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Background: Nanomedicine presents a promising alternative for cancer treatment owing to its outstanding features. However, the
therapeutic outcome is still severely compromised by low tumor targeting, loading efficiency, and non-specific drug release.
Methods: Light-assisted “nano-neutrophils (NMPC-NPs)”, featuring high drug loading, self-amplified tumor targeting, and light-
triggered specific drug release, were developed. NMPC-NPs were composed of neutrophil membrane-camouflaged PLGA nanopar-
ticles (NPs) loaded with a hypoxia-responsive, quinone-modified PTX dimeric prodrug (hQ-PTX;) and photosensitizer (Ce6).
Results: hQ-PTX, significantly enhanced the drug loading of NPs by preventing intermolecular n—r interactions, and neutrophil
membrane coating imparted the biological characteristics of neutrophils to NMPC-NPs, thus improving the stability and inflammation-
targeting ability of NMPC-NPs. Under light irradiation, extensive NMPC-NPs were recruited to tumor sites based on photodynamic
therapy (PDT)-amplified intratumoral inflammatory signals for targeted drug delivery to inflammatory tumors. Besides, PDT could
effectively eliminate tumor cells via reactive oxygen species (ROS) generation, while the PDT-aggravated hypoxic environment
accelerated hQ-PTX, degradation to realize the specific release of PTX, thus synergistically combining chemotherapy and PDT to
suppress tumor growth and metastasis with minimal adverse effects.

Conclusion: This nanoplatform provides a prospective and effective avenue toward enhanced tumor-targeted delivery and synergistic
cancer therapy.
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Introduction

Breast cancer is the most common malignant tumor in women worldwide, where systemic metastasis, such as bone or
lung metastasis, is the main cause of mortality."* Although chemotherapy and surgical resection have advanced in cancer
treatment, side effects and unsatisfactory therapeutic efficacy still remain in clinical settings.>* In recent years,
nanomedicine has emerged as a promising alternative for cancer theranostics based on its remarkable characteristics,
including safety, controlled drug release, and targeted drug delivery.® Nanomedicine can provide targeted delivery of
drugs to tumors through the enhanced permeability and retention (EPR) effect and ligand-mediated active targeting.’
However, the outcomes are far from satisfactory due to tumor heterogeneity, complex physiological microenvironment,
and limited differences in receptors between tumor and normal cells. The ability to broadcast precise signals in biological
systems provides new opportunities for effective drug delivery.®* Chronic inflammation serves as a persistent signal in
tumors that provokes an immune response for the recruitment of immune cells to the tumor site.'®'" Among the recruited
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immune cells, neutrophils (NEs) are the first leukocytes to be recruited to the inflammatory tumor sites,
be used as natural carriers for targeted delivery of cargo to tumor sites.'> However, as terminal-differentiated cells, the
short lifespan of neutrophils makes them difficult to culture in vitro, thus limiting the direct application of neutrophils as

drug delivery vehicles.'® ' Extensive evidences have revealed that the majority of cells demonstrate targeting ability
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derived from their cell membrane, which provides an alternative strategy for targeted drug delivery via cell

membrane-coated biomimetic carriers.”>** Consequently, biomimetic drug delivery systems with neutrophil membrane
coating are available for targeted drug delivery to inflammatory tumor sites.** >’

Improving drug loading of nanoparticles (NPs) and controlling specific drug release in tumor cells are critical issues
that need to be addressed for nanomedicine to achieve efficient antitumor treatment.”®*° Chemo-drugs, especially
hydrophobic anticancer drugs, prefer to aggregate and precipitate during encapsulation owing to n—r interactions between

drugs,’’

so that the majority of NPs suffer from low drug loading (< 10%) and premature drug leakage during
circulation.”® Numerous studies have evidenced that prodrugs, particularly dimeric prodrugs, can substantially elevate
the drug loading of NPs, since the linker in prodrugs has the ability to attenuate strong intermolecular drug interactions.>

H’36,37 and

In addition, dimeric prodrugs responsive to internal stimuli (ie, hypoxia,®* reactive oxygen species (ROS),** p
glutathione (GSH))*® have been exploited to modulate the specific release of drugs at tumor sites, thus potentiating safety
and antitumor efficacy.>® Especially, severe intratumoral hypoxic environment is the consequence of insufficient oxygen
supply by abnormal vessels and massive oxygen consumption in tumor cells. Based on these key features of tumors,
extensive hypoxia-responsive bonds have been studied, such as quinone,** azobenzene*' and 2-nitroimidazole.*?
However, heterogeneous and inadequate hypoxic environments are often prevalent in the vascular periphery and early
tumor stage, thus failing to effectively trigger hypoxia-responsive bonds for drug release.*

Photodynamic therapy (PDT) has gained substantial interest in the field of anticancer treatment,** because it features
minimal invasiveness, high spatiotemporal selectivity, and enables efficient killing of tumor cells by light irradiation of
photosensitizers to generate reactive oxygen species (ROS).*>*¢ In addition to causing tumor cell death, PDT-generated

ROS can provoke acute inflammation in tumors,*’*

which dramatically enhances the targeted inflammatory signal for
recruitment of more neutrophil membrane-camouflaged NPs to inflammatory tumor sites, thereby achieving targeted
tumor delivery of the drug.’>>' On the other hand, a serious hypoxic environment is formed during PDT as a result of the
conversion of oxygen to ROS.>* As such, a PDT-aggravated hypoxic environment can be applied to accelerate the
specific release of drugs from hypoxia-responsive prodrug systems, thus boosting anticancer efficacy while reducing
toxicity to normal tissues.>

Herein, we constructed light-assisted, neutrophil membrane-camouflaged poly (lactic-co-glycolic acid) (PLGA)
“nano-neutrophils” that exhibited high drug loading, light-facilitated drug release, and self-amplified tumor accumulation
for the targeted treatment of cancer and metastasis (Scheme 1). A hypoxia-responsive, quinone-modified paclitaxel
(PTX) dimeric prodrug (hQ-PTX,) was synthesized and further mixed with a photosensitizer (chlorin €6, Ce6). Followed
by PLGA NPs encapsulation, where the hypoxia-responsive linker in hQ-PTX, could effectively attenuate strong
intermolecular n—mn interactions between PTX, thus enabling high drug loading of PLGA NPs (16.9%). Subsequently,
the neutrophil membrane was coated on the surface of PLGA NPs to form NMPC-NPs, which endowed NPs with the
biological characteristics of neutrophils, such as stability and inflammation-targeting ability. Interestingly, PDT could be
utilized to amplify inflammatory signals in tumors to recruit more NMPC-NPs, yielding a superior targeted delivery of
drugs to inflammatory tumor sites. Moreover, PDT not only eradicated tumor cells via ROS generation, but also PDT-
aggravated hypoxic environment-induced hQ-PTX, degradation to accelerate the specific release of PTX, thus achieving
synergistic chemo-photodynamic therapy to attenuate tumor growth and metastasis. This study provides a promising

approach for tumor-targeted drug delivery and synergistic cancer therapy.

Materials and Methods

Materials, Cells and Animals

Chemicals were purchased from J&K (Beijing, China). Poly (D, L-lactide-co-glycolide) (PLGA, 50:50, Mw = 5000—15,000 Da)
was purchased from Dalian Meilun Biotechnology Co. LTD (Dalian, China). Histopaque-1077 was purchased from Sigma-
Aldrich (St Louis, MO, USA). Coumarin-6 and sodium cholate were purchased from Aladdin (Shanghai, China). MTT, BCA kit
and TUNEL apoptosis assay kit were purchased from Beyotime®™ Biotechnology (Shanghai, China). Anti-CXCR4 and anti-
Integrin beta 1 were purchased from Abcam (Cambridge Science Park, UK). Anti ATP1A1 was purchased from BOSTER
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Scheme | Schematic illustration demonstrating the preparation of “nano-neutrophils” (NMPC-NPs) from neutrophil membrane and their synergistic therapeutic efficacy
based on their high drug loading (I), PDT-amplified tumor targeting (Il) and -accelerated specific release of PTX (lll).

(Wuhan, China). PTX was purchased from Macklin (Shanghai, China). All solvents were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China).

4T1 (mouse mammary carcinoma) and RAW 264.7 cells were obtained from ATCC (Rockville, MD) and cultured in
RPMI-1640 medium containing 10% fetal bovine serum (FBS). Female BALB/c mice (6—8 weeks) were purchased from
Animal experimental center of Huaxing (Zhengzhou, China) and housed in clean room. All animal studies were approved
by the Institutional Animal Care and Use Committee, Henan Agricultural University.

Characterization and Degradation of hQ-PTX,

The synthesis of hQ-PTX, were shown in the Supporting Information (Scheme S1). The hQ-PTX, was dissolved in
a mixed solution (acetonitrile/PBS, v/v = 1/1) containing 10 mM Na,S,0,. Following incubation at different times and
centrifugation (10,000 rpm, 5 min), the supernatant was collected and diluted with acetonitrile before high-performance
liquid chromatography (HPLC) or liquid chromatography-mass spectrometry (LC-MS) analysis.
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Preparation and Characterization of NMPC-NPs
A mixture of PLGA (10 mg), hQ-PTX; (0.3 mg), and Ce6 (0.2 mg) was dissolved in DCM (2 mL) and mixed with 1% sodium
cholate solution (4 mL). After sonication for 2 min, the obtained emulsion was added to a 0.5% sodium cholate solution
(10 mL) and stirred for 4 h to evaporate DCM. Finally, the hQ-PTX,- and Ce6- co-loaded PLGA nanoparticles (PC-NPs) were
collected by centrifugation (14,500 g, 50 min) and re-suspended in DI water for further use. The hQ-PTX, loaded PLGA NPs
(P-NPs), Ce6 loaded PLGA NPs (C-NPs), Cou6 loaded PLGA NPs (Cou6-NPs) were formulated using similar methods.
Alternatively, 1 mL of the neutrophil membrane solution (1 mg/mL) in water was mixed with PC-NPs (1 mg/mL, 1mL), and
further extruded using Avanti polar lipids to obtain neutrophil membrane coated NPs (NMPC-NPs) (Table S1). C-NPs, NMC-
NPs, PC-NPs, and NMPC-NPs were irradiated at 660 nm (2 or 10 mW/cm?) for 30 min in both the in vitro and in vivo assays.
The particle size, zeta potential, and morphology of the NPs were determined using dynamic light scattering
instrument (DLS) and transmission electron microscopy (TEM) measurement, respectively. To assess the stability of
the NPs, PC-NPs and NMPC-NPs were incubated with PBS or 1640 containing 10% FBS at RT before measurement of
particle size at different time points. To assess drug-loading content (DLC) and drug-loading efficiency (DLE), NMPC-
NPs (100 pL) were diluted with acetonitrile (1.9 mL) and incubated overnight. The DLC and DLE of hQ-PTX, were
determined by HPLC using an acetonitrile/water mixture as the mobile phase (0.1 mL/min, Aabs = 254 nm; Figure S1).

PDT-Facilitated PTX Release in vitro and in vivo

4T1 cells were seeded in 24-well plates (1 x 10> cells/well) and incubated for 24 h. Cells were treated with NMPC-NPs
(60 pg PTX/mL) for 24 h, irradiated, and then continued to incubate for 2, 4 and 6 h, respectively. 200 puL of RIPA buffer
was added, and the protein content in the lysate was quantified by BCA kit. The lysate was diluted with mixture solution
(methanol/DCM = 1/1, v/v) overnight, centrifuged (10,000 rpm, 4 °C) for 30 min, and the PTX content in the supernatant
was examined by HPLC analysis (Aabs = 254 nm).

To further quantify in vivo PTX release under light irradiation, 4T1 tumor-bearing mice were intratumorally
administered NMPC-NPs (10 mg PTX/kg) and irradiated at 1 h post-injection. At 3, 6, and 9 h post-irradiation, the
tumors were collected, washed with PBS, weighed, and homogenized in RIPA lysis buffer. The lysate was subjected to
the same treatment as described above to determine PTX content using HPLC analysis.

Detection of PDT-Induced Inflammatory Level in vitro

To evaluate PDT-induced inflammatory levels, 4T1 and RAW 264.7, cells were seeded into 24-well plates (1 x 10° cells/
well) and cultured overnight, respectively. 4T1 cells were co-incubated with NMC-NPs (20 pg Ce6/mL) for 12 h and
then irradiated. At 12 h post-irradiation, the supernatant of 4T1 cells was added to the medium of RAW 264.7 cells, and
further cultured overnight. The mixed supernatant was collected and used to determine IL-6 and TNF-a levels using
ELISA kits. The supernatant of RAW 264.7 cells without NPs treatment served as the control.

Cellular Uptake

To further evaluate cellular uptake under PDT-induced inflammatory conditions, RAW 264.7, cells were treated as
described above and the inflammatory supernatant was added to 4T1 cells. Following incubation with NMC-NPs (20 pg
Ce6/mL) for 4 h, cells were washed with PBS, fixed with 4% paraformaldehyde, and stained with DAPI before CLSM
observation. NP-treated cells were collected and analyzed by flow cytometry. Alternatively, after treatment with NPs for
different time, 4T1 cells were lysed at RT for 15 min. The content of Ce6 and protein in the mixture was measured by
spectrophotometry (A.x = 466 nm, A., = 504 nm) and BCA Kkit, respectively.

In vitro Anticancer Efficacy

To evaluate the anticancer efficacy of NPs, 4T1 cells were cultured in 96-well plates at a density of 2x10* cells/well and
incubated overnight. After incubation with NMC-NPs, NMP-NPs, PC-NPs, and NMPC-NPs for 24 h, cells were
irradiated and incubated for another 48 h following viability assessment by MTT assay.
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To verify the antitumor effect of NPs in a hypoxic environment, 4T1 cells seeded in 96-well plates following the
above method were pretreated with CoCl, (100 uM) for 12 h, and then incubated with NMP-NPs for 72 h before viability
assessment via MTT assay. To further evaluate the antitumor effect of NPs under PDT-induced hypoxic conditions, 4T1
cells in 96-well plates were pretreated with vitamin C (VC, 200 uM) for 12 h, incubated with NMPC-NPs for 24 h,
irradiated, and further incubated for 48 h to assess cell viability by MTT assay.

To detect apoptosis of tumor cells, 4T1 cells were plated into 24-well plates at 1x10° cells/well and incubated for 24
h. Various NPs were added at a PTX concentration of 3.8 pg/mL and incubated with cells for 24 h. Following irradiation,
cells were further incubated for 24 h, stained with the Annexin V-FITC/Propidium Iodide (PI) Apoptosis Detection Kit,
and analyzed by flow cytometry. On the other hand, cells subjected to the same treatment as described above were stained
with calcein-AM (1.5 uM) and PI (5 uM) for observation of dead/live cells by fluorescence microscopy.

In vivo PDT-Amplified Tumor Targeting

Mice bearing subcutaneous 4T1 tumor (~ 200 mm?) were randomized (n = 3), i.v. injected with free Ce6, C-NPs, and
NMC-NPs (5 mg Ce6/kg), and irradiated tumor sites at 8 h post-injection. 96 h after the first dose, the second dose was
administered to each group of mice. Fluorescence imaging was performed using in vivo imaging system at various time-
points. At 104 h post-injection, mice were sacrificed, tumors and major organs were collected for ex vivo imaging and
quantitative analysis. To evaluate PDT-amplified inflammation, tumors in mice were collected and the cytokine levels of
TNF-a and IL-6 were measured using an ELISA kit. All animal studies were approved by the Institutional Animal Care
and Use Committee of Henan Agricultural University and performed in accordance with the Guidelines on Laboratory
Animal Welfare issued by the Ministry of Science and Technology of the People’s Republic of China.

Anticancer Efficacy in vivo

Mice bearing subcutaneous 4T1 tumor (~50 mm?) were randomly grouped (n = 8) and i.v. administered PBS, free PTX, NMC-
NPs, NMP-NPs, PC-NPs, and NMPC-NPs (12.5 mg PTX/kg, 5 mg Ce6/kg) onday 1, 5, 9 and 13. Eight hours after dosing, the
tumors in the NMC-NPs-, PC-NPs-, and NMPC-NP-treated mice were irradiated. Body weight and tumor volume were
monitored every two days. Tumor volume was calculated as 0.5 x length x (width)”. The major tissues (heart, liver, spleen,
lung, and kidney) and tumors were collected from one mouse in each group on day 26, fixed, embedded, sectioned, stained
with H&E and TUNEL, and observed by microscopy and fluorescence microscopy, respectively. When the tumor volume was
> 1000 mm” or the mice died during the treatment period, they were identified as dead. To evaluate the in vivo safety, blood
was collected at two days post the last injection, and the serum alanine aminotransferase (ALT), alanine aminotransferase
(AST), glutamine aminotransferase (Cr) and urea nitrogen (BUN) level were measured via the ALT, AST, Cr detection kit
(Yuanye, China) and BUN detection kit (Solarbio, China), respectively.

Anti-Metastasis Efficacy in vivo

Mice bearing orthotopic GFP/luc-4T1 tumor were randomized (n = 8) and i.v. injected with PBS, free PTX, NMC-NPs,
NMP-NPs, PC-NPs, or NMPC-NPs (12.5 mg PTX/kg, 5 mg Ce6/kg) on day 14, 18, 22, 26, where NMC-NPs, PC-NPs
and NMPC-NPs treated mice were irradiated at tumor sites at 8 h post-injection. To monitor tumor metastasis,
d-fluorescein sodium salt (150 mg/kg) was injected intraperitoneally prior to bioluminescence imaging using an
in vivo imaging system on day 13, 20, 27, and 34. The mice were sacrificed on day 36, and blood was collected. The
circulating tumor cells (CTCs) in the blood were isolated using Histopaque-1077 and cultured in 24-well plates for 6
h before fluorescence microscopy observation. Besides, the lungs were collected and photographed, and the lung sections
were stained with hematoxylin and eosin (H&E) following the above method before observation under a microscope.

Results and Discussion
Synthesis and Degradation of hQ-PTX,

Paclitaxel (PTX) is a common hydrophobic chemotherapeutic drug with excellent antitumor efficacy in breast and
ovarian cancers.”® However, drug aggregation/precipitation during the formulation would compromise drug loading.
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Therefore, a hypoxia-responsive dimeric prodrug, hQ-PTX, was designed (Scheme S1), in which the rotatable linker
could weaken PTX-PTX interactions, thus improving the drug-loading capacity of NPs. To evaluate the hypoxia-
responsive properties of hQ-PTX,, the hQ-PTX, degradation under Na,S,0, treatment was determined by HPLC
analysis. After incubation with hQ-PTX, for various times under Na,S,0, treatment, the peak of hQ-PTX, (13.5 min)
gradually decreased and disappeared, whereas a new peak ascribed to PTX (9.6 min) increased (Figure 1A and B),
suggesting that quinone reduction caused by hypoxia contributed to the degradation of hQ-PTX,. Similar results were
obtained using LC-MS analysis (Figure 1C). In addition, PTX release was significantly potentiated by Na,S,0, treatment
compared with that in the absence of Na,S,0, treatment, affording a cumulative release of 90.5% within 48
h (Figure 1D). These results collectively indicated that hypoxia-triggered hQ-PTX, degradation could effectively
facilitate PTX release.

Preparation and Characterization of NMPC-NPs

Following the methods previously reported,”® hQ-PTX,- and Ce6- co-loaded PLGA NPs (PC-NPs) adopting the particle
size of 155 nm and the zeta potential of —9.6 mV were formulated following previously reported methods (Figure 2A).
Excitingly, the drug loading content (DLC) and drug loading efficiency (DLE) of hQ-PTX, were 16.9% and 77.5%,
respectively, indicating the high drug loading ability of PC-NPs. Additionally, the DLC and DLE of Ce6 were 6.9% and
66.7%, respectively. Subsequently, the cell membranes of neutrophils derived from mouse blood were decorated on the
surface of the PC-NPs, thus forming NMPC-NPs. The abbreviations of the different NPs were listed in Table S1, where
C-NPs, PC-NPs, NMC-NPs, and NMPC-NPs were illuminated at 660 nm (2 or 10 mW/cm?) for 30 min in all in vitro and
in vivo studies unless otherwise specified. When the neutrophil membrane (NM)/PC-NPs weight ratio was > 1/1,
constant expression of membrane proteins was demonstrated in NMPC-NPs, suggesting a saturated coating of NM on
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Figure | Hypoxia-induced hQ-PTX, degradation and PTX release. (A) Degradation mechanism of hQ-PTX,. HPLC (B) and LC-MS (C) analysis of hQ-PTX, degradation
upon incubation with Na;S;04 (10 mM). (D) The PTX release profiles of hQ-PTX; with or without Na,S,04 (n = 3).
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Figure 2 NPs Characterization and PDT-elicited PTX release in vitro and in vivo. (A) Particle size and zeta potential of PC-NPs and NMPC-NPs (n = 3). (B) Representative
TEM image of NMPC-NPs. (C) SDS-PAGE image of NEs, NM, NM-NPs. (D) Western blot analysis demonstrating the characteristic protein band of NEs, NM and NM-NPs.
(E) The PTX level in cells after incubation with NMPC-NPs for 4 h. Cells were further irradiated and incubated for different times before HPLC analysis (n = 3). (F)
Immunofluorescence staining images of tumor sections. Tumors were intratumorally injected with NMPC-NPs, irradiated at | h post-injection, and stained with
pimonidazole. (G) The PTX level in 4T | tumors at 3 h, 6 h, and 9 h post-irradiation. Tumors were treated with NMPC-NPs as described in (F) (n = 3). Data expressed
as means + SD. *p < 0.01.

PC-NPs (Figure S2). Therefore, an optimized NM/PC-NP weight ratio of 1 was used in all studies, unless otherwise
specified. The particle size of NMPC-NPs (165 nm) was slightly larger than that of PC-NPs, yet the zeta potential of
NMPC-NPs (=12.6 mV) was similar to that of NM (—13.4 mV), implying that NM was successfully coated on the surface
of PC-NPs (Figure 2A). Transmission electron microscopy (TEM) images further showed that the NM-NPs possessed
a spherical morphology with a core-shell structure and a particle size of 155 nm, which was consistent with dynamic light
scatter meter (DLS) results (Figure 2B). In addition, the particle size was constant when NMPC-NPs were stored in PBS
or FBS for up to 15 days, indicating the excellent stability of NMPC-NPs (Figure S3).

To confirm that membrane proteins were still present on the NM-NPs, SDS-PAGE and Western blotting were
performed to evaluate the protein expression in various groups. As shown in Figure 2C and D, NM-NPs had the same
protein track and representative membrane proteins (ie, fl-integrin and CXCR4) as NEs and NM. The above results
revealed that the neutrophil membrane was successfully coated on the NPs, thereby rendering NPs with the biological
ability of neutrophils to target inflammatory tumor sites.

PDT-Elicited Hypoxia Facilitated PTX Release in vitro and in vivo
Intracellular ROS generation and hypoxia exacerbation induced by PDT were determined by ROS/hypoxia detection kits.
As demonstrated in Figures S4 and S5, NMPC-NP-treated cells exhibited enhanced green (ROS probe) and magenta
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(hypoxia probe) fluorescence under light irradiation, indicating that PDT could significantly generate ROS and aggravate
hypoxia. Quantitative HPLC analysis was performed to detect the PDT-induced intracellular PTX release. When NMPC-
NP-treated 4T1 cells were irradiated, the PTX level increased remarkably compared to that in the absence of light
irradiation, particularly up to 2.5-fold at 6 h post-irradiation (Figure 2E), suggesting that the PDT-aggravated hypoxic
environment could accelerate the release of PTX from NMPC-NPs.

PDT-induced intratumoral hypoxic stress was further investigated using immunofluorescence staining. After the
administration of NMPC-NPs and light irradiation, serious hypoxic stress was demonstrated, as evidenced by the
increased green fluorescence of the hypoxia probe (Figure 2F), suggesting severe intratumoral hypoxic stress caused
by PDT. Consistent with in vitro results, HPLC analysis revealed enhanced intratumoral PTX release from NMPC-NPs
under PDT treatment. As shown in Figure 2G, the PTX level in tumors treated with NMPC-NPs was significantly
increased under light irradiation, with a 2.8-fold increase after 9 h of irradiation compared with that in the absence of
irradiation. The in vitro and in vivo results consistently revealed that the PDT-induced severe hypoxic environment
substantially accelerated the release of PTX from the NMPC-NPs.

PDT-Elicited Inflammatory Response Assisted Tumor Targeting in vitro

PDT has been reported to elicit the immunogenic death of tumor cells, resulting in the release of damage-associated molecular
patterns (DAMPs). The DAMPs can serve as stimulators to induce proinflammatory cytokine production by macrophages.*®
Hence, the medium of NMC-NP-treated cells with light irradiation can be used to stimulate RAW264.7 to secrete proinflamma-
tory cytokines, yielding a PDT-boosted inflammatory environment to evaluate the uptake level of NMC-NPs (Figure 3A). The
expression of proinflammatory cytokines (IL-6 and TNF-o)), which are markers of inflammation in macrophages, was first
determined. When cells were treated with NMC-NPs under light irradiation, the expression of IL-6 and TNF-o was significantly
elevated (Figure 3B and C), suggesting that PDT contributed to the strengthening of inflammatory response.

The uptake levels of the various NPs were further evaluated using CLSM. As shown in Figure 3D, slight red
fluorescence (Ce6) was distributed in the cytoplasm of C-NP-treated cells (w/ inflammation) and NMC-NP-treated cells
(w/o inflammation). In contrast, a large number of NMC-NPs were internalized in the inflammatory environment, as
evidenced by the cytoplasmic distribution of strong red fluorescence, indicating that PDT-boosted inflammation could
improve the uptake level of NMC-NPs owing to the inflammatory targeting ability of the neutrophil membrane. In
consistence with above results, the quantitative flow cytometric and spectrofluorimetry analysis indicated that NMC-NPs
possessed the maximal uptake level, which was 4.4 and 6.8 times higher than those of NMC-NPs (w/o inflammation) and
C-NPs (w/ inflammation), respectively (Figure 3E and F). Collectively, these results suggested that inflammation boosted
by PDT could effectively enhance in vitro tumor targeting of neutrophil membrane-coated NPs.

Synergistic Antitumor Efficacy in vitro
The biosafety of the NPs was evaluated using the MTT assay. When 4T1 cells were co-incubated with NM-NPs for 72 h,
> 90% cell viability was observed at an NPs concentration of 100 pg/mL (Figure S6), suggesting that the neutrophil
membrane coating could effectively improve the biosafety of NPs. To further investigate the PDT-elicited synergistic
anticancer effects of NMPC-NPs, 4T1 cells were incubated with various NPs and then irradiated. Compared with other
groups, NMPC-NPs displayed remarkable synergistic antitumor efficacy, as evidenced by a combination index (CI) of <
1 between PTX and Ce6 and >1.8-fold lower ICsy of PTX in NMPC-NPs (3.5 pg/mL) than in NMP-NPs (6.4 pg/mL)
(Figure 4A, Table S2). Alternatively, the cytotoxicity of the NMP-NPs under hypoxic conditions was evaluated in CoCl,
pretreated cells. As shown in Figure 4B and Table S3, the IC5q of PTX was markedly reduced under CoCl,-induced
hypoxic conditions, indicating that hypoxia facilitated PTX release and improved the anticancer effect of NPs. To further
investigate the ROS-assisted antitumor efficacy, cells were pretreated with VC and irradiated under NMPC-NPs
treatment. As shown in Figure 4C and Table S4, attenuated anticancer effect of NMPC-NPs was demonstrated, because
of PDT-generated ROS scavenged by VC. These results collectively revealed that the PDT-induced hypoxic environment
contributed to PTX release to realize remarkable synergistic antitumor efficacy in vitro.

To visually assess the in vitro anticancer efficacy, various NP-treated cells were stained with PI and calcein-AM to
observe dead and live cells. As demonstrated in Figure 4D, strong green fluorescence (calcein-AM) was observed in cells
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followed by irradiation and incubation for another 12 h. The supernatant of 4T | cells was added to RAW 264.7 cells, and further cultured overnight to obtain inflammatory medium.
4T cells were treated with various NPs with or without inflammatory condition. The expression level of TNF-a (B) and IL-6 (C) from RAW 264.7 cells (n = 3). RAW 264.7 cells
were treated as described in (A). (D) CLSM images of 4T | cells following incubation with C-NPs and NMC-NPs for 4 h. 4T | cells were pretreated with inflammatory medium for 12
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as described in (D) and further incubated with NPs for different times (n = 3). Data expressed as means + SD. ***p < 0.001.

treated with NMP-NPs and PC-NPs, whereas extensive cell death was observed in NMPC-NP-treated cells, as evidenced
by the extensive red fluorescence of PI, suggesting a notable therapeutic effect of NMPC-NPs. A similar trend was noted
in the apoptosis and necrosis levels of tumor cells detected using the PI/Annexin V-FITC apoptosis detection assay. As
shown in Figure 4E, NMPC-NPs provoked the highest levels of apoptosis and necrosis (22.3%), significantly out-
performing NMC-NPs (1.0%), NMP-NPs (5.1%), and PC-NPs (7.2%). Collectively, these results indicated that NMPC-
NPs possessed remarkable anticancer efficacy ensured by the combination of chemo-drugs and PDT.

Self-Amplified Tumor Targeting in vivo

To evaluate the self-amplified tumor targeting of NMPC-NPs, 4T1 xenograft tumor-bearing mice were i.v. injected with
various groups and NPs biodistribution was observed using a live animal imaging system (Figure 5A). As demonstrated
in Figure 5B, due to the EPR effect-assisted tumor distribution, the fluorescence intensity of tumors treated with NPs was

International Journal of Nanomedicine 2023:18 hetps: 6495
Dove:


https://www.dovepress.com
https://www.dovepress.com

Fan et al Dove

A 100 B 100 ¢ 100
I
S 75- & 757 SR
Ty 2 2
£ 501 - NMC-NPs g 907 g 0]
> > >
= -= NMP-NPs = =
Q [0} . [
O 254+« PC-NPs O 254 -* Hypoxic O 254 & woVC
~ NMPC-NPs = Normoxic = W/ VC
0 1 1 1 1 T T 1 0 T T T T T T T 0 T T T T T T T
PTX 01051 2 4 6 8 01051 2 4 6 8 01051 2 4 6 8
Ce6 0102051 2 4 6 PTX Concentration (pg/mL) PTX Concentration (ug/mL)
Concentration (ug/mL)
D NMC-NPs NMP-NPs PC-NPs NMPC-NPs
a
=
<
£
[0}
O
[3+]
O
E
1 0.1% 1.6% 1.8% 12.6%
Ij"
e
8 g
0.9% 3.5% t 5.4% 2 9.7%
; '.‘s."" c..

ANNEXIN V-FITC
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stronger than that of free Ce6 and reached a maximum at 8 h post-injection. Therefore, NMPC-NPs that inherited the
biological characteristics of the neutrophil membrane could be effectively recruited to inflammatory tumors, enabling
superior tumor accumulation. After 8 h injection in various groups, mice were irradiated and received a second injection
at 96 h. Excitingly, the fluorescence intensity of NMPC-NP-treated tumors was dramatically higher under light irradiation
than both without light irradiation and at the first administration, suggesting that PDT contributed to tumor accumulation
of NMPC-NPs. Similar results were obtained with ex vivo fluorescence imaging. 8 hours after the second administration
(96 h), the tumors were collected, imaged, sectioned and stained. As shown in Figure 5C and D, NMC-NPs with light
irradiation led to 5.3- and 3.0-fold higher fluorescence intensity than C-NPs and NMC-NPs without light irradiation,
respectively. Besides, numerous intratumoral distributions of red fluorescence (Ce6) was presented (Figure 5E).
Alternatively, the typical inflammatory factors, including TNF-a and IL-6, have been used to investigate the PDT-
induced inflammation levels. In accordance with the above results, TNF-a and IL-6 levels reached the maximum at 96 h,
and were substantially elevated in NMC-NP-treated tumors with light irradiation compared to the other groups (Figure 5F
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and G, Figure S7), indicating increased intratumoral inflammation caused by PDT. Collectively, these results indicated
that PDT-elevated inflammatory response contributed to the self-amplified recruitment of NMC-NPs to tumor sites.

Synergistic Antitumor and Anti-Metastasis Efficacy in vivo
4T1 xenograft tumor-bearing mice were i.v. administered various groups to evaluate in vivo therapeutic effects of NPs
(Figure 6A). As shown in Figure 6B-D, NMP-NPs, NMC-NPs, and PC-NPs could suppress tumor growth to some extent,
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conferring the tumor growth inhibition (TGI) rates of 45.4%, 37.8%, and 62.7%, respectively. In comparison, NMPC-
NPs exhibited significant tumor regression with a TGI rate of 94.3%. In particular, NMPC-NPs showed superior tumor
growth inhibition compared to PC-NPs because PDT-caused intratumoral inflammation contributed to amplify the tumor
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accumulation of NMPC-NPs, thus achieving notable anticancer efficacy. Consistently, NMPC-NPs had the maximum
survival rate during the 60d observation period and the highest level of cell death and apoptosis (Figure 6E and F). On
the other hand, neither the body weight of mice nor the H&E staining of major organs were obviously affected under NPs
treatment (Figures S8 and S9). Additionally, NMPC-NPs treatment did not result in abnormal ALT, AST, Cr and BUN
level at two days post the last injection (Figure 7), indicating the negligible systemic toxicity of NMPC-NPs.

Tumor metastasis in mice that received the same administration of the antitumor treatment was further monitored
using bioluminescence imaging. In contrast to the large bioluminescence distribution induced by PBS, all NPs attenuated
the bioluminescence intensity of other organs, wherein NMPC-NPs provoked remarkable metastasis inhibition, as
evidenced by the 9.6- and 11.1-fold lower bioluminescence intensities of NMPC-NPs than those of NMP-NPs and NMC-
NPs, respectively (Figure 8A, Figure S10). Similar results were noted in the number of circulating tumor cells (CTCs)
and tumor nodules in the lungs. As shown in Figure 8B-F, a minimal number of CTCs in the blood, tumor nodules, and
metastatic lesions in the lungs were demonstrated in NMPC-NP-treated mice, suggesting a notable antimetastatic effect
of NMPC-NPs.

Conclusion

In summary, light-assisted “nano-neutrophils (NMPC-NPs)” were developed, which consisted of neutrophil membrane-
camouflaged PLGA NPs encapsulating the hypoxia-responsive PTX dimeric prodrug (hQ-PTX,) and photosensitizer
(Ceb6), to achieve targeted delivery of drugs toward synergistic tumor treatment and metastasis inhibition. A hypoxia-
responsive hQ-PTX, was engineered, which significantly elevated the drug loading of NPs (16.9%) due to linker-weaken
intermolecular n—r interactions. In particular, NMPC-NPs were characterized by neutrophil-like biological properties,
which enabled significant improvements in biosafety, serum stability, and inflammation-targeting ability. Significantly,
NMPC-NP-regulated PDT could effectively amplify the tumor’s inflammatory responses to enhance NMPC-NP recruit-
ment, resulting in prominent targeted drug delivery to inflammatory tumor sites. Moreover, NMPC-NPs could kill cancer
cells via ROS generation, while the exacerbated intratumoral hypoxic environment could promote hQ-PTX, degradation
to achieve the specific release of PTX, thus optimizing their synergistic therapeutic effect and safety. The in vitro
and in vivo studies consistently demonstrated that NMPC-NPs had an outstanding ability to suppress tumor growth and
metastasis, as well as minimizing side effects. This study therefore sheds innovative light on targeted drug delivery and
cancer treatment.
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