of three indepen-
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In vitro chemotherapy and PDT

The in vitro anticancer efficacy of PDA-Dox-Pc-QRH was then
assessed. To differentiate the chemocytotoxic effect of the Dox
from the PDT effect of the Pc in the NPs, a model nanosystem
without the encapsulated Dox, labelled as PDA-Pc-QRH, was
prepared similarly without adding Dox during the self-poly-
merisation of .-DOPA dimer. These NPs were characterised
with TEM and DLS (Fig. S8, ESIT). The size, morphology, zeta
potential and Pc loading were very similar to those of
PDA-Dox-Pc-QRH (Table S1, ESI}) so that the results of these
two nanosystems can be directly compared.

The cytotoxicities of PDA-Pc-QRH and PDA-Dox-Pc-QRH
against the four cell lines were studied, both in the dark and
upon light irradiation (2 > 610 nm, 40 mW cm ™2, 48 J cm™?),
using a live/dead double staining protocol based on calcein
acetoxymethyl ester (calcein AM) and ethidium homodimer-1
(EthD-1).*° As shown in Fig. 6a, for the EGFR-negative HepG2
and HEK293 cells, after the treatment with PDA-Pc-QRH or
PDA-Dox-Pc-QRH ([Pc] = 100 nM or [Dox]| = 90 nM), the cells
remained largely viable as evidenced by the intense green
intracellular calcein fluorescence regardless of whether light
irradiation was applied or not. Red fluorescence of EthD-1,
which reflects the number of dead cells, remained extremely
weak. This was in accordance with the low cellular uptake of
the NPs to trigger the release of Dox and Pc. In contrast, for
the EGFR-positive A549 and A431 cells, the fluorescence of
calcein was significantly reduced upon light irradiation for
both the nanosystems, while notable fluorescence of EthD-1
was observed, indicating the presence of less viable cells and
more dead cells under these conditions. These results could
be explained by the selective uptake of these QRH-modified
NPs and the PDT effect of the activated Pc. In the absence of
light irradiation, the fluorescence intensity of EthD-1 was
higher for PDA-Dox-Pc-QRH than that for PDA-Pc-QRH. The
higher dark cytotoxicity of the former could be attributed to
the chemocytotoxic effect of the released Dox.

To quantify the cell viabilities under all these conditions, a
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay was used.*’ The results as summarised in
Fig. 6b were in good agreement with the live-dead imaging
studies described above. For the EGFR-negative HepG2 and
HEK293 cells, over 80% of the cells remained alive after the
treatment with either PDA-Pc-QRH or PDA-Dox-Pc-QRH regard-
less of whether light irradiation was applied. This indicated
that both nanosystems exhibited low cytotoxicity towards these
two cell lines both in the dark and upon irradiation. For the
EGFR-positive A549 and A431 cells, the cell viabilities varied
significantly under different conditions. While PDA-Pc-QRH
was essentially non-cytotoxic in the dark, PDA-Dox-Pc-QRH
could kill ca. 30% of the cells at a Pc concentration of 100 nM
(equivalent to 90 nM of Dox) even without light irradiation.
The cytotoxicity could be attributed to the released Dox in
PDA-Dox-Pc-QRH. Upon light irradiation, both nanosystems
exhibited higher cytotoxicity due to the PDT effect of the
released Pc. In particular, PDA-Dox-Pc-QRH could eradicate

This journal is © The Royal Society of Chemistry 2021
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essentially all the cells at a Pc concentration of 100 nM. The
ICs, values, defined as the dye concentrations required to kill
50% of the cells, were found to be 27.6 nM (for A549) and 47.8
nM (for A431) for PDA-Pc-QRH and 6.5 nM (for A549) and 14.1
nM (for A431) for PDA-Dox-Pc-QRH (all with respect to the con-
centration of Pc). The higher potency of the latter was clearly
due to the additional cytotoxic effect of Dox.

To reveal whether the two cytotoxic effects exerted in a
synergistic manner, the combination indices (CI) at different
Pc concentrations were calculated based on the dose-depen-
dent survival curves of PDA-Pc-QRH with light irradiation (PDT
only), PDA-Dox-Pc-QRH without light irradiation (chemo-
therapy only) and PDA-Dox-Pc-QRH with light irradiation (both
PDT and chemotherapy) for both A549 and A431 cell lines. It
is noted that a CI value lower than 1 indicates synergism, a CI
value of 1 indicates an additive effect and a CI value higher
than 1 indicates antagonism.*”> As shown in Fig. 6c, the CI
values were consistently lower than 1 at all the Pc concen-
trations for both cell lines. The results clearly showed that
PDA-Dox-Pc-QRH was a very potent therapeutic nanosystem
that exhibits synergistic chemotherapy and PDT.

In vivo fluorescence imaging

To evaluate the in vivo tumour-localisation property of
PDA-Dox-Pc-QRH, its biodistribution in tumour-bearing nude
mice was examined by whole-body fluorescence imaging. A431
cells were used to induce the tumour subcutaneously owing to
their high EGFR expression and fast growth rate.** These A431
tumour-bearing nude mice were administered with an intrave-
nous dose of these NPs ([Pc] = 5 pM, 200 pL). The fluorescence
due to Pc at the tumour site was monitored continuously for
120 h (Fig. 7a, upper panel). During the first 8 h, fluorescence
could hardly be seen in the tumour possibly because the NPs
required a longer time to accumulate and disassemble in the
tumour. The intratumoural fluorescence intensity grew steadily
and continuously, showing that the NPs were accumulated in
the tumour gradually and the immobilised Pc molecules were
also released therein. To reveal whether the immobilised QRH
peptide contributed to the tumour localisation, the mice were
also injected with free QRH peptide (200 uM) as a competitive
ligand of EGFR together with the NPs. It was found that the
fluorescence intensity at the tumour was significantly reduced
over the whole period of time (Fig. 7a, lower panel). After
120 h, the intensity was reduced by ca. 50% in the presence of
the competitive free peptide (Fig. 7b). The results suggested
that apart from the potential EPR effect arising from the nano-
scale nature of the NPs, PDA-Dox-Pc-QRH also exhibited an
active EGFR-targeting effect due to the QRH peptide chains on
the surface.

In addition, we examined the organ-level distribution of
PDA-Dox-Pc-QRH by sacrificing the mice and harvesting the
tumour and major internal organs, including kidney, liver,
spleen, lung and heart at 120 h post-injection for ex vivo fluo-
rescence imaging (Fig. 7c, left part). It was found that the fluo-
rescence intensity of the tumour was remarkably high and
comparable with those of the kidney and liver, while the inten-

Nanoscale, 2021,13,15899-15915 | 15907
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Fig. 6 (a) Fluorescence images of A549, A431, HepG2 and HEK293 cells upon incubation with PDA-Pc-QRH or PDA-Dox-Pc-QRH ([Pc] = 100 nM

or [Dox] = 90 nM) for 1 h, and then with a NP-free medium for 7 h with or without subsequent light irradiation (1 > 610 nm, 40 mW cm™2, 48 J
cm2). At 14 h post-irradiation, the cells were stained with calcein AM (for viable cells in green) and EthD-1 (for dead cells in red). Scale bar: 100 um.
(b) Flow cytometric measurements for the four cell lines that were treated as described above. Data are reported as the mean + SD of three indepen-
dent experiments. (c) Combination indices calculated according to the MTT results in figure (b) at different concentrations of Pc and Dox, keeping
the loading mole ratio of Pc to Dox at 10: 9.
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Fig. 7 (a) Whole-body fluorescence images of A431 tumour-bearing nude mice before and after intravenous injection with PDA-Dox-Pc-QRH ([Pc]
=5 pM, 200 pL) without (upper panel) or with (lower panel) free QRH peptide (200 pM). The tumours are indicated by black circles. (b) The corres-
ponding fluorescence intensities (per unit area) at the tumour sites at different time points. (c) Ex vivo fluorescence images of the tumour and major
organs harvested at 120 h post-administration. (d) Quantification of the fluorescence intensities (per unit area) at the tumour and major organs har-
vested at 120 h post-administration. () Tumour growth curves of tumour-bearing nude mice after different treatments. The mice were intravenously
injected with PDA-Dox-Pc-QRH, PDA-Pc-QRH or PBS and the tumour region was irradiated with laser (675 nm, 0.9 W) for 10 min (20 J cm™) to
trigger the PDT effect or without irradiation. (f) The corresponding tumour weights and images collected on Day 14 for different treatment groups.
(g) Monitoring the body weights of the mice in different experimental groups. (h) Hematoxylin and eosin (H&E) staining of the tumour sections col-
lected from the mice in different experimental groups. Scale bar: 200 pm. Date in figure (b) and (d)-(g) are reported as the mean + SD (n = 4). n.s.,
not significant; **p < 0.01; ***p < 0.001.
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sities of spleen, lung and heart were significantly lower
(Fig. 7d). The high accumulation of NPs in kidney and liver
can be explained by the excretion mechanisms of the renal
and hepatobiliary systems for the clearance of NPs.**
Coinjection of PDA-Dox-Pc-QRH with free QRH peptide led to
a significant reduction (by 46%) in tumour accumulation,
while the effect on all the organs was not significant (Fig. 7c,
right part, and Fig. 7d). This observation further supported the
in vivo EGFR-targeting effect of the immobilised QRH peptide.

In vivo PDT

Finally, the in vivo therapeutic effect of PDA-Dox-Pc-QRH was
investigated and compared with that of PDA-Pc-QRH. A431
tumour-bearing mice were treated with an intravenous dose of
these nanosystems ([Pc] = 5 pM, 200 pL). As shown in Fig. 7a,
the tumour showed the strongest fluorescence intensity at
120 h after the injection, reflecting the highest drug accumu-
lation at this time point. Hence, the tumour was irradiated at
120 h post-injection with a diode laser at 675 nm for 10 min
(20 J em™?). The tumour size was then monitored continuously
for 14 days. The corresponding tumour growth curves as well
as those for some control conditions are shown in Fig. 7e. The
images of the mice before and after the different treatments
are also given in Fig. S9 (ESIT). It can be seen that PDA-Dox-Pc-
QRH with laser irradiation showed the highest antitumour
effect, which could completely ablate the tumour after about
10 days. For PDA-Pc-QRH, laser irradiation could also suppress
the tumour growth effectively. In contrast, while PDA-Dox-Pc-
QRH without laser irradiation could still exert a weak tumour-
retardation effect, PDA-Pc-QRH without laser irradiation basi-
cally had no effect on the tumour growth as in the case of the
negative control group by simply injecting PBS into the mice
with laser irradiation. The weight and image of the tumours
for each group were also determined. As shown in Fig. 7f, the
results were in good agreement with the tumour growth curves
shown in Fig. 7e. As expected, with two therapeutic com-
ponents, PDA-Dox-Pc-QRH showed the highest potency. Upon
tumour localisation via the potential EPR and EGFR-targeting
effects and cellular internalisation, these NPs were dis-
assembled to release the chemotherapeutic Dox and photocy-
totoxic Pc for eradicating the tumour effectively. The body
weights of the mice for each group were also monitored over a
period of 14 days. It was found that they were essentially
unchanged (Fig. 7g), suggesting that the side effects of all
these treatments were not notable.

After 14 days of all these treatments, all the mice were sacri-
ficed and the tumour and some major organs, including heart,
liver, spleen, lung and kidney of each mouse were harvested
for histological examination. For the tumour tissues for the
treatment groups of PDA-Pc-QRH and PDA-Dox-Pc-QRH with
laser irradiation, severe tissue damage was observed, but not
on those for the other three control groups (Fig. 7h). In con-
trast, there was no major abnormality in the stained organ
slides for all the treatment groups (Fig. S10, ESI{), showing
again the minimal toxicity of these two nanosystems in the
absence of direct laser irradiation.
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Conclusion

A novel ROS-responsive PDA-based multifunctional nano-
system has been developed for synergistic chemo and photo-
dynamic therapy of cancer. The preparation of these NPs
involves simply mixing of a thioketal-linked r-DOPA dimer
with Dox in an alkaline alcohol-water mixture, followed by
conjugation with molecules of a Pc-based photosensitiser and
a EGFR-targeting peptide on the surface of the resulting NPs.
These NPs can be selectively taken up by EGFR-positive cancer
cells and degraded in response to the elevated levels of ROS in
cancer cells through cleavage of the thioketal linkers, trigger-
ing the release of the encapsulated Dox and the activation of
the immobilised Pc. Upon light irradiation (4 > 610 nm), the
released Pc can generate additional ROS for cell killing and
promoting the degradation of the NPs and further release of
the two therapeutic components. Both in vitro and in vivo
studies showed that the chemotherapeutic effect of Dox and
the PDT effect of Pc in PDA-Dox-Pc-QRH work in a synergistic
manner, rendering this nanosystem an effective anticancer
agent. This work provides insights for the design of smart and
efficient ROS-responsive biodegradable PDA-based nanomedi-
cines for various biomedical applications with translational
potential.

Experimental section
General

All reactions were performed under a nitrogen atmosphere.
Chromatographic purification was performed on silica gel
(Macherey Nagel, 230-400 mesh) with the indicated eluents.
All solvents and reagents were of reagent grade and used as
received. '"H and “C{'H} NMR spectra were recorded on a
Bruker Avance III HD 500 spectrometer (‘H, 500 MHz; “*C,
125.7 MHz). Spectra were referenced internally using the
residual solvent ['H, & = 7.26 (for CDCl,), § = 2.50 (for DMSO-
de), 8 = 4.79 (for D,0)] or solvent [for *C, § = 77.2 (for CDCls),
5 = 39.5 (for DMSO-dg)] resonances relative to SiMe,.
Electrospray ionisation (ESI) and MALDI-TOF mass spectra
were recorded on a Thermo Finnigan MAT 95 XL mass spectro-
meter and a Bruker Autoflex speed MALDI-TOF mass spectro-
meter respectively. UV-Vis absorption spectra and steady-state
fluorescence spectra were taken with a Cary 5G UV-Vis-NIR
spectrophotometer and a Hitachi F-7000 spectrofluorometer
respectively.

Measurements of hydrodynamic size and zeta potential
were performed with a DelsaMax Pro analyser. For TEM study,
5 pL of NP sample in Milli-Q water was deposited on carbon
film-coated copper grids (200 mesh; Beijing Zhongjingkeyi
Technology Co. Ltd) and air-dried before the TEM images were
taken using a FEI Tecnai G2 Spirit transmission electron
microscope operated at 120 kV acceleration voltage.

HPLC separation was performed by using a HPLC system
equipped with a Waters 1525 binary HPLC pump, a Waters
2998 photodiode array detector, a Waters 2707 autosampler
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and a Waters reverse-phase chromatographic column
(XBridge-C18; 5 mm, 10 mm x 250 mm).

Preparation of compound 3

Compounds 1 (2.0 g, 3.8 mmol) and 2 (0.3 g, 1.5 mmol) were
dissolved in CH,Cl,. HBTU (2.3 g, 6.0 mmol) was then added
to the mixture at 0 °C, followed by the addition of DIPEA
(1 mL, 5.7 mmol) in dropwise over 10 min. The resulting
mixture was stirred at room temperature for 15 h, and then
washed with saturated brine. The organic phase was separated,
and the aqueous phase was extracted with CH,Cl,. The com-
bined organic phase was dried over anhydrous MgSO, and
concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel with a mixture of
ethyl acetate and hexane (1:10, v/v) as eluent to yield 3 (1.3 g,
71%). "H NMR (500 MHz, CDCl;): § 6.70 (d, J = 8.0 Hz, 2 H,
ArH), 6.61 (d, J = 2.0 Hz, 2 H, ArH), 6.56 (dd, J = 2.0, 8.0 Hz,
2 H, ArH), 4.98 (d, J = 8.0 Hz, 2 H, NH), 4.48-4.52 (m, 2 H,
CH), 4.17-4.27 (m, 4 H, CH,), 2.90-2.99 (m, 4 H, CH,), 2.80 (t,
J =7.5 Hz, 4 H, CH,), 1.58 (s, 6 H, CH;), 1.40 (s, 18 H, CH,),
0.96 (s, 18 H, CHj3), 0.95 (s, 18 H, CH3), 0.16-0.18 (m, 24 H,
CH;3). *C{'H} NMR (125.7 MHz, CDCl;): § 171.6, 155.0, 146.7,
145.9, 128.9, 122.3, 122.2, 121.0, 79.8, 64.2, 56.5, 54.3, 37.4,
31.0, 28.8, 28.3, 26.0, 25.9, 18.4, —4.0, —4.1. HRMS (ESI): m/z
caled for CsoHyoeN,NaO;,S8,Si, [M + Na]™: 1233.6162, found:
1233.6156.

Preparation of compound 4

A solution of Bu,NF in THF (1.0 M, 5 mL, 5 mmol) was added
to a solution of 3 (1.3 g, 1.1 mmol) in THF (20 mL) at 0 °C.
After stirring at this temperature for 1 h, the mixture was
quenched with saturated NH,Cl solution (20 mL) and concen-
trated under reduced pressure. The residue was purified by
column chromatography on silica gel with a mixture of ethyl
acetate and hexane (1:1, v/v) as eluent to give 4 (0.46 g, 55%).
"H NMR (500 MHz, DMSO-d): & 8.73-8.76 (m, 4 H, OH), 7.17
(d,J = 8.0 Hz, 2 H, ArH), 6.59-6.62 (m, 4 H, ArH and NH), 6.45
(dd, J = 2.0, 8.0 Hz, 2 H, ArH), 4.09-4.21 (m, 4 H, CH,),
4.01-4.05 (m, 2 H, CH), 2.65-2.81 (m, 8 H, CH,), 1.55 (s, 6 H,
CHs), 1.34 (s, 18 H, CH;). ">C{'H} NMR (125.7 MHz, DMSO-
de): 6 172.6, 155.9, 145.4, 144.3, 128.6, 120.2, 116.9, 115.8,
78.8, 64.0, 56.5, 56.1, 36.4, 31.1, 30.1, 28.6. HRMS (ESI): m/z
caled for Cj3sH50N,NaO;,S, [M + Na]: 777.2703, found:
777.2694.

Preparation of L-DOPA dimer 5

A solution of 4 (0.46 g, 0.6 mmol) in CH,Cl, (30 mL) was
mixed with TFA (3 mL) at 0 °C. The mixture was stirred at
room temperature for 4 h, and then evaporated under reduced
pressure. The residue was recrystallised from diethyl ether to
give 5 as a white precipitate (0.34 g, 100%). 'H NMR (500 MHz,
D,0): 5 6.84 (d, J = 8.0 Hz, 2 H, ArH), 6.73 (d, J = 1.5 Hz, 2 H,
ArH), 6.64 (dd, J = 1.5, 8.0 Hz, 2 H, ArH), 4.28-4.37 (m, 6 H,
CH and CH,), 3.05-3.14 (m, 4 H, CH,), 2.82 (d, J = 6.0 Hz,
4 H, CH,), 1.56 (s, 6 H, CH3). ">C{"H} NMR (125.7 MHz, D,0):
5 169.4, 144.3, 143.7, 125.9, 121.6, 116.8, 116.4, 65.5, 55.6,
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53.9, 35.2, 29.8, 28.2. HRMS (ESI): m/z caled for C,5H;5N,04S,
[M + H]": 555.1835, found: 555.1829.

Preparation of QRH

Sieber amide resin (150 mg) was used as the solid support.
1-Hydroxybenzotriazole (HOBt) and HBTU were used as the
activating agents of the carboxyl group. Commercially available
Fmoc-protected amino acids were coupled to the resin sequen-
tially by a Fmoc-mediated solid-phase peptide synthesis proto-
col. After coupling of the last amino acid, the resin was
washed with DMF and CH,Cl,, and then dried in vacuo. The
remaining protecting groups on the peptide and the resin were
removed by the treatment with a mixture of TFA (95%), TIS
(2.5%) and H,O (2.5%) for 3 h. The resin was removed by fil-
tration and the filtrate was precipitated by adding diethyl
ether. The yellow solid obtained was redissolved in H,O and
then purified by HPLC. MS (MALDI-TOF): an isotopic cluster
with the lowest m/z value calculated for Cs;HggN,,045S [M]:
1310.626; found: 1310.958.

Preparation of PDA-Dox

An ammonia aqueous solution (NH,OH, 0.2 mL) was mixed
with ethanol (6 mL) and deionised water (24 mL). Dox (4, 6, 8,
10, or 12 pg mL™') was added and the resulting mixture was
stirred at room temperature for 30 min. The .-DOPA dimer 5
(40 mg) was dissolved in deionised water (2 mL) and then the
solution was injected into the above mixture. The colour of
this solution changed from purple to pale brown and gradually
to dark brown. The reaction was allowed to proceed for 36 h.
The NPs of PDA-Dox were obtained by centrifugation at 9000
rpm for 10 min. After washing with water for three times, the
precipitate was freeze-dried.

Preparation of PDA-Dox-Pc

PDA-Dox (11.2 mg) and Pc (1.6 mg) were mixed in Tris buffer
(pH 8.5, 10 mM, 300 mL) with 0.5% Tween 20. After stirring at
room temperature for 14 h, the mixture was centrifuged to
collect the NPs. The absorbance of the supernatant was deter-
mined. The amount of Pc conjugated to PDA-Dox was calcu-
lated by subtracting the amount of Pc in the supernatant after
centrifugation from the amount of Pc in the initial reaction
mixture, from which the loading of Pc in these NPs was deter-
mined. The precipitated NPs were washed with water twice
and then resuspended in deionised water (300 mL) for further
conjugation.

Preparation of PDA-Dox-Pc-QRH

The QRH peptide in water (0.1 M, 100 pL) was added to the
above PDA-Dox-Pc in water. The mixture was incubated at 4 °C
for 14 h followed by centrifugation. The precipitate was col-
lected and washed with water for three times. The resulting
NPs were suspended in 10 mL of deionised water for further
studies.
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Preparation of PDA-Pc-QRH

An ammonia aqueous solution (NH,OH, 0.2 mL) was mixed
with ethanol (6 mL) and deionised water (24 mL) under mild
stirring at room temperature for 30 min. The .-DOPA dimer 5
(40 mg) was dissolved in deionised water (2 mL) and then the
solution was injected into the above mixture. The reaction was
allowed to proceed for 30 h. The NPs formed were obtained by
centrifugation at 9000 rpm for 10 min followed by washing
with water for three times. The resulting NPs were then conju-
gated with Pc and QRH using the aforementioned procedure.

Determination of fluorescence quantum yields

Fluorescence quantum yields (®@g) were determined by the
equation: @) = (Fy/Frer)(AretlAs)(s’/Myet’)Prirer)y Where sub-
script s refers to the sample and ref stands for the reference. F,
A and n are the measured fluorescence (area under the emis-
sion peak), the absorbance at the excitation position (610 nm)
and the refractive index of the solvent respectively.*’
Unsubstituted ZnPc in DMF was used as the reference [@pef) =
0.28].*®> To minimise reabsorption of radiation by ground-state
species, the emission spectra were obtained in a very dilute
solution in which the absorbance at the excitation wavelength
was less than 0.05.

Determination of singlet oxygen quantum yields

Singlet oxygen quantum yields (®,) were calculated by using
the unsubstituted ZnPc in DMF as the reference (&, = 0.56)
and DPBF as the singlet oxygen scavenger.”> A mixture of
DPBF (90 uM) and the photosensitiser (6 pM) in DMF was irra-
diated with red light from a 100 W halogen lamp after passing
through a water tank for cooling and a colour filter (Newport)
with a cut-on wavelength at 610 nm. The absorbance of DPBF
at 415 nm was monitored along with the irradiation time. The
@, values were calculated according to the equation: @) =
(DA(ref) (WS X Iabs(ref))/(wref X Iabs(s)), where (DA(ref) is the @, of
ZnPc in DMF, W, and W,.r are the DPBF photobleaching rates
in the presence of the photosensitiser and ZnPc respectively,
and Inpss) and Lps(rery are the rates of light absorption by the
photosensitiser and ZnPc respectively.*®

ROS-responsive fluorescence emission

PDA-Dox-Pc-QRH ([Pc] = 2.0 pM) was mixed with different con-
centrations of H,0, (0, 0.1 and 1 mM) in PBS with 0.5% Tween
20. The mixtures were incubated at 37 °C over a period of time.
To study the effect of light irradiation, a 100 W halogen lamp
was used. The light was passed through a water tank for
cooling and a colour glass filter (Newport) cut on at A = 610 nm
and applied to the mixtures for 20 min. The mixtures were
then centrifuged, and the supernatant was extracted to obtain
the release profile using fluorescence spectroscopy.

ROS-responsive singlet oxygen generation

PDA-Dox-Pc-QRH ([Pc] = 2.0 pM) was treated with different con-
centrations of H,0, (0, 0.1 and 1 mM) in PBS with 0.5% Tween
20 at 37 °C for 24 h. The supernatant collected (396 pL) was
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mixed with an aqueous solution of DPBF (9 mM, 4 pL). Before
each measurement of the absorbance at 415 nm, the solution
was illuminated with red light that was emitted from a 100 W
halogen lamp and passed through a water tank for cooling and
a colour glass filter (Newport) cut on at A = 610 nm for 5 s. The
decay of DPBF was monitored over a total irradiation time of
120 s.

Cell lines and culture conditions

A549 (ATCC, no. CCL-185), A431 (ATCC, no. CRL-1555), HepG2
(ATCC, no. HB-8065) and HEK293 (ATCC, no. CRL-1573) cells
were maintained in DMEM supplemented with FBS (10%) and
penicillin-streptomycin (100 units per mL and 100 pg mL ™"
respectively). All the cells were grown in a humidified incuba-
tor with 5% CO, at 37 °C.

TEM imaging of cells

All reagents and accessories for preparing ultrathin sections
were purchased from Electron Microscopy Sciences (EMS).
Freshly harvested cell pellets were fixed in glutaraldehyde
(2.5% in phosphate buffer, pH = 7.2-7.4; EMS) for 2 h and
stained with osmium tetroxide (1%; EMS) for another 2 h. The
cell pellets were then gradually dehydrated in an increasing
ethanol gradient. The samples were then embedded in Epon
812 resins (EMS) and polymerised at 55 °C for 48 h. Ultrathin
sections of ~70 nm thick were prepared with a 45° diamond
knife (Diatome), deposited onto 200-mesh copper grids and
stained with 4% uranyl acetate (in 50% methanol/water) and
Reynolds lead citrate for observation under a transmission
electron microscope (Hitachi H7700) at a beam voltage of 100
kv.

A431 cells were incubated with PDA-Dox-Pc-QRH ([Pc] =
0.50 pM or [Dox] = 0.45 pM) for 1 h and then with a NP-free
medium for 7 h, followed by light irradiation for 20 min and
further incubation for 2 h. The light was emitted from a 300 W
halogen lamp and passed through a water tank for cooling and
a colour glass filter (Newport) cut on at 4 = 610 nm. The
fluence rate (A > 610 nm) was 40 mW cm ™. Illumination for
20 min led to a total fluence of 48 J cm™2.

Confocal laser scanning microscopy

Approximately 4 x 10° cells in DMEM (2 mL) were seeded on a
confocal dish and incubated overnight at 37 °C with 5% CO,.
The cells were treated with the NPs with or without subsequent
light irradiation (1 > 610 nm, 40 mW cm™2, 48 J cm™?). After
that, the medium was removed, and the cells were rinsed with
PBS and examined with a Leica TCS SP8 high speed confocal
microscope. The excitation and emission wavelengths of Pc
were 638 and 650-750 nm respectively. The excitation and
emission wavelengths of Dox were 488 and 500-600 nm
respectively.

Flow cytometry

Approximately 2 x 10° cells were inoculated into each of the
wells in a 12-well plate and incubated in DMEM overnight at
37 °C and 5% CO,. The cells were treated with the NPs with or
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without subsequent light irradiation (4 > 610 nm, 40 mW
em ™2, 48 J cm™2). After that, the cells were rinsed with PBS and
harvested by adding 0.5 mL of 0.25% trypsin-ethylenediamine-
tetraacetic acid (EDTA) (Invitrogen). After adding 0.5 mL of
medium to quench the activity of trypsin, the cell mixture
was centrifuged at 1500 rpm for 3 min at room temperature.
The cell pellet was washed with 1 mL of PBS and subject to
centrifugation for three times. After resuspending the cells in
1 mL of PBS, their intracellular fluorescence intensities were
measured by using a BD FACSVerse flow cytometer (Becton
Dickinson) with 10 cells counted in each sample. For Pc, the
excitation wavelength was 640 nm and the emission wave-
length was 720-840 nm. For Dox, the excitation wavelength
was 488 nm and the emission wavelength was 540-620 nm.
Data collected were analysed by using the BD FAC-Suite. All
experiments were performed in triplicate.

Two-colour fluorescence cell viability assay

Cells were seeded onto a confocal dish at a density of 2 x 10°
cells per well and incubated for 24 h. The culture medium was
replaced by 1 mL of fresh medium containing PDA-Dox-Pc-
QRH ([Pc] = 100 nM or [Dox] = 90 nM) or PDA-Pc-QRH ([Pc] =
100 nM). After incubating for 1 h, the cells were incubated in a
NP-free medium for 7 h. The cells were rinsed with 100 pL of
PBS twice, replenished with 1 mL of fresh medium and irra-
diated. The light was emitted from a 300 W halogen lamp and
passed through a water tank for cooling and a colour glass
filter (Newport) cut on at 4 = 610 nm. The fluence rate
(A > 610 nm) was 40 mW cm 2. Illumination for 20 min led
to a total fluence of 48 J cm™>. After incubation for further
14 h, the cells were stained with calcein AM and EthD-1
(Invitrogen) in the dark for 30 min to distinguish the live
(green) from dead (red) cells. The cells were imaged under a
confocal microscope (Leica TCS SP8 MP) to evaluate the drug
efficacy.

Photocytotoxicity

Approximately 2 x 10" cells were inoculated into each of the
wells in a 96-well plate and incubated in DMEM overnight at
37 °C and 5% CO,_ The cells were incubated with different con-
centrations of PDA-Pc-QRH or PDA-Dox-Pc-QRH for 1 h, fol-
lowed by incubating in a NP-free medium for 7 h. The cells
were rinsed with 100 pL of PBS twice and replenished with
100 pL of fresh medium. For the dark cytotoxicity assay, the
plate was directly incubated at 37 °C overnight. For the photo-
cytotoxicity test, the cells were illuminated at room tempera-
ture for 20 min and then incubated overnight. A solution of
MTT (Sigma) in PBS (3 mg mL™", 50 pL) was added to each
well. After incubation for 4 h under the same condition,
100 pL of DMSO was added to each well and the plates were
placed on a Bio-Rad microplate reader to detect the absor-
bance at 490 nm. The average absorbance of the blank wells
(not seeded with cells) was subtracted from the measured
absorbance values of wells of various treatment groups. Cell
viability was determined by the equation: %Viability = [(4i/
Acontrol X 100)]/n, where 4; is the absorbance of the i datum
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(i =1, 2, .., n), Aconuol is the average absorbance of control
wells in which the nanosystem was absent. The size of treat-
ment group (n) is 4.

Animal studies

All experiments involving live animals were performed in strict
accordance with the animal experimentation guidelines and
were approved by the Animal Experimentation Ethics
Committee of The Chinese University of Hong Kong (CUHK)
(ref. no. 20-028-GRF). Licence to conduct animal experiments
was obtained from the Department of Health, Government of
the Hong Kong Special Administrative Region. Female Balb/c
nude mice (20-25 g), obtained from the Laboratory Animal
Services Centre at CUHK, were kept under pathogen-free con-
ditions with free access to food and water. A431 human epider-
moid carcinoma cells (107 cells in 200 pL) were inoculated sub-
cutaneously on the back of the mice. Once the tumours had
grown to a size range of 60-100 mm?®, the mice were fed on a
low-fluorescence diet (TestDiet, AIN-93M) for 4 days.

In vivo fluorescence imaging

PDA-Dox-Pc-QRH ([Pc] = 5 pM, 200 pL), with or without free
QRH peptide (200 pM), was injected intravenously to tumour-
bearing mice via the tail vein. In vivo fluorescence imaging was
performed before and after the injection at different time
points with an Odyssey infrared imaging system (excitation
wavelength: 680 nm, emission wavelength: >700 nm). The
images were digitised and analysed by the Odyssey imaging
system software (no. 9201-500). The animals were sacrificed
after the last scan. The tumour and various internal organs
were harvested, and their fluorescence intensities were
measured with the Odyssey infrared imaging system ex vivo.
Four mice were used for each type of nanosystem.

In vivo chemo and photodynamic therapy

A431 tumour-bearing mice were randomly divided into five
treatment groups: (i) injection of PBS with laser irradiation, (ii)
injection of PDA-Pc-QRH without laser irradiation, (iii) injec-
tion of PDA-Dox-Pc-QRH without laser irradiation, (iv) injec-
tion of PDA-Pc-QRH with laser irradiation and (v) injection of
PDA-Dox-Pc-QRH with laser irradiation. Afterwards, PDA-Pc-
QRH or PDA-Dox-Pc-QRH ([Pc] = 5 uM, 200 pL) was intra-
venously injected to the tumour-bearing mice via the tail vein.
At 5 day of post-injection, the tumour was irradiated with a
diode laser (Biolitec Ceralas) at 675 nm operated at
0.9 W. Illumination on a spot size of 26 cm? for 10 min led to
a total fluence of 20 ] em™2. Tumour size of the nude mice was
monitored periodically for the next 14 days. Tumour volumes
of all treatment groups were compared with the tumour
volume of a control group of mice that did not receive injec-
tion of nanosystem but were still exposed to laser irradiation.
Tumour volume was calculated using the following formula:
Volume (mm?®) = (length x width?)/2. At 14 day of post-treat-
ment, the mice were sacrificed, and the internal organs and
the tumour were harvested. Tissues were fixed with 4% neutral
buffered formalin, dehydrated with an increasing gradient of
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ethanol and mixed with a solution of xylene and paraffin (1:1,
v/v). Finally, the tissues were embedded in paraffin for section-
ing and stained by H&E. The stained tissue sections were
observed under a Ti-E motorised inverted fluorescence micro-
scope (Nikon).

Statistical analysis

Data shown on figures were presented as the mean with the
standard deviation. The data were analysed using Student’s
t-test with p values < 0.05 considered as significant; *p < 0.05;
**p < 0.01; ***p < 0.001. Statistical calculations were performed
using a Microsoft Excel spreadsheet (Microsoft Corporation,
Redmond, WA, USA).
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