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Although the co-delivery of chemotherapeutic and photodynamic agents has been studied for years,
developing a simple and efficient nanoplatform for high co-delivery efficiency remains a challenge for
clinical applications. In this study, we prepared a reactive oxygen species (ROS) and pH dual-sensitive
nanogel for the co-encapsulation of doxorubicin (DOX) and indocyanine green (ICG)-conjugated bovine
serum albumin (BSA) via a simple inverse miniemulsion polymerization process. This was followed by
modification with pegylated cell-penetrating peptides (CPPs) containing citraconic anhydride (CDM)
linkers, which are sensitive to weakly acidic microenvironments (pH 6.5). Pegylation endowed the nanogel
with extended blood circulation, while the de-shielding of polyethylene glycol (PEG) exposed the CPPs,
significantly enhancing cellular uptake. Upon near-infrared (NIR) irradiation, ROS generated by ICG not
only killed tumor cells but also triggered the release of DOX through nanogel disintegration. Serial experi-
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ments verified the nanogel's high co-delivery efficiency, tumor tissue matrix microenvironment-triggered
cellular uptake, controlled drug release, and synergistic antitumor effects. Therefore, this dual-sensitive
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1. Introduction

Doxorubicin (DOX), a first-line clinical antitumor drug, plays a
crucial role in antitumor therapy. However, its inherent limit-
ations—such as drug resistance, adverse effects, and relatively
low therapeutic efficacy—hinder its overall clinical outcomes."
To enhance the effectiveness of DOX-based therapies, several
approaches have been developed in combination with DOX.
For instance, small molecular drugs (e.g., arsenite, elacridar,
and indocyanine green (ICG)) and small interfering RNA
(siRNA) molecules have been co-loaded with DOX using poly-
meric micelles and vesicles.” ' Additionally, nanogold par-
ticles have been employed to encapsulate DOX for combined
photothermal therapy (PTT),'*™** while photodynamic therapy
(PDT) has been combined with DOX to enhance its antitumor
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nanogel, prepared via inverse miniemulsion polymerization, offers a facile approach to improving co-
delivery efficiency for combination therapy.

effect using photosensitizers such as ICG, chlorin e6 (Ce6),
and hematoporphyrin.”**'*"2° Despite these advances, several
challenges remain: (i) the co-encapsulation process is often
time-consuming and labor-intensive, limiting its clinical appli-
cation; (ii) the limited availability and high cost of targeting
ligands restrict their use in tumor-targeted delivery, and modi-
fying these ligands may compromise blood circulation per-
formance; and (iii) uncontrolled tumor cell-specific cellular
uptake and drug release can cause side effects in normal
tissues. Therefore, alternative strategies are required to
improve combination therapies in terms of preparation, tar-
geted delivery, and controlled drug release.

Amphiphilic copolymers play important roles in the co-
delivery of two or more drugs due to their ability to self-assem-
ble. The copolymers consist of two or more blocks: hydro-
phobic blocks (e.g., polycaprolactone (PCL), polyphenylala-
nine, and poly(2-(diisopropylamino)ethyl methacrylate)) that
assemble with DOX into a hydrophobic core; cationic hydro-
philic blocks (e.g., polyetherimide, poly(aspartic acid-ethylthio-
ketal quaternary amino), and poly(N-(2,2'-dithiobis(ethyl-
amine)) aspartamide)) that complexes with siRNA to form an
interlayer; and an outer hydrophilic shielding layer composed

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/biomaterials-science
http://orcid.org/0000-0001-5105-7777
https://doi.org/10.1039/d4bm01377h
https://doi.org/10.1039/d4bm01377h
https://doi.org/10.1039/d4bm01377h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm01377h&domain=pdf&date_stamp=2025-03-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01377h
https://rsc.66557.net/en/journals/journal/BM
https://rsc.66557.net/en/journals/journal/BM?issueid=BM013006

Open Access Article. Published on 12 Februari 2025. Downloaded on 23/07/2025 21:58:23.

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

(cc)

Biomaterials Science

of polyethylene glycol (PEG).>**'® These amphiphilic copoly-
mers have been used to prepare vesicles to co-deliver DOX and
other small molecular drugs, as well as nanogold, using encap-
sulation and conjugation methods.”"""**** Recently, nanogels
prepared via inverse emulsion polymerization have garnered
increased attention due to their ease of preparation, low cost,
high encapsulation efficiency, and excellent stability.”*® As
such, DOX encapsulation through inverse emulsion polymeriz-
ation represents an effective strategy for enhancing synergistic
effects of DOX-based combination therapies. Betaine-based
nanogels have garnered increasing attention due to several
advantages: (i) the superior hydrophilicity and antifouling pro-
perties of betaine confer high stability and prolonged blood
circulation time to the nanogels;*® (ii) the low immunogenicity
of natural betaine imparts higher biocompatibility to the
nanogels compared to polyethylene glycol (PEG);**™* (iii) the
zwitterionic nature of betaine prevents macrophage uptake,*?
thereby enhancing tumor accumulation.

PDT offers a unique advantage in spatially controlled,
tumor-specific combination therapy.>" For example, the copo-
lymer nitrilotriacetic acid (NTA)-terminated-poly(ethylene
glycol)-b-polycaprolactone was synthesized and self-assembled
with the photosensitizer Ce6 into nanoparticles, which were
employed to bind Cas9/sgRNA through interaction with the
NTA moiety. This approach enabled tumor-specific gene
editing, triggered by Ceé6-induced PDT. The co-delivery of
siRNA and Ce6 using a ROS-sensitive copolymer facilitated
PDT-triggered siRNA release, enabling spatially controlled
siRNA therapy.** The photosensitizer ICG has shown superior
PDT effects owing to its high conversion efficiency and long
excitation wavelength. In view of this, combining ICG-based
PDT with DOX is a feasible approach to achieve tumor-specific
targeting and controlled release of DOX.

Despite decades of development, the delivery of nanomedi-
cines remains challenging, particularly in balancing long
blood circulation time with efficient, specific cellular uptake.
Although the neutral or protein-repellent surface of nanomedi-
cines helps prevent clearance during blood circulation, it may
hinder cellular uptake. To enhance specific cellular uptake,
antibodies are often introduced as targeting ligands on the
surface of nanomedicines. However, while this approach sub-
stantially promotes cellular uptake, it tends to reduce blood
circulation time due to the high molecular weight of anti-
bodies and non-specific interactions with serum proteins.
These conflicting requirements—prolonged blood circulation
and highly efficient, specific cellular uptake—present con-
siderable challenges in improving the overall delivery
efficiency of nanocarriers. The emergence of the charge-rever-
sal strategy provides an alternative approach to overcome this
barrier. Nanoparticles containing citraconic anhydride (CDM)
structures and substrate peptides of matrix metalloproteinase
2 (MMP2) showed nearly neutral zeta potential during blood
circulation, but generated a highly positive zeta potential in
response to the weakly acidic condition and MMP2 enzymes in
the tumor tissue matrix,>""***® owing to cleavage-generated
primary amines. Additionally, low pH (e.g., hydrazone, acetal,
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and imine) and/or ROS (e.g., thioketal, diselenide bond, and
proline)-sensitive bonds were incorporated to control drug
release through bond cleavage.””*° Moreover, sensitive moi-
eties such as 2-diisopropylamino, 2-dimethylamino, and imid-
azole for low pH, and methylsulfanyl, arylboronate, and thiazo-
lidinone for ROS, were introduced into nanomedicines to
enable controlled drug release.’®>> ROS-sensitive structures
have been introduced into nanocarriers to enable ROS-trig-
gered drug release, facilitating combination therapy involving
PDT agents and other drugs.>"*' However, the combined strat-
egy of low pH-induced charge reversal and ROS-triggered drug
release through sequential actions remains largely unexplored
as a synergistic approach to enhancing the antitumor efficacy
of nanomedicine. Thus, incorporating CDM and ROS-sensitive
structures into nanogels may significantly enhance co-delivery
efficiency of DOX and ICG, thus achieving PDT-triggered drug
release.

In this study, we developed a pH and ROS dual-sensitive
betaine-based nanogel to co-encapsulate DOX and ICG-conju-
gated BSA (ICG-BSA) through inverse emulsion polymerization
(Fig. 1), involving the use of a carboxybetaine (CBAA)
monomer and ROS-sensitive crosslinker. The nanogel was
further modified with pH-activated peptide polymers. The PEG
shielding and zwitterionic CBAA endowed the nanogel with
long blood circulation time. Upon reaching the tumor tissue,
the weakly acidic microenvironment triggered the cleavage of
CDM, thereby unmasking the CPP and enhancing cellular
internalization. NIR irradiation spatially induced ROS gene-
ration within tumor tissue and promoted DOX release due to
the nanogel disintegration from the cleavage of crosslinkers.
This strategy provides a facile approach to enhancing the
efficacy of combination therapy through spatially controlled
synergistic drug effects.
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Fig. 1 Schematic of the preparation and antitumor mechanism of
nanogels loading DOX and ICG. The inverse miniemulsion polymeriz-
ation-based nanogel preparation provides a facile nanoplatform for co-
encapsulating DOX and ICG, enabling a combination of PDT and
chemotherapy. PEG shielding, exposure of CPPs in tumor tissue, and
ROS-induced cleavage of the crosslinker endows the nanogel with pro-
longed circulation time, enhanced tumor-specific cellular internaliz-
ation, and controlled drug release, ultimately achieving improved syner-
gistic antitumor efficacy.
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2. Materials and methods
2.1 Materials

Chemical and biological reagents are detailed in the ESL7

2.2 Syntheses of carboxybetaine monomer CBAA, thioketal
crosslinker TK-CL, and polymer PEG-CDM

The syntheses of CBAA, TK-CL, and PEG-CDM are described in
detail in the ESL.}

2.3 Preparation of nanogels loaded with DOX and ICG-BSA

The preparation of ICG-BSA is detailed in the ESI.{ The DOX
and ICG-BSA-loaded nanogel was prepared according to the
following method: in a 50 mL serum bottle, 0.50 g of sodium
bis(2-ethylhexyl) sulfosuccinate (AOT) and 1.00 g of polyethyl-
ene glycol lauryl ether (Brij 30) were mixed with 20 mL of
n-hexane. The mixture was vigorously stirred until all reagents
were completely dissolved, followed by purging with nitrogen
gas for 10 min. For aqueous phase, 5 mg of ICG-BSA and
0.16 mg of DOX were dissolved in 290 pL of PBS buffer solu-
tion (pH 8.0). Then, 200 mg of CBAA monomer, 20 mg of
TK-CL, and 110 pL of ammonium bicarbonate solution (2 pg
pL™") were added and dissolved into the DOX/ICG-BSA solu-
tion. After bubbling with nitrogen for 5 min, the aqueous solu-
tion was slowly added dropwise to the organic continuous
phase. A stable microemulsion was prepared after ultrasonic
treatment. Subsequently, 10 pL of ammonium persulfate (APS)
solution (20% (w/v)) was added to the emulsion. Five minutes
later, polymerization was initiated by adding 8 pL of tetra-
methylethylenediamine (TEMED), followed by rapid stirring at
4 °C. After 1 h of reaction, 200 pL of DOX solution (10 mg
mL™") was introduced, and the reaction continued for an
additional 2 h. After removing the organic solvent through
vacuum distillation via a rotary evaporator, the nanogels were
precipitated. The resulting precipitate was washed three times
with cold acetone and then dried under vacuum for 30 min.
The resulting precipitate was resuspended in PBS buffer solu-
tion (pH 7.4), and the suspension was centrifuged to remove
insoluble materials. The clear liquid was purified using an
ultrafiltration tube with a molecular weight cut-off (MWCO) of
100 kDa to remove free ICG-BSA and DOX. The resulting
nanogel containing DOX and ICG-BSA was referred NG@D&I.

2.4 Surface modification with pH-sensitive shielding layer

First, 1 mg of cell-penetrating peptide (CPP) terminated with
sulthydryl group. 3-Mercaptopropionic acid was dissolved in
purified water. Then, 1.8 mg of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI) and 1.1 mg of
N-hydroxysuccinimide (NHS) were added to the CPP solution.
The mixture was stirred at room temperature for 6 h, followed
by continuously stirring at 4 °C for an additional 12 h.
Afterwards, the solution was dialyzed against PBS (pH 7.4)
using an ultrafiltration tube (MWCO: 1 kDa) to obtain CPP-SH.
Secondly, the modification on the surface of NG@D&I with
CPP was conducted via the reaction between the sulfhydryl
group on CPP and the residual carbon-carbon double bond on
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the surface of nanogel. Briefly, the nanogel and CPP-SH were
mixed in PBS solution (pH 7.4), and 100 pg of sodium bisulfite
and 100 pg of ammonium persulfate were introduced into the
mixture. After reacting at 4 °C for 12 h, the reaction solution
was concentrated and purified three times using an ultrafiltra-
tion tube (MWCO: 100 kDa) to obtain the CPP-modified
nanogel, referred to as CPP-NG@D&I. Finally, nanogels coated
with pH-sensitive shielding layer were prepared through the
reaction between acid anhydride of PEG-CDM-CPP and the
surface of nanogel. In brief, 50 mg of PEG,,-CDM and 36 mg
of CPP peptide were dissolved in 10 mL of DMF and stirred for
12 h. The reaction solution was precipitated with ether, and
the precipitate was collected through centrifugation. The
resulting precipitate was dried under vacuum to obtain
72.5 mg of white powder (PEG,,-CDM-CPP), denoted as PCP.
Next, 230 pg of PCP, 12 pg of mercaptopropionic acid, 35 pg of
EDCI, and 22 pg of NHS were added to DMSO (3 mL). The reac-
tion was performed for 12 h. Afterwards, 50 pg of sodium
bisulfite, 50 pg of ammonium persulfate, and a predetermined
amount of NG@D&I were added and further reacted at 4 °C for
12 h. The resulting solution was filtered through ultrafiltration
to get the final product, PEG-CDM-CPP modified NG@D&I,
referred to as PCP-NG@D&I.

2.5 Loading content and efficiency

The loading efficiency (LE) and loading content (LC) of DOX
and ICG in PCP-NG@D&I were determined using ultraviolet
(UV) absorption analysis at 488 nm and 780 nm, respectively,
with a UV-Vis spectrophotometer (UV-2000, Shanghai, China).
In brief, a predetermined amount of lyophilized PCP-NG@D&I
powder was dissolved in a certain volume of PBS buffer solu-
tion. The absorbance of DOX was measured, and the mass of
DOX in the PCP-NG@D&I powder was calculated using the pre-
viously established calibration curve. The calibration curve of
DOX concentrations versus absorbance values at 488 nm was
created using known concentrations of DOX solution. The LE
and LC of DOX in the PCP-NG@D&I were calculated according
to the following formulas: LE = (mass of DOX loaded in
PCP-NG@D&I nanogel/mass of DOX in feed) x 100%, LC =
(mass of DOX loaded in PCP-NG@D&I nanogel/mass of lyophi-
lized PCP-NG@D&I nanogel) x 100%. The method for deter-
mining LE and LC of ICG is identical to that for DOX, with
absorbance measured at 780 nm.

2.6 DOX release

To evaluate pH- and ROS-sensitive release capacity of the
nanogel, 2 mL of DOX-encapsulated nanogel solution was
adjusted to specific pH values using different buffer solutions,
with or without 10 mM H,0, (i.e., pH 6.5, pH 7.4, pH 6.5 with
10 mM H,0,, and pH 7.4 with 10 mM H,0,). The solutions
were transferred into dialysis bags with a MWCO of 14 kDa.
These bags were submerged in 40 mL of corresponding buffer
and placed in an incubate shaker with gentle shaking (75 rpm)
at 37 °C to mimic in vivo conditions. At predetermined time
points, 3 mL of buffer was withdrawn from outside the dialysis
bag to measure the amount of DOX using UV/Vis analysis, and

This journal is © The Royal Society of Chemistry 2025
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3 mL of fresh solution was added to replenish the volume. The
amount of DOX was calculated based on the absorbance
values at 480 nm against concentration. The cumulative DOX
release amount was presented as total amount of released
DOX during incubation.

2.7 Cellular uptake

Human breast tumor cells MDA-MB-231 cells were plated in
culture dishes with glass bottoms at a cell density of 1 x 10°
cells per well and cultured overnight under the condition of
5% CO, at 37 °C. After replenishing cells with fresh culture
medium, different nanogels were added at a concentration of
100 ng mL™' at pH values of 7.4 and 6.5, respectively.
Following a 2 h-incubation, the cells were washed three times
with PBS solution. The Hoechst 33342 (5 pg mL™") was used to
stain the nuclei. After washing the cells three more times with
PBS buffer solution, the cells were analyzed using confocal
laser scanning microscope (CLSM). To quantitatively evaluate
cellular uptake efficiency, cells treated with different nanogels
were digested with 0.25% of pancreatin and washed three
times with PBS solution. The resulting cells were collected
through centrifugation and resuspended in PBS solution. The
FITC fluorescence dye was conjugated to BSA instead of ICG
fluorescence dye for preparing nanogel PCP-NG@D&F. The
percentages of DOX- and FITC-positive cells were analyzed
using flow cytometry (Gallios, Beckman). Moreover, we added
different endocytosis inhibitors (i.e., dynasore, amiloride,
B-cyclodextrin, NaNj;, chlorpromazine, and heparin) of cellular
endocytosis into culture medium for exploring the cellular
uptake pathway of PCP-NG@D&I. After pre-incubation for 2 h
with culture medium containing different inhibitors, cells
were treated with PCP-NG@D&I and subjected to NIR
irradiation under the condition of pH 6.5. The NIR irradiation
(808 nm, 1 W cm ) was conducted for 5 min. After irradiation,
the cells were co-incubated with the nanogels for another 2 h,
washed three times with PBS solution, digested with pancrea-
tin enzymes, and collected through centrifugation. The result-
ing cellular precipitate was lysed with sodium dodecyl sulfate
(SDS), and the lysate was subjected to UV-absorption analysis
at 488 nm to determine cellular content of DOX.

2.8 ROS generation and intracellular distribution of DOX

To investigate the ROS generation capacity of different nano-
gels under NIR irradiation, 1 x 10° cells were seeded in each
well of 24-well culture plate and cultured overnight. After incu-
bating with nanogels for 4 h, the ROS probe 2',7"-dichlorodihy-
drofluorescein diacetate (DCFH-DA) was added to the culture
medium at a concentration of 10 pM. Following a 30 min co-
incubation, the medium was replaced with fresh medium (pH
6.5), and the cells were subjected to NIR irradiation with a
wavelength of 808 nm for 5 min at a power of 1 W cm™>. The
oxidazed DCFH-DA (green fluorescence) by ROS and the intra-
cellular distribution of DOX (red fluorescence) were recorded
using CLSM. These cells were then digested with pancreatin
(0.25%), collected through centrifugation, and analyzed using
flow cytometry.
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2.9 Cell viability

The cytotoxicity of nanogels to MDA-MB-231 cells was evalu-
ated using 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazo-
liumromide (MTT) assay. MDA-MB-231 cells were seeded at a
density of 1 x 10° cells per well to 96-well plate and cultured
overnight. After cells were replenished with fresh medium,
tumor cells were treated with nanogels for 24 h at different
concentrations: 1.0 to 20 pg mL™" for ICG and 0.1 to 2.0 ug
mL™" for DOX, respectively. NIR irradiation was performed if
necessary. After treatment, 10 pL of MTT solution (5 mg mL™)
was added into each well and incubated for 4 h. Then, 90 pL of
DMSO was added to dissolve the resulting blue MTT-formazan
crystals. Absorbance at 570 nm was recorded using a micro-
plate reader (Tecan Infinite F200, Crailsheim, Germany). Cell
viability was calculated according to the following formula:
Cell viability = (absorbance of sample/absorbance of control) x
100%. Based on the drug concentration-cell viability curve, the
drug concentration resulting in 50% of cell viability (ICs,) was
determined.

2.10 Animal model

MDA-MB-231 tumor-bearing animal model was established
using six-weeks-old female BALB/c nude mice, each weighing
15-20 g, purchased from the Guangdong Medical Laboratory
Animal Center (Guangzhou, China). All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Sun Yat-sen University and
approved by the Animal Ethics Committee of Sun Yat-sen
University. A total of 1 x 10° tumor cells were implanted subcu-
taneously into the left flank of each nude mouse.

2.11 In vivo biodistribution

In vivo Dbiodistribution studies of PCP-NG@D&I and
PC-NG@D&I were conducted using the FX Pro in vivo fluo-
rescence imaging system from Carestream Health Corporation
(New Haven, CT, USA). Once the tumor volume reached
approximately 100 mm?, the nanogels were administered intra-
venously at a dose of 5 mg ICG per kg body weight.
Fluorescence imaging of ICG-encapsulated nanogel was per-
formed at predetermined time points. At 36 h after nanogel
injection, animals were sacrificed, and the tumors and major
organs from animals in different groups were excised for
ex vivo fluorescence imaging analysis.

2.12 In vivo antitumor effect

When the tumor volume reached 50 mm?, the tumor-bearing
animals were randomly divided into seven groups, each receiv-
ing different nanoparticles: PBS control, blank nanogel
without Dox and ICG (PCP-NG), DOX alone (PCP-NG@D
without NIR irradiation), ICG alone (PCP-NG®I), pH-nonsensi-
tive combination therapy (PP-NG@D&I), combination therapy
without CPP peptides (PC@D&l), combination therapy
(PCP-NG@D&I). Once the tumor volume reached approxi-
mately 100 mm?®, the nanogels were administered intra-
venously at a dose of 5 mg ICG per kg body weight and 2 mg
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DOX per kg body weight every other day for 19 d following the
first injection. At predetermined time points, tumor volumes
were measured using the formula: V = L x W? x 1/2 (where V
indicates volume, L indicates length, and W indicates width of
the tumor). After 24 d post-first injection, the animals were
sacrificed, and the tumor tissues were excised, weighed, and
photographed. Tumor tissue sections were deparaffinized and
hydrated for histopathological analysis including hematoxylin
and eosin (H&E) staining and TdT-mediated dUTP Nick-End
Labeling (TUNEL) staining.

2.13 Statistical analysis

Data are presented as mean + standard deviation (SD).
Statistical differences were assessed using one-way analysis of
variance (ANOVA). Asterisks indicate significance levels: * for p
< 0.05, ** for p < 0.01, and *** for p < 0.001.

3. Results and discussion

3.1 Preparation and characterization of molecules, polymer,
and nanogels

The CBAA-based monomer, thioketal (TK)-containing cross-
linker, and polyethylene glycol modified with citraconic anhy-
dride and CPP peptide (PEG-CDM-Peptide) were synthesized
according to the routes outlined in Fig. S1-S4,f and referred to
here as CBAA, TK-CL, and PCP, respectively. These materials
were characterized using hydrogen nuclear magnetic reso-
nance ("H-NMR) (Fig. 2). The successful synthesis of CBAA was
confirmed by the appearance of characteristic peaks at
3.70 ppm (6H, -N(CH3),), 4.30 ppm (2H, -CH,-COO7),
5.80 ppm (1H, -CH,=CH-), and 6.10 ppm (2H, -CH,—CH-)
(Fig. 2A). For TK-CL, the characteristic peaks at 1.50 ppm (6H,
-S-C(CHj3),-S-), 5.70 ppm (1H, -CH,=—CH-), and
6.10-6.20 ppm (2H, -CH,—CH-) confirmed its structure
(Fig. 2B). PEG-CDM showed characteristic peaks at the
2.70 ppm (4H, -OCO-(CH,),-) and 1.90-1.95 ppm (3H, -CH,-
C(CO)=C(CH;3)COO-), indicating successful synthesis
(Fig. 2C). The conjugation of the CPP peptide to PEG-CDM to
form the PCP polymer was confirmed by characteristic peaks
at the 2.95 ppm (4H, -OCO-(CH,),-), 2.60-2.70 ppm (3H,
—-CH,-C(CO)=C(CHj3)COO0-) and 3.10-3.20 ppm (characteristic
H of CPP peptide) (Fig. 2D). The conjugation rate of CPP pep-
tides was calculated to be 53.8% according to the integral area
ratio between 2.95 ppm (characteristic H of mPEG,,) and
3.10-3.20 ppm (characteristic H of CPP peptide) in the
"H-NMR spectrum. Furthermore, the PEG-CDM-CPP polymer
exhibited a molecular weight of approximately 3623, as deter-
mined by matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) analysis (Fig. S57).
Additionally, a highly hydrophilic form of ICG was prepared
through conjugating it to bovine serum albumin (B-ICG). This
conjugation enhances ICG encapsulation efficiency and pro-
vides higher intracellular stability than free ICG by preventing
non-specific binding to proteins and subsequent clearance by
macrophage cells.”® After the removal of free ICG, the grafting
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percentage of ICG to BSA was determined to be 2.21 * 0.11%
based on the standard curve of ICG concentrations versus
absorbance at 780 nm (Fig. S6A and Bft). Moreover, B-ICG
demonstrated identical UV/Vis absorption and ROS generation
capacity compared to free ICG (Fig. S67).

The CBAA monomers and TK-CL crosslinkers were used to
fabricate nanogels for the encapsulation of DOX and B-ICG
through inverse miniemulsion polymerization (Fig. 1). Given
that the important roles of surfactant/stabilizer, ratio of oil-
water, use of monomer and crosslinker in inverse mini-
emulsion polymerization, we investigated the size, polydisper-
sity index (PDI), yield, and drug release of nanogels under
different conditions (Fig. S7t). First, the mass ratio of sodium
bis(2-ethylhexyl) sulfosuccinate (AOT) to polyethylene glycol
lauryl ether (Brij 30) (Maor/Mgyij), which were used as surfac-
tant and stabilizer, respectively, achieved the smallest size and
lowest PDI value at an Maor/Mg; of 1/2, while the greater or
lower Maor/Mg,;; ratio increased both size and PDI (Fig. S7A¥).
Although a lower volume ratio of PBS to n-hexane (Vpps/Vhexane)
resulted in a smaller size, the lowest PDI value of approxi-
mately 0.13 was observed at a Vpgs/Vhexane Of 3/100 (Fig. S7BT).
Notably, in addition to affecting nanogels’ size and PDI, the
use of monomer and crosslinker also significantly influenced
both the nanogel yield and drug release (Fig. S7C and Df). A
decrease in the mass of crosslinker (Mrx.cp) relative to the
mass of monomer (Mcpaa) (Mrx.cr./Mceaa) led to a reduction in
nanogel yield, although the yield remained above 90%. The
polymerization yields exceeding 100% may be attributed to the
residue of surfactant. The nanogel size and PDI at the Mg/
Mcgaa ratios above 1/10 were similar, while ratios below 1/25
produced significantly greater sizes and PDIs. Additionally, the
increased use of crosslinker relative to monomer significantly
inhibited DOX release from the nanogel (Fig. S8D7), which can
be attributed to the formation of more cross-linked networks.
Therefore, the optimized polymerization conditions for
nanogel preparation are a 1/2 ratio of Maor/Mgj, a 3/100 ratio
of Vprs/Vhexane, and a 1/10 ratio of Mrx.cr./Mcgaa-

After that, CPP peptide alone, PEG-CPP without CDM linker
(PP), and PCP polymers were introduced onto the surface of
the nanogel to shield against nonspecific protein absorption
and facilitate the activation of CPP peptides. The size, zeta
potential, and morphology of the different nanogels were ana-
lyzed using dynamic scanning laser (DLS) and transmission
electronic microscope (TEM) (Fig. 2E and F). The nanogels
without PCP modification (NG@D&I) showed a small size of
approximately 41 nm and a lower zeta potential of +0.12 mV.
Modification with the CPP peptide (CPP-NG@D&I) did not sig-
nificantly affect the nanoparticle size; however, it remarkably
increased zeta potential to approximately +14 mV due to the
high content of positive charged amino acids in the CPP
peptide (Fig. 2E). In contrast, modification with PCP
(PEG-CDM-CPP peptide) increased the size to approximately
52 nm and reduced the zeta potential to +4 mV. Similarly, PP
(PEG-CPP peptide) modification produced comparable effects
on both nanoparticle size and zeta potential at pH 7.4.
Notably, under weakly acidic conditions, the zeta potential of

This journal is © The Royal Society of Chemistry 2025
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PEG-CDM polymer and (D) PEG-CDM-CPP polymer. (E) Size and zeta potential of different nanogels. (F) TEM images of different nanogels. Data are
presented as mean + SD of three replicates. ** indicates p < 0.01 compared to that of PCP-NG@D#&l at pH 7.4.

PCP-NG@D&I increased to approximately +14 mV, attributed
to the de-shielding of PEG and exposure of the CPP following
cleavage of CDM structure. This transformation from PEG de-
shielding to CPP peptide activation may effectively fulfill the
demands in nanomedicines: prolonged blood -circulation
times, minimized uptake by normal cells, and maximized
uptake by tumor cells. The morphology of nanogels showed a
spherical shape with a diameter of approximately 50 nm
(Fig. 2F), consistent with DLS analysis results. The loading
efficiencies of DOX and ICG were 35.2% and 32.1%, respect-
ively, while the loading contents of DOX and ICG were 2.81%

This journal is © The Royal Society of Chemistry 2025

and 2.32% (Fig. S8Aft). Additionally, the nanogels showed
excellent colloidal stability in the PBS plus 10% serum
(Fig. S8BTY).

3.2 pH-Sensitive PEG de-shielding and ROS-sensitive DOX
release

The pH-sensitive PEG de-shielding capability under the low
pH conditions of tumor tissue matrix is essential for achieving
tumor cell-specific cellular uptake while minimizing uptake by
normal cells. Additionally, the ROS-sensitive DOX release from
nanogel promotes rapid attainment of the therapeutic window
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for DOX. To assess these properties, we evaluated the PEG de-
shielding and DOX release capacities of the nanogels under
conditions mimicking the weakly acidic and Ce6-generated
highly oxidative microenvironments of tumor tissue (Fig. 3A).
The DOX release reached a plateau after 24 h of incubation
under all conditions. At pH 7.4, less than 10% of the total
DOX loaded into the nanogel was released after 24 h (Fig. 3B).
This limited release is likely due to the DOX molecules being
localized at the interface between the core and the PEG outer
layer. In contrast, at pH 6.5, the cumulative release of DOX
increased to 17.5%, primarily due to PEG de-shielding, which
facilitated enhanced DOX release. Additionally, the improved
solubility of DOX at low pH may further facilitate its release.
The addition of H,0, significantly increased DOX release to
55.7%, while the combination of a low pH of 6.5 and H,0,
further boosted DOX release to 82.5% after 24 h of incubation.
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A similar release profile for ICG was observed under the
different conditions (Fig. 3B). Furthermore, we evaluated the
DOX release from PCP-NG@D&I under NIR irradiation
(Fig. 3C). NIR irradiation significantly enhanced DOX release,
increasing the cumulative release by 10-20% per cycle during
the 35 min incubation, which is attributed to the cleavage of
TK bonds induced by ROS generated from NIR irradiation. At
pH 7.4, the nanogels exhibited a smooth surface, whereas at
pH 6.5, a rougher surface was observed due to the detachment
of the PEG layer induced by CDM cleavage (Fig. 3D).
Incubation with H,0, caused the nanogels to disassemble due
to the cleavage of the TK-CL crosslinker, and the combination
of pH 6.5 and H,0, further enhanced the disassembly of the
nanogels. These results demonstrate that the nanogels can
effectively detach the PEG layer and synergistically enhance
DOX release in response to the conditions of pH 6.5 and ROS.
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DOX under NIR exposure. **p < 0.01 compared to data at previous time point in panel (C). (D) TEM images of PCP-NG@D§&! under different con-

ditions. Data are presented as mean + SD of three replicates.
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3.3 Cellular uptake and intracellular distribution

To investigate the cellular uptake and intracellular distribution
of DOX and ICG, we used FITC dyes in place of ICG to conju-
gate with BSA and visualized tumor cells using confocal laser
scanning microscope (CLSM) (Fig. 4). Nanogels modified with
CPP peptides alone (CPP-NG@D&F) showed stronger fluo-
rescence signals for both FITC (green) and DOX (red) com-
pared to non-modified nanogels (NG@D&F) (Fig. 4A).
Following NIR irradiation, the percentage of DOX fluo-
rescence-positive cells in the PCP-NG@D&F group was approxi-
mately 1.7 times higher than in the NG@D&F group (Fig. 4B),
indicating enhanced cellular uptake due to PCP modification.
Next, we examined the effect of a weakly acidic microenvi-
ronment on the uptake of PCP-NG@D&F. At pH 7.4, cells incu-
bated with PCP-NG@D&F exhibited fluorescence signal inten-
sities comparable to those incubated with NG@D&F. However,
under pH 6.5, both FITC and DOX fluorescence intensities sig-
nificantly increased (Fig. 4C). The percentage of dual-positive
for FITC and DOX fluorescence at pH 6.5 was approximately
1.6 times higher than at pH 7.4, as measured by flow cytometry
(Fig. 4D). These findings indicate that the detachment of the
PEG shielding layer in response to the weakly acidic microenvi-
ronment (pH 6.5) effectively exposes CPP peptides, thereby
enhancing cellular uptake of PCP-NG@D&F. Furthermore, we
explored the potential mechanism behind the cellular uptake
of PCP-NG@DA&I by assessing intracellular DOX content in the
presence of different inhibitors (Fig. 4E). Dynasore, an inhibi-
tor of dynamin II-dependent endocytosis, did not affect
nanogel uptake at pH 6.5. In contrast, inhibitors of clathrin-
mediated micropinocytosis (amiloride) and caveolin-mediated
endocytosis (p-cyclodextrin) only slightly reduced intracellular
DOX levels. Inhibitors of ATP synthesis (NaN; and 4 °C incu-
bation) reduced the intracellular DOX content by 32%, while
inhibitors of clathrin-mediated endocytosis (chlorpromazine,
CPZ) and competitive inhibitor of heparan sulfate receptor on
the cell surface (heparin) reduced intracellular DOX content by
44% and 68%, respectively. These results indicate that
PCP-NG@D&I nanogels are internalized via ATP-dependent
and multiple endocytic pathways. Considering that free DOX
molecules bind to DNA and localize within nucleus, we evalu-
ated the ROS-sensitive DOX release capacity of PCP-NG@D&I
through analyzing intracellular distribution of DOX (Fig. 4F).
In the absence of NIR irradiation, DOX fluorescence signals
predominantly localized in the cytoplasm, indicating that the
DOX molecules remained encapsulated within nanogel.
However, Under NIR irradiation, a rapid increase in DOX fluo-
rescence intensity was observed in the nucleus within 1 h post-
irradiation, indicating the release of DOX from the nanogel
due to nanogel disintegration induced by ICG-generated ROS.
Considering that free DOX molecules bind to DNA and localize
within nucleus, we evaluated the ROS-sensitive DOX release
capacity of PCP-NG@D&I through analyzing intracellular dis-
tribution of DOX (Fig. 4F). In the absence of NIR irradiation,
DOX fluorescence signals predominantly localized in the cyto-
plasm, indicating that the DOX molecules remained encapsu-

This journal is © The Royal Society of Chemistry 2025
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lated within nanogel. However, under NIR irradiation, a rapid
increase in DOX fluorescence intensity was observed in the
nucleus within 1 h post-irradiation, indicating the release of
DOX from the nanogel due to nanogel disintegration induced
by ICG-generated ROS.

3.4 ROS-generation and cytotoxicity

Given the critical role of ROS generation in both controlled
DOX release and its synergistic antitumor effects, we evaluated
the ROS generation capacity of NG@D&I and PCP-NG@D&I
nanogels in tumor cells, with and without NIR irradiation
(Fig. 4F and G). ROS generation was detected using the probe
2',7"-dichlorofluorescein diacetate (DCFH-DA), which emits
green fluorescence upon oxidized by ROS. In the absence of
NIR irradiation, no significant ROS-related fluorescence
signals were observed. However, under NIR irradiation, sub-
stantial ROS fluorescence signals were detected, with the fluo-
rescence intensity in cells treated with PCP-NG@D&I being
approximately twice as high as in cells treated with NG@D&I.
These findings demonstrate that PCP-NG@D&I nanogels effec-
tively deliver ICG into cells, triggering ROS generation.

We further evaluated the cytotoxicity of different nanogels
to tumor cells, with or without NIR irradiation (Fig. 5A). Blank
nanogels without DOX and ICG (PCP-NG) exhibited minimal
cytotoxicity under NIR irradiation, with cell viability remaining
as high as 90%. Treatment with DOX alone (PCP-NG@D) and
ICG alone (PCP-NG®@I with NIR) resulted in ICs, values of
2.35 pg mL ™" and 19.2 pg mL ™", respectively. Nanogels lacking
CDM and CPP peptides (PC-NG@D&I and PP-NG@D&I)
yielded ICs, values of 0.7 pg mL™" and 0.72 pug mL™", respect-
ively. In contrast, PCP-NG@DA&I treatment achieved the lowest
ICs, value of 0.58 pg mL™", enhancing tumor cells sensitivity
to DOX by 5-fold compared to PCP-NG@D treatment. Next, we
evaluated cellular apoptosis induced by different nanogels
(Fig. 5B). The percentages of apoptotic tumor cells in the
groups treated with DOX and ICG alone were 11.28% and
22.11%, respectively. However, combination treatments with
PP-NG@D&I, PC-NG@D&I, and PCP-NG@D&I increased the
percentage of apoptotic cells to 42.13%, 35.19%, and 68.81%,
respectively. These results demonstrate that co-delivery of ICG
significantly enhances tumor cell sensitivity to DOX, leading to
a synergistic antitumor effect. Additionally, the exposure of
pH-sensitive CPP and ROS-triggered DOX release further
strengthened this synergism.

3.5 Invivo biodistribution and antitumor effect of nanogels

Encouraged by the in vitro results, we proceeded to evaluate
the in vivo antitumor effects of different nanogels. We first
investigated the tumor enrichment capacity of nanogels with
and without CDM structure (Fig. 6A). Six-week-old female
nude mice with subcutaneously transplanted MDA-MB-231
tumors were used as animal models. To assess the in vivo bio-
distribution of the nanogels, animals were randomly divided
into two groups (PCP-NG@D&I and PC-NG@D&I without the
CDM structure) and imaged using an in vivo living animal
imaging system. Fluorescence signals from ICG increased over
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Fig. 5 Cytotoxicity and cellular apoptosis induced by different nano-
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flow cytometry assay. Data are presented as mean + SD of three repli-
cates. *p < 0.05 and **p < 0.01.

time, reaching their maximum at 24 h after nanogel injections
in the tumor tissues of both treatment groups (Fig. 6A), indi-
cating that the nanogels had a long circulation time, possibly
due to shielding effect of PEG and betaine. Notably, the fluo-
rescence intensity in the tumor tissues was greater for the
PCP-NG@D&I nanogels compared to the PC-NG@D&I group,
which can be attributed to CPP exposure caused by CDM clea-
vage and PEG de-shielding. Additionally, fluorescence imaging
of major organs excised from animals treated with
PCP-NG@D&I showed higher ICG signal intensity in the tumor
tissue compared to the PC-NG@D&I group, while fluorescence
levels in other organs were similar between the two groups
(Fig. 6B). We further assessed the blood circulation time of
nanogels with and without the PEG layer (PCP-NG@D&I and
CPP-NG@D&I). Compared to the near-complete disappearance
of ICG fluorescence signal in animals receiving CPP-NG@D&I,
nearly 50% of injected ICG fluorescence remained in the
PCP-NG@D&I group (Fig. S971), confirming the shielding effect
of PEG layer. These results reaffirm that PCP-NG@D&I nano-
gels possess superior tumor tissue enrichment capacity, driven
by pH 6.5-triggered PEG de-shielding.

Next, animals bearing tumor cells were randomly divided
into eight treatment groups for the in vivo antitumor study
(Fig. 6C): PBS control, blank nanogel without DOX and ICG

This journal is © The Royal Society of Chemistry 2025
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val times of animals treated with different nanogel treatments. Data are
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(PCP-NG/NIR), DOX alone (PCP-NG@D without NIR
irradiation), ICG alone (PCP-NG@I/NIR), pH-nonsensitive
combination therapy (PP-NG@D&I/NIR), combination therapy
without CPP peptides (PC-NG@D&I/NIR), combination therapy
without NIR irradiation (PCP-NG@D&I), and combination
therapy with NIR irradiation (PCP-NG@D&I/NIR). Except for
the DOX alone (PCP-NG@D) and combination therapy without
NIR irradiation (PCP-NG@D&I) treatments, all tumor tissues
were irradiated with NIR laser. When tumor volume reached
100 mm?, animals were subjected to different treatments.
Without DOX and ICG, both PBS and PCP-NG/NIR treatments
did not inhibit tumor growth. DOX and ICG alone treatments
(PCP-NG@D and PCP-NG®@I/NIR) reduced tumor growth by
22.46% and 52.20% (Fig. 6D), respectively, compared to the
PCP-NG/NIR treatment. In contrast, combination treatments
(PC-NG@D&I/NIR, PP-NG@D&I/NIR, and PCP-NG@D&I/NIR)
reduced tumor growth by 73.45%, 74.78%, and 95.71%,
respectively. Notably, PCP-NG@D&I/NIR treatment nearly
completely inhibited tumor growth, leaving tumor volumes at
just 90.93 mm?®. Additionally, without NIR irradiation,
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PCP-NG@D&I treatment only reduced tumor growth by
30.96%, which was nearly identical to the effect of PCP-NG@D
treatment.

All animals treated with PBS and PCP-NG died within 20 d
after the first nanogel injection. The single drug treatments,
PCP-NG®@D and PCP-NG®@I with NIR irradiation, extended sur-
vival to 28 d and 38 d (Fig. 6E), respectively. In contrast, 82%
of animal treated with PCP-NG@D&I with NIR irradiation sur-
vived beyond 60 d. In the absence of NIR irradiation
(PCP-NG@D&I treatment), the animals died within 26 d due to
the lack of ROS generation, which hindered DOX release. The
reduced survival times in the PC-NG@D&I and PP-NG@D&I
groups were attributed to the absence or inactivation of CPP
peptides. Besides, no significant differences in body weight
were observed across different treatment groups (Fig. S107).

Haematoxylin and eosin stain (H&E) and terminal deoxynu-
cleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) analyses were conducted to further evaluate the syner-
gistic effect of photodynamic-chemotherapy using tumor sec-
tions from animals sacrificed at 21 d after first nanogel injec-
tion (Fig. 7). In the PBS and blank nanogel groups, typical
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Fig. 7 Histological and immunohistochemical analyses of tumor and
major organic tissue sections from animals treated with different nano-
gels. (A) H&E and TUNEL staining of tumor tissue sections. Black scale
bar, 50 pm; white scale bar, 100 pm. (B) H&E staining of major organ
tissue sections. Scale bar, 250 pm.
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tumor histology was observed, including hypercellularity, pro-
nounced nuclear polymorphism, and hemorrhagic foci
(Fig. 7A). In contrast, single-drug treatments (PCP-NG@D and
PCP-NG@I) reduced tumor cell density and increased the pro-
portion of apoptotic cells, attributable to the chemotherapeu-
tic effect of released DOX or the ICG-mediated photodynamic
effect. Combination treatments induced a greater level of cell
death and apoptosis in the tumor tissue sections compared to
the single-drug treatments, attributing to the synergistic effect
of DOX and ICG. Notably, tumors from animals treated with
PCP-NG@D&I under NIR irradiation displayed the fewest
viable tumor cells and the highest levels of apoptosis, charac-
terized by chromatin condensation and nuclear fragmentation.
These results confirm once again the synergistic antitumor
effect of DOX and ICG, achieved through tumor tissue matrix
microenvironment-triggered CPP activation and ICG/NIR-
induced DOX release, as previously described. Additionally,
the major organs of animals treated with different formu-
lations showed nearly normal histological structures (Fig. 7B),
indicating that the high biosafety of nanogels. No significant
differences were observed in the blood biochemistry indicators
between PCP-NG@D&I/NIR and PBS groups (Fig. S117),
suggesting that the PCP-NG@D&I/NIR treatment did not affect
liver or kidney function.

4. Conclusions

In this study, we developed a facile co-delivery nanosystem for
combination therapy involving photodynamic therapy and
chemotherapy. This betaine nanogel-based co-delivery system,
prepared via inverse miniemulsion polymerization, offers
several advantages, including a simple process, easy prepa-
ration of monomer and crosslinker, tumor tissue microenvi-
ronment-activated cellular uptake, ROS-sensitive drug release.
These properties contribute to enhanced tumor cells-specific
uptake and spatially controlled drug release. The synergistic
effects of the resulting nanogels—activating tumor-specific cel-
lular uptake, controlling drug release, and achieving antitumor
outcomes—were validated through a series of in vitro and
in vivo experiments.
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