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Due to the limitations of conventional chemotherapy including side effects, poor prognosis, and drug
resistance, there is an urgent need for the development of a novel multi-functional combined therapy
strategy. Dopamine-modified oxaliplatin prodrug (OXA-DA) was successfully synthesized in this study to
ameliorate the organ distribution of oxaliplatin for improving the drug efficacy and reducing toxic side
effects, and OXA-DA was applied to develop a porous oxaliplatin cross-linked polydopamine nanoparti-
cle for loading siPD-L1 to construct multifunctional nanoplatform. The multifunctional nanoplatform was
modified with poly(2-ethyl-2-oxazoline) (PEOz), which occurred charge reversal in the tumor microenvi-
ronment, and exerted the lysosomal escape effect in tumor cells to improve the bioavailability of small
interfering RNA targeting programmed cell death-ligand 1 (siPD-L1). The pH-responsive charge reversal,
photothermal, biodegradation, lysosomal escape ability, PD-L1 protein degradation, toxicity properties and
multiple antitumor effects were comprehensively evaluated in vitro and in vivo experiments. The findings
indicated that OXA-DA-siPD-L1@PDA-PEOz excellently induced tumor cell necrosis and apoptosis as a re-
sult of the synergistic effect of chemo-photothermal therapy, and upregulated CD8+ T cells produced
interferon-y (IFN-y) to further attack the tumor cells. In conclusion, the novel nanoplatform-mediated
chemo/photothermal/immunotherapy has promising clinical applications in the treatment of malignant

tumors.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Cancer is admittedly a primary threat to human health world-
wide, there are approximately 4.82 million and 2.37 million new
cancer cases in 2022, and 3.21 million and 0.64 million cancer
deaths in China and the USA, respectively [1,2]. There is an ur-
gent need to develop novel anti-tumor strategies that combine
chemotherapy with other treatment options due to the several lim-
itations associated with traditional chemotherapy, including side
effects, drug resistance and poor prognosis [3-5].

Oxaliplatin (OXA) (II), the most recent internationally recog-
nized platinum derivative for clinical application, demonstrated
considerable differences in pharmacology, antitumor activity spec-
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trum and cytotoxicity when compared to cisplatin and carboplatin
[6]. OXA (II) is less toxic to the kidneys and bone marrow and
exhibits no cross-resistance with other platinum-based anticancer
drugs [7,8]. The drawbacks of OXA (II) were overcome in this study
by employing the prodrug carboxylated OXA-COOH (IV), this pro-
drug is less toxic [9-12].

Photothermal therapy (PTT) is a noninvasive strategy for treat-
ing various cancers owing to its low systemic toxicity and supe-
rior therapeutic effect [13,14], which is usually applied in combina-
tion with other cancer treatment techniques including chemother-
apy, radiation therapy and immunotherapy [15,16]. Polydopamine
(PDA), a melanin-like polymer, has been developed as a promising
carrier for drug delivery in cancer therapy due to its intrinsic bio-
compatibility, high drug loading capacity and strong near-infrared
(NIR) absorption enabling PTT [17-21]. Mesoporous polydopamine
nanoparticles (MPDA NPs) provide efficient drug encapsulation and
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Fig. 1. Schematic illustration of the preparation of nanoplatforms and the combined chemo/photothermal/immunotherapy of tumor cells.

photothermal conversion. Despite these marked features, the use of
MPDA NPs as theranostic nanoplatforms combining cancer treat-
ment strategies has rarely been reported [22,23].
Poly(2-ethyl-2-oxazoline) (PEOz), owning similar properties to
polyethylene glycol such as hydrophilicity, low toxicity, and in-
creased systemic cycle time in the neutral environment, is often
used to modify nano-drug delivery systems to enhance their sta-
bility [24-27]. It can cause a charge reversal in tumor microenvi-
ronments (TME, pH =~ 6.5) or cell lysosomes (pH ~ 5.5) for tumor
penetration and lysosome escape [28,29].
Cancer immunotherapy has considerably advanced over the
past decades. Given the large number of research devoted to ad-
vancing endogenous and synthetic immunotherapeutic approaches.
The challenges facing cancer immunotherapy include a lack of con-
fidence in translating preclinical findings and determining the op-
timal combination of immune-based therapies for any particular
patient. Addressing these challenges will require the combined ef-
forts of basic researchers and clinicians, as well as the pooling of
resources to accelerate the understanding of the complex interac-
tions between cancer and the immune system, and develop im-
proved treatment options for cancer patients [30,31]. The PD-1/PD-
L1 pathway and the CTLA-4 pathway constitute the well-known
brake system of the immune system [32,33]. Targeting these two
pathways is a promising anticancer strategy [34-37].

In this study, dopamine-modified oxaliplatin (OXA-DA) was suc-
cessfully synthesized and used to crosslink the MPDA NPs for load-
ing small interfering RNA targeting programmed cell death-ligand
1 (siPD-L1). The MPDA NPs were modified with a pH-responsive
PEOz and resulted in charge reversal in the TME for enhancing cell
internalization. The composite NPs have three advantages in this
project: First, oxaliplatin cross-linked dopamine is evenly dispersed
within the nanoplatform for improving its biosafety and biodegrad-
ability. Oxaliplatin (II) is modified with dopamine to become OXA-

DA (IV), which enhances drug efficacy while reducing side effects.
Second, PDA has a good photothermal effect and biodegradability.
Therefore, it has an excellent photothermal therapy effect and is
easy to be degraded in vivo. Third, the PEOz-modified nanoplat-
form is pH-responsive and can achieve lysosome escape in tumor
cells, which can improve the bioavailability of siPD-L1. The syn-

thetic process of OXA-DA-siPD-L1@PDA-PEOz nanoparticle was ex-
hibited in Fig. 1.

OXA (II) is a common alkylating agent that exerts cytotoxic ef-
fects by inhibiting messenger RNA synthesis and DNA damage. We
converted OXA (II) to OXA-COOH (IV), which has lower cytotoxi-
city and thus can be used at higher doses. As shown in Fig. S1
(Supporting information), two axial hydroxyl groups were added
to OXA (II) by a reaction with H,0,. The hydroxyl groups were
then reacted with succinic anhydride to yield a carboxyl group.
DA was linked to OXA-COOH (IV) by an amide bond. 'H-nuclear
magnetic resonance (H NMR) spectroscopy was used to eluci-
date the structure of the OXA-COOH (IV) and OXA-DA copolymer.
The "H NMR spectra of OXA (II) and OXA-COOH (IV) in DMSO-dg
were illustrated in Fig. S2 (Supporting information). The chemical

shifts of solvent and D,0 appeared at 2.5ppm and 3.3 ppm, re-

spectively. Furthermore, OXA (II) had two characteristic peaks of
the -NH, on cyclohexane at 5.34ppm (br, 2H) and 6.10 ppm (br,

2H). These two peaks shifted downfield to 6.9-8.6 ppm (br, 4H)
in OXA-COOH (IV). The proton peaks of cyclohexane in both com-
pounds were all in the range of 0.7-2.2 ppm (m, 10H). In addition,
the peaks at 2.2-2.4ppm due to -CH,- of succinic acid confirmed
the successful synthesis of the OXA-COOH (IV) polymer. While in
the TH NMR spectroscopy of OXA-DA copolymer, it is clear that
the OXA characteristic peak and dopamine characteristic peak was
at the position of 6.9-8.6 ppm (br, 4H) and 6.5-6.8 ppm, indicated
that OXA-DA copolymer has been successfully synthesized.

Using the synthesized OXA-DA copolymer as the raw material,
porous nanoparticles, namely OXA-DA nanoparticles, were con-
structed through a polymerization reaction, and oxaliplatin was
embedded in the nanoparticle skeleton to increase the drug load-
ing stability. The porous nanoparticles were treated with guani-
dine hydrochloride to make the surface positively charged, and
then the negatively charged siPD-L1 was adsorbed to prepare OXA-
siPD-L1 co-loaded composite nanoparticles. Then, a poly-dopamine

(PDA) layer was coated on the outside of the nanocomposite sys-

tem by in-situ polymerization of DA to prepare OXA-DA-siPD-

L1@PDA composite nanoparticles. Finally, PEOz-NH, was attached

to the surface of the polydopamine coating layer through the

Michael reaction, resulting in a pH-responsive charge-reversible
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Fig. 2. Characterizations of NPs: (A) TEM image of different types NPs; (B) Drug release kinetics of OXA-DA-siPD-L1@PDA-PEOz NPs in pH 7.4, pH 5.5 and pH 5.5 +NIR;
(C) Temperature elevation curves OXA-DA-siPD-L1@PDA-PEOz NPs for different power and being irradiated of pure water, OXA-DA, OXA-DA-siPD-L1@PDA, OXA-DA-siPD-
L1@PDA-PEG, and OXA-DA-siPD-L1@PDA-PEOz under 808 nm laser irradiation (1.0 W/cm?) for 10 min; (D) Photothermal heating curves of the OXA-DA-siPD-L1@PDA-PEOz
NPs for different concentrations and being irradiated with the 808 nm laser (1.0 W/cm?) for 10 min; (E) Heating of a suspension of the OXA-DA-siPD-L1@PDA-PEOz in water

for five lasers on/off cycles with an 808 nm NIR laser at a power density of 1.0 W/cm?.

nano-composite delivery system, thus the OXA-DA-siPD-L1@PDA-
PEOz nano-composite delivery system was obtained. In the same
way, the OXA-DA-siPD-L1@PDA-PEG nano-composite system was
prepared as a control group.

In addition, Fourier transform infrared (FTIR) spectroscopy was
applied to confirm the structure of nano-composite preparations,
the characteristic peak at 3400 cm~! and 1627 cm™! attributed
to PDA and PEOz, respectively, indicated the successful construc-
tion of PEOz modified oxaliplatin cross-linked dopamine nano-
composite delivery system (Fig. S3 in Supporting information). The
surface morphology of the nano-composite was observed by trans-
mission electron microscopy (TEM), and the results are shown in
Fig. 2A. The pore structure on the surface of the unmodified OXA-
DA nanoparticles could be clearly observed, and the pores were
evenly distributed with a particle size of about 220 nm. After mod-
ification by PEG and PEOz, the surface of OXA-DA-siPD-L1@PDA
nanoparticles exhibited an obvious polymer-like coating. The pore
structure became less clear, and the particle size increased slightly
to about 260-290nm, indicating the successful coating of PEG
and PEOz (Table S1 and Fig. S4 in Supporting information). The
average encapsulation efficiency and drug loading of OXA-DA-siPD-
L1@PDA-PEOz detected by ultraviolet-visible (UV-vis) spectropho-
tometer were 88.3% + 0.28% and 1.58% + 0.57%, respectively, indi-
cating that the nano-composite system could well carry oxaliplatin.
Moreover, oxaliplatin was embedded in the nano-system through
chemical bonding, thus further improving the drug stability. The
sustained release property of the OXA-DA-siPD-L1@PDA-PEOz
nano-composite system under different pH and light conditions
was examined and the results are shown in Fig. 2B. When no
light was given, the cumulative release of OXA from OXA-DA-siPD-
L1@PDA-PEOz nanocomposite system in the medium at pH 5.5 was
50% after 24 h, compared to a cumulative release of only 25.38% in
the medium at pH 7.4, which may be attributed to the responsive
degradation of PDA in the weak acidic environment, suggest-
ing good pH-responsive drug release property of the PDA layer.
Therefore, the nanoformulation is more stable in a near-neutral pH
environment, and the drug release increases in a slightly acidic en-
vironment. When the OXA-DA-siPD-L1@PDA-PEOz nano-composite
system was exposed to a pH 5.5 medium and illuminated with

808 nm near-infrared light (NIR) for a certain period of time at
the time of sampling, the cumulative drug release reached 90%
after 24 h, which was a significant increase compared to that in
the absence of light. This was due to the accelerated degradation
of PDA in the acidic environment as a result of the increase in
temperature caused by the photothermal effect. The unique drug
release property of this composite nanoformulation suggests that
its application in cancer treatment can be based on the different
needs of patients. The incremental release of drugs can be con-
trolled by administering NIR in vitro to produce better therapeutic
effects.

The results of the Western blot (WB) experiment are shown
in Fig. S5A (Supporting information). Both OXA-DA-siPD-L1@PDA-
PEG NPs and OXA-DA-siPD-L1@PDA-PEOz NPs inhibited PD-L1 pro-
tein expression in tumor cells to varying degrees, and at pH 5.5,
the inhibitory effect of OXA-DA-siPD-L1@ PDA-PEOz on PD-L1 pro-
tein expression was further increased. This might be since in a
slightly acidic environment, the PEOz-modified nano-system was
more easily ingested by tumor cells, with a lysosomal escape ef-
fect, thus improving the bioavailability of siPD-L1. The encapsula-
tion of siPD-L1 by the nano-composite system was detected by gel
electrophoresis, and the experimental results are shown in Fig. S5B
(Supporting information). Compared with the free siPD-L1 which
was not encapsulated with the carrier, siPD-L1 was quickly re-
leased into the gel, and a clear white band can be seen at the
corresponding location. In the OXA-DA-siPD-L1 group, white bands
were also observed, indicating leakage of encapsulated siPD-L1 in
the nano-system of this group. However, no white bands were
observed in the OXA-DA-siPD-L1@PDA, OXA-DA-siPD-L1@PDA-PEG,
and OXA-DA-siPD-L1@PDA-PEOz groups, indicating no leakage and
that siPD-L1 was well encapsulated in the nano-systems of these
three groups.

Systematic evaluations of the photothermal properties of the
nanoparticles in vitro exposed to an 808 nm NIR irradiation were
shown in Figs. 2C-E. As can be seen from Fig. 2C, OXA-DA-
siPD-L1@PDA-PEOz with obvious photothermal effect had a more
than 17 °C temperature rise under irradiation for 10 min, while
pure water has almost no temperature change. Furthermore, the
photothermal performances of OXA-DA-siPD-L1@PDA-PEOz aque-
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Fig. 3. (A) Relative cell viabilities of 4T1 cells for the concentration of different
types NPs. Data are mean + standard deviation (SD), n = 3. *P < 0.05, **P < 0.01,
and ***P < 0.005. (B) CLSM images of 4T1 cells after incubation with OXA-DA-
DiO@PDA-PEG and OXA-DA-DiO@PDA-PEOz for 4h under pH 7.4 and pH 5.5 con-
ditions; scale bar=10pum.

ous solution at different concentrations (50-200pug/mL) had been
explored, which showed a strong dependence of OXA-DA-siPD-
L1@PDA-PEOz on concentration in Fig. 2D. Photothermal heat-
ing curves of OXA-DA-siPD-L1@PDA-PEOz nanoparticles at differ-
ent power were shown in Fig. S6 (Supporting information), the
results showed that the thermal effect of nanoparticles increases
with the increase of power. Besides, the photothermal stability of
OXA-DA-siPD-L1@PDA-PEOz was verified by four irradiation cycles.
As shown in Fig. 2E, there was no significant attenuation of the
highest temperature rise during four cycles, indicating good pho-
tothermal stability. While the photothermal conversion efficiency
of OXA-DA-siPD-L1@PDA-PEOz reached 32.67%, significantly higher
than many representative photothermal materials (Fig. S7 in Sup-
porting information).

The cell viability of 4T1 cells was studied using the cell count-
ing kit method. OXA-DA-siPD-L1@PDA-PEG NPs were used to com-
pare with OXA-DA-siPD-L1@PDA-PEOz NPs and the variable of
808 nm NIR irradiation for 10 min was introduced. As can be seen
from Fig. 3A, the 4T1 tumor cell inhibitory effect of OXA-DA-siPD-
L1@PDA-PEG was lower than that of OXA-DA-siPD-L1@PDA-PEOz,
which may be attributable to the ability of OXA-DA-siPD-L1@PDA-
PEOz to enhance internalization and lysosome escape through
charge reversal in a gradually acidified cell culture medium due to
the accumulation of metabolites. After prolonged blood circulation,
the OXA prodrug nano-composite delivery system accumulated in
the tumor tissues, resulting in enhanced cytotoxicity. In addition,
the results of the calcein/propidium lIodide (PI) cell activity and
cytotoxicity detection (Fig. S8 in Supporting information) showed
that the proportion of dead cells contained in the OXA-DA-siPD-
L1@PDA-PEOz + NIR treatment group was the highest. These find-
ings indicate that OXA-DA-siPD-L1@PDA-PEOz can considerably in-
hibit 4T1 tumor cells when used in combination with photother-
mal therapy.

To visualize these nanocomposite preparations endocytosed by
cancer cells, 4T1 tumor cells incubated with OXA-DA-DiO@PDA-
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PEG and OXA-DA-DiO@PDA-PEOz for 4h in different pH media
were observed using a confocal laser scanning microscope (CLSM).
As shown in Fig. 3B, both of the NPs internalized into the cyto-
plasm, indicating that OXA-COOH (IV) conjugated on carriers could
be endocytosed by cells. OXA-DA-DiO@PDA-PEOz demonstrated a
superior cellular uptake of NPs in cells when compared to OXA-
DA-DiO@PDA-PEG, which had a lower fluorescence intensity. This
may be due to the protonation of PEOz at low pH and the charge
inversion on the surface of the nanosystem, leading to an increase
in the uptake efficiency. The flow cytometry results reinforce this
conclusion (Fig. S9 in Supporting information). We further con-
firmed this conclusion by assessing zeta potential of OXA-DA-siPD-
L1@PDA-PEG and OXA-DA-siPD-L1@PDA-PEOz in different pH me-
dia, the results show that, when OXA-DA-siPD-L1@PDA-PEOz NPs
is transferred from pH 7.4 medium to pH 5.5 medium, the surface
charge changed from negative to positive (Fig. S10 in Supporting
information).

The endosome and lysosome escape capacity was estimated by
treating 4T1 cells with either OXA-DA-DiO@PDA-PEG or OXA-DA-
DiO@PDA-PEOz. After 6h of incubation. The red NPs and green
lysosomes/endosomes merged to produce a yellow fluorescence,
suggesting that OXA-DA-DiO@PDA-PEG accumulated within lyso-
somes and endosomes. Although the OXA-DA-DiO@PDA-PEOz NPs
appeared around the cell nucleus, it was distinctly separated from
the lysosomes and endosomes by green fluorescence (Fig. S11 in
Supporting information). Thus, we concluded that the OXA prodrug
nanocomposite delivery system could facilitate the escape of siRNA
from lysosomes and endosomes. This phenomenon is attributed to
the protonation of PEOz, resulting in the “proton sponge effect”,
which may cause the lysosome and endosome membranes to rup-
ture, thereby releasing siRNAs into the cytoplasm.

OXA-DA-siPD-L1@PDA-PEOz NPs were subjected to in vitro en-
vironments at pH 7.4, pH 5.5, and pH 5.5+ NIR, and the morpho-
logical changes were observed by TEM after 3 and 7 days to de-
termine its degradation property, the results of which are shown
in Fig. S12 (Supporting information). At pH 7.4, after 3 days (Fig.
S12A) and 7 days (Fig. S12D) in the simulated in vitro environment,
the nano-composite system still exhibited a relatively clear granu-
lar shape and outline, without obvious degradation. However, at
pH 5.5, after 3 days in the simulated in vitro environment, no ob-
vious granular morphology could be observed, and the structure
of nanoparticles began to collapse (Fig. S12B). After 7 days most
of the nanoparticles were degraded, and only a few tiny parti-
cles remained, to be cleared completely by the kidneys (Fig. S12E).
This indicates that OXA-DA-siPD-L1@PDA-PEOz has good degrad-
ability at pH 5.5 compared to pH 7.4. Further, when OXA-DA-siPD-
L1@PDA-PEOz was exposed to pH 5.5 and given a one-time NIR
light before observation, the presence of tiny particles was ob-
served after only 3 days (Fig. S12C), while after 7 days the presence
of OXA-DA-siPD-L1@PDA-PEOz was almost completely unobserv-
able (Fig. S12F). It suggests that the temperature increase induced
by 808 nm NIR light further disrupts the structure of the nanocom-
posite drug delivery system, thereby accelerating the degradation
process.

The antitumor activity in vivo was assessed by treating 4T1
tumor-bearing mice with various NPs for 20 days and record-
ing changes in tumor volume and body weight. All the proto-
cols for experiments in vivo were approved by the Institutional
Animal Care and Use Committee of Sun Yat-sen University (Ap-
proval No. SYSU-IACUC-2022-001312). The results are shown in
Fig. 4. The highest antitumor activity was observed in the OXA-
DA-siPD-L1@PDA-PEOz + NIR treatment group. The tumors in this
group almost disappeared on the last measurement (Fig. 4A). The
body weight changes of mice injected with different NPs showed
a steady increase (Fig. S13 in Supporting information), indicating
that the NPs had good biocompatibility, while there was no signif-
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icant difference in body weight among all groups. The difference
in antitumor activity was assessed by visual observation of the fi-
nal excised tumors (Fig. 4B) and weights of these tumors (Fig. 4C).
The findings indicate that OXA-DA-siPD-L1@PDA-PEOz can achieve
the best enrichment effect through the charge reversal at the tu-
mor site, producing an excellent comprehensive therapeutic effect
through the synergistic effect of chemotherapy and photothermal
therapy [38,39]. In addition, the proliferation inhibition and apop-
tosis of tumor cells in vivo were investigated by immunohisto-
chemistry (Fig. S14 in Supporting information). The OXA-DA-siPD-
L1@PDA-PEOz + NIR treatment group demonstrated superior tumor
cell proliferation inhibition effects when compared to the other
groups, while a significant proportion of tumor cells underwent
apoptosis. Hematoxylin and eosin (H&E) results further confirmed
this conclusion.

The performances of infrared thermal imaging in vivo were
recorded under 808 nm NIR irradiation (Fig. 4D). The group in-
jected with OXA-DA-siRNA@PDA-PEOz showed a remarkable tem-
perature rise within 5min compared with either the control
group or the group injected with OXA-DA-siRNA@PDA-PEG. It
was inferred that after PEOz modification, more nanoparticles can
achieve long-term circulation and eventually enrich the tumor
site, rather than being cleared by the endothelial network system
thereby producing a stronger photothermal effect by increasing the
local concentration of the tumor site [40].

To evaluate the immune regulatory effect of PD-L1 protein ex-
pression, immunohistochemical analysis was used to assess the
levels of interferon-y (IFN-y), CD8* T cells, and PD-L1 expression
in subcutaneous tumors [41,42]. A decrease in PD-L1 expression
was observed in the OXA-DA-siPD-L1@PDA-PEOz treatment group
(Fig. S15 in Supporting information). This may be attributable to
the increased bioavailability of siPD-L1 due to the lysosomal escape
effect of PEOz in tumor tissues. In addition, higher levels of CD8"
T cell infiltration were observed in the OXA-DA-siPD-L1@PDA-
PEOz + NIR treatment group. The level of expression of IFN-y, an
important marker of CD8* T cell activation, was considerably in-
creased in the OXA-DA-siPD-L1@PDA-PEOz + NIR treatment group.

Notably, the level of expression of TNF-« decreased significantly
in the OXA-DA-siPD-L1@PDA-PEOz + NIR treatment group, and the
level of expression of interleukin-10 (IL-10) increased significantly
in this group (Fig. S16 in Supporting information). These findings
indicate that the specific inhibition of PD-L1 protein expression by
siPD-L1 can enhance the activation and infiltration of T cells in tu-
mor tissues to achieve an antitumor effect [43,44].

To further evaluate the safety of the nanomedicines, H&E stain-
ing was performed on the heart, liver, spleen, lung and kidney,
and the microscopic observation results were shown in Fig. S17
(Supporting information). There was no obvious damage to the tu-
mor tissue in the treatment groups, indicating that the synergistic
chemo/photothermal/immunotherapy caused no damage to the tu-
mor tissues and thus had the best therapeutic effect. Also, there
were no obvious pathological changes in the main organs of each
group, which showed that nanoplatforms are safe [45].

In conclusion, PEOz-modified multifunctional biodegradable
nanoplatform was successfully formulated for loading OXA and
siPD-L1 in a synergistic chemo/photothermal/immunotherapy. The
OXA-DA-siPD-L1@PDA-PEOz NPs could release drugs rapidly and
easily biodegrade with the assistance of exogenous NIR, and specif-
ically degraded PD-L1 protein in tumor cells and produced excel-
lent antitumor effects with high safety in vivo.
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