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Background: Nerves in the tumor microenvironment (TME) promote malignant phenotypes of cancer. Neuron-targeting cancer
treatment strategies have garnered significant attention. However, existing pharmacological or surgical methods of denervation can
lead to side effects such as pain and respiratory system issues. Targeted delivery of local anesthetics to the TME using nanotechnology
to suppress nerves appears to be a promising approach.

Methods: NP-BUP, an acid-responsive nanoparticle encapsulating the local anesthetic bupivacaine, was synthetized using a nano-
precipitation method. Immunofluorescence staining was employed to identify the primary types of nerves in breast tumors. In vitro, the
impact of the neurotransmitter on the recruitment of macrophages by tumor supernatant is assessed using the transwell assay. ELISA
assays and intracellular Ca®" measurement experiments were conducted to evaluate the inhibitory effect of NP-BUP on noradrenergic
neurons. In vivo, the impact of NP-BUP on noradrenergic neurons, tumor-associated macrophages (TAMs) infiltration, and tumor
growth within the TME were assessed.

Results: The predominant type of neuron within breast tumor tissues was found to be noradrenergic neuron. Noradrenergic neuronal
uptake of NP-BUP at pH 6.5 was 2.4 times higher than at pH 7.4. In vitro, NP-BUP significantly inhibited the release of
norepinephrine (NE), a neurotransmitter that promotes macrophage migration, from adrenergic cells. In vivo, tumor tissues from
4T1 tumor-bearing mice treated with NP-BUP showed a significant reduction in NE content and macrophage infiltration, with tumor
volume and weight decreasing by approximately 70% compared to the PBS group.

Conclusion: Our study provides a TME pH-responsive nanoplatform for targeted suppression of neuronal control within the TME.
Our results demonstrate that specifically modulating innervation within the TME can influence the growth of breast cancer.
Keywords: pH-responsive nanoparticles, noradrenergic neurons, neuromodulation, tumor-associated macrophage, triple negative
breast cancer

Introduction

Over the past decade, seminal studies have demonstrated that nerves within the tumor microenvironment (TME) can
promote the malignant phenotype of tumors.' Tumors can promote the entry of nerves into the TME by secreting
neurotrophic factors and axonal guidance molecules.? Solid tumors are innervated by different types of nerves, including
sympathetic, parasympathetic, and sensory nerves. The innervation patterns and density of these nerves vary significantly
depending on the type of solid tumor, reflecting the heterogeneity in tumor biology and microenvironment. In the context
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of breast cancer, the increased density of nerves has been proven to be an independent prognostic factor for poorer
outcomes and adverse clinical outcomes.”’ Therefore, nerve-targeted therapeutic strategies have been proposed.

Numerous methods to eliminate neural innervation within tumor tissues have been attempted, such as surgical resection of
nerve plexuses and pharmacological or genetic denervation.*® However, nerve plexus resection is an invasive procedure that
inevitably causes pain and tissue damage.'® Due to the inherent non-specificity of targets, pharmacological denervation methods
may lead to adverse reactions.'""'* For instance, the beta-adrenergic receptor blocker propranolol, which can block adrenergic
neural signals, may carry the risk of side effects related to the central nervous and respiratory systems when administered
systemically (such as sleep disturbances, agitation, bronchospasm/bronchial hyperresponsiveness, and hypoglycemia).'®

Bupivacaine is a commonly used local anesthetic that works by binding to the intracellular domain of voltage-gated Na*
channels to prevent depolarization of peripheral nerves.'* It is primarily administered around the nerves or intrathecally to
block the nerves of a specific part of the body."” It exerts blockade effect on all major peripheral nerve subtypes, including
sympathetic, parasympathetic, sensory, and motor fibers. This broad-spectrum neural blocking property makes bupivacaine not
only an effective analgesic but also a potential therapeutic agent for modulating various neural signaling pathways. Given its
pharmacological characteristics, it can be used to block the innervation of tumor sites.'® However, The nerve-blocking effect of
a single injection of bupivacaine typically lasts for a few hours, with a half-life of approximately 2 to 6 hours. This duration is
insufficient to meet the long-term nerve block requirements.'” Moreover, dense tumor tissue and increased interstitial fluid
pressure form physiological barriers to the diffusion of local anesthetics.'®'” Therefore, there is an urgent need to take some
measures to achieve long-lasting nerve blockade by local anesthetics. Encapsulating bupivacaine into nanoparticles seems to be
a promising approach. A substantial amount of research has proven that nanomedicine has emerged as a key solution for
optimizing drug penetration and accumulation in tumor tissues.”’>** The long-term nerve-blocking effect of bupivacaine
nanoparticles has been extensively demonstrated and practiced in the field of pain research. Numerous studies have success-
fully utilized bupivacaine nanoparticles to achieve prolonged analgesia through sustained nerve blockade.”*** Notably,
advancements in this field have led to commercialized products, such as the bupivacaine liposome formulation EXPAREL.

To achieve long-lasting nerve blockade in the TME, in addition to extended-release, the stimulus-responsive drug
release pattern at the tumor site is also crucial. Among the array of stimulus-responsive materials, pH-responsive
materials are widely applied due to the characteristically acidic extracellular pH (6.5-7.0) of tumors, a consequence of
their aberrant metabolic processes compared to healthy tissues.”> 2® In this investigation, we employ a nanoplatform
constructed from an acid-responsive copolymer. This copolymer is synthesized by covalently linking polyethylene glycol
(PEG) and polylactic-co-glycolic acid (PLGA) segments through a tumor-acidity-cleavable amide bond.**** Upon
extravasation into the TME, the pH-sensitive amide bond undergoes hydrolysis, triggering the detachment of the PEG
shell. This event facilitates the enhanced cellular internalization of the encapsulated bupivacaine.

By employing this nanoplatform, we can investigate the influence of nerve on tumor growth and to elucidate the
mechanisms involved. Extensive literature has established that tumor-associated macrophages (TAMs), which are one of
the most prevalent immune cell types in many solid tumors, can promote oncogenic processes by secreting growth
factors that contribute to tumor development and by producing proteins and proteolytic enzymes that facilitate tumor
invasion and metastasis.>'? It is indicated that TAMs express abundant neurotransmitter receptors on their surface,
rendering them sensitive to neural signaling. Recent studies have highlighted the intricate relationship between TAMs
and the nervous system, revealing that neural components can interact with these immune cells to modulate tumor
behavior.>*** The modulation of TAMs through neuroimmune signaling pathways presents a promising avenue for
therapeutic intervention. Therefore, in this study, we explore the effect of innervation on TAMs infiltration and tumor
growth through nerve blockade in the TME by the acidic TME-responsive nanoparticles loaded with bupivacaine. We
anticipate that our findings will contribute to the foundation of nerve-based tumor therapeutic strategies.

Materials and Methods

Materials and Reagents
Meo-PEGs,-Dlink,,-PLGA 1 copolymer was purchased from Xi’an Ruixi Biological Technology Co., Ltd (Xi’an,
China). Norepinephrine (N72070) and bupivacaine (B92400) were acquired from Acmec (Shanghai, China).
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ICI118,551 (HY-13951) was obtained from MedChemExpress. Rat anti-F4/80 antibody (ab6640) was purchased from
Abcam. Dylight 594-conjugated secondary antibody (E032440) was acquired from Earthox (Burlingame, USA). Anti-
CD16/CD32 antibody (clone 2.4G2), anti-CD45 antibody (clone 30-F11), anti-CD11b antibody (clone M1-70) and anti-
F4/80 (clone T45-2342) were purchased from BD biosciences, USA. Ki67 antibody was obtained from Wuhan
Servicebio technology CO., Ltd (Wuhan, China). (1,1’-dioctadecyl-3,3,3”,3’-tetramethylindodicarbocyanine perchlorate
(DiD, D307) was purchased from Thermofisher, USA. Organic solvents (DMF, DMSO and 75% ethanol) were purchased
from Sigma-Aldrich and were used directly. Water was prepared using a Milli-Q system (Millipore®, Bedford, MA,
USA). Transwell insert 8.0 um were purchased from Corning (New York, USA). NE High sensitive ELISA kits (BA
E-5200R, LDN, Germany) and Fluo-4 calcium detection kit (S1061, Beyotime, China) were used according to
manufacturer’s protocol.

Preparation and Characterization of Bupivacaine-Loaded TME pH-Responsive

Nanoparticles

The nanoprecipitation method was used to prepare bupivacaine-loaded nanoparticles (NP-BUP). Briefly, Meo-PEG-
Dlink,,-PLGA polymer and bupivacaine were dissolved in DMF separately to form homogeneous solutions with
a concentration of 20 mg/mL. Subsequently, a mixture of bupivacaine solution and 200 pL. Meo-PEG-Dlink,,,-PLGA
polymer solution was prepared and added in a dropwise fashion to 5 mL of deionized water while vigorously stirring
(1200 rpm). The resulting solution was then transferred to a dialysis tube (EMD Milipore, MWCO 100k) for purification
via centrifugation (Eppendorf, 2800 rpm x 10 min, repeated 3 times) to obtain nanoparticles (NPs). Five different
bupivacaine-loaded NPs (denoted NP-BUP20, NP-BUP30, NP-BUP50, NP-BUP100, NP-BUP200) were prepared and
their feed composition is shown in Table S1.

The molecular structure of bupivacaine prevents it from binding to fluorochromes. Therefore, we opted to utilize
fluorescein DiD as a substitute to prepare NP-DiD for the purpose of tracking their distribution. Similarly, we use DMF
as a substitute for bupivacaine to synthesize NP-control as a negative control.

Dynamic light scattering (DLS, Malvern Zetasizer) was used to examine the size and zeta potential of NPs. The
morphology of NP-BUP was visualized using transmission electron microscopy (TEM; FEI Tecnai G2 12, Eindhoven,
Netherlands).

Encapsulation Efficiency of Bupivacaine in NPs

Bupivacaine concentration standard curve was determined by using an ultraviole tspectrophotometer (EVOLUTION201,
Thermo Scientific, USA) equipped with matching quartz cells at a resolution of 1 nm from 250 nm to 350 nm. To
examine encapsulation efficiency (EE) of bupivacaine, the filtrates obtained from the three centrifugation cycles were
gathered. The free bupivacaine concentration in the filtrates was calculated by comparing the absorbance value at 262nm
to bupivacaine standard curve. EE (bupivacaine) was calculated as: EE = (B1 — B2)/B1x100%, where B1 and B2 are the
masses of the initially added bupivacaine and non-encapsulated bupivacaine in filtrates, respectively. Concurrently, EE
(bupivacaine) in NP-BUP was further determined by high performance liquid chromatography (HPLC). The HPLC test
conditions were as follows: the chromatographic column was C18 (4.6 x 250 mm, 5 pm), the mobile phase was
methanol: acetonitrile: 0.1% trichloroacetic acid aqueous solution =60:20:20, and the flow rate was 1.0 mL/min. EE
(bupivacaine) was calculated as: EE =amount of bupivacaine in NP-BUP/total amount of bupivacaine added for NP
preparation) x 100%.

In vitro Release Profile

NP-DiD (n = 3) was prepared as described above and dispersed in 1 mL of PBS (pH = 7.4). The PBS suspension of NP-
DiD was transferred to a Spectra-Por® Float-A-Lyzer® G2 dialysis device (ImL, MWCO 100kDa, USA) and subse-
quently immersed in 1 L of PBS (pH 7.4 or 6.5) at 37°C. At predetermined intervals (5 min, 10 min, 15 min, 30 min, 1h,
2h, 4h, 8h, 24h), 10 pL NP-DiD suspension was withdrawn from the interior of the dialysis device and mixed with
200 pL DMSO. After thoroughly mixed, the fluorescence intensity of DiD was measured using a multimode microplate
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reader (BioTek Synergy H1, Winooski, VT, USA). The cumulative DiD release was calculated as: Cumulative release
(%) = (F», — Fp) / F,x100%, where F,, is the fluorescence intensity of DiD encapsulated in NPs and F, is the fluorescence
intensity of DiD released from the NPs at the time point t.

Cell Culture

PC-12 and 4T1 cells were purchased from Procell Life Science & Technology Co., Ltd (CL-0481, CL-0007). The PC-12
cell line is a rat adrenal pheochromocytoma cell line commonly used for studying noradrenergic neurotransmitter. The
4T1 cell line is a highly metastatic murine breast cancer cell line used for in vivo tumor models and metastasis studies.
The cells were cultivated at 37°C with 5% CO2 in DMEM and RPMI 1640 medium, respectively. The culture medium
was changed every two days and 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin solution were

added. Mycoplasma contamination in cell cultures is routinely assessed using a combination of microscopy observation
and PCR methods.

In vitro Cellular Uptake

PC-12 cells were seeded on poly d-lysine-coated (Sigma, P7280) glass coverslips at a density of 50,000 per coverslip.
After 24h incubation, the culture medium was replaced with 500 pL fresh DMEM medium supplemented with 10% FBS
at pH 7.4 or pH 6.5. Meanwhile, NP-DiD was added to culture medium and the final concentration of NP-DiD was
10nM. Following 4h of incubation at 37°C, the medium was discarded. The cells were washed with PBS three times and
fixed with 4% (w/v) paraformaldehyde (PFA). To label the cell membrane, the cells were treated by 10 pg/mL Wheat
Germ Agglutinin (WGA, Thermofisher, W11261) coupled to the Alexa Fluor™ 488 fluorochrome for 10 min at 37°C and
then washed with 1xPBS three times. Subsequently, the nuclei were counterstained with 1 pg/mL DAPI (Sigma, D9542)
for 15 min in the dark. After staining with DAPI, the coverslips were transferred to slides and mounted for imaging.
Images were captured using a confocal laser microscope (Zeiss LSM 800 with Airyscan). To further qualitatively
examine cellular uptake, PC-12 was seeded in 24-well plates (30,000 per well) and then the medium was exchanged with
500 pL fresh DMEM culture medium supplemented with 10% FBS containing InM NP-DiD at pH 7.4 or 6.5,
respectively. After 4h incubation, the cells were trypsinized and collected for flow cytometry quantitative analysis (BD
FACSAria™III, USA).

Isolation and Culturing of Bone Marrow-Derived Macrophages

To obtain bone marrow-derived macrophages (BMDM:s), freshly isolated femur and tibia from healthy female BALB/c
mice aged 6—8 weeks were flushed with cold PBS to obtain bone marrow cells. The bone marrow cells were cultured in
1640 medium supplemented with 10% FBS and M-CSF (30 ng/mL) to stimulate BMDMs maturation and differentiation
for seven days. The BMDMs were subsequently harvested, and their purity was assessed using flow cytometry with the
BD FACSAria™ III (BD Biosciences, USA) flow cytometer.

Transwell Migration Assay

The bone marrow-derived macrophages (BMDMs) were seeded onto the upper chamber of a transwell insert (Corning,
6.4 mm diameter, 8 um pore size), and subsequently, the insert was placed into each well of a 24-well plate, which had
been pre-filled with 700 pL of culture medium containing various chemoattractants. After incubation for 24h at 37°C, the
migratory cells were fixed with 4% PFA and stained with 0.2% crystal violet. The non-migratory cells were removed
from the upper surface of the transwell membrane by gently scrapping with a cotton swab. All experiments were repeated
at least three times. Multiple images of migratory cells were captured in a microscope and overlapped fields were
avoided. Imagel] were used to automatically analyze and determine the number of migratory cells in the image.

In vitro Cytotoxicity

Cells were seeded in 96-well plates with a density of 6000 cells/well. After incubation for 24h, the medium was
substituted with 100 pL of fresh medium supplemented with a predetermined concentration of bupivacaine or NP-BUP
and the cells were further incubated for an additional 24h. Subsequently, 10 uL. of CCK-8 solution was added to each
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well, and the plates were incubated for 1 hour to assess cell viability. Measure the absorbance at 450 nm using
a microplate reader. Cell viability was calculated as: Cell viability (%) = (Ageated — Ablank)/(Acontrol — Aplank) X100%,
where Ageaeq 1S the absorbance obtained in the presence of cells and NPs, Ay, is the absorbance obtained in the
absence of cells and NPs and A.qnio1 1S the absorbance obtained in the absence of cells.

Enzyme-Linked Immunoabsorbent Assay

PC-12 cells were seeded either individually at a density of 10° cells per well or co-cultured with 4T1 cells at a ratio of 1:5
in a 6-well plate. After incubation for 24h, the medium was refreshed with either fresh medium or medium containing
NPs. After a subsequent 24-hour incubation, the supernatants from each group were harvested for analysis.

Collected tumor tissues were homogenized 10% w/v in ice-cold mixture of hydrogen chloride (10 nm) in the presence
of EDTA (1 nM). Homogenates were centrifugated at 14000 xg for 20 min at 4°C, supernatants were isolated and used
for a quantitative determination of NE. NE levels in supernatants were measured using NE High Sensitive ELISA kits
(LDN, BA E-5200R Germany) according to the manufacturer’s protocols.

Intracellular Ca®>* Measurement

PC-12 cells were harvested and suspended in round-bottom tubes at a concentration of 10° cells per tube. They were then
incubated with 1 mL of Fluo-4 AM (Beyotime) in the dark at 37°C for 20 min. Subsequently, the cells were washed twice
with HEPES buffer to remove any extracellular dye. The cells were gently re-suspended in assay buffer containing
1.5 mm CaCl, and allowed to equilibrate in an incubator for 20 minutes. After a brief recording of baseline fluorescence
intensity (FI) at 488 nm using flow cytometry, the cells were exposed to 200 pL of 4T1 cell supernatant to monitor
changes in FI. For the bupivacaine-treated groups, cells were pre-treated with 0.3 mm bupivacaine for 5 minutes before
stimulation with the 4T1 cell supernatant.

Mice

Healthy female BALB/c mice (68 weeks old) were obtained from Experimental Animal Center of Sun Yat-sen
University and were maintained at 5 animals per cage under specific pathogen-free condition with free access to water
and food in an environment maintained at approximately 22°C. All in vivo experiments were conducted in compliance
with the ethical guidelines established by the National Institutes of Health for the care and use of laboratory animals. All
animal experiments were approved by Institutional Animal Care and Use Committee of Sun Yat-sen University (SYSU-
IACUC-2023-000095).

Pharmacokinetics

Healthy female BALB/c mice were randomly divided into two groups (n = 3) and intravenously injected with either free
DiD or NP-DiD (0.35 mg DiD per kilogram of body weight), respectively. At predetermined time points, 20 pL of blood
was withdrawn from the retroorbital plexus and mixed with 200 uL deionized water. The fluorescence intensity of DiD in
the mixture was determined using a multifunctional microplate reader (BioTek Synergy H1, USA).

Construction of Triple Negative Breast Cancer Xenograft Model

Triple negative breast cancer xenograft model was established by subcutaneous injection with 100 pL of 4T1 cell
suspension (1x107 cells/mL, a mixture of DMEM medium and Matrigel in 1/1 volumetric ratio) into the second pair of
mammary fat pads of healthy female BALB/c mice (6~8 weeks). When the tumor volume size reached ~100mm®, the
mice were randomized and used for the following in vivo experiments.

Biodistribution

4T1 tumor-bearing mice were randomly assigned into two groups (n=3) for an intravenous injection of either (i) free DiD
(0.35 mg/kg) or (ii) NPs-DiD (0.35 mg/kg equivalent dose of DiD). Twenty-four hours subsequent to the injection, the
entire mouse images were observed by an IVIS Lumina III (PerkinElmer) imagine system.
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Inhibition of Tumor Growth

4T1 tumor-bearing mice were randomly divided into four groups (n = 5): PBS group, NP-control group, BUP group and
NP-BUP group. Specifically, the PBS group, NP-control group and NP-BUP group were administered intravenous
injections of PBS, empty NPs and bupivacaine-loaded NPs (5 mg/kg bupivacaine equivalent dose). The BUP group
received a direct injection of 5 mg/kg bupivacaine adjacent to the tumor site. The mice were injected once every two days
for a total of 4 times. Tumor growth was monitored every two days by measuring the perpendicular diameter of the
tumors using a Vernier Caliper and tumor volumes were calculated as the following equation: V = W?xL/2, where W and
L are the shortest and longest diameters, respectively.

Flow Cytometry

After the aforementioned treatment by (i) PBS, (ii) NP-control, (iii) free BUP or (iv) NP-BUP, mice were sacrificed and
tumors were collected, minced and digested for 40 min in collagenase IV (Worthington-biochem, LS004186) and DNAse
I (Worthington-biochem, LS002138) before being mashed through a 70 um cell strainer. RBC lysis buffer (Beyotime,
C3702) was used to lysis RBCs. After washing with PBS thrice, cells were gently re-suspended and blocked by CD16/
CD32 antibody for 5 min at 4°C to minimize non-specific binding. Then the cells were stained by cell surface marker
CD45, CD11b and F4/80 for 30 min in darkness at 4°C. The cells were then washed and re-suspended for FACS assay.
TAMs were identified as CD45", CD11b" and F4/80" live cells.

Immunofluorescence Staining

4T1 orthotopic tumor-bearing BALB/c mice were sacrificed. Tumors were harvested and prepared as paraffin-embedded
sections for further analysis. The slices were heated at 60°C for 2h, deparaffinized with xylene and then hydrated in
increasing concentrations of ethanol. Antigen retrieval was performed with citrate antigen retrieval solution (Beyotime,
P0081) by heating slices in boiling temperature for 5 min. After cooling to room temperature, the slices were were
blocked and permeabilized with PBS containing 10% goat serum and 0.3% Triton X-100 for 1 h. Then the slices were
incubated with the following primary antibodies at 4°C overnight: F4/80 antibody (1:200, Abcam, ab6640); anti-TH
antibody (1:600, Merck, AB152); anti-VAChT antibody (1:200, Novus Biologicals, NB110-74,764); anti-CGRP (1:200,
Thermo Fisher Scientific, PA5-114929). After washing with PBS thrice, the slices were incubated with secondary
antibodies conjugated with Dlight 594 (1:200, Earthox, E032440), or with Alexa Fluor 488, 594, or 555 (Thermo
Fisher Scientific) for 2h and 1pug/mL DAPI (Sigma, D9542) for 5 min at RT in the dark. The images were viewed under
a confocal laser scanning microscope (Zeiss LSM 800 with Airyscan).

Immunohistochemistry Staining

Following the aforementioned treatments with PBS or NPs, tumors and main organs were harvested and prepared as
paraffin-embedded sections for further analysis. Tumors and main organs collected after the above treatment by PBS or
NPs were prepared into paraffin embedded slices. After deparaffinization, hydration and antigen retrieval, slices contain-
ing tumor sections were treated with 3% H,O, for 10 min to block endogenous peroxidase activity and then blocked and
permeabilized in blocking buffer (1x PBS containing 10% goat serum and 0.2% Triton-100) for 1h. Then the slices were
incubated with Ki67 antibody at 4°C overnight. After washing with PBS thrice, the slices were treated with HRP-linked
secondary antibody for 30 min. For visualization of HRP-positive staining, slides were stained by DAB substrate kit
according to the manufacturer’s protocol. The slices were counterstained with hematoxylin for 5 min at RT before
mounted. The expression of Ki67 was examined under an optical microscope.

Blood and Histological Analysis

Healthy female BALB/c mice were randomly divided into four groups (n = 3). Specifically, the PBS group, NP-control
group and NP-BUP group received intravenous injections of PBS, empty NPs and bupivacaine-loaded NPs (5 mg/kg
bupivacaine equivalent dose). The BUP group received a direct injection of 5 mg/kg bupivacaine around the second pair
of mammary fat pads. The mice were injected once a day for a total of 3 injections. Attention was paid to observe
whether the mice in BUP group and NP-BUP group exhibited convulsions or even cardiac arrest after injection.
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Subsequently, the mice were sacrificed at 24h post the final injection for blood analysis. The blood was collected for
blood assay. Simultaneously, the main organs were collected and prepared into paraffin embedded slices for hematoxylin-
eosin (H&E) analysis.

Statistical Analysis

Statistical analysis was performed using Prism 9 software (GraphPad Software, United States). For the comparison of
quantitative data, the normality and homogeneity of variance are first analyzed. When comparing the difference between
two groups, the Student’s z-test, unpaired #-test with Welch’s correction or the Mann—Whitney U-test can be used. For
multiple comparison, one-way analysis of variance (ANOVA), Welch’s ANOVA or Kruskal-Wallis test can be used. P <
0.05 was deemed to represent a statistically significant difference.

Results

Synthesis and Characterization of NP-BUP

To precisely manipulate the neural innervation in the TME, we firstly construct TME pH-responsive nanoparticles loaded
with bupivacaine, denoted as NP-BUP. This nano platform was prepared by nanoprecipitation method, and was
constructed by the acid-reliable copolymer Meo-PEG-Dlink,,-PLGA. The amide linkage connecting the PEG and
PLGA segments would be triggered to break by the characteristic tumor acidity.”” The amphiphilic Meo-PEG-Dlink,,,-
PLGA copolymers possess the innate ability to self-assemble into core-shell structured NPs within an aqueous environ-
ment. The hydrophilic PEG blocks spontaneously form the outer corona of the micelles, while the hydrophobic PLGA
blocks aggregate to create the inner core. Within this self-assembly process, the hydrophobic drug bupivacaine can be
effectively encapsulated within the NPs’ hydrophobic core. Figure 1 shows a schematic representation of NP-BUP. By
manipulating the feed composition to change the physicochemical properties of NPs (Table S1), NPs-2 were selected as
the nano platform for this study (ie, NP-BUP) due to their high loading capacity and appropriate particle size.>>*® DLS
analysis and TEM revealed that the NP-BUP exhibits a spherical morphology with an average diameter of approximately
100 nm (Figure 2A and B).

To determine the efficiency of these NPs in releasing their encapsulated payload in an acidic environment, the release
profile of NP-DiD were examined in different pH conditions. As shown in Figure 2C, NP-DiD exhibited a significantly
faster release rate at a TME-mimicking pH of 6.5 compared to physiological pH of 7.4. Specifically, within a 24-hour
period, only 30% of DiD was released at pH 7.4, while approximately 60% of DiD was released at pH 6.5.

To determine if the nanoplatform could utilize its TME pH-responsive properties to enhance the cellular uptake of its
payload, PC-12 cells were exposed to NP-DiD under pH conditions of 6.5 and 7.4. Figure 2D demonstrates that PC-12
cells incubated at pH 6.5 showed a higher level of fluorescence accumulation compared to those at pH 7.4, suggesting
that a greater amount of DiD was internalized under acidic conditions.

The results of flow cytometry analysis confirmed the trend observed, with PC-12 cells demonstrating a 2.4-fold
increase in NP-DiD uptake at pH 6.5 compared to pH 7.4, as depicted in Figure 2E and F. Collectively, these results
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Bupivacaine Meo-PEG-Dlink,-PLGA

Figure | Schematic illustration of the synthesis of TME pH-responsive NP-BUP.
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Figure 2 Characterization of NPs. (A and B) Size distribution (A) and TEM image (B) of NP-BUP in aqueous solution at pH 7.4 (C) Cumulative DiD release profile of NP-
DiD in PBS at pH 7.4 and 6.5, respectively, mean + SD; n = 3 (D) Confocal microscopy images of PC-12 cells incubated with NP-DiD at pH 7.4 and pH 6.5 for 4h,
respectively. Color coding is indicated at the top. Scale bar, 50 um. Boxes in the column (merge) are shown at a higher magnification in the latter column (scale bar, 10um)
(E and F) Representative Flow cytometry profile (E) and mean fluorescence intensity (MFl) (F) of PC-12 cells incubated with NP-DiD at pH 7.4 and pH 6.5 for 4h,

respectively. n = 5. Data are mean * SD, significant differences between treatments were calculated using One-way ANOVA followed by Tukey’s post-hoc test.
kP <0.0001.

suggest that the TME pH-responsiveness of the nanoparticles at pH 6.5 can significantly enhance the cellular inter-
nalization of the encapsulated payload.

Characterization of Neuronal Type in Breast Cancer

Just as each type of tumor has its unique genetic composition and abnormalities, the nervous system that innervates the
tumor region comprise different subtypes of nerves expressed at varying levels across different types of tumors.>” In the
TME, nerves may be part of the pre-existing normal neural innervation pattern of the organ or may be induced to grow

into the TME by cancer cells. To explore the predominant nerve types within breast tumor tissue, we established an
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Figure 3 Evaluation of neural type in orthotopic 4T| tumor. (A) Representative immunofluorescence images of tumor tissues for the adrenergic nerve marker Tyrosine
Hydroxylase (TH), cholinergic nerve marker vesicular acetylcholine transporter (VAChT) and sensory nerve marker calcitonin gene-related peptide (CGRP). Color coding is
indicated at the top. Scale bars, 100 um (B) the quantification of TH, CGRP and VAChT density of representative images. Data show mean * SD; significant differences were
calculated using One-way ANOVA followed by Tukey’s post-hoc test. **: P <0.01, **P <0.001, ****; P <0.0001.

orthotopic 4T1 tumor-bearing BALB/c mouse model. After 3 weeks of tumor growth, the tumors were collected and
subjected to immunofluorescence staining to delineate the neural distribution within the breast tumor tissue. Our results
demonstrated that adrenergic nerves, marked by tyrosine hydroxylase (TH), a rate-limiting enzyme for catecholamine
synthesis, had the highest density, which was significantly greater than that of cholinergic nerves (marked by vesicular
acetylcholine transporter, VAChT) and sensory nerves (marked by calcitonin gene-related peptide, CGRP) (Figure 3).

Noradrenaline Enhances the Migration of BMDMs Towards Tumor Supernatant
Neuronal signals are transmitted between neurons through the exchange of neurotransmitters at synapses, and they
communicate with non-neuronal cells by releasing neurotransmitters in a paracrine or endocrine manner.*® Given our
finding that noradrenergic neuronal type is the primary type of nerves in breast tumors, and based on literature reports
that macrophages express a rich array of adrenergic receptors,” we explored the impact of NE, the principal neuro-
transmitter of the noradrenergic neuron, on the recruitment of macrophages by tumor supernatant. We isolated BMDMs
and promoted their maturation. The purity of the macrophages was then assessed using flow cytometry. Our results
demonstrated that the BMDMs exhibited a high purity level, with over 95% of cells being F4/80-positive (Figure S1).
Migration assays of macrophages towards tumor supernatants with different additives revealed that the number of
BMDMSs migrating to the lower chamber was significantly higher in the group of 4T1 tumor supernatant containing NE
compared to the group of 4T1 tumor supernatant. In contrast, there was no significant change in the number of migrated
BMDMs in the group of 4T1 tumor supernatant containing the adrenergic receptor blocker ICI, or in the group of T1
tumor supernatant containing both NE and the adrenergic receptor blocker ICI (Figure 4A and D).

To evaluate the chemotactic effect of NE on BMDMs, 10 uM NE was added into the complete culture medium in the
lower chamber. There was no significant difference in the number of BMDMs migrating to the lower chamber between
the control group and the NE group (Figure 4B and E).

Next, to determine if NE could enhance the immune attractant ability of 4T1 cell supernatant by interacting with 4T1
cells, we preconditioned 4T1 cells with 10 uM of NE for 24 hours. Following this, the conditioned medium was replaced
with fresh medium, which was then collected after an additional 24 hours and added to the lower chamber for BMDM
migration assay. Concurrently, 4T1 cells in the control group were cultured in complete culture medium devoid of NE for
24 hours, followed by medium exchange and collection at the same time point as the NE-exposure group. However, no
significant difference was observed in BMDMs migration between the control and NE-exposure groups (Figure 4C and F).
These findings suggest that NE may enhance the recruitment of BMDMs by 4T1 cell supernatant.
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Figure 4 In vitro pro-migration effect of NE on BMDMs. (A) BMDMs migration assay using 4T | cell supernatant, 4T | cell supernatant containing norepinephrine (NE), 4T cells
supernatant containing ICl and 4T | cell supernatant containing NE and ICI. Scale bar, 200 pm. (B) BMDMs migration assay using complete culture media (the control group) and
complete culture media supplemented with 10M NE (the NE group). Scale bar, 200 pm. (C) BMDMs migration assay using the supernatant of 4T | cells (the control group) and the
supernatant of 4T | cells pre-treated with 10 uM NE (the NE-exposure group) for 24h. Scale bar, 200 um. (D) Quantitative analysis of the cell migration numbers in (A) (n = 5). Data
show mean + SD, significant differences between treatments were calculated using One-way ANOVA followed by Tukey’s post-hoc test. (E) Quantitative analysis of the cell
migration numbers in (B) (n = 5). (F) Quantitative analysis of the cell migration numbers in (C) (n = 5). NS, not significant, ***P<0.001, ***P<0.0001.

NP-BUP Inhibits the Release of Neurotransmitters From Noradrenergic Neurons

in vitro

The latest reports indicate that tumors can hijack neural signals from the central nervous system to promote tumor
progression.*” Inspired by this discovery, we explored the role of 4T1 cells in the release of NE by noradrenergic neurons
and the impact of NP-BUP on this process. PC-12 cells, were either cultured alone or co-cultured with 4T1 cells, and
treated with NP-control or 0.1 mg/mL bupivacaine equivalent dose of NP-BUP for 24 hours before assessing NE levels
in the cell supernatant. As shown in Figure 5A, the supernatant from 4T1 cells did not contain NE. Compared to the PC-
12 group, the NE content was significantly higher in the co-culture group of PC-12 cells with 4T1 cells, indicating that
4TI cells can promote the release of NE from PC-12 cells. Compared to the co-culture group of PC-12 cells and 4T1
cells, the addition of NP-BUP significantly reduced the concentration of NE in the supernatant, while the addition of NP-
control had no significant effect on the concentration of NE. This suggests that NP-BUP can effectively inhibit the
release of NE from PC-12 cells.

Recognizing that local anesthetics induce concentration-dependent toxicity on the nervous system,*' we sought to
determine if the decreased NE release in the PC-12+4T1+NP-BUP group was due to a reduced PC-12 cell population
during NP-BUP treatment. To this end, we evaluated the effect of NP-BUP on the proliferation of PC-12 cells. Our
findings indicate that free bupivacaine exerts a notably inhibitory effect on the growth of PC-12 cells, with a half
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Figure 5 Bupivacaine reduced the release of NE by inhibiting the elevation of intracellular Ca®* concentration in PC-12 cells. (A) ELISA assay of NE concentration in cell
supernatant, n = 6. Significant differences between treatments were calculated using Welch ANOVA followed by Dunnett’s T3 post hoc test. (B) Viability of PC-12 cells after
treated with free bupivacaine and NP-BUP, respectively. Significant differences between treatments were calculated using Student’s two-tailed, unpaired t test. (C) Schematic
of protocol used to assess intracellular Ca>* concentration. (D and E) Representative traces showing mean fluorescence intensity (MFI) variations of intracellular Ca%* probe
Fluo-4 treated by 4TI cell supernatant in the absence or presence of bupivacaine (D) and mean value of MFI relative to baseline at Os (E), n = 3. NS, not significant.
Significant differences between treatments were determined by RM-ANOVA, followed by Mixed-effects Models for post-hoc analysis. *: P<0.05, **: P<0.01, ****: P<0.0001.

maximal inhibitory concentration (ICso) of 0.315 mg/mL. Compared to the free bupivacaine group, the cell viability in
the NP-BUP group significantly increased within the concentration range of 0.1 mg/mL to 1.2 mg/mL (Figure 5B). The
ICs0 of NP-BUP for PC-BUP cells is 1.041 mg/mL, and the cell viability remains above 95% when treated with 0.1 mg/
mL bupivacaine-equivalent dose of NP-BUP. The addition of an equivalent amount of NP-control had no significant
impact on the cell viability of PC-12 cells. These results suggest that 0.1 mg/mL bupivacaine-equivalent dose of NP-BUP
does not significantly affect the proliferation of PC-12 cells. Therefore, the reduction in NE release observed in the
ELISA experiments within the PC-12+4T1+NP-BUP group is attributed to the inhibitory effect of NP-BUP on NE
release by PC-12 cells, rather than a decrease in the number of PC-12 cells.

To explore the mechanism by which NP-BUP inhibits the release of NE from PC-12 cells, we assessed the impact of
NP-BUP on intracellular Ca** concentrations in PC-12 cells, as literature has reported a close association between
intracellular Ca** and neurotransmitter release.*” Initially, PC-12 cells were loaded with a Ca®" fluorescence probe,
which indicates intracellular Ca®" concentration through mean fluorescence intensity (MFI). Flow cytometry was then
employed to establish the baseline MFI of intracellular Ca®* (Figure 5C). Upon the addition of 4T1 cell supernatant, there
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was a significant increase in the intracellular Ca** fluorescence intensity of PC-12 cells, peaking at 202 + 23%. This
intensity gradually returned to baseline levels (Figure 5D and E). However, pre-treatment with bupivacaine prior to the
addition of 4T1 cell supernatant attenuated the rise in fluorescence intensity, leading to a statistically significant decrease
in the peak value (202 + 23% vs 144 + 11%, P = 0.0062). Taken together, these results demonstrate that NP-BUP can
effectively suppress the release of neurotransmitters from adrenergic neurons by inhibiting the increase in intracellular

N . .
Ca®" concentration within the neurons.

Pharmacokinetics and in vivo Tumor-Targeting Ability of NPs
Prior to evaluating the in vivo effects of NP-BUP, we first assessed its circulation stability and its capacity to deliver
payloads to tumors. As depicted in Figure 6B, free DiD was rapidly cleared from the bloodstream after injection, with
only about 8% of DiD remaining detectable at 30 minutes post-injection. In contrast, NP-DiD exhibited significantly
prolonged blood circulation, with approximately 10% of NP-DiD still detectable in the blood 24 hours after injection.
To exam whether this nanoplatform could efficiently delivery payloads into tumor tissues, the fluorescent dye DiD
was encapsulated within nanoparticles as a tracer and administered intravenously to 4T1 tumor-bearing mice. Tumors
and major organs were harvested 24 hours post-injection. As shown in Figure 6A, NP-DiD exhibited significantly
enhanced accumulation in tumor tissues when compared to the free DiD group. Analysis of the fluorescence intensity in
tumor tissues and collected organs revealed that the NP-DiD group had nearly four times the tumor accumulation
compared to the free DiD group, which primarily accumulated in the liver and spleen rather than in tumor tissue
(Figure 6C and D). These results indicate that this nanoplatform has good circulation stability and satisfactory in vivo
targeting capability towards breast tumors.
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Figure 6 Pharmacokinetics and biodistribution of NPs. (A) Overlaid fluorescence images of 4T | orthotopic tumor-bearing mice at 24h post inject of free DiD or NP-DiD.
Tumors were indicated by ellipses. (B) The circulation time of free DiD and NP-DiD after intravenous injection to mice via tail vein. Mean * SD, n = 3. (C and D)
Biodistribution of DiD and NP-DiD in the tumors and major organs of 4T| orthotopic tumor-bearing mice sacrificed at 24h post intravenous injection (C) and the
qualification of fluorescence signal per gram organ in major organs and 4T| orthotopic tumors (D). Mean % SD, n = 3, significant differences between treatments were
calculated using Student’s two-tailed, unpaired t test. *P < 0.05, **P < 0.01 compared with free DiD group.
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In vivo Suppressive Effect of NP-BUP on Noradrenergic Nerves and Macrophage

Infiltration

We have demonstrated in vitro that NP-BUP can inhibit the release of NE, a neurotransmitter that promotes macrophage
migration, from noradrenergic neurons. Subsequently, we further validated the impact of NP-BUP on NE levels in tumor
tissues using in vivo experiments. 4T1 xenograft tumor model was employed, and when tumor volumes reached
100 mm®, mice in each group received the corresponding treatments four times, and tumors were collected from all
groups 10 days after the final treatment. According to ELISA assays, the NE content in tumors from the NP-BUP group
was significantly reduced compared to the PBS group (P<0.001). The NE content in the NP-control group did not
significantly differ from the PBS group. Although there was a trend towards decreased NE levels in the BUP group, the
difference was not statistically significant compared to the PBS group. This suggests that NP-BUP is capable of
inhibiting the release of NE from noradrenergic neurons within the tumor tissues.

For macrophage population analysis, viable tumor tissue samples of 0.25 g from each mouse were harvested,
digested, and analyzed using flow cytometry. Cells positive for CD45, CD11b, and F4/80 were defined as tumor-
associated macrophages (TAMs). Compared to the PBS group, the proportion of TAMs within CD45" cells significantly
decreased in the NP-BUP group, while no significant changes were observed in the NP-control and BUP groups
(Figure 7). Fluorescence staining analysis of tumor sections also supported the inhibitory effect of NP-BUP on
macrophage infiltration. As shown in Figure 7, there was a noticeable reduction in F4/80-positive (red fluorescence)
cells in the NP-BUP group. These findings indicate that NP-BUP is effective in diminishing the infiltration of TAMs

within tumor tissues.

In vivo Antitumor Effect of NP-BUP

We ultimately assessed whether the inhibitory effects of NP-BUP on noradrenergic nerves and macrophage infiltration
could translate into in vivo antitumor efficacy. As shown in Figure 8, after administering NP-BUP to 4T1 tumor-bearing
mice (at a bupivacaine equivalent dosage of 5 mg/kg body weight per mouse), the growth of 4T1 tumors was
significantly suppressed. Sixteen days later, the tumors volume in the PBS, BUP, and NP-control groups had grown
nearly tenfold, whereas the tumors in the NP-BUP group only tripled in size. Similarly, the weight of tumors in the NP-
BUP group was reduced by approximately 70%. Compared to the PBS group, the percentage of Ki67-positive cells in the
NP-BUP group was also markedly decreased by about 60%. These results indicate that NP-BUP treatment exhibited
good antitumor effects.

Throughout the treatment period, there was no significant loss in body weight among the 4T1 tumor-bearing mice,
suggesting minimal toxicity. H&E staining revealed no damage to major organs (Figure S2), and serum biochemical tests
confirmed normal liver and kidney function following NP-BUP treatment (Figure S3). These findings indicate the good
biocompatibility of NP-BUP.

Discussions

Neurons within the TME play a significant role in tumor growth and dissemination.**** Efforts to develop innovative
anticancer therapies from a neural dimension are actively being pursued.*® However, current clinical approaches for
modulating nervous system in malignancy, such as surgical resection or pharmacological intervention, either result in
pain and tissue trauma or induce central nervous or respiratory side effects.*’ In this scenario, we encapsulate
bupivacaine, a commonly used local anesthetic, into intelligent nanoparticles that are TME pH-responsive, aiming to
specifically inhibit neurons within the TME.

Intelligent nanoparticles are a class of nanocarriers capable of altering their physical or chemical properties in
response to specific environmental stimuli, such as changes in pH or redox conditions.*® The use of pH-responsive NPs
for bupivacaine delivery is advantageous in the acidic TME (pH ~6.5-7.0), where triggered drug release enhances local
specificity while minimizing systemic exposure. Existing studies demonstrate that pH-responsive NPs improve payload
retention in physiological but achieve targeted release drugs in acidic tumor tissues, thereby outperforming non-
responsive NPs that rely solely on passive targeting.**>° In our study, we utilized pH-responsive NPs featuring acid-
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Figure 7 NP-BUP reduced the release of NE and suppressed the infiltration of TAMs in the TME of orthotopic 4T | tumors. (A) Representative flow cytometry plots of
TAMs in 4T tumors of mice treated with PBS, NP-control, BUP and NP-BUP respectively. The percentages in the graph represent the proportion of TAMs (defined as cells
double-positive for F4/80 and CDI Ib) within the CD45-positive viable cell population. (B) Representative immunofluorescence images of macrophage (F4/80 staining)
infiltration in 4T | tumors treated with PBS, NP-control, BUP and NP-BUP. (C) Quantification of the ratio of TAMs to CD-45-positive vital cells in each group (n = 3).
Significant differences between treatments were calculated using One-way ANOVA followed by Tukey's post-hoc test. (D) The NE contend in each group detected by ELISA
assay (n=6). NS, not significant. Significant differences between treatments were calculated using Welch ANOVA followed by Dunnett’s T3 post hoc test. ***P < 0.001,
*EP < 0.0001.

degradable amide bonds. Upon exposure to the TME, the characteristic acidic milieu of tumors triggers the cleavage of
these amide bonds, leading to the shedding of the surface PEG corona. This process promotes the uptake of drug-loaded
nanoparticles by neuronal cells and facilitates site-specific targeted delivery of local anesthetics. Our data demonstrate
that the uptake of nanoparticles by neuronal cells in an acidic environment (pH 6.5) is 2.4 times higher than in a normal
physiological environment (pH 7.4). In vivo biodistribution study also demonstrate that the nanoparticles primarily
accumulate and release at the tumor site. This is largely attributed to the enhanced permeability and retention (EPR)
effect and the acid-triggered release. The bupivacaine nanoparticles we synthesized exhibit excellent TME-targeting
capacity and pH responsiveness.

Neurons influence tumor growth by a complex and multifaceted method.®' Given that immune cells express
adrenergic receptors on their surfaces, the impact of noradrenergic neurons on immune cells within the TME has become

a hot topic in the field of tumor neurology.”** Recent research has revealed that sympathetic nerves can suppress the
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Figure 8 In vivo anti-tumor effect of NP-BUP. (A) Schematic illustration of 4T | orthotopic tumor-bearing mice treated with PBS, NP-control, BUP and NP-BUP. (B-E)
Photograph of collected tumors (B) tumor size (C) tumor weight (D) and the body weight (E) of 4T | orthotopic tumor-bearing mice after treatment in each group. Mean * SD,
n = 6. (F and G) Kié7 staining (G) and quantification of proliferation (Ki67) (F) of 4T | orthotopic tumor tissues after systemic treatment in each group. Mean * SD, n =5. NS, not
significant. Significant differences between treatments were calculated using One-way ANOVA followed by Tukey’s post-hoc test. *P < 0.05, **P < 0.01, ****P < 0.0001.

secretion of cytotoxic factors TNF-a and IFN-y from CD8" T cells in humans and rodents via adrenergic receptors on
CDS8" cells.*** After immunofluorescence staining identified noradrenergic nerves as the primary neural types in the
breast TME, we demonstrated in vitro that neurotransmitters from noradrenergic neurons promote the migration of
macrophages towards tumor supernatants. The research by Kim et al further clarifies that adrenergic signaling can modify
the actin structure of macrophages, transitioning from linear, unbranched filaments to branched ones, thereby enhancing
the migratory function of these cells.’® Our findings are consistent with prior work in breast cancer, which has shown that
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sympathetic activation induces TAMs polarization toward an M2 phenotype and promotes macrophage accumulation in
pre-metastatic lungs.>*=”>® Our strategy of blocking sympathetic neurotransmission to suppress macrophage infiltration
is in line with these mechanisms.

Building on these findings, our work introduces a novel nano-enabled approach to locally reduce noradrenergic
neurotransmitter levels, thereby decreasing macrophage infiltration in the TME and inhibiting tumor growth. The
mechanism behind this phenomenon is primarily because TAMs play an important supportive role in tumor growth,
which can promote tumor growth through various mechanisms such as stimulating tumor angiogenesis, promoting
immune suppression, and participating in metabolic reprogramming.’”° Therefore, when the infiltration of TAMs is
reduced, tumor growth is markedly limited. This distinct mechanistic focus represents a key difference between our study
and the work by Kaduri et al.'® While both studies explore neural signaling in the TME, our research specifically
investigates the crosstalk between neural and immune components within the TME and its impact on tumor progression.
In contrast, Kaduri et al primarily focused on neuron-cancer cell interactions, without addressing the role of TAMs or the
detailed mechanisms involving NE-mediated macrophage recruitment. Our work provides novel insights into immune-
centric pathways of neural regulation in the TME. Furthermore, chemotherapy is a cornerstone of breast cancer
treatment; however, the development of drug resistance and chemoresistance poses significant challenges. Recent studies
have shown that chemotherapy can exacerbate sympathetic nerve infiltration into tumors, and these noradrenergic nerves
are associated with chemoresistance.>’®' These findings provide a theoretical basis for inhibiting sympathetic nerve
signaling to augment chemotherapy efficacy. Our study, which investigates the use of local anesthetic nanoparticles to
reduce sympathetic signaling in breast tumors, aligns with this concept, suggesting that they may become a tool in the
field of breast cancer treatment.

This study has several limitations that warrant further exploration. Firstly, the research is primarily focused on triple-
negative breast cancer, which may limit the generalizability of the findings to other types of tumors. Secondly, while the
study has concentrated on the effects of noradrenergic neurotransmitters on the quantity of TAMs in the TME, the impact
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Figure 9 Schematic illustration of TME pH-responsive naoparticle NP-BUP for the targeted blockade of nerves in TME, reduction of TAMs infiltration and ultimately the
suppression of tumor progression. Following intravenous injection, NP-BUP can extravasate from the leaky tumor vasculature and accumulate in the TME. Due to its TME
pH-triggered release properties, the encapsulated bupivacaine within NP-BUP is released to efficiently suppress sympathetic nerves in the TME. This inhibition of nerve
activity reduces the release of the neurotransmitter norepinephrine (NE), thereby decreasing TAMs infiltration and leading to significant inhibition of breast tumor growth.
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on their functionality remains unassessed, and this requires further investigation in future studies. Thirdly, while our
current study employed NP-DiD to preliminarily explore the biodistribution of NPs, the in vivo pharmacokinetic
profiling of free BUP (released from BUP-NPs) across tumor versus normal tissues remains to be empirically quantified
in future studies, which could further confirm the spatial specificity of our NP design.

In summary, we have constructed a pH-responsive nanoparticle, NP-BUP, loaded with bupivacaine. Our experimental
results demonstrate that this nanoparticle exhibits good pH responsiveness, tumor targeting, and biocompatibility. When
applied to 4T1 tumor-bearing mice, NP-BUP significantly reduced the concentration of noradrenergic neurotransmitters
in tumor tissues, leading to a decrease in the infiltration of TAMs and ultimately inhibiting tumor growth.

Conclusion

In summary, this study reported the construction of pH-responsive nanoparticle capable of delivering bupivacaine into
tumor tissues to specifically modulate noradrenergic signaling within the TME. Our findings demonstrated that targeted
depletion of the neurotransmitter NE in TME could significantly reduce macrophage infiltration and ultimately success-
fully suppress tumor growth (Figure 9).
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