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Multi-Responsive Biodegradable Cationic Nanogels for

Highly Efficient Treatment of Tumors

Xin Li, Haitao Sun, Helin Li, Chaolei Hu, Yu Luo,* Xiangyang Shi,* and Andrij Pich*

The facile preparation, modular design, and multi-responsiveness

are extremely critical for developing pervasive nanoplatforms to meet
heterogeneous applications. Here, cationic nanogels (NGs) are modularly
engineered with tunable responsiveness, versatility, and biodegradation.
Cationic PVCL-based NGs with core/shell structure are fabricated by facile
one-step synthesis. The formed PVCL-NH, NGs exhibit uniform size,
thermal/pH dual-responsive behaviors, and redox-triggered degradation.
Moreover, the NGs can be employed to modify or/and load with various
functional agents to construct multipurpose nanoplatforms in a modular
manner. Notably, the novel hybrid structure with copper sulfide (CuS) NPs
loaded in the NGs shell is prepared, which leads to higher photothermal
conversion efficiency (31.1%) than other CuS randomly loaded NGs
reported. By personalized tailoring, these functionalized NGs display
fluorescent property, r; relaxivity, strong near-infrared (NIR) absorption,
good biocompatibility, and targeting specificity. The superior photothermal
effect of hybrid NGs (CuS@NGs-LA) is presented under NIR Il over NIR I.
Importantly, hybrid NGs encapsulated doxorubicin (CuS@NGs-LA/DOX)
show endogenous pH/redox and exogenous NIR multi-triggered drug
release for efficient photothermal-chemotherapy, which can completely
eliminate advanced tumors and effectively inhibit recurrence. Overall, the
pervasive nanoplatforms based on intelligent cationic NGs with tunable
responsiveness, versatility, and biodegradation are developed by engineered

1. Introduction

In recent years, a series of multifunctional
nanoplatforms have been developed for
precision medicine to improve the diag-
nosis accuracy and treatment efficiency of
the diseases.l!! However, an extreme chal-
lenge within the field is the requirement
for construction of versatile nanoplat-
forms that need to be tailored to indi-
vidual patients.”). Currently, a common
approach can be utilized to design highly
tailored nanoplatforms that target specific
lesion tissues via recognition of overex-
pressed cellular markers. What is more,
the nanoplatforms with stimuli-respon-
siveness as nanocarriers are able to effec-
tively deliver therapeutic agents to the
targeted region and release controllably
them by the endogenous or exogenous
stimulation, and thus achieve precision
medicine applications.’! Normally, the
nanoplatforms integrate multiple thera-
peutics that can act synergistically to kill
cancer cells.! Compared with all existing
cancer treatment methods, photothermal

modular strategy for precision medicine applications.

therapy (PTT), especially in the near
infrared II window (NIR II), is introduced
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to effectively eliminate solid tumors with large area via hyper-
thermia ablation. Likewise, the chemotherapy (CMT) emerges
to clean up the infiltrating and metastatic cancer cells, and thus
inhibit tumor recurrence.’! Remarkably, the combined PTT
and CMT can significantly improve the outcomes of synergistic
therapy for clinical use.”!

For individual patient or pathology, the precise and tailored
treatment is necessitated due to the marked variability between
patients. In the previous studies,® precision medicines have
focused on highly specified nanoplatforms that efficiently target
and kill single tumor population. Nowadays, the major hurdles
need to overcome by engineer highly the tunable nanoplat-
forms technologies integrating multiple therapeutic modalities.
In this work, the engineered modular strategy is performed to
address the challenge and serve as a useful tool for the next
generation of cancer theranostic protocol.

Nanogels (NGs), a class of 3D cross-linked polymer colloids,
have attracted great attention in the biomedical applications,!
due to the deformable shape, controllable size, good biocom-
patibility, and excellent loading capacity. Among them, the
NGs with amino groups are of considerable interest for easy
post-modification with a diversity of functional molecules,
including, but not limit to, proteins, chelations, zwitterions, flu-
orescent molecules, and targeted agents, via the amine chem-
istry. The post-modification of NGs offers access to complex
their architectures and augment their applications in various
fields." Moreover, the amino groups display cationic nature,
which can be used for loading drug or compressing gene,!"!
elevating tissue permeation and cellular uptake via active trans-
portation.¥] In very recent work, Chan et al. evidenced that
active transportation is the dominant mechanism transport
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most of nanoparticles (NPs) into solid tumors but not passive
diffusion. Additionally, the stimuli-responsive cationic poly-
mers were developed as nanocarriers to deliver cargoes deeply
into the tumor by active transportation, and exerted potent
activity for tumor treatment.> Therefore, the engineered con-
struction of cationic NGs is urgently needed for effective bio-
medical applications.

Normally, the cationic NGs with abundant amino groups can
be synthesized by two ways: 1) The crosslinking of the primary
amine-based polymers using miniemulsion method,*! and
2) the polymerization of primary amine functional monomers
with hydrochloride protection,®! because of the presence of
free primary and secondary amines making the polymerization
impossible. However, the former are complex operating proce-
dures, hard-to-purify attributes, low yields, and non-uniform
size distribution. For the latter, the protection/deprotection
steps in acidic conditions may lead to the hydrolysis of other
comonomers during the polymerization. Therefore, the syn-
thesis of cationic NGs with controlled size and high yield based
on one-step method is also extremely challenging.

Here, a modular engineered strategy for the preparation of
pervasive cationic NGs with tunable responsiveness, versatility,
and biodegradation was first developed (Scheme 1). The core/
shell structured PVCL-based NGs enabling the adjustable con-
tent of amino groups were synthesized using a facile one-step
method. The formed cationic NGs exhibit thermal/pH/redox
multi-responsive behaviors and are employed to modify or/and
load with various functional agents (fluorescent dyes, targeting
molecules, metal ions, NPs, and drugs) to construct multipur-
pose nanoplatforms in a modular manner. Notably, the novel
hybrid NGs (CuS@NGs-LA) were obtained by loading of copper
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Scheme 1. Overview of modular nanoplatforms based on cationic NGs for precision theranostic applications.
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sulfide (CuS) NPs in the shell of NGs, that may permit to facili-
tate more full contact with NIR laser, leading to higher photo-
thermal conversion efficiency (PCE, 31.1%) than other PCE of
CuS randomly loaded NGs reported in the previous work.[1%]
These NGs derivatives can be utilized for personalized tailoring,
and thus have diversified potential applications in personalized
theranostics of fluorescence and magnetic resonance (MR)
imaging, controlled drug release in responding to endogenous
pH/redox and exogenous NIR, combinational PTT and CMT
under safe NIR II irradiation. The superior photothermal effect
of CuS@NGs-LA is achieved under NIR II over NIR I due to
higher PCE and deeper tissue penetration. Encouragingly, the
created hybrid NGs encapsulated doxorubicine (CuS@NGs-LA/
DOX) by systemic injection can completely eliminate advanced
solid tumors and effectively inhibit recurrence in vivo through
the combined therapy.

2. Results and Discussion

2.1. Synthesis and Characterization of PVCL-NH, Nanogels

PVCL-VFA NGs with core/shell morphology were synthe-
sized by the precipitation polymerization. The N-vinylfor-
mamide (VFA) with 25 mol% amount was added after the
initiation of polymerization of N-vinylcaprolactam (VCL)
to ensure the formation of core/shell structure. Then, the
amino groups on the periphery of NGs were generated by
the direct hydrolysis of aldehyde (—CHO) groups of VFA
under alkaline conditions. The transmission electron micros-
copy (TEM) images revealed that the core/shell NGs at dif-
ferent hydrolysis times displayed narrow size distribution
and uniform diameters (about 80 nm) (Figure 1a). Likewise,
the hydrodynamic diameters of these NGs were measured
to be 132-163 nm by dynamic light scattering (Figure 1b and
Figure S1, Supporting Information), which are bigger than
that measured by TEM imaging, due to the swelling state of
NGs in the aqueous solution. Our previous work verified that
the size of NGs between 100-200 nm is suitable for enhanced
tumor accumulation by EPR effect and improved penetration
in biomedical applications. "]

Besides, the conversion from —CHO to —NH, groups on the
NGs after different hydrolysis times was characterized using 'H
NMR spectroscopy (Figure 1c and Figure S2, Supporting Infor-
mation). The signal of —CHO at about 8.3 ppm was decreased
progressively attributing to the increased hydrolysis time, sug-
gesting the conversion from —CHO to —NH, groups increased.
By the integration of NMR (Figure 1d), after hydrolysis for
48 h, the —CHO molar contents of NGs decreased from 21.3%
to 10.2%, and thus the conversion ratios of aldehyde into amine
were elevated to 0.52. FTIR spectra (Figure S3, Supporting
Information) indicated that the typical peak at 1520-1600 cm™
for PVCL-NH, NGs, which could be contributed to the in-plane-
bending of N—H bond, originating from the amino groups was
significantly enhanced when compared to PVCL-VFA NGs.["]
Furthermore, the formed PVCL-NH, NGs dispersed in different
media did not display any significant change in the hydrody-
namic size for at least 5 days (Figure S4, Supporting Informa-
tion), suggesting their excellent long-term colloidal stability.

Adv. Funct. Mater. 2021, 2100227 2100227 (3 0f'|2)

More importantly, compared with the emulsion method
for the preparation of NGs with amino groups, the designed
approach of facile one-step synthesis is capable of preparing
core/shell amino-terminal NGs with high yields, uniform mor-
phology, low PDI, uniform and proper size.

2.2. pH/Thermal-Responsive Behavior and Redox-Triggered
Degradation

The formed PVCL-NH, NGs exhibiting pH/thermal dual-mode
responsive behavior were investigated at different temperatures
(5-50 °C) and pHs (3-10), respectively. The PVCL-NH, NGs
showed the volume phase transition temperature (VPTT) of
32.4 °C (Figure 2a). With the temperature increase, the hydro-
dynamic diameters of PVCL-NH, NGs were reduced to about
120 nm at temperature above VPTT. Moreover, the pH-triggered
charge modulation of PVCL-NH, NGs was observed due to
their abundant amino groups (Figure 2b). The PVCL-VFA NGs
showed slight positive charge since the cationic initiator was
used in the reaction. As a comparison, the obviously higher
positive charge was observed in PVCL-NH, NGs at pH 7, sug-
gesting more amino groups were successfully formed after
hydrolysis. By virtue of the amino groups that can acquire H*
to form —NH;" in the acidic environment, the PVCL-NH, NGs
emerged the increased electrophoretic mobility from 0.051 to
1.72 in the pH ranges (10 to 3). The pH-responsive cationiza-
tion of NGs is beneficial to elevate their affinity with cell mem-
branes under acidic tumor microenvironment (TME), leading
to the enhanced cellular internalization.

The biodegradability of NGs is a crucial feature for biomed-
ical applications. The redox-triggered degradation of PVCL-NH,
NGs in the simulated redox TME (10 mm GSH, 37 °C) was
investigated by TEM images (Figure 2d). The NGs were pro-
gressively degraded via disulfide bonds cleavage of crosslinkers
under GSH environment. Furthermore, the quantitative deg-
radation of NGs with or without GSH was determined by
mass loss (Figure 2c). During the first 4 h, the weight of NGs
decreased rapidly under GSH environment and the mass loss
reached around 48%. After 20 h, the mass loss of NGs was
about 93% and then achieved equilibrium. These results sug-
gest that under redox TME, the NGs can be degraded com-
pletely into small fragments which would be rapidly metabo-
lized from the body to reduce toxicity and risk of long-term
retention.

2.3. Modification of Bioactive Components

For ideal nanoplatforms, multifunctional modification is
very important for aplenty their architectures and broadening
their applications. The amino-terminal NGs can be allowed
to modify a diversity of functional molecules via facile amine
chemistry to construct versatile nanoplatforms according to
the desired properties. First, fluorescent molecule (fluorescein
isothiocyanate, FI), as the representative of the molecules con-
taining isothiocyanate groups, was covalently attached to NGs
(Figure 3a). Using UV-vis spectra (Figure 3b and Figure S5,
Supporting Information) and fluorescence imaging (Figure 3c),

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) TEM images, b) hydrodynamic diameters and PDI, c) '"H NMR spectra (in DMSO-dg), d) VFA molar contents and amino conversion ratios

of PVCL-VFA NGs and PVCL-NH, NGs with different hydrolysis times.

we observed that the NGs-FI were successfully prepared and
the FI amounts on NGs-FI increased with FI/—NH), ratios, and
then the FI amounts were calculated to be about 0.61 mg-mg™
when the ratio reached 1:1 (Figure 3b). The NGs-FI is expected
as a fluorescent nanoplatform for the potential application of
cell imaging or tracing. Second, the targeted molecule (lacto-
bionic acid, LA), as a class of functional molecules containing
carboxyl groups, was able to react with NGs by EDC chemistry
(Figure 3a). Through the integration of NMR (Figure 3d), the
LA molar contents of the prepared NGs-LA increased from
1.3% to 9.7% with the ratios of LA/—NH,. The conjugation

Adv. Funct. Mater. 2021, 2100227 2100227 (4 of"IZ)

of LA on the NGs can endow them with excellent targeting
capacity and good biocompatibility. Besides, based on the pre-
vious reports,818] the amino and carbonyl groups are capable
of binding and stabilizing some metal ions, such as, Fe(III),
Cu(II), or Au (III). To reserve part of amino groups for subse-
quent modification, the NGs-LA prepared at the LA/—NH, ratio
of 1:2 were employed to bind Cu(II) due to their carbonyl and
residual amino groups (Figure 3a). By the ICP-OES measure-
ment, as the addition of Cu(Il) increases, the Cu(Il)@NGs-LA
exhibited a maximum binding amount of Cu (II) as high
as 59 pg mg! of Cu(Il)/NGs (Figure 3e). According to our

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Hydrodynamic diameter and b) electrophoretic mobility change of the PVCL-VFA NGs and final PVCL-NH, NGs at different temperatures
and pHs, respectively. c) Weight loss and d) TEM images of PVCL-NH, NGs in the presence of GSH (10 mm) at 37 °C for different times.

previous work,”) the Cu(Il) chelated nanoplatforms can be used
as theranostic agents for MR imaging and free-drug CMT of can-
cers. Hereby, T; relaxation rate of Cu(II)@NGs-LA and CuCl,
was determined to evaluate their capacity in T; MR imaging
(Figure 3f). The r; relaxivity of Cu(II)@NGs-LA was calcu-
lated to be 0.826 mm~' 57}, higher than that of pure Cu (1) salt
(0.719 mm! s7Y). The relatively higher r; relaxivity may be due
to the increased hydrodynamic size of Cu(II)@NGs-LA that
renders Cu(II) to have the extended rotational correlation time,
in agreement with the work regarding Gd(III)-coordinated
NGs.l2 This result demonstrates that the Cu(I1) @NGs-LA pos-
sess the potential application for MR imaging. Overall, these
results confirm that according to the personalized needs, the
availability of amino-terminal NGs for post-modification with
different functional molecules renders advanced functional
architectures for the potential applications of specific targeting,
imaging, and theranostics of tumors.

2.4. Photothermal Property under NIR I and Il Windows

The formed Cu(I)@NGs-LA were further reacted with Na,S
to in situ generate CuS@NGs-LA (Figure 4a). The CuS@
NGs-LA aqueous solution showed dark green at a low con-
centration of 0.5 mg mL™ (Figure 4b). As expected, the CuS
NPs (about 5-10 nm) are successfully loaded in the shell of
NGs (Figure 4c), due to the Cu(Il) binding on the periphery of
NGs. The final Cu content within CuS@NGs-LA was detected
by ICP-OES to be 57 ug mg~!. Remarkably, the CuS@NGs-LA

Adv. Funct. Mater. 2021, 2100227 2100227 (5 Of'|2)

show uncommon structure of CuS loading compared to some
previous literatures,'®2!l where the CuS NPs are randomly
distributed throughout NGs. Therefore, a novel structure
regarding CuS NPs loaded in the shell of NGs was constructed.
Moreover, UV-vis—NIR spectra evidenced that CuS@NGs-LA
having an obvious absorption in the range of NIR I and II win-
dows (700-1300 nm) render them with photothermal perfor-
mance under NIR irradiation.

Notably, compared to the NIR I laser, the NIR II laser dis-
plays two significant advantages of higher maximum permis-
sible exposure (MPE) and better tissue penetration depth.l??!
According to the standard reported by the American National
Standards Institute,?*l the MPE value for skin exposure of NIR
IT laser (1050-1400 nm) is 1.0 W cm ™2, while that of NIR I laser
(800-950 nm) is less than 0.6 W cm™. In some recent work, 2124
the photothermal property of CuS NPs loaded platforms under
NIR [ irradiation was investigated, and they were employed in
vivo with a high power density (1-2 W cm™2) which exceeds the
safe MPE value, to obtain excellent PTT of tumors. Moreover,
the NIR II laser, especially in the range of 1000-1100 nm, is
expected to achieve the maximal penetration depth.

Next, we not only explored the photothermal property of
CuS@NGs-LA, but not compared their heating rate, PCE,
and photothermal effect of deep tissue under 808 nm (NIR
I) and 1064 nm (NIR II). After 1064 nm laser (0.6 W cm~2)
irradiation for 300 s (Figure 4e), the temperature of water and
NGs-LA did not emerge obvious change (less than 5 °C). For
comparison, the temperature increasing of CuS@NGs-LA was
rapid, and the increasing tendency was augment with sample

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of the multifunctional modification of NGs. b) The FI amounts and c) the fluorescence microscopic images of

NGs-Fl with different molar ratios of FI/-NH,.

d) 'TH NMR spectra of LA, NGs and NGs-LA with different molar ratios of LA/-NH,.

e) The Cu(ll) loading

amounts of Cu(Il) @NGs-LA with different molar ratios of Cu(ll)/-NH,. f) T; relaxation rate of Cu(Il)@NGs-LA as a function of Cu(ll) concentration.

concentrations. What is more, the temperature change (AT)
of CuS@NGs-LA with different concentrations (1-3 mg mL™)
was quantified from 25.3 to 39.9 °C (Figure 4f). Next, the
temperature increasing rates of CuS@NGs-LA upon 1064 nm
(0.6 W cm2) and 808 nm laser (0.6 and 1.2 W cm2) were com-
pared (Figure 4g). The AT of CuS @NGs-LA solution (1mg mL™)
was increased by 31.6 °C after 1064 nm laser irradiation for
300 s, while the AT only increases by 11.4 °C after 808 nm
laser (0.6 W c¢m™2) irradiation, even the laser power density
doubled (1.2 W cm™2), it increased by 27.1 °C. Furthermore, the
visualized photothermal images of water, NGs-LA, and CuS@
NGs-LA aqueous solutions were captured (Figure 4i). These
results demonstrate that CuS@NGs-LA upon 1064 nm laser
with safe irradiation display better photothermal effect than
that upon 808 nm laser with super-high power (beyond safe
MPE value), since CuS@NGs-LA present stronger absorb-
ance in NIR II window and the NIR II laser exhibit higher

Adv. Funct. Mater. 2021, 2100227 2100227 (6 of12)

MPE. Additionally, the PCE (77) of CuS@NGs-LA exposed to
1064 nm (0.6 W cm~2) and 808 nm laser (0.6 and 1.2 W cm™2)
was calculated to be 31.1%, 274%, and 28.6%, respectively
(Figure 4h). Notably, the 17 of 31.1% is higher compared to the
PCE of other CuS randomly loaded NGs reported in our pre-
vious work.'®! This may be due to that the unique structure
of CuS NPs loaded in the NGs shell permits to facilitate more
full contact with NIR II laser, leading to the absorption and
conversion of more laser into heat energy.

Apart from the aforementioned higher MPE of NIR II laser,
the other most important advantage is its superior tissue
penetration depth when compared to NIR I laser (Figure 5a).
The photothermal effect of CuS@NGs-LA covered by chicken
breast tissue with different depths under 808 and 1064 nm
laser irradiation with same power was explored (Figure 5b).
With the tissue thickness increasing, the AT exhibited a
decreasing trend upon both lasers. Remarkably, at same tissue

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematic illustration of the preparation of CuS@NGs-LA. b) Digital photograph and c) TEM imaging of CuS@NGs-LA. d) UV-vis—NIR
spectra of NGs-LA and CuS@NGs-LA. e) Temperature change of water, NGs-LA, and CuS@NGs-LA aqueous solution with different concentrations
upon 1064 nm laser (0.6 W cm™2) as function of time. f) Plot of temperature change (AT) over a period of 300 s versus the concentration of water,
NGs-LA and CuS@NGs-LA. g) Photothermal effect of CUS@NGCs-LA upon 1064 nm laser (0.6 W cm™2) and 808 nm laser (0.6 and 1.2 W cm~2). The
laser was turned off after irradiation for 300 s. h) Plot of cooling time versus negative natural logarithm of the driving force temperature in the cooling
stage. i) Thermal images of water, NGs-LA, and CuS@NGs-LA aqueous solution with different concentrations under irradiation of 1064 nm laser and

808 nm laser.

thickness, the AT values upon 1064 nm laser were higher than
that upon 808 nm laser. Even in relatively deep tissue (10 cm),
the AT can increase by 73 °C which will cause an irreversible
damage and significant necrosis for cancer cells in vivo.[?’!
This result indicates that CuS@NGs-LA possess enormous
potentials for PTT of cancers upon 1064 nm laser with a safe
irradiaition.

2.5. Biocompatibility and Cellular Uptake

It is necessary to evaluate the biocompatibility of CuS@NGs-LA
before their biomedical applications in vivo. By CCK-8 assay

Adv. Funct. Mater. 2021, 2100227 2100227 (7 0f'|2)

(Figure S6, Supporting Information), the viability of HepG2
cells treated with CuS@NGs-LA only had slight decreases
and remained above 871% at a maximum concentration of
500 pg mL7, indicating CuS@NGs-LA emerge excellent bio-
compatibility. Moreover, the LA-mediated targeting specificity
of CuS@NGs-LA for HepG2 cells was checked by Cu element
uptake using quantitative ICP-OES analysis (Figure S7, Sup-
porting Information). Clearly, the Cu uptake exhibited a concen-
tration-dependent increasing in both HepG2-HR and HepG2-LR
cells. At the same concentration, the Cu uptake in HepG2-HR
cells was significantly higher (around 1.9-2.4 times) than that in
HepG2-LR cells, revealing that the modification of LA renders
the CuS@NGs-LA with targeting specificity to HepG2-HR cells.
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Figure 5. a) Schematic illustration of the photothermal effect of CuS@NGs-LA at deep-tissue upon 808 or 1064 nm laser. b) Temperature decay of
CuS@NGs-LA at different depths of chicken breast tissue upon 808 or 1064 nm laser.

2.6. pH/NIR/Redox Multi-Triggered Drug Release

The CuS@NGs-LA were employed as nanocarriers to encapsu-
late drug (DOX), which was characterized via UV-vis spectra
and fluorescence microscopic imaging. Compared to CuS@
NGs-LA, an apparent absorption peak of CuS@NGs-LA/DOX at
480 nm was observed, and this feature peak was associated to the
entrapped DOX (Figure 6a). Likewise, the CuS@NGs-LA/DOX
displayed the red fluorescence from DOX (Figure 6b,c), and the
DOX loading efficiency of CuS@NGs-LA/DOX was further cal-
culated to be 78.4%. For an ideal drug release, it is indispensable
to achieve controllable release capability, including switching on
and off drug supply, to maintain the effective drug concentration
at the required time in vivo for realizing a continuous therapeutic
effect.[2l Next, the controlled DOX release behaviors of CuS@
NGs-LA/DOX were determined under pH 74, pH 6.5, pH 5.5,
pH 5.5 with NIR, and pH 5.5 with GSH (Figure 6d). The DOX
released quickly and the cumulative release amount reached
44.1% and 32.1% under pH 5.5 and pH 6.5 after 24 h, respectively,
which is higher than that under pH 74 (8.7%), due to the proton
sponge effect. It is noteworthy that, after 1064 nm laser irradia-
tion for 10 min intervals, the DOX release dramatically increased,

(b)

~
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—
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T
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and the final cumulative amount was 59.2%. The controllable
on/off release based on NIR irradiation should be attributed to
the shrinking/swelling of NGs which is caused by the control-
lable temperature change (above or below the VPTT of NGs).
Moreover, under GSH condition, the DOX release rate was high,
and =79.2% of DOX was released owing to the degradation of
NGs. Taking together, CuS@NGs-LA/DOX could be introduced
as a promising drug-loaded nanocarrier with multi-triggered con-
trolled drug release, involving endogenous of TME (pH/GSH)
and exogenous of NIR laser, for improving anticancer activity and
reducing side effects. In comparison with conventional single
factor-triggered nanocarriers, the developed nanoplatforms are
able to control drug release efficiently by responding to endog-
enous factors and regulating exogenous stimuli simultaneously,
revealing an innovative and smart release mode.

2.7. Combinational Photothermal Therapy and Chemotherapy
In Vitro

Among the existing cancer therapy strategies, the combina-
tion of efficient PTT and controllable CMT may be a promising

(d)100F /
iy —@—pH 7.4 pH 6.5 —9—pH5S5
\Q pH5.5+GSH —@—pH 5.5+ Laser
< g0t
2
3
2 60t
St
D
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5um Time (h)

Figure 6. a) UV-vis spectra of CuS@NGs-LA and CuS@NGs-LA/DOX. Fluorescence microscopic images of b) CuS@NGs-LA and c) CuS@NGs-LA/DOX.
d) Time-dependent DOX cumulative release from CuS@NGs-LA/DOX under pH 7.4, pH 6.5, pH 5.5, pH 5.5 with NIR laser (1064 nm, 0.6 W cm~2, 10 min),
and pH 5.5 with GSH (10 mm). In pH 5.5 + Laser group, large and small ball represent laser on and off, respectively.
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method to achieve compelling tumor elimination and recur-
rence suppression, due to their distinct advantages. The anti-
cancer efficacy of CuS@NGs-LA/DOX upon 1064 nm laser
with safe irradiation (0.6 W cm™) was verified (Figure 7a).

www.afm-journal.de

The viability of HepG2 cells in control groups maintained at
a relatively high level in the studied concentrations, while the
significant decreasing of cell viability in CuS@NGs-LA + Laser,
CuS@NGs-LA/DOX and CuS@NGs-LA/DOX + Laser groups
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Figure 7. a) CCK-8 assay of HepG2 cells in different groups. b) Fluorescence microscopic images of cells with nuclei stained by DAPI (blue) in different
groups. Blue fluorescence is the living cell nuclei stained W|th DAPI and dark regions represent the dead cells exfoliated from cell walls. c¢) Schematic
illustration of the administration process used for the combined therapy of advanced tumors in vivo. d) Tumor volume, e) body weight, and f) survival
rate of mice bearing HepG2 xenografted tumors in different groups for different periods. g) TUNEL staining of tumor sections in different groups.
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was observed with the concentration increase. Notably, the cells
in CuS@NGs-LA/DOX + Laser group (combined therapy) dis-
played lower viability when compared to that in CuS@NGs-LA
+ Laser group (single PTT) or CuS@NGs-LA/DOX group
(single CMT). These results reveal that the combinational PTT
and CMT can indeed achieve enhanced anticancer effect com-
pared with the PTT and CMT alone.

Furthermore, through the visualization of fluorescence
microscopic imaging after cell staining (Figure 7b), the HepG2
cells in CuS@NGs-LA + Laser, CuS@NGs-LA/DOX, and CuS@
NGs-LA/DOX + Laser groups showed scarce living and large
dead, and only the smallest amount of cells was alive in CuS@
NGs-LA/DOX + Laser group. While the cells in control groups
emerged regular cell shapes, and large number of living cells
was observed in the entire region of cell walls. These results
once again demonstrate that the developed CuS@NGs-LA/
DOX under NIR II laser with safe irradiation is able to enhance
anticancer efficacy by the combined therapy.

2.8. Combination Therapy of Advanced Tumors In Vivo

To prove the effective PTT of CuS@NGs-LA/DOX in vivo upon
safe NIR II irradiation, the thermal images and temperature
changes of tumor were collected using thermal imaging system
(Figure S8, Supporting Information). Compared to PBS group,
the temperature of tumor in CuS@NGs-LA/DOX group dis-
played obvious increasing from about 38.8-51.9 °C. According
to the previous work,"°>2% tumor cells can be ablated irrevers-
ibly at the temperature of more than 45 °C.

In some precious reported work,?’] the evaluation of cancer
treatment effect is mainly based on the early tumors with a small
volume of 0.05-0.07 cm?. To investigate the excellent antitumor
efficacy of combined PTT and CMT using CuS@NGs-LA/DOX
under safe NIR II irradiation in vivo, we constructed the tumor
model in mice with large volume (0.15-0.20 cm?) to simulate
the advanced tumors (Figure 7c,d). Apparently, the tumors in
control groups emerged significant growth with the time post-
injection. In our previous results,?72" the early tumors can be
ablated completely after single PTT. However, the advanced
tumors were only inhibited to some extent in CuS@NGs-LA +
Laser and CuS@NGs-LA/DOX groups, suggesting that these
advanced tumors cannot be eradicated by single treatment, even
with highly effective PTT upon NIR II laser. Encouragingly, in
CuS@NGs-LA/DOX + Laser group, the advanced tumors were
eliminated thoroughly on day 6 post-treatment and the tumors
did not reoccur afterward. Additionally, the survival rates of
mice in different groups were monitored to further explore
the antitumor efficacy of the combined therapy (Figure 7f).
On the day 65-70 after treatment, the mice in control groups
were all dead, while the mice in CuS@NGs-LA/DOX + Laser
group exhibited a 100% survival rate which was higher than
that in CuS@NGs-LA + Laser (88.3%) and CuS@NGs-LA/
DOX groups (33.2%). By TUNEL staining of tumor sections,
large part of necrosis was observed in CuS@NGs-LA + Laser,
CuS@NGs-LA/DOX and CuS@NGs-LA/DOX + Laser groups
(Figure 7g). Furthermore, the cell apoptosis rates were analyzed
quantitatively (Figure S9, Supporting Information), and fol-
lows the order of CuS@NGs-LA/DOX + Laser group (56.8%)
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> CuS@NGs-LA + Laser group (41.3%) > CuS@NGs-LA/DOX
group (12.7%) > Control groups (4.1-6.2%). These results imply
that the combined therapy exerts higher potency in advanced
tumors treatment and prolonger survival life-span than PTT
and CMT alone. This should be attributed to these owned
advantages of LA-mediated targeting, efficient PTT upon NIR II
laser, promoted drug release induced by acidic TME and NIR II
laser as well as redox-triggered degradation of CuS@NGs-LA/
DOX.

Moreover, the negligible systemic toxicity for mice after
treatment is necessary. All of mice in different groups did not
show obvious weight loss during 24 days (Figure 7e). To further
evaluate the long-term side effects, the main organs (i.e., heart,
liver, spleen, lung, and kidney) of mice in different groups were
removed and H&E stained on day 24 (Figure S10, Supporting
Information). Clearly, no any necrosis region of these organs
was observed. These results suggest that the designed nano-
platforms and strategy not only obtain superior tumor elimina-
tion and recurrence suppression for advanced tumors but also
exhibit negligible adverse effects in vivo.

Finally, after intravenous injection of CuS@NGs-LA/DOX,
the in vivo biodistribution of Cu element was determined by
ICP-OES (Figure S11, Supporting Information). The accumu-
lated amount of Cu element in the tumor reached the highest
level at 12 h post-injection, and the relatively high level was
maintained until 48 h, due to LA-mediated specific targeting.
Likewise, the Cu element was metabolized from the liver and
spleen, suggesting that the NGs after administration can be
cleared by the reticuloendothelial system organs.

3. Conclusion

In summary, using the novel strategy of modular molecular
engineering, the versatile theranostic nanoplatforms based
on cationic NGs were designed for highly efficient treatment
of tumors. The cationic NGs with uniform morphology, pH/
thermal dual-responsive behaviors and redox-triggered degra-
dation were first synthesized using facile one-step synthesis.
According to the individual requirement, the NGs would be fur-
ther functionalized to achieve fluorescent property, r; relaxivity,
strong absorption in NIR I and II windows, high PCE, excel-
lent biocompatibility, and specific targeting ability in a modular
manner. The novel hybrid CuS@NGs-LA were obtained by
loading of CuS NPs in the shell of NGs, that possess higher PCE
than the CuS randomly loaded NGs reported in previous work.
Moreover, the superior photothermal effect in NIR IT over NIR I
window is presented due to higher PCE and deeper tissue pen-
etration. Remarkably, the CuS@NGs-LA/DOX display excellent
photothermal effect upon 1064 nm laser with safe irradiation,
and controlled drug release in responding to multi-stimulus
(endogenous pH/redox and exogenous NIR), which can be
employed to completely eliminate advanced solid tumors and
effectively inhibit recurrence by the combined PTT and CMT.
The developed pervasive nanoplatforms based on cationic NGs
with tunable responsiveness, versatility, and biodegradation by
novel strategy is able to address some current challenges, and
the intelligent nanoplatforms serve as useful tool for the next
generation of personalized theranostic protocol.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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4. Experimental Section

Synthesis of Core/Shell Structured PVCL-NH, Nanogels: The amino-
terminal PVCL-based NGs with core/shell structure were synthesized
using precipitation polymerization approach. The VCL (1.92 g, 13.8 mmol),
DADS (43.9 mg, 0.3 mmol), and CTAB (20.7 mg) were dissolved in water
(144 mL), and then purged with nitrogen in a double wall reactor under
stirring at 70 °C for 30 min to achieve a complete homogenization. AMPA
(55.0 mg, 0.2 mmol), and VFA (50.4 mg, 1.2 mmol) were dissolved in
water (1 mL), respectively, and then purged with nitrogen for 30 min.
Subsequently, the AMPA acting as a free-radical initiator was added into
the reactor. 5 min after the initiation, VFA was dropwise placed into the
mixture with the speed of 1.0-1.2 mL h™" using a pump to ensure the
location of VFA in the shell of the NGs. After that, the polymerization was
carried out for additional 2-3 h, and then NaOH (500 mg, 12.5 mmol)
was added to the above solution and stirred at 70 °C for 48 h. The reaction
mixture was taken out separately from the reactor before and after NaOH
adding for different times (048 h). Finally, the dispersions were dialyzed
against water using dialysis membrane (MWCO = 8000-14 000) for
3 days, and freeze-dried. The core/shell structured NGs before and after
hydrolysis for 1 h were named as PVCL-VFA NGs and PVCL-NH, NGs Th,
respectively, and other NGs were named in a similar manner.

Multifunctional Modification: The fluorescent molecules FI were
labeled on the NGs to form NGs-FI by the isothiocyanate-amine
coupling reaction. Briefly, the FI with different contents (molar ratios of
FI/—NH, from 1:4 to 1:1, in DMSO) were mixed with the NGs dissolved
in DMSO (5 mg mL™, 1 mL), respectively, and then stirred at room
temperature overnight. Afterward, the mixtures were dialyzed against
water using dialysis membrane (MWCO = 8000-14 000) for 3 days and
freeze-dried to obtain Fl-labeled NGs which with different molar ratios
of —NH,/FI were named as NGs-Fl (4:1), NGs-FI (2:1), and NGs-FI (1:1).

Moreover, the targeted molecule LA was conjugated on the NGs to
prepared NGs-LA via EDC chemistry. The LA with different contents
(molar ratios of LA/=NH2 from 1:4 to 1:1, in DMSO) were activated
by 5 equivalent of EDC (in DMSO) under stirring for 30 min, and then
5 equivalent of NHS (in DMSO) was added for another 3 h. After that,
the NGs dissolved in DMSO (5 mg mL™, in 1 mL) was added to the
above solution respectively under stirring for 3 days. The mixtures were
dialyzed and freeze-dried to achieve LA-conjugated NGs according
to the aforementioned protocol, and these formed NGs with different
molar ratios of LA/—=NH, were named as NGs-LA (4:1), NGs-LA (2:1),
and NGs-LA (1:1).

Next, to reserve part of the amino groups for further modification,
the prepared NGs-LA (2:1) were employed to bind Cu(ll) through the
carbonyl and amino groups of NGs-LA. In brief, the CuCl,-2H,0 with
different contents (molar ratios of Cu(ll)/—NH, from 1:4 to 1:1, in water)
were reacted with the NGs-LA dissolved in water (5 mg mL™, 1 mL),
respectively, under stirring for 24 h. Subsequently, these mixtures were
centrifuged (8000 rpm, 20 min) to get Cu(ll) @NGs-LA.

Synthesis of CuS@NGs-LA: The prepared Cu(ll)@NGs-LA under
the molar ratio of 1:1 were used as templates to form CuS@NGs-LA
in situ. The Cu(ll)@NGs-LA (20 mg, in 10 mL water) were mixed with
Na,S-9H,0 solution (15 mg, in 1 mL water) under stirring at 35 °C
overnight. Finally, the mixture was dialyzed and freeze-dried to obtain
CuS@NGs-LA according to the aforementioned protocol.

Characterization of Functionalized Nanogels: The pH/thermal/
redox multi-responsive behavior, fluorescence property, r relaxivity,
photothermal property under NIR 1/Il windows, and pH/redox/NIR
multi-responsive controlled drug release of the functionalized NGs.

In Vitro Cell Culture and Assays: HepG2 cells (a human liver cancer cell
line) were regularly cultured and passaged for cytocompatibility, targeting
specificity, and anticancer activity assays of the functionalized NGs.

In Vivo Animal Experiments: All animal experiments were approved
by the Ethical Committee of Shanghai Zhongshan Hospital and also
followed the policy of the National Ministry of Health (B2019-136R2).
The functionalized NGs were subjected to tumor accumulation and
combined anticancer efficacy assays in vivo. See additional details in
Supporting Information.
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