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for prolonged relief of chemotherapy-induced
peripheral neuropathic pain and potentiated
chemotherapy
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Abstract

Chemotherapy can cause severe pain for patients, but there are currently no satisfactory methods of pain relief.
Enhancing the efficacy of chemotherapy to reduce the side effects of high-dose chemotherapeutic drugs remains

a major challenge. Moreover, the treatment of chemotherapy-induced peripheral neuropathic pain (CIPNP) is separate
from chemotherapy in the clinical setting, causing inconvenience to cancer patients. In view of the many obsta-

cles mentioned above, we developed a strategy to incorporate local anesthetic (LA) into a cisplatin-loaded PF127
hydrogel for painless potentiated chemotherapy. We found that multiple administrations of cisplatin-loaded PF127
hydrogels (PFC) evoked severe CIPNP, which correlated with increased pERK-positive neurons in the dorsal root gan-
glion (DRG). However, incorporating ropivacaine into the PFC relieved PFC-induced CIPNP for more than ten hours
and decreased the number of pERK-positive neurons in the DRG. Moreover, incorporating ropivacaine into the PFC
for chemotherapy is found to upregulate major histocompatibility complex class I (MHC-I) expression in tumor cells
and promote the infiltration of cytotoxic T lymphocytes (CD8" T cells) in tumors, thereby potentiating chemotherapy
efficacy. This study proposes that LA can be used as an immunemodulator to enhance the effectiveness of chemo-
therapy, providing new ideas for painless cancer treatment.
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Introduction
Although chemotherapy is an effective method for treat-
ing solid tumors, nearly 80% of the patients experience
chemotherapy-induced peripheral neuropathic pain
(CIPNP) in the therapeutic process [1]. Due to patient
intolerance, CIPNP can lead to detrimental dose modi-
fications and premature withdrawal from chemotherapy
[2]. Additionally, the long-term effects of CIPNP can
have a profound impact on the quality of life and survival
of patients [3]. In the clinical setting, gabapentin, anti-
depressants, and opioids are commonly used to relieve
CIPNP; however, their analgesic effects are unsatisfac-
tory and often lead to many side effects [4]. Compared
to the aforementioned analgesics, local anesthetics (LAs)
have many potential advantages, including effectiveness,
low cost, and relatively few side effects, making them
widely used in analgesic management [5-7]. However,
currently available LAs cannot entirely fulfill the demand
for long-lasting anesthesia and high doses result in irre-
versible toxicity [8, 9]. In order to overcome these defi-
ciencies, Chen et al. developed an injectable electrospun
fiber-hydrogel composite loaded with clonidine and
ropivacaine for long-term walking analgesia [10]. Zhao
et al. designed hydrogel microneedles to deliver lidocaine
hydrochloride and enhance local long-lasting analgesia
[11]. Peng et al. demonstrated that liposomes loaded with
ropivacaine exhibited a longer duration of local anesthe-
sia without obvious toxicity [12]. However, there are few
studies on using local anesthetics to relieve CIPNP.

Conventional systemic chemotherapy is the most
prevalent approach for treating tumors and preventing
recurrence [13]. However, chemotherapy drugs through
intravenous administration faces the challenge of over-
coming transport barriers before effectively reaching
the cancer site, resulting in only a small fraction of the
drug being delivered to the tumor. Moreover, higher sys-
temic doses can give rise to undesirable side effects in
normal tissues [14]. Intratumoral chemotherapy (ITC)
has emerged as a new adjuvant treatment that is used
prior to irradiation or surgery owing to several poten-
tial advantages, including assured precision in the local
delivery of drugs, complete perfusion of drugs within and
around the lesion, high drug intratumoral concentration,
and rapid eradication of the tumor burden [15-17]. Thus,
ITC has wider clinical applications in most solid tumors
[18]. However, the high clearance limits the application
of ITC [19]. Therefore, various systems, such as hydro-
gels [20], nano/microparticles [21, 22], micelles [23, 24],
and liposomes [25] have been investigated for local-
ized drug delivery to prolong high intratumoral drug
concentrations.

High-dose chemotherapy drugs are often used in clin-
ics to improve the therapeutic effects on tumors [26].
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Although it is possible to improve clinical outcomes
in some certain cases, the administration of high-dose
chemotherapy may cause dose-limited adverse effects,
including neurotoxicity, bone marrow suppression, gas-
trointestinal toxicity, cardiotoxicity, as well as nausea
and vomiting [27, 28]. Therefore, improving the efficacy
of chemotherapeutic drugs without increasing their
dose is another challenge. Interestingly, in addition to
relieving pain, LAs have shown antitumor potential.
There have been several studies indicating that LAs
can kill tumor cells [29], inhibit tumor metastasis [30],
prevent postoperative recurrence [31] and enhance the
effectiveness of conventional anti-tumor treatments
[32]. However, it is not clear whether LAs can benefit
the treatment of tumors by modulating the immune
system. Dysfunctional antigen presentation caused
by defects in major histocompatibility complex class I
(MHC-I) is a common mechanism for immune evasion
by tumor cell [33, 34]. Keisuke et al. have found that
inhibiting autophagy upregulates MHC-I in tumor cells,
leading to improved antigen presentation, potentiated
anti-tumor T cell response, and inhibited tumor growth
[35]. Furthermore, our previous research showed that
the local anesthetic, ropivacaine, inhibited autophagy
by weakening lysosomal degradation [36]. Therefore,
ropivacaine may increase MHC-I levels in tumor cells,
which would enhance the efficacy of chemotherapy by
mobilizing the immune system.

Pluronic F127 (PF) is a thermo-responsive bio-
compatible polymer approved by the Food and Drug
Administration (FDA) [37]. In this study, we prepared
PF127 hydrogels loaded with cisplatin and LA ropiv-
acaine (PFCR) for painless in situ chemotherapy. We
found that multiple administrations of cisplatin-loaded
PF127 hydrogels (PFC) evoked severe CIPNP, which
correlated with increased pERK-positive neurons in
the dorsal root ganglion (DRG). However, incorporat-
ing ropivacaine into the PFC relieved PFC-induced
CIPNP for more than ten hours and reduced the num-
ber of pERK-positive neurons in the DRG. Moreover,
incorporating ropivacaine into the PFC for chemother-
apy upregulated MHC-I expression in tumor cells and
promoted the recognition of tumor cells by cytotoxic
T lymphocytes (CD8" T cells), thereby potentiating
chemotherapy efficacy. This is the first study to show
that the introduction of LA into chemotherapeutic
agents synergistically relieves CIPNP and potentiates
chemotherapy (Fig. 1). In addition, this study innova-
tively proposes that LA can be used as an immunemod-
ulator to enhance the effectiveness of chemotherapy,
providing new ideas for painless cancer treatment.
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Fig. 1 A schematic diagram showing that a PF127 hydrogel loaded with cisplatin and ropivacaine (PFCR) relieves chemotherapy-induced
peripheral neuropathic pain (CIPNP) and potentiates chemotherapy efficacy by enhancing T cell immunity. A Preparation of PFCR hydrogel.
B Mechanism of PFCR in relieving CIPNP and anti-tumor. Ropivacaine released from PFCR blocks the transmission of pain signal and reduces
the number of pERK positive nerons in DRG, alleviating CIPNP. Cisplatin released from PFCR directly kills tumors, while ropivacaine enhances
the expression of MHC-I in tumor cells, facilitates their recognition by CD8* T cells, which further kills tumor cells

Materials and methods

Antibodies and agents

Anti-p62 (ab109012), anti-LC3B antibody (ab192890),
anti-MHC class I (ab281901), Alexa Fluor 568
(ab175473), and Alexa Fluor 488 (ab150077) were pur-
chased from Abcam. Anti-phospho-p44/42 MAPK
(Erk1/2) (4703s) was purchased from Cell Signaling
Technology. Anti-mouse CD16/32-TruStain FcX'™
(101320), anti-mouse CD8a-APC (100711), anti-
mouse CD45-PE-cy7 (103114) antibodies, and one-step
TUNEL In Situ Apoptosis Kit (Green, FITC) (E-CK-
A320) were purchased from Elabscience. The enhanced
chemiluminescence (ECL) kit was purchased from
Biological Industries. Pluronic F127 (P2443) was pur-
chased from Sigma-Aldrich. Ropivacaine (R413090)
and cisplatin (P4394) were obtained from Mackline.

Fabrication and characterization of F127 hydrogels

PF127 hydrogels were prepared according to a “cold
method” described previously [37]. 25% PF127 solution
(PF) was prepared by dissolving 0.25 g Pluronic® F127
into 1 mL of sterile deionized water and stirring at 4 °C
until completely dissolved. To prepare the PFC hydro-
gel, 2.5 mg of cisplatin was mixed with 1 mL of PF127
solution and stirred gently at 4 °C until a hydrogel was
formed. To prepare the PFR hydrogel, 10 mg of ropiv-
acaine was mixed with 1 mL of PF127 solution and stirred
gently at 4 °C until a hydrogel was formed. To prepare the
PFCR hydrogel, 2.5 mg of cisplatin and 10 mg of ropiv-
acaine were added to 1 mL of PF127 solution and mixed
gently at 4 °C to obtain a hydrogel. The surface morphol-
ogy of the hydrogels was analysed using scanning elec-
tron microscopy (SEM; JSM-6330F, JEOL, Japan).
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Rheological characterization

Rheological characterization of the hydrogels was per-
formed using a strain-controlled shear rheometer (MCR
302; Anton-Paar, Austria). The rheological properties
of hydrogel, storage modulus (G’), and loss modulus
(G"’) were measured at a strain of 1% and a frequency of
1.0 Hz as the temperature was increased from 4 to 40 °C
at a rate of 1 °C/min. The frequency dependence, shear
behavior were measured at 37 °C. All measurements were
performed using a 40 mm parallel plate geometry with a
0.6 mm gap size.

In vitro drug release study

A glass bottle containing PFCR was placed in an incuba-
tor at 37 °C. When the solution changed from liquid to
gel, 4 mL of sterile deionized water (pH=7.4) was slowly
added to the surface and placed in a shaker at a tempera-
ture of 37 °C and a speed of 70 rpm. At time points (0 h,
2h,4h,6h,8h,10h, 12 h, 24 h, 36 h, 48 h), 1 mL of
the solution was collected and then an equal volume of
deionized water was added [38]. Ropivacaine and cispl-
atin concentrations were determined by a Micro UV-Vis
Spectrophotometer (LIFEREAL, FC-1100) and ICP-MS
(ELAN DRC II, PerkinElmer, Waltham), respectively.

Western blotting

RIPA lysis buffer was used to extract proteins from 4T1
cells, while a phosphatase-protease cocktail inhibitor
(P1050, Beyotime, China) was added to the buffer. The
resulting supernatant was boiled for 10 min. Protein con-
centration was determined using a BCA Protein Assay
Kit (BB-3401, Bestbio, China). Equal amounts of protein
were loaded onto 13.5% sodium dodecyl sulfate-poly-
acrylamide gels for electrophoresis, and then transferred
to nitrocellulose membranes. Subsequently, the mem-
branes were blocked with 5% skim milk at room tem-
perature for 2 h, followed by overnight incubation with
primary antibodies at 4 °C. After washing off the primary
antibodies, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies for
2 h. The bands were detected using a chemiluminescence
(ECL) detection reagent kit and visualized using a chemi-
luminescence instrument (Amersham Imager 600; GE
Healthcare, Japan).

Immunofluorescence

Mice were anesthetized with pentobarbital and subjected
to intracardial perfusion with PBS, followed by perfusion
with 4% paraformaldehyde. The dorsal root ganglion of
L4-L5 or tumor tissues underwent transfer to 4% para-
formaldehyde for a duration of 4 to 6 h. Subsequently,
tissues was placed in 30% sucrose at 4 °C overnight. The
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tissues were then embedded in OCT compound (SaKura
TissueTek, USA) and subsequently sliced into 10 pm sec-
tions using a cryostat (MNT, SLEE, Germany). Once
the frozen sections were washed with PBS, they were
blocked with 3% bovine serum albumin (BSA) at a tem-
perature of 37 °C. The slides were then subjected to an
overnight incubation with a primary antibody at 4 °C,
followed by one hour incubation with a fluorescent sec-
ondary antibody at 37 °C. After staining with DAPI and
a subsequent PBS wash, the slides were observed using a
Zeiss LSM800 confocal microscope. And pERK-positive
cells were counted using Image ] software with “Image/
Adjust/Color threshold/Yen Thresholding method” func-
tion. Each group included a statistical analysis of six tis-
sue slices from three mice per group.

Cell culture

The 4T1 mouse breast cancer cell line was acquired from
the China Center for Type Culture Collection, located in
Wuhan, Hubei, China. These cells were cultured at 37 °C
in a humidified atmosphere containing 5% CO, in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL of penicil-
lin, and 100 pug/mL of streptomycin.

Animals

Eight-week-old female BALB/c mice were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The mice were housed in a controlled
environment with a 12-h light-dark cycle, constant
room temperature, and humidity. They were allowed to
acclimate to the experimental setting for 1 week, during
which they had free access to food and water. The hous-
ing and care of the mice followed the guidelines outlined
in the Guide for Care and Use of Laboratory Animals of
the National Institutes of Health. The Ethics Committee
of Anhui Medical University approved all animal proce-
dures, and efforts were taken to minimize the use of ani-
mals in this study.

Anti-tumor assessment

Mice were anesthetized using sodium pentobarbital. In
the immediate vicinity of the trochanter, a total of 1x 10°
4T1 cells in 100 mL of sterile PBS were injected into the
muscular tissue near the nerve [39]. Six days after inoc-
ulation, the tumor diameters reached 4—6 mm [40] and
the mice were randomly divided into four groups and
injected with 100 pL of PE, PFC or PFCR in situ every
3 days for 14 days. Tumor volume was calculated using
the following formula: length x width?/2 =tumor volume
(mm?). The tumor size was measured every 2 days [41].
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Flow cytometry analysis

The 4T1 cells were plated in 24-well plates at a density
of 5x10* cells per well. After incubating in DMEM for
12 h, the cells were co-cultured with PF, PFR, PFC, or
PFCR (40 pL added to 500 pL of the culture medium) for
8 h. Following a quick PBS wash, the cells were collected
and stained with an APC anti-MHC-I antibody. Subse-
quently, the percentage of MHC-I" cells was determined
using a BD FACSVerse flow cytometer and the data were
analyzed using Flow]o software from TreeStar.

The tumor-bearing mice were treated in the same man-
ner as described above. Once the treatment was com-
pleted, the tumors were collected and cut into small
pieces. These pieces were then placed in a solution of
PBS, collagenase type IV (1 mg/mL), and DNase I (40
pg/mL). The mixture was incubated for 45 min at 37 °C
with shaking at 100 rpm. For flow cytometric analysis,
the cell suspensions were first treated with anti-CD16/32
to block Fc receptors. They were then stained with PE/
cyanine7 anti-CD45 and APC anti-CD8 antibodies for
30 min on ice. The percentage of CD45*CD8" T cells
was determined using a BD FACSVerse flow cytometer.
The resulting data was analyzed with the FlowJo software
(TreeStar).

Behavior assessment

Mice were anesthetized using sodium pentobarbital. A
total of 1x10° 4T1 cells in 100 L of sterile PBS were
injected into the muscular tissue in the immediate vicin-
ity of the nerve near the trochanter, immediately distal to
where the posterior biceps semitendinosus branches off
the common sciatic nerve [39]. Untreated mice or tumor-
inoculated mice were randomly divided into four groups
(PE, PFC, PFC+Rop, PFCR) and the hydrogels were
injected in the same location of the tumor. Mechanical
withdrawal thresholds were examined at 0, 4, 10, and 24 h
after the last administration. To assess the mechanical
withdrawal thresholds, a 2450 series electronic von Frey
aesthesiometer (IITC 2091) was used. Before testing, the
mice were placed in plastic cages (5 cm X 5 cm X 8 cm)
that had wire-net floors. They were allowed to acclima-
tize for 1 h. Place the rigid tip of the electronic Von Frey
sensor on the plantar surface of the hind paw, and press
it slowly until the withdrawal reflex was observed. The
force that triggered the withdrawal reflex was recorded.
The test was repeated three times and the test inter-
val was 5 min, then the average mechanical withdrawal
threshold was calculated.

Assessment of systemic toxicity

The systemic toxicity of the hydrogels was further evalu-
ated. We recorded the weight changes in all mice imme-
diately after tumor implantation. H&E staining of the
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main organs was conducted to assess any potential
adverse effects of the hydrogels. Blood samples were col-
lected to evaluate a complete blood panel analysis and
blood biochemistry tests [42].

Statistical analysis

The statistical results were presented by mean + standard
deviation (SD). The comparison between the two sets of
data was analyzed using a Two-Tailed Student’s t-test.
The comparison between three or more sets of data was
analyzed using One-Way or Two-Way repeated measures
analysis of variance with Tukey’s post hoc test. *p <0.05,
**p<0.01, and ***p<0.001 were considered statistically
significant. Statistical analysis was carried out using
GraphPad Prism 7 Software.

Results

Characterization of PFCR

Conventional cisplatin chemotherapy causes CIPNP
and systemic toxicity. To overcome these limitations,
we synthesized PFCR as an implant for painless and
potentiated intratumoral chemotherapy. As observed
using SEM, the PFCR showed a porous structure
(Fig. 2A). In addition, the PFCR solution is a free-
flowing liquid at 4 °C that transforms into a hydrogel
at 37 °C, which facilitates implantation in vivo (Fig. 2B).
Then the rheological properties of PFCR were char-
acterized. As shown in Fig. 2C, storage modulus (G")
and loss modulus (G'’) increased with temperature.
When the temperature is lower than 19.37 °C, G’ >
G’, indicating liquid-state behavior; when the tempera-
ture higher than 19.37 °C, G’* < G, suggesting a typi-
cal characteristic of the solid-like behavior (Fig. 2C). As
the shear rate changed, the viscosity of the hydrogels
decreased, indicating a typical shear-thinning behav-
ior (Fig. 2D). Additionally, at 37 °C, G’ exceeded G’’
across the entire frequency range, indicating the pres-
ence of typical viscoelastic behavior and the stability
of the formed hydrogel system (Fig. 2E). Notably, PFC
showed rheological properties similar to those of PFCR
(Additional file 1: Fig. S1). The strain sweep of the
hydrogel showed the loss modulus (G”) surpassed the
storage modulus (G’) when the strain exceeded ~ 5%,
suggesting that the transition from the gel state to the
solution state (Additional file 1: Fig. S2A). As shown in
the creep test, at 4 °C, the hydrogel exhibited weaker
compressive strength, susceptibility to creep, and a lack
of viscoelastic recovery properties (Additional file 1:
Fig. S2B). Conversely, at 37 °C, the hydrogel exhibited
greater compressive strength, reduced susceptibility
to creep, and strong elastic recovery properties (Addi-
tional file 1: Fig. S2C). The results of swelling experi-
ment showed that the hydrogel swelled after absorbing
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Fig. 2 Characterization and properties of PFCR. A Scanning electron microscopy (SEM) images of PFCR hydrogel revealed its structure

and morphology. B The fluidity of the PFCR hydrogel at both 4 and 37 °C was investigated, indicating its temperature-dependent behavior.

C Rheology studies showed the temperature-dependent viscoelastic properties of PFCR aqueous dispersion. D Steady-shear rheology
demonstrated the shear-thinning behavior of PFCR. E Frequency-dependent rheology analysis of PFCR hydrogel at 37 °C. F In vitro cumulative
release experiments of ropivacaine from PFCR (n=3). G In vitro cumulative release experiments of cisplatin from PFCR (n=3). H The occurrence
of convulsions in mice administered with PFCR or a cisplatin-loaded PF127 hydrogel plus free ropivacaine (PFC+ Rop) was statistically

analyzed (n=7). Data are presented as the mean = SD. PFC+ Rop: cisplatin-loaded PF127 hydrogel plus free ropivacaine; PFCR: cisplatin

and ropivacaine-coloaded PF127 hydrogel

water, reaching equilibrium within approximately
90 min. Moreover, the swelling rate of the hydrogel was
approximately 195% (Additional file 1: Fig. S3). Addi-
tionally, we investigated the release of ropivacaine and
cisplatin from PFCR. According to the release profile,
approximately 80% of ropivacaine and 90% of cisplatin
were ultimately released, reaching a release plateau
around 24 h later (Fig. 2F, G). The release amount at an

acid condition (pH 6.0) of ropivacaine and cisplatin was
similar to that at a neutral condition (Additional file 1:
Fig. S4A, B). In addition, high concentrations of ropiv-
acaine in circulation can lead to convulsions and even
death in mice. Therefore, we tested the biosafety of
PECR after intratumoral injection. As shown in Fig. 2H,
PECR injection did not induce convulsions, while
28.57% of free ropivacaine-injected mice exhibited
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convulsions. These results suggest that PFCR is biosafe
and may be used for the prolonged relief of CIPNP.

Incorporating ropivacaine into hydrogels prolonged relief
of CIPNP
Effective relief from CIPNP is a major challenge in
chemotherapy. In addition, CIPNP treatment is separate
from chemotherapy in the clinic, which brings incon-
venience to cancer patients. Therefore, in this study, we
investigated whether the incorporation of ropivacaine
into chemotherapeutic agents could relieve CIPNP. PFC,
PECR, and free ropivacaine plus PFC (PFC+ Rop) were
injected near the sciatic nerve for 3 consecutive days, and
the pain in mice was assessed by recording a mechani-
cal stimulus-induced withdrawal response using an elec-
tronic von Frey apparatus (Fig. 3A) [43]. The baseline paw
withdrawal threshold (PWT) of mice was determined
before the last injection. The results showed that the
PWT of mice in the PFC, PFC+ Rop, and PFCR groups
was significantly reduced compared to that in the con-
trol group (Fig. 3B), indicating that CIPNP was induced
by cisplatin. However, after the last injection, the PWT
of mice in the PFC+Rop and PFCR groups signifi-
cantly increased for more than 4 and 10 h, respectively
(Fig. 3B). These results suggested that PFCR admin-
istration effectively prolonged the duration of CIPNP
relief. To substantiate these results, phosphorylated ERK
(pPERK)-positive cells of the dorsal root ganglion (DRG)
were assessed. DRG is where the cell bodies of primary
sensory neurons are located. ERK1/2 is a classic mitogen-
activated protein kinase (MAPK), the activated form of
ERK1/2, p-ERK1/2, stimulates the generation and release
of inflammatory factors and amplifies pain signals [44,
45]. As shown in Fig. 3C, D, at 10 h after the last treat-
ment, the number of pERK positive cells in DRG of the
PEC and PFC+Rop group were increased significantly;
however, this was remarkably reversed in PFCR-treated
mice, confirming the prolonged relief of CIPNP by PFCR.
The approach of incorporating ropivacaine into cispl-
atin-loaded hydrogels was further evaluated in a mouse
model of cancer pain. 4T1 tumors were inoculated near
the sciatic nerve to induce spontaneous cancer pain [39].
To determine tumor location, we conducted a thorough
gross anatomical examination of the tumor and the adja-
cent neural structures, the sciatic nerve was embedded
in the tumor mass with the tumor tissue completely sur-
rounding the nerve (Additional file 1: Fig. S5A, B). And
cisplatin-loaded hydrogels were injected into the tumor
near the sciatic nerve to induce CIPNP (Fig. 3E). Interest-
ingly, the subsequent cisplatin-loaded hydrogel treatment
did not further aggravate the cancer pain (Additional
file 1: Fig. S6A), which was probably due to the fact that
the pain induced by cancer was already severe enough
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to reach a “glass ceiling” However, compared to the con-
trol and PFC treatments, the PFC+Rop treatment sig-
nificantly increased the PWT of mice for at least 4 h,
whereas the PFCR treatment significantly increased the
PWT for more than 10 h (Fig. 3F). The number of pERK-
positive cells in the DRG was then determined. As shown
in Fig. 3G, H, PFCR treatment remarkably reduced the
number of pERK-positive cells in the DRG at 10 h, con-
firming the relief of pain. These results suggest that
additional administration of free ropivacaine could tem-
porarily relieve CIPNP, while doping ropivacaine into
PF127 hydrogels could prolong relief of pain induced by
chemotherapeutic drugs in normal mice and cancer pain
mice. Notably, incorporating ropivacaine into PF127
hydrogels also relieved spontaneous cancer pain in mice
(Additional file 1: Fig. S6B).

Incorporation of ropivacaine into hydrogels increases
MHC-l in vitro

Despite their analgesic applications, the anti-tumor effec-
tiveness of LAs remains unclear. For instance, whether
LAs can mobilize the immune system to promote tumor
chemotherapy remains to be elucidated. Impaired anti-
gen presentation caused by MHC-I deficiency is a com-
mon mechanism of immune evasion by tumor cells [46].
Keisuke and his colleagues found that the degradation
of MHC-I was depended on autophagy. Impairment
of autophagy restores MHC-I, improves antigen pres-
entation, potentiates anti-tumor T cell responses, and
suppresses tumor growth [35]. Our previous research
showed that ropivacaine damages autophagy [36]. There-
fore, we hypothesized that the inhibiting autophagy with
ropivacaine would lead to the upregulation of MHC-I
expression (Fig. 4A). To verify our hypothesis, we tested
the effect of ropivacaine-induced autophagy impair-
ment. As shown in Fig. 4B, D, PER treatment significantly
increased LC3II and P62 levels compared to PF treat-
ment, demonstrating autophagy impairment. Further-
more, the results of flow cytometry showed that the MFI
of MHC-I in PFR-treated cells was significantly higher
than that in PF-treated cells (Fig. 4E, F). In addition, we
observed that the fluorescence signals for MHC-I in PEFR-
treated cells were stronger than those in PF-treated cells
via confocal microscopy (Fig. 4G). These results dem-
onstrate that ropivacaine-loaded hydrogels upregulated
MHC-I levels in cells.

Next, we tested whether ropivacaine could upregu-
late MHC-I levels in cisplatin-treated cells. As shown
in Fig. 4H, ], PFCR treatment rather than PFC treat-
ment, increased the levels of LC3II and P62, demon-
strating the impairment of autophagy. Furthermore, as
shown in Fig. 4K, L, the MFI of MHC-I was significantly
higher in PFCR-treated cells than in PFC-treated cells.
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In addition, we observed stronger MHC-I fluorescence also upregulates MHC-I levels in cisplatin-treated cells,
signals in PFCR-treated cells than in PFC-treated cells  suggesting that ropivacaine could potentiate chemother-
(Fig. 4M). These results demonstrate that ropivacaine apeutic efficacy by enhancing T cell immunity.
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Incorporation of ropivacaine into hydrogels potentiates
chemotherapy efficacy by enhancing T cell immunity

We further investigated whether the incorporation of
ropivacaine into the cisplatin-loaded hydrogel could
potentiate chemotherapeutic effect by enhancing T cell
immunity. Tumor-bearing mice were administered with
hydrogels every 3 days for 14 days (Fig. 5A). At the end
of treatment, PFCR-treated mice showed the smallest
tumors among all groups (Fig. 5B). In addition, chemo-
therapy with PFC exhibited mild anti-tumor effects,
while chemotherapy with PFCR exerted strong anti-
tumor effects (Fig. 5C, D). There were no statistically sig-
nificant differences in the anti-tumor effects between the
PFR-treated group and the PF-treated group (Additional
file 1: Fig. S7A-C). In addition, tumor growth in PFCR-
treated mice was significantly slower than that in PF or
PFC-treated mice, suggesting that the incorporation of
ropivacaine into the hydrogel potentiates the chemo-
therapeutic effect of cisplatin. Furthermore, the TUNEL
assay showed more cell apoptosis in PFCR-treated mice
compared to that in PFC- or PF-treated mice (Fig. 5E).
Compared with PF group, there was no obvious apop-
tosis in PFR group (Additional file 1: Fig. S7D). Notably,
there were no significant differences in the body weight
(Fig. 5F, Additional file 1: Fig. S7E), complete blood panel,
function and physiological structure of the major organs
of the mice in the different treatment groups (Additional
file 1: Fig. S8), which indicated that PFCR had a good
biosafety profile.

Next, we investigated the mechanism by which ropiv-
acaine enhanced the chemotherapeutic effects of cispl-
atin. The killing effect of CD8" T cells on tumor cells is
important for the body to remove tumor cells. MHC-I
on tumor regulates the specific recognition of tumor
cells by CD8" T cells. Therefore, we detected MHC-I
expression in mouse tumors. Consistently with the
results in vitro, PFCR treatment upregulated MHC-I in
mouse tumors (Fig. 5G). Consequently, the infiltration of
CD8™ T cells into the tumor was significantly increased
in PFCR-treated mice compared to that in PF or PFC-
treated mice (Fig. 5H, I), revealing that the potentiated
chemotherapeutic effect of ropivacaine was achieved by
enhancing T cell immunity. Collectively, these results

(See figure on next page.)
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indicated that PFCR chemotherapy demonstrated potent
anti-tumor effects. The underlying mechanism is that cis-
platin released from PFCR induces tumor cell apoptosis,
while ropivacaine upregulates MHC-I in tumor cells and
promotes the recognition of tumor cells by CD8" T cells,
which further kills tumor cells (Fig. 5]).

Discussion

Chemotherapy is an effective method for treating solid
tumors [47]. CIPNP is a severe adverse effect, which is
both distressing and debilitating [1]. CIPNP often causes
unbearable pain in patients receiving chemotherapy,
which leads to shortening or premature termination of
the chemotherapy course and seriously affects the effi-
cacy of chemotherapy [2, 48]. Therefore, it is urgent to
develop a chemotherapy strategy that can relieve CIPNP
without affecting the chemotherapy effect. In the current
study, we designed a PF127 hydrogel loaded with cispl-
atin and ropivacaine for intratumoral chemotherapy and
found that PFCR relieved chemotherapy-induced pain
and prolonged analgesia for more than 10 h. In addition,
PFCR inhibited autophagy and upregulated MHC-I and
T-cell immunity, thus enhancing the tumor-killing effect
of cisplatin.

Cisplatin was the first platinum-based compound to
receive FDA approval for the treatment of various can-
cers [49]. Nowadays there are two major problems asso-
ciated with the clinical use of cisplatin: drug resistance
and toxicity [50, 51]. Besides, the particularity of the
tumor microenvironment (TME) seriously limits the
effectiveness of tumor therapy [52]. In this study, the
PF127 hydrogel combined with ITC reduced the systemic
toxicity of cisplatin and increased the drug concentra-
tion at tumor sites. Hydrogels have 3D networks of cross-
linked hydrophilic polymer chains and are widely used
because of their numerous advantages [53]. First, it is
commonly administered through peri-tumoral and intra-
tumoral injection. This approach allows for increased
drug concentration at the tumor sites while reducing the
risk of systemic toxicity. Second, the preparation of the
drug is a straightforward process that involves mixing
hydrogels with other drugs; crosslinking agents, organic
solvents, and complicated chemical synthesis steps are

Fig. 4 Incorporation of ropivacaine into hydrogels increases MHC-I in vitro. A Schematic diagram of upregulation of MHC-I by ropivacaine.

AP autophagosome, Rop ropivacaine, AL autolysosome. B Western blot results of LC3Il and P62 in 4T1 cells treated with PF and PFR for 8 h,
respectively. C, D Statistical results of western blots of LC3Il and P62 (n=4). E, F The mean fluorescence intensity (MFI) of MHC-1in 4T1 cells treated
with PF and PFR for 8 h was detected by flow cytometry (n=4). G MHC-l immunofluorescent staining. Scale bar =20 um. H Western blot results
of LC3lland P62 in 4T1 cells treated with PFC and PFCR for 8 h, respectively. I, J Statistical results of western blots of LC3Il and P62 (n=4). K, L

The mean fluorescence intensity (MFI) of MHC-I in 4T1 cells treated with PFC and PFCR for 8 h was detected by flow cytometry (n=4). M MHC-|
immunofluorescent staining. Scale bar =20 um. Data are presented as the mean +SD. *p < 0.05, **p < 0.01, ***p <0.001. PF PF127 hydrogel,

PFC cisplatin-loaded PF127 hydrogel, PFR ropivacaine-loaded PF127 hydrogel, PFCR cisplatin and ropivacaine-coloaded PF127 hydrogel
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not required [54]. Ouyang et al. constructed a novel
multifunctional adhesion hydrogel possessed biologi-
cal safety, satisfactory degradation rate, anti-inflamma-
tory, antibacterial and hemostatic properties for wound
hemostasis [42]. Tang et al. prepared a carboxymethyl
chitosan (CMCS)/poly-y-glutamic acid (y-PGA)/platelet-
rich plasma (PRP) hydrogel (CP-PRP hydrogel) for rapid
hemostasis and wound healing [55]. Our results showed
that doping ropivacaine into PF127 hydrogels could pro-
long the pain relief induced by chemotherapeutic drugs
in both normal and cancer pain mice. Our results suggest
that ERK activation in the DRG leads to chemotherapy-
induced mechanical hyperalgesia. Previous research has
demonstrated that platinum derivatives can affect various
MAPKs including ERK, p38, and JNK. The MAPKs acti-
vation leads to the production of pronociceptive media-
tors through different mechanisms, ultimately leading
to enhanced and prolonged pain [56]. And studies have
demonstrated that cisplatin-induced neuropathic pain is
primarily attributed to mitochondrial damage resulting
from mDNA-Pt adduct formation, erroneous mitochon-
drial protein synthesis, reactive oxygen species (ROS)
generation [3, 57, 58]. Notably, ROS play an important
role in activating the ERK, which in turn contributes to
the mitochondrial damage [59, 60]. Our current study
further supports these findings, demonstrating that cis-
platin treatment induces ERK activation in the DRG,
which is involved in pain generation. This suggests that
ROS produced as a result of cisplatin treatment may trig-
ger ERK activation, subsequently leading to mitochon-
drial damage and neuropathic pain. Additionally, Wan
et al. revealed that an increase in pERK via the calcineu-
rin/NFAT signaling pathway in the DRG is involved in
oxaliplatin-induced CIPNP [61]. Furthermore, Toyoaki
et al. found that oxaliplatin-induced pERK causes neu-
ropathic pain [62]. Phosphorylated ERK induces abnor-
mal Na' channel currents, resulting in neuropathy [63].
These findings and our results show that pERK plays
a major role in the mechanism of platinum-induced
CIPNP in the peripheral nervous system. However, we
did not explore whether pERK mediated CIPNP through
the central nervous system. Previous studies have shown
that ERK activation in the glial cells and neurons of the

(See figure on next page.)

Page 11 of 15

spinal cord induces neuropathic pain [56]. Activation of
ERK in spinal microglia leads to oxaliplatin-induced pain
during chemotherapy [64]. The phosphorylation ERK/
STAT1 signaling pathway in spinal microglia contributes
to bone cancer pain [65]. Therefore, the hydrogel loaded
with ropivacaine relieved cancer-related pain likely by
inhibiting ERK activation in the central nervous system.
Our recent study showed that a hydrogel co-loaded
with the TLR7 agonists imiquimod and ropivacaine
increased the infiltration of CD8*T cells into the residual
tumor tissues to prevent tumor recurrence [66]. Moreo-
ver, we designed a PF127 hydrogel doped with ropiv-
acaine, indocyanine green (ICG), and imiquimod for
painless enhanced photothermal therapy effect [67]. In
this study, we found that a PF127 hydrogel loaded with
ropivacaine and cisplatin upregulated MHC-I in tumors
by destroying autophagy and increasing the infiltration
of CD8'T cells into the tumors, thus increasing the anti-
tumor effect. We revealed that ropivacaine potentiated
chemotherapeutic effects by enhancing T-cell immu-
nity. Notably, unlike previous studies, in this study, we
only incorporated LA into the cisplatin-loaded hydrogel
without additional immunomodulatory agents, such as
imiquimod, for painless tumor treatment, resulting in a
satisfactory anti-tumor effect. These results suggest that
a combination of local anesthetics and chemotherapeutic
agents is an excellent strategy for tumor treatment.

Conclusion

To summarize, both normal and tumor-bearing mice
experienced severe pain when undergoing chemotherapy
using PFC, which correlated with an increase in pERK-
positive neurons in the DRG. However, incorporating
ropivacaine into the PFC relieved PFC-induced pain
for more than 10 h and reduced the number of pERK-
positive neurons in the DRG. Moreover, incorporating
ropivacaine into the PFC for chemotherapy upregulated
MHC-I expression in tumor cells and promoted their
recognition by cytotoxic T lymphocytes (CD8" T cells),
thereby potentiating chemotherapy efficacy. This study
suggests that using local anesthesia-based approaches for
analgesics can enhance the outcomes of chemotherapy.

Fig. 5 Incorporation of ropivacaine into hydrogels potentiates chemotherapy efficacy by enhancing T cell immunity. A Schematic diagram of drug
administration for treating the tumors. B Tumors after 14 days of different treatments. C Average tumor growth curves for 14 days (n=5). D The
weight of tumors on the 14th day (n=5). E TUNEL staining for tumor sections was performed to identify apoptotic cells, while DAPI was used

to stain the nuclei. Scale bar =50 um. F Body weight changes during the 14 days of treatments (n=>5). G MHC-l immunofluorescent staining

in tumors. DAPI was used to stain the nuclei, Scale bar =20 pum. H, I Flow cytometry analysis and statistical results of the percent of CD8* T cells

in CD457 cells in the tumors (n=4). J Mechanism diagram of PFCR killing tumors. Data are presented as the mean +SD. *p<0.05, *p<0.01,

***p <0.001. PF PF127 hydrogel, PFC cisplatin-loaded PF127 hydrogel, PFCR cisplatin and ropivacaine-coloaded PF127 hydrogel
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Additional file 1. Figure S1. Characterization and properties of PF127
hydrogel loaded with cisplatin (PFC). (A) Temperature-dependent rheol-
ogy of PFC aqueous dispersion. (B) The shear-thinning behavior of PFC by
steady-shear rheology. (C) Frequency-dependent rheology of PFC hydro-
gel at 37 °C. Figure S2. Characterization and properties of PF127 hydrogel.
(A) The strain sweep of the PF127 hydrogel at 37 °C. (B) Creep test of
PF127 hydrogel at 4 °C. (C) Creep test of PF127 hydrogel at 37 °C. Figure
S3.The swelling curve of PF127 hydrogel, n = 3. Figure S4. (A) In vitro
cumulative release experiments of ropivacaine in an acidic environment
(pH = 6.0), n = 3. (B) In vitro cumulative release experiments of cisplatin in
an acidic environment (pH = 6.0), n = 3. Figure S5. Anatomical location of
tumor. (A) Anatomical location of tumor in mice. (B) H&E staining image of
tumor side. Figure S6. (A) Mechanical withdrawal threshold in tumor-free
mice (Ctrl), tumor-inoculated mice and tumor-inoculated mice treated
with PFC, n = 7. (B) Mechanical withdrawal threshold in tumor-inoculated
mice was measured at 0, 4, 10, and 24 h after different treatments, n = 6.
Ctrl: Saline; PF: PF127 hydrogel; Rop: ropivacaine; PFR: ropivacaine loaded
PF127 hydrogel. Figure S7. Anti-tumor effect of ropivacaine-loaded PF127
hydrogel. (A) Tumors after 14 days of different treatments. (B) Average
tumor growth curves for 14 days, n = 5. (C) The weight of tumors on the
14th day, n = 5. (D) TUNEL staining for tumor sections was performed to
identify apoptotic cells, while DAPI was used to stain the nuclei. Scale bar
=50 um. (E) Body weight changes during the 14 days of treatments, n =
5. Figure S8. Assessment of systemic toxicity of PF127 hydrogel loaded
with cisplatin and ropivacaine (PFCR) in mice. (A) The serum levels of
WBC, RBC, Gran, HCT, HGB, MCV, Mon, PLT, MCH, MCHC, AST, ALB, BUN,
UREA, CREA in mice teated with different hydrogels for 14 days, n = 4. (B)
H&E staining images of the main organs of in mice teated with different
hydrogels for 14 days, scale bar = Tmm.

Acknowledgements
Not applicable.

Author contributions

XQ, RD, PW: investigation, methodology, writing original draft. MZ, CC, HZ:
investigation. GQ, ZY: methodology. XL, SZ, HL, JZ: conceptualization, investi-
gation, writing—review and editing.

Funding

This work was supported by the National Natural Science Foundation of China
(82171192,82001525, 82101268, 82101349), Excellent youth research projects
of universities in Anhui Province (2022AH030116) and Training Programs
Foundation for the Talents from Department of Education of Anhui Province
(gxyqZD2021098).

Availability of data and materials
All data generated and analyzed during this research are included in this
published article and its additional file.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Animal Ethics Committee of
Anhui Medical University.

Consent for publication
All authors agree for publication.

Competing interests

The authors declare no competing interests.

Received: 20 July 2023 Accepted: 20 November 2023
Published online: 02 December 2023

Page 13 of 15

References

1.

20.

21.

22.

23.

24,

25.

26.

Sisignano M, Baron R, Scholich K, Geisslinger G. Mechanism-based
treatment for chemotherapy-induced peripheral neuropathic pain. Nat
Rev Neurol. 2014;10:694-707.

Flatters SJL, Dougherty PM, Colvin LA. Clinical and preclinical perspec-
tives on chemotherapy-induced peripheral neuropathy (CIPN): a narra-
tive review. Br J Anaesth. 2017;119:737-49.

Colvin LA. Chemotherapy-induced peripheral neuropathy: where are
we now? Pain. 2019;160(Suppl 1):51-10.

Kim JH, Dougherty PM, Abdi S. Basic science and clinical management
of painful and non-painful chemotherapy-related neuropathy. Gynecol
Oncol. 2015;136:453-9.

Kirksey MA, Haskins SC, Cheng J, Liu SS. Local anesthetic peripheral
nerve block adjuvants for prolongation of analgesia: a systematic
qualitative review. PLoS ONE. 2015;10: e0137312.

Ventham NT, Hughes M, O'Neill S, Johns N, Brady RR, Wigmore SJ.
Systematic review and meta-analysis of continuous local anaesthetic
wound infiltration versus epidural analgesia for postoperative pain
following abdominal surgery. Br J Surg. 2013;100:1280-9.

Gupta A. Wound infiltration with local anaesthetics in ambulatory
surgery. Curr Opin Anaesthesiol. 2010;23:708-13.

Waldinger R, Weinberg G, Gitman M. Local anesthetic toxicity in the
geriatric population. Drugs Aging. 2020;37:1-9.

Roberson DP, Binshtok AM, Blasl F, Bean BP, Woolf CJ. Targeting of sodium
channel blockers into nociceptors to produce long-duration analgesia: a
systematic study and review. Br J Pharmacol. 2011;164:48-58.

Chen S, Yao W, Wang H, Wang T, Xiao X, Sun G, Yang J, Guan Y, Zhang Z,
Xia Z, et al. Injectable electrospun fiber-hydrogel composite sequentially
releasing clonidine and ropivacaine for prolonged and walking regional
analgesia. Theranostics. 2022;12:4904-21.

. Zhao ZQ, Zhang BL, Chu HQ, Liang L, Chen BZ, Zheng H, Guo XD. A high-

dosage microneedle for programmable lidocaine delivery and enhanced
local long-lasting analgesia. Biomater Adv. 2022;133: 112620.

Ke P, QinY, ShaoY,Han M, Jin Z, ZhouY, Zhong H, Lu Y, Wu X, Zeng K.
Preparation and evaluation of liposome with ropivacaine ion-pairing in
local pain management. Drug Dev Ind Pharm. 2022;48:255-64.
Wadhawan A, Chatterjee M, Singh G. Present scenario of bioconjugates in
cancer therapy: a review. Int J Mol Sci. 2019;20:5243.

Weinberg BD, Blanco E, Gao J. Polymer implants for intratumoral drug
delivery and cancer therapy. J Pharm Sci. 2008,97:1681-702.

Lu B, Sun L, Yan X, Ai Z, Xu J. Intratumoral chemotherapy with paclitaxel
liposome combined with systemic chemotherapy: a new method of
neoadjuvant chemotherapy for stage Ill unresectable non-small cell Lung
cancer. Med Oncol. 2015;32:345.

Walter KA, Tamargo RJ, Olivi A, Burger PC, Brem H. Intratumoral chemo-
therapy. Neurosurgery. 1995;37:1128-45.

Yang L, Wang B, Qiao W, Liu P. A novel combination chemotherapy
integrating with intratumoral chemotherapy. Med Hypotheses.
2009;73:334-5.

Celikoglu F, Celikoglu SI, Goldberg EP. Bronchoscopic intratumoral
chemotherapy of lung cancer. Lung Cancer. 2008;61:1-12.

Duvillard C, Polycarpe E, Romanet P, Chauffert B. [=Intratumoral chemo-
therapy: experimental data and applications to head and neck tumors.
Ann Otolaryngol Chir Cervicofac. 2007;124:53-60.

Ta HT, Dass CR, Dunstan DE. Injectable chitosan hydrogels for localised
cancer therapy. J Control Release. 2008;126:205-16.

Wolinsky JB, Colson YL, Grinstaff MW. Local drug delivery strategies for
cancer treatment: gels, nanoparticles, polymeric films, rods, and wafers. J
Control Release. 2012;159:14-26.

Huang P, Wang X, Liang X, Yang J, Zhang C, Kong D, Wang W. Nano-,
micro-, and macroscale drug delivery systems for cancer immunotherapy.
Acta Biomater. 2019;85:1-26.

Blanco E, Kessinger CW, Sumer BD, Gao J. Multifunctional micellar nano-
medicine for cancer therapy. Exp Biol Med. 2009;234:123-31.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. Nanocar-
riers as an emerging platform for cancer therapy. Nat Nanotechnol.
2007;2:751-60.

Cattel L, Ceruti M, Dosio F. From conventional to stealth liposomes: a new
Frontier in cancer chemotherapy. J Chemother. 2004;16(Suppl 4):94-7.
Lake DE, Hudis CA. High-dose chemotherapy in breast cancer. Drugs.
2004,64:1851-60.


https://doi.org/10.1186/s12951-023-02230-5
https://doi.org/10.1186/s12951-023-02230-5

Qing et al. Journal of Nanobiotechnology

27.
28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2023) 21:462

Zraik IM, Hess-Busch Y. Management of chemotherapy side effects and
their long-term sequelae. Urologe A. 2021;60:862-71.

Ha H, Lim JH. Managing side effects of cytotoxic chemotherapy in
patients with high grade gliomas. Brain Tumor Res Treat. 2022;10:158-63.
Chang YC, Liu CL, Chen MJ, Hsu YW, Chen SN, Lin CH, Chen CM, Yang FM,
Hu MC. Local anesthetics induce apoptosis in human breast tumor cells.
Anesth Analg. 2014;118:116-24.

Johnson MZ, Crowley PD, Foley AG, Xue C, Connolly C, Gallagher HC,
Buggy DJ. Effect of perioperative lidocaine on metastasis after sevoflu-
rane or ketamine—xylazine anaesthesia for breast tumour resection in a
murine model. Br J Anaesth. 2018;121:76-85.

Zimmitti G, Soliz J, Aloia TA, Gottumukkala V, Cata JP, Tzeng CW, Vauthey
JN. Positive impact of epidural analgesia on oncologic outcomes in
patients undergoing resection of colorectal liver metastases. Ann Surg
Oncol. 2016;23:1003-11.

Xing W, Chen DT, Pan JH, Chen YH, Yan Y, Li Q, Xue RF, Yuan YF, Zeng WA.
Lidocaine induces apoptosis and suppresses tumor growth in human
hepatocellular carcinoma cells in vitro and in a xenograft model in vivo.
Anesthesiology. 2017;126:868-81.

Dersh D, Phelan JD, Gumina ME, Wang B, Arbuckle JH, Holly J, Kishton RJ,
Markowitz TE, Seedhom MO, Fridlyand N, et al. Genome-wide screens
identify lineage- and tumor-specific genes modulating MHC-I- and
MHC-lI-restricted immunosurveillance of human lymphomas. Immunity.
2021;54:116-131.e110.

McGranahan N, Rosenthal R, Hiley CT, Rowan AJ, Watkins TBK, Wilson GA,
Birkbak NJ, Veeriah S, Van Loo P, Herrero J, et al. Allele-specific HLA loss
and immune escape in lung cancer evolution. Cell. 2017;171:1259-1271.
el211.

Yamamoto K, Venida A, Yano J, Biancur DE, Kakiuchi M, Gupta S, Sohn
ASW, Mukhopadhyay S, Lin EY, Parker SJ, et al. Autophagy promotes
immune evasion of pancreatic cancer by degrading MHC-I. Nature.
2020;581:100-5.

Zhang J, Zhu S, Tan Q, Cheng D, Dai Q, Yang Z, Zhang L, Li F, Zuo Y, Dai W,
et al. Combination therapy with ropivacaine-loaded liposomes and nutri-
ent deprivation for simultaneous cancer therapy and cancer pain relief.
Theranostics. 2020;10:4885-99.

Matthew JE, Nazario YL, Roberts SC, Bhatia SR. Effect of mammalian cell

culture medium on the gelation properties of Pluronic F127. Biomaterials.

2002;23:4615-9.

Chung CK, Fransen MF, van der Maaden K, Campos Y, Garcia-Couce J,
Kralisch D, Chan A, Ossendorp F, Cruz LJ. Thermosensitive hydrogels as
sustained drug delivery system for CTLA-4 checkpoint blocking antibod-
ies. J Control Release. 2020;323:1-11.

Shimoyama M, Tatsuoka H, Ohtori S, Tanaka K, Shimoyama N. Change of
dorsal horn neurochemistry in a mouse model of neuropathic cancer
pain. Pain. 2005;114:221-30.

Lin J, Huang Z, Wu H, Zhou W, Jin P, Wei P, Zhang Y, Zheng F, Zhang J, Xu
J, et al. Inhibition of autophagy enhances the anticancer activity of silver
nanoparticles. Autophagy. 2014;10:2006-20.

Yu JL, Rak JW, Coomber BL, Hicklin DJ, Kerbel RS. Effect of p53 status on
tumor response to antiangiogenic therapy. Science. 2002;295:1526-8.
Ouyang, ZhaoY, Zheng X, Zhang Y, Zhao J, Wang S, Gu Y. Rapidly
degrading and mussel-inspired multifunctional carboxymethyl chitosan/
montmorillonite hydrogel for wound hemostasis. Int J Biol Macromol.
2023,242: 124960.

Remeniuk B, Sukhtankar D, Okun A, Navratilova E, Xie JY, King T, Porreca F.
Behavioral and neurochemical analysis of ongoing bone cancer pain in
rats. Pain. 2015;156:1864-73.

Kawasaki Y, Kohno T, Zhuang ZY, Brenner GJ, Wang H, Van Der Meer C,
Befort K, Woolf CJ, Ji RR. lonotropic and metabotropic receptors, protein
kinase A, protein kinase C, and src contribute to C-fiber-induced ERK
activation and cAMP response element-binding protein phosphoryla-
tion in dorsal horn neurons, leading to central sensitization. J Neurosci.
2004;24:8310-21.

Ji RR, Woolf CJ. Neuronal plasticity and signal transduction in nociceptive
neurons: implications for the initiation and maintenance of pathological
pain. Neurobiol Dis. 2001;8:1-10.

Huang X, Zhang X, Bai X, Liang T. Eating self for not be eaten: pancreatic
cancer suppresses self-immunogenicity by autophagy-mediated MHC-
degradation. Signal Transduct Target Ther. 2020;5:94.

Levi JA. The chemotherapy of solid tumours. Med J Aust. 1978;1:15-7.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 14 of 15

Cavaletti G. Chemotherapy-induced peripheral neurotoxicity (CIPN): what
we need and what we know. J Peripher Nerv Syst. 2014;19:66-76.

Song M, Cui M, Liu K. Therapeutic strategies to overcome cisplatin resist-
ance in ovarian cancer. Eur J Med Chem. 2022;232:114205.

Shahid F, Farooqui Z, Khan F. Cisplatin-induced gastrointestinal toxicity:
an update on possible mechanisms and on available gastroprotective
strategies. Eur J Pharmacol. 2018;827:49-57.

Amable L. Cisplatin resistance and opportunities for precision medicine.
Pharmacol Res. 2016;106:27-36.

YuY, Fan P, Li J, Wang S. Preparation of biocompatible manganese
selenium-based nanoparticles with antioxidant and catalytic functions.
Molecules. 2023;28:4498.

Shriky B, Kelly A, Isreb M, Babenko M, Mahmoudi N, Rogers S, Shebanova
O, Snow T, Gough T. Pluronic F127 thermosensitive injectable smart
hydrogels for controlled drug delivery system development. J Colloid
Interface Sci. 2020;565:119-30.

XiaoY, GuY,Qin L, Chen L, Chen X, Cui W, Li F, Xiang N, He X. Injectable
thermosensitive hydrogel-based drug delivery system for local cancer
therapy. Colloids Surf B Biointerfaces. 2021;200: 111581.

Tang J, YiW,Yan J, Chen Z, Fan H, Zaldivar-Silva D, Aguero L, Wang S.
Highly absorbent bio-sponge based on carboxymethyl chitosan/poly-
gamma-glutamic acid/platelet-rich plasma for hemostasis and wound
healing. Int J Biol Macromol. 2023;247: 125754.

Zhuang ZY, Gerner P, Woolf CJ, Ji RR. ERK is sequentially activated in
neurons, microglia, and astrocytes by spinal nerve ligation and con-
tributes to mechanical allodynia in this neuropathic pain model. Pain.
2005;114:149-59.

Canta A, Pozzi E, Carozzi VA. Mitochondrial dysfunction in chemotherapy-
induced peripheral neuropathy (CIPN). Toxics. 2015;3:198-223.
Trecarichi A, Flatters SJL. Mitochondrial dysfunction in the pathogenesis
of chemotherapy-induced peripheral neuropathy. Int Rev Neurobiol.
2019;145:83-126.

Park JH, Seo YH, Jang JH, Jeong CH, Lee S, Park B. Asiatic acid attenu-
ates methamphetamine-induced neuroinflammation and neurotoxicity
through blocking of NF-kB/STAT3/ERK and mitochondria-mediated
apoptosis pathway. J Neuroinflamm. 2017;14:240.

Park JH, Ko J, Park YS, Park J, Hwang J, Koh HC. Clearance of dam-

aged Mitochondria through PINKT stabilization by JNK and ERK MAPK
signaling in chlorpyrifos-treated neuroblastoma cells. Mol Neurobiol.
2017;54:1844-57.

Huang W, Huang J, Jiang Y, Huang X, Xing W, He Y, Ouyang H. Oxaliplatin
regulates chemotherapy induced peripheral neuropathic pain in the
dorsal horn and dorsal root Ganglion via the calcineurin/NFAT pathway.
Anticancer Agents Med Chem. 2018;18:1197-207.

Maruta T, Nemoto T, Hidaka K, Koshida T, Shirasaka T, Yanagita T, Takeya

R, Tsuneyoshi I. Upregulation of ERK phosphorylation in rat dorsal root
ganglion neurons contributes to oxaliplatin-induced chronic neuropathic
pain. PLoS ONE. 2019;14: e0225586.

Nemoto T, Miyazaki S, Kanai T, Maruta T, Satoh S, Yoshikawa N, Yanagita
T, Wada A. Nav1.7-Ca2+ influx-induced increased phosphorylations

of extracellular signal-regulated kinase (ERK) and p38 attenuate tau
phosphorylation via glycogen synthase kinase-3beta: priming of Nav1.7
gating by ERK and p38. Eur J Pharmacol. 2010;640:20-8.

Lee JH, Choi JH, Kim J, Kim TW, Kim JY, Chung G, Cho IH, Jang DS, Kim SK.
Syringaresinol alleviates oxaliplatin-induced neuropathic pain symptoms
by inhibiting the inflammatory responses of spinal microglia. Molecules.
2022;27:8138.

Song Z, Xiong B, Zheng H, Manyande A, Guan X, Cao F,Ren L, Zhou Y, Ye
D, Tian Y. STAT1 as a downstream mediator of ERK signaling contributes
to bone cancer pain by regulating MHC Il expression in spinal microglia.
Brain Behav Immun. 2017,60:161-73.

Zhao M, Zhu S, Zhang D, Zhou C, Yang Z, Wang C, Liu X, Zhang J. Long-
lasting postoperative analgesia with local anesthetic-loaded hydrogels
prevent tumor recurrence via enhancing CD8(+)T cell infiltration. J
Nanobiotechnol. 2023;21:50.

Zhang J, Zhu S, Zhao M, Zhou M, Zhu X, Qing X, Yang Z, Wei P, Zhang

G, He W, et al. Analgesic and potentiated photothermal therapy with
ropivacaine-loaded hydrogels. Theranostics. 2023;13:2226-40.



Qing et al. Journal of Nanobiotechnology ~ (2023) 21:462 Page 15 of 15

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Ropivacaine-loaded hydrogels for prolonged relief of chemotherapy-induced peripheral neuropathic pain and potentiated chemotherapy
	Abstract 
	Introduction
	Materials and methods
	Antibodies and agents
	Fabrication and characterization of F127 hydrogels
	Rheological characterization
	In vitro drug release study
	Western blotting
	Immunofluorescence
	Cell culture
	Animals
	Anti-tumor assessment
	Flow cytometry analysis
	Behavior assessment
	Assessment of systemic toxicity
	Statistical analysis

	Results
	Characterization of PFCR
	Incorporating ropivacaine into hydrogels prolonged relief of CIPNP
	Incorporation of ropivacaine into hydrogels increases MHC-I in vitro
	Incorporation of ropivacaine into hydrogels potentiates chemotherapy efficacy by enhancing T cell immunity

	Discussion
	Conclusion
	Anchor 25
	Acknowledgements
	References


