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Effective extravasation of therapeutic agents into solid tumors still faces huge challenges. Since the doubted
effectiveness of enhanced penetration and retention effect, first-generation neutrophil cytopharmaceuticals with
encapsulated drugs have been developed to improve the drug accumulation in tumors based on the active
chemotaxis and extravasation of neutrophils. Herein, a new generation of neutrophil cytopharmaceuticals with
enhanced tumor-specific extravasation is reported to satisfy more complex clinical demands. This neutrophil
cytopharmaceutical is obtained by anchoring vascular endothelial growth factor receptor 2 (VEGFR2)-targeting
peptide K237 on neutrophil membrane after endocytosis of chemotherapeutics by neutrophils. Leveraging the
cytokine-mediated active migration of neutrophils, the specific-recognition of K237 peptide to tumor vascular
endothelium expedites the migration and enhances tight adhesion of neutrophils to vascular endothelium, thus
improving the extravasation of therapeutic agents to target sites. Moreover, anti-angiogenesis effect from
VEGFR2-blocking by K237 peptide achieves a cooperative tumor destruction with cytotoxic effects from released
chemotherapeutics. This study demonstrates the great potential of enhanced proactive extravasation of cyto-
pharmaceuticals via a cell-anchoring technology, leading to expedited drug infiltration and boosted therapeutic

effects, which can be applied in other cell therapies to improve efficacy.

1. Introduction

Solid tumors are usually characterized by dense extracellular matrix,
disorder vasculature [1], high interstitial fluid pressure [2], as well as
hypoxia and faintly acid tumor microenvironment (TME) accompanying
with immunosuppressive feature [3]. Despite great efforts have been put
on the effective treatment of solid tumors, tumor cure still faces huge
challenges. The primary reason can be ascribed to the inadequate con-
tact between the therapeutic agents with target cells harbored by the
TME. Notably, the limited extravasation of therapeutic agents from the
circulation to the solid tumors acts as the first bottleneck of the inade-
quate contact, which determines the effective amounts of therapeutic
agents within tumors [4,5]. It’s understood that rapid blood clearance as
well as the aberrant interstitial hypertension have been directly impli-
cated in lower drug extravasation in tumor sites [6]. Thereby enhancing

the extravasation to tumor is desirable to boost the drug accumulation
and therapeutic efficacy.

Nanomedicine have been widely applied to improve the extravasa-
tion of therapeutic agents into tumor with attenuated systemic exposure
based on the enhanced permeability and retention (EPR) effect [7]. To
further exploit the extravasation potential of nanomedicine, nano-
carriers modification involved in particle-size shrinking and ligand
coupling for tumor-vasculature targeting have already been developed
[8-12]. In parallel, increasing the permeability of the tumor vessels via
external radiation and hyperthermia or lowering interstitial hyperten-
sion through anti-angiogenic treatment also contribute to the elevated
extravasation of nanomedicine [6,13,14]. Despite that, the tremendous
heterogeneity of tumor leaky vasculature among tumor types and even
species has raised doubts about effectiveness of EPR as well as the
extravasation efficacy of nanomedicine relying on EPR [15,16].

* Corresponding authors at: State Key Laboratory of Natural Medicines, Jiangsu Key Laboratory of Drug Discovery for Metabolic Diseases, Center of Advanced
Pharmaceuticals and Biomaterials, China Pharmaceutical University, Nanjing 210009, China.
E-mail addresses: xuelingjing65@cpu.edu.cn (L. Xue), zhangcan@cpu.edu.cn (C. Zhang).

1 These authors made equal contributions to this work.

https://doi.org/10.1016/j.jconrel.2023.05.037

Received 3 November 2022; Received in revised form 23 May 2023; Accepted 24 May 2023

Available online 7 June 2023
0168-3659/© 2023 Published by Elsevier B.V.


mailto:xuelingjing65@cpu.edu.cn
mailto:zhangcan@cpu.edu.cn
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2023.05.037
https://doi.org/10.1016/j.jconrel.2023.05.037
https://doi.org/10.1016/j.jconrel.2023.05.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2023.05.037&domain=pdf

L. Zhang et al.

Additionally, external treatment such as radiation and hyperthermia for
enhanced nanomedicine extravasation, which depend on specialized
equipment and tumor types, also hamper the clinical accessibility.
Thereby, spontaneous proactive extravasation to tumor indicates a more
promising direction for cancer therapy.

Feasured as chronic inflammatory disease, solid tumors have
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established different chemokine gradients to recruit various leukocytes
such as neutrophils, monocytes, lymphocytes, et al. [17]. The natural
inflammation-tropism makes leukocytes hot vehicles candidates for
anti-tumor therapy. Among them, neutrophils, the most abundant leu-
kocytes in circulation, have attracted great attentions owing to their
unique features, including earliest mobilization and proactive
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Fig. 1. Schematic illustration of K237-PNEs with enhanced tumor-specific extravasation achieving the combined antitumor effect. (A) Preparation of K237-PNEs.
Neutrophil cytopharmaceuticals (PNEs) are firstly prepared via the endocytosis of nab-PTX as the traditional preparation technic, followed by the incubation
with the anchoring molecules of DSPE-PEG2000-DBCO with a click group-dibenzocyclooctyne (DBCO). Next, azidation-K237 peptide (N3-K237) is conjugated to the
anchoring molecules through a facile click reaction between DBCO and azide group to gain the K237-PNEs. (B) After administration, K237-PNEs quickly response to
the chemokines and migrate towards tumor inflammation sites. The highly-expressed PSGL-1, LFA-1, Mac-1, et al. on neutrophils as well as VEGFR2 recognization by
anchored K237 peptide collectively initial the following rolling, binding and deformation of K237-PNEs. When extravasation from the blood to the tumor site, partial
K237 peptide dislodge from the PNEs to inhibit the angiogenesis, while the infiltrated K237-PNEs can transport in the deep tissues and release the loading nab-PTX
through the formation of NETs to kill tumor cells, thus achieving the combined efficacy against solid tumors.
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extravasation into inflammation tissues [18]. Specifically, when sensing
the gradient of chemokines, such as interleukin-8 (IL-8) [19], gran-
ulocyte colony-stimulating factor (G-CSF), and interleukin-17 (IL-17)
[20,21], neutrophils will undergo tethering and rolling along the lining
of the blood vessels, followed by firm adherence to endothelium through
highly-expressed membrane chemokine receptors (CXCR1 and CXCR2),
selectin ligands (PSGL1), and integrins (LFA-1 and Mac-1). Subse-
quently, neutrophils cross the endothelium and tissue barriers through
the deformation, then extravasate into the inflamed sites [22,23]. Based
on the inflammation-mediated chemotaxis of neutrophils, our group has
fabricated the neutrophil cytopharmaceuticals with various nano-
medicine loading to achieve highly enhanced drug deposition and su-
perior therapeutic effects against solid tumors, with the help of adjuvant
surgery, radiotherapy or photothermal therapy to provide enlarged
inflamed cues [24-26]. Moreover, using the chemotaxis to some tumor-
derived cytokines [27], the substantial suppression effect of neutrophil
cytopharmaceuticals to tumor metastases has also been revealed
[28-30].

Notably, neutrophils extravasation greatly relies on the strength of
inflammation cytokines and the tight adhesion to vascular endothelium.
The former determines the migration direction and targeting speed
while the latter, as the initial step of extravasation, determines the
transport speed and the site-specificity. More importantly, the tight
adhesion of neutrophils to vascular endothelium mainly relies on the
high-expression of integrins such as LFA-1 and Mac-1, which are closely
regulated by local levels of inflammation cytokines in tumor microen-
vironment. Therefore, a more fundamental concern should be concen-
trated to increase the efficiency of tumor-specific targeting and
extravasation of neutrophil cytopharmaceuticals, especially adapting to
various levels of tumor inflammation. Significantly, tumor vascular
endothelial cells also highly express some specific receptors such as
vascular endothelial growth factor receptors (VEGFR) for triggering
anomalous vascular hyperplasia [31,32]. This provides an opportunity
by leveraging the recognition of VEGFR to tumor sites to promote tar-
geting and further adhesion of neutrophils to vascular endothelium, thus
facilitating the active extravasation of neutrophil cytopharmaceuticals.
We conceive that the new generation of neutrophil cytopharmaceuticals
with enhanced extravasation are more conducive to the clinical de-
mands of tumor therapy.

Herein, we harnessed VEGFR2-targeting K237 peptide to modify the
neutrophil cytopharmaceuticals for the dual therapeutic superiorities of
enhanced neutrophils extravasation and angiogenesis suppression
(Fig. 1). For triple-negative breast cancer (TNBC) with higher malig-
nancy and metastatic potential, nanoparticle albumin-bound paclitaxel
(nab-PTX) is a standard treatment but benefit only limited TNBC pa-
tients due to high tumor heterogeneity and lack of specific targets [33].
Owing to the active extravasation capacity of neutrophils, we have
prepared the first-generation neutrophil cytopharmaceuticals with
encapsulated nab-PTX (denoted as PNEs) to improve the nab-PTX
infiltration and deposition within tumor sites where they can be
release to take effect. While for VEGFR2-targeted peptide K237, it is
better to be exposed outside the neutrophil cytopharmacruticals to
recognize the binding sites during the circulation, thus enhancing
neutrophil extravasation. Thus, we upgraded the drug-loading method
from the first-generation based on endocytosis to the new-generation by
anchoring K237 peptide on the membrane after endocytosis of nab-PTX,
thus gaining nimble neutrophil cytopharmacuticals (K237-PNEs) [34].
K237-PNEs in vivo can migrate in respond to the tumor-released che-
mokines, which can meanwhile be accelerated by the recognition of
K237 peptide to VEGFR2 on tumor vascular endothelium. This recog-
nition subsequently facilitates K237-PNEs tight adhesion to the tumor-
specific vascular sites, then initiates rolling and the following tumor-
specific extravasation. Of note, K237 peptide serves as the anti-
angiogenesis agents to promote tumor vascular normalization and
reduce interstitial pressure for further enhanced neutrophils extravasa-
tion [35-37]. Extravasated K237-PNEs in tumor release the loaded nab-
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PTX to elicit tumor ablation and improve overall survival. In brief, the
new-generation neutrophil cytopharmacuticals K237-PNEs, based on
the improved drug-loading technics as well as the membrane-anchoring
platform, have achieved the co-delivery of active peptide and chemo-
therapeutics. Moreover, the combined therapeutic efficacy of anti-tumor
and anti-angiogenesis based on enhanced tumor-specific extravasation
endow K237-PNEs with great clinical potential.

2. Materials and methods
2.1. Materials

Album-bound paclitaxel was purchased from Qilu Pharmaceutical
Co., Ltd. (Jinan, China). K237 peptide (HTMYYHHYQHHL-GSGGS-N3)
and FITC-labeled K237 were purchased from Nanjing Peptide Biotech-
nology Co., Ltd. (Nanjing, China). DSPE-PEG2000-FITC, DSPE-
PEG2000-DBCO and DSPE-mPEG2000 were purchased from Yare
Biotechnology Co., Ltd. (Shanghai, China). Acetonitrile was purchased
from TEDIA® (Anqing, China). Rhodamine B was purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). APC anti-
Ly6G, APC anti-CD62L, FITC anti-CD11b, Alexa Fluor 594 anti-CD31
and PE anti-CD16 were purchased from Biolegend (San Diego, CA,
USA). Red Blood Cell Lysis Buffer, trypan blue and Hoechst 33342 were
purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Percoll was purchased from GE Healthcare Co., Ltd.(Chicago, IL, USA).
Annexin V-FITC/PI and Annexin V-PE/7ADD Apoptosis Detection Kit
were all purchased from Vazyme Biotechnology Co., Ltd. (Nanjing,
China). Cell Trace™ Far Red was purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). VEGF was purchased from Abcam (Cam-
bridge, UK). Anti-VEGFR2 antibody was purchased from Fine Biotech
Co., Ltd. (Wuhan, China). 1,1-dioctadecyl-3,3,3,3-tetramethylindotri-
carbocyaine iodide (DiR) was purchased from KeyGEN Biotechnology
Co., Ltd. (Nanjing, China). N-Formyl-Met-Leu-Phe (fMLP) was pur-
chased from Sigma-Aldrich® (MA, USA). Matrigel was purchased from
BD Biosciences (Bedford, MA, USA). Luciferase Cell Lysis Buffer was
purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Cell lines and animals

4 T1 mammary carcinoma cell lines and HUVECs cell lines were
obtained from the Cell Bank of the Chinese Academy of Sciences. 4 T1
cell lines expressing luciferase (4 T1-Luci) were constructed by lab ac-
cording to the manufacturer’s protocol of lentivirus transfection of the
firefly luciferase gene. 4 T1 and 4 T1-luci cell lines were incubated in
1640 medium (Gbico, CA, USA) and HUVEC were incubated in DMEM
medium (Gbico, CA, USA). All culture system contained 10% FBS
(Gbico, CA, USA) and 1% penicillin-streptomycin (Gbico, CA, USA) and
the cells were cultured in a humidified incubator at 37 °C with 5% CO».

BALB/c mice (female, 6-8 weeks old, 18-20 g) were purchased from
the Zhejiang academy of medical sciences. All animals were pathogen
free and allowed access to food and water freely. All procedures were
approved by the Animal Ethics Committee of China Pharmaceutical
University and were conducted in compliance with the Guide for Care
and Use of Laboratory Animals.

2.3. Preparation and characterization of PNEs

Rhodamine B-conjugated nab-PTX was prepared as follows. Album-
bound paclitaxel (nab-PTX, 10 mg, 0.151 pmol) was dissolved in 500
pL PBS. Then 19.4 pL of Rhodamin B solution (5 mg/mL in water) was
slowly added into the solution with stirring for 12 h in the dark at 25 °C.
The reaction mixture was centrifuged at 12000 g for 10 min, followed by
washing thrice with PBS. The Rhodamine B-conjugated nab-PTX was
resuspended in water for further particle size and zeta potential mea-
surement (Brookhaven Instruments Co., Ltd., NanoBrook Omni, USA).

Neutrophils were isolated from murine bone marrow according to a
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modified method of our group. Briefly, the shanks and femurs isolated
from normal mice were immersed in RPMI 1640 medium after removal
of the muscle and sinew. Bone marrow was flushed from the bone with
RPMI 1640, and centrifuged at 200 g (XIANGZHI Centrifuge, TDL5M,
Changsha, China) for 3 min. The cell pellets were re-dispersed with 2 mL
red blood cell lysis buffer and set at 4 °C for 3 min, followed by
centrifugation at 200 g for 3 min (XIANGZHI Centrifuge). After re-
dispersion in RPMI 1640, the unicellular suspension was added into a
Percoll mixture solution, followed by centrifugation at 500 g for 30 min
(XIANGZHI Centrifuge). The mature neutrophils were recovered at the
interface of the 65% and 75% fractions and washed by ice-cold PBS
thrice.

Fresh neutrophils (1 x 10° cells/mL) were resuspended with 5 mg/
mL nab-PTX or Rhodamine B (Rho B) labeled nab-PTX in the mixture
solution of saline and RPMI 1640 (1:3, v/v), where the final PTX con-
centration was 2 mg/mlL, and incubated for 40 min at 37 °C. After
washing with ice-cold PBS thrice, PNEs or Rho B-PNEs suspension were
obtained and used immediately for the subsequent study. To quantify
the amount of PTX in the PNEs, PNEs were disrupted by a cell lysis
buffer. The cell lysate was collected and centrifuged at 10000 g for 5 min
(Beckman Coulter Inc., Allegra 64R Benchtop Centrifuge, USA). The 50
pL supernatant was mixed with 200 pL of acetonitrile, vortexed for 5 min
and centrifuged at 10000 g for 10 min (Beckman). After that, 20 pL
supernatant was injected into the HPLC system (SHIMADZU Co., Ltd.,
LC-2010A, Japan) for further analysis. Rho B-PNEs were observed by
confocal laser scanning microscope (CLSM; Carl Zeiss Co. Ltd., LSM800,
Germany). Annexin V-FITC/PI Apoptosis Detection Kit was used to
investigate the effect of incubation process on cell viability by flow
cytometry (Thermo Fisher Scientific, Attune NXT, USA).

2.4. Preparation and characterization of lipid-anchored PNEs

The membrane-anchored PNEs were prepared as follows. Rho B-
PNEs were firstly incubated with 50 pM DSPE-PEG2000-FITC for 10 min
in culture medium containing 20 pL PEG400, then centrifuged to collect
the cells. On the other side, neutrophils were firstly incubated with 50
puM DSPE-PEG2000-FITC for 10 min in the same conditions, then incu-
bated with Rho B-conjugated nab-PTX as mentioned above. The
membrane-anchoring effect were respectively observed by CLSM to
determine the order of the cell modifications.

To investigate the optimal anchoring concentration and incubation
time of DSPE-PEG2000-FITC, PNE:;s firstly were incubated with different
concentrations of DSPE-PEG2000-FITC for 10 min in the culture me-
dium mentioned above to gain the optimal anchoring concentration.
Then PNEs were incubated with DSPE-PEG2000-FITC for different time
at the optimal concentration above to gain the optimal incubation time.
The membrane anchoring effect was evaluated by flow cytometry
(Thermo) and CLSM (Zeiss). To further confirm the anchoring position
at membrane, anchored PNEs were labeled with APC anti-Ly6G anti-
body on the cell membrane. The fluorescence co-localization was
observed and analyzed by CLSM (Zeiss). The cell viability of incubation
process was investigated by Annexin V-PE/7-AAD Apoptosis Detection
Kit as described above.

2.5. Quantitatively analysis of DSPE-PEG2000-FITC anchored on PNEs

The method of trypan blue (TB) quenching was here used to inves-
tigate the proportion and amount of membrane-anchored DSPE-
PEG2000-FITC on the whole cell. DSPE-PEG2000-FITC anchored PNEs
were incubated with TB solution of differnent concentrations. The
optimal concentration of TB solution corresponds to the unchanged
fluorescence intensity, meaning the FITC fluorescence on NEs mem-
brane is totally quenched and with no damage to membrane integrity, as
determined by flow cytometry and Annexin V-PE/7-AAD Apoptosis
Detection Kit. Then the proportion of membrane-anchored DSPE-
PEG2000-FITC was calculated with the following Eq. (1):
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Membrane anchoring (%) = (MFI, — MFL,)/MFI, x 100% 1)

Here MFI, and MFI}, represented the mean fluorescence intensity of
PNEs (10,000 events) by flow cytometry (Thermo) after and before TB
quenching.

To investigate the anchoring amount of DSPE-PEG2000-FITC on
membrane, the incubation supernatant after membrane anchoring was
collected. The fluorescence intensity of the initial added anchoring
molecules and the incubation supernatant were respectively measured
at excitation and emission wavelengths of 495 nm and 520 nm by
microplate reader (BioTek Instruments, Inc., Synergy H1, USA). The
fluorescence intensity was converted into the concentration of DSPE-
PEG2000-FITC through the standard curve of serial dilutions of stock
solution, then the concentration multiplied by the volume made the mol
amount of DSPE-PEG2000-FITC. The amount of DSPE-PEG2000-FITC on
membrane per 10° cells was obtained by the following Eq. (2):

Anchoring amount = (m; —m,) X membrane anchoring(%)

@

Here m; and mg were respectively the molar quantity of the initial
anchoring molecules and the incubation supernatant. After several time
of washing, the supernatant of each time was collected to analyze the
washing loss of the anchored molecules on membrane as mentioned
above.

The in vitro membrane-anchoring stability of PNEs was investigated
in RPMI 1640. The distribution change of DSPE-PEG2000-FITC on NEs
was analyzed by the MFI of whole cells before and after trypan blue
quenching at different time based on the calculation methods above.
And the supernatant after incubation of different time were also
collected for fluorescence intensity detection by the microplate reader
(BioTek). The fluorescence change of anchored cells at different time
were observed by CLSM (Zeiss).

2.6. Preparation and characterization of K237-PNEs

Briefly, DSPE-PEG2000-DBCO anchored PNEs were firstly incubated
with series of concentrations of FITC-N3-K237 for 1 h in RPMI 1640
medium. After confirming the optimal concentration, the anchored
PNEs incubated with FITC-N3-K237 for different time to determine the
most suitable incubation time. The cell viability of incubation process
was investigated by Annexin V-PE/7-AAD Apoptosis Detection Kit.
Blank PNEs were set as the control to reveal the anchoring of K237
peptide by biological orthogonal reactions rather than passive adsorp-
tion. Besides, to confirm the distribution of anchored K237 on cell
membrane, K237-PNEs were labeled with APC anti-Ly6G antibody and
stained with Hoechst 33342, followed by observation and analysis of the
fluorescence colocalization by CLSM (Zeiss).

The method of TB quenching was also used to detect the proportion
of K237-anchored on membrane in the whole cell. The optimal TB
concentration as well as the proportion of membrane-anchored K237
peptide was determined as described above. The amount of anchored
K237 peptide on neutrophil membrane were also calculated in line with
the above methods.

2.7. Evaluation of physiological functions of K237-PNEs

The chemotaxis of K237-PNEs was investigated using a transwell
migration assay (polycarbonate membrane: 3 pm pore size, 12 mm
diameter and 1.12 cm? membrane surface area, Corning). Beforehand
the supernatant of 4 T1 cells cultured for 24 h was collected as tumor
conditioned medium (TCM). Then K237-PNEs and blank neutrophils (1
x 10° cells/mL) were seeded into the upper transwell chamber, and
RPMI 1640 containing 10% FBS (v/v) with 0% TCM, 10% TCM, 50%
TCM and 100% TCM respectively were added in the lower chamber.
After 3 h of incubation, the number of neutrophils in the lower chamber
was counted. The chemotaxis index was calculated from the following
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Eq. (3):

Chemotaxis index = (Ntcm—Neontrol ) /Neontrol

3)

Nrcm was the counted numbers of neutrophils in the lower chamber
after incubating with each formulation in the presence of TCM, and
Neontrol Was the number of blank neutrophils in the lower chamber
without TCM.

To evaluate the transvascular migration capacity of K237-PNEs, we
constructed a blood vessel model with HUVEC monolayer in the trans-
well cell culture system (Corning). Briefly, HUVEC (1 x 10° cells) were
seeded into the upper transwell chamber, and cultured in the medium
DMEM containing 10% FBS in the lower chamber. The integrity of the
cell monolayer was evaluated by measuring the TEER values using a
Millicell-ERS voltohmmeter (Millipore Corporation, Millicell® ERS-2,
MA, USA), which above 300 Q-cm? suggested the blood vessel model
was successfully constructed. Then, K237-PNEs and blank neutrophils
(1 x 10° cells/mL) were added into the upper chamber, and RPMI 1640
containing 10% FBS (v/v) with 0% TCM, 50% TCM and 100% TCM
respectively were added into the lower chamber. After 8 h of incubation,
the number of neutrophils in the lower chamber was counted.

The expression of several critical membrane biomarkers such as
CD11b, CD62L, and CD16 were respectively detected with flow
cytometry (Thermo). Blank neutrophils were used as control. The
membrane-impermeable dye 7AAD was used for detecting the impact of
anchoring process on membrane integrity and the dead neutrophils were
used as the 7ADD positive group.

2.8. Anchoring stability and drug release of K237-PNEs in different
physiological conditions

The stability in K237-PNEs under normal physiological conditions
was evaluated by incubating K237-PNEs (1 x 10° cells/mL) in RPMI
1640 for different periods (0, 1, 2, 4, 6, and 8 h). The PTX amount in the
cytosol and released to the supernatant were determined using HPLC
(SHIMADZU) respectively.

The release of PTX and K237 from K237-PNEs during chemotaxis and
transvascular migration were investigated with a transwell culture sys-
tem (polycarbonate membrane: 3 pm pore size, 24 mm diameter and
4.67 cm? membrane surface area, Corning). During chemotaxis, K237-
PNEs (1 x 10° cells/mL) were seeded into the upper transwell cham-
ber and incubated in RPMI 1640 containing 10 nmol/L fMLP in the
lower chamber for different time. The amount of PTX in the K237-PNEs
and released to the supernatant were determined using HPLC (SHI-
MADZU). The amount of K237 anchored on membrane was measured
using microplate reader (BioTek) by the method trypan blue quenching,
and meanwhile the amount of K237 released to the supernatant was
collected for fluorescence intensity detection by the microplate reader
(BioTek). In the case of transvascular migration, K237-PNEs (1 x 10°
cells/mL) were seeded into the upper chamber of the blood vessel model
constructed with HUVEC monolayer mentioned above, and incubated in
RPMI 1640 containing 10 nmol/L fMLP in the lower chamber for 8 h.
Collected K237-PNEs from the lower chamber were counted and then
measured for fluorescence intensity using microplate reader (BioTek).
To investigate the binding of K237 peptide to the membrane receptor
VEGFR2, the HUVEC seeded on the polycarbonate membrane of a
transwell chamber were gently digested and collected for cell counting,
then quantified for fluorescence intensity with microplate reader (Bio-
Tek) and imaged with CLSM (Zeiss).

To investigate the PTX release through NET formation induced by
inflammation, K237-PNEs (1 x 10° cells/mL) were incubated in 100%
TCM medium simulating the tumor inflammation environment. After
12 h of incubation, the cells were washed with cold PBS and fixed in 4%
PFA. The fixed cells were then labeled with APC anti-Ly6G and stained
with Hoechst 33342, followed by observation by CLSM (Zeiss).
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2.9. Invitro anti-angiogenesis and tumor-killing effect of K237-PNEs

To investigate the effect of cyto-pharmaceuticals on the proliferation
of vascular endothelial cell, Cell Trace™ Far Red labeled HUVEC were
seeded on 24-well plate (1 x 10° cells per well). Different formulations
were added subsequently, including nab-PTX (5 pg/mL), K237 peptide
(5.8 nmol/mL), K237 peptide (5.8 nmol/mL) combined with nab-PTX
(5 pg/mL), blank NEs (2 x 10° cells/mL), as well as K237-PNEs (2 x
10° cells/mL). The fresh medium of DMEM medium with 10% FBS was
used as a negative control. After 48 h of incubation, the supernatant was
removed and the HUVEC were collected through tryptase digestion
followed by detection via flow cytometry (Thermo).

To evaluate the effect of K237-PNEs on the migration of vascular
endothelial cell, a transwell assay (polycarbonate membrane: 8 pm pore
size, 24 mm diameter, Corning) was used for the following test. HUVEC
(2 x 10° cells/mL) were seeded into the upper chamber and VEGF (20
ng/mL) in DMEM complete medium was added in the lower chamber to
stimulate the migration of HUVEC. Different medium or formulations
were added into the upper chamber including: 1) nab-PTX (5 pg/mL) 2)
K237 peptide (5.8 nmol/mL) 3) K237 peptide (5.8 nmol/mL) and nab-
PTX (5 pg/mL) 4) blank NEs (2 x 10° cells/mL) 5) K237-PNEs (2 x
10° cells/mL). The fresh DMEM complete medium in the lower chamber
was used as a negative control. After 12 h of incubation, the cells in the
lower chamber were counted. The inhibition ratio was calculated by the
following Eq. (4):

Inhibition ratio(%) = 1 — (Ny — Ny )/ (N, =N, ) x 100% (4)

Here N;, and N, represented the counted number of the group treated
with 20 ng/mL VEGF and DMEM complete medium, respectively, while
N, represented the counted number of the other groups.

To investigate the anti-angiogenesis effect, the matrigel dissolved at
4 °C in advance was laid in 8-well plate (ibidi, Germany). Then, the 8-
well plate was placed at 37 °C until the matrigel fully solidified. After
that, 50 pL of cell suspension (2 x 10* HUVEC cells) was added to each
well and scratches or glue damage should be avoided in the meantime.
Subsequently, 50 pL of different medium or formulations were added,
including VEGF (20 ng/mL), blank NEs (1 x 10° cells), nab-PTX (0.25
pg), PNEs (1 x 10° cells), K237 + nab-PTX (0.29 nmol+0.25 ng), K237
(0.29 nmol), and K237-PNEs (1 x 10° cells). The fresh medium of DMEM
medium was used as a negative control. After 6 h of incubation, the
angiogenesis was observed by inverted microscope. The branches points
and length of neovascularization were analyzed by image J.

To further evaluate the in vitro tumor-killing effect, 4 T1-Luci cells
(1 x 10° cells per well) were seeded on a 24-well plate and treated with
different formulations including nab-PTX (5 pg/mL), K237 peptide (5.8
nmol/mL), K237 peptide (5.8 nmol/mL) combined with nab-PTX(5 pg/
mL), blank NEs (2 x 10° cells/mL), and K237-PNEs (2 x 10° cells/mL)
for 12 h. The fresh medium of 1640 medium with 10% FBS was used as a
control. After washing with cold PBS twice, the cells were treated with
the luciferase reporter cell lysis buffer and incubated for 15 min on ice.
After centrifugation at 12000 rpm (Beckman) for 4 min, the supernatant
(20 pL) was mixed with Luciferase Assay Kit (100 pL) in a 96-well black
plate and incubated for 5 min, followed by detection via microplate
reader (BioTek).

2.10. Neutrophils extravasation in vivo

To establish an orthotopic triple negative breast cancer model, 4 T1
cells (2 x 106 cells) suspended in 100 pL PBS were injected into the right
mammary fat pad of female BALB/c mice (6-8 weeks). The tumor vol-
ume was monitored every day until up to 100 cm®. The tumor tissues
were isolated to prepare the frozen tissue sections. The sections were
labeled with Alexa Fluor 594 anti-CD31 antibody and anti-VEGFR2
antibody with Alexa Fluor 488 goat anti-rabbit IgG to evaluate the
VEGFR2 expression on tumor vessels by CLSM (Zeiss). The mammary fat
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pad of normal mouse was treated as the control.

After that, 4 T1 tumor-bearing mice (3 mice per group) were intra-
venously injected with DiR-labeled NEs, PNEs and K237-PNEs (2 x 107
cells). The mice were imaged at different time points of post-injection (4,
12, 24 and 48 h) using in vivo imaging system (PerkinElmer Inc., IVIS®
Spectrum, MA, USA). Meanwhile, the tumor tissues and other organs
(liver, spleen, heart, lung and kidney) were also harvested and imaged.
The total radiant efficiency of region-of-interest (ROI) in mice and iso-
lated tumor tissues were respectively analyzed by IVIS spectrum. The
frozen tumor tissue sections were prepared to observe the distribution of
DiR-labeled different neutrophils cytopharmaceuticals using CLSM
(Zeiss).

For observing the migration and extravasation from blood vessels for
neutrophils, real-time intravital observation were carried out on the 4
T1 tumor-bearing mice through FVMPE-RS system (Olympus). When the
tumor reached a size of 100 mm®, the mice were intravenously injected
PNEs and K237-PNEs (2 x 107 cells) in which neutrophils, nab-PTX and
K237 were respectively labeled by Cell Trace Far Red, Rhodamine B and
FITC. After 1 h of neutrophils injection, mouse was under anaesthetic by
intraperitoneal injection of 200 pL chloral hydrate (40 mg/mL). On the
premise of not destroying the peritoneum, the epidermis of the tumor
site in mouse was carefully removed by separating epidermis from the
peritoneal wall with forceps until fully exposing the tumor tissue and the
surface microvessels. The mouse was then placed on a thermoplate and
the blood vessels were held in place through a rounded vacuum chuck
equipped on the FVMPE-RS system. Saline was dripped onto the surface
of rounded vacuum chuck then the microscope lens (25x/1.05 water
immersion objective, numerical aperture = 1.05) was placed close to the
vacuum chuck to observe the vessels. During the process, sterile saline
solution (37 °C) was dripped on the exposed peritoneum of mouse to
keep the local moisture. Multiple fields were randomly selected for
observation and imaging was performed continuously for 10-20 min
with acquisition rate 20-25 frames/min. The imaging results were
processed with OLYMPUS FV31S-SW. Then the tumor tissues were iso-
lated at different time points after neutrophils injection (1, 2, 4 and 8 h)
and the frozen tumor sections were prepared then labeled with Alexa
Fluor 594 anti-CD31 antibody to indicate the tumor blood vessels. The
process of vessels-binding and extravasation of different neutrophils
cytopharmaceuticals labeled by DiR were observed by CLSM (Zeiss).

The biodistribution of PTX and K237 were also quantitatively
detected in tumors and normal organs, which can also demonstrate the
tumor-targeting and extravasation effect of different neutrophils cyto-
pharmaceuticals. Briefly, 4 T1 tumor-bearing mice were intravenously
injected with nab-PTX + K237 (2.5 mg/kg PTX and 2.9 pmol/kg K237),
PNEs (1 x 10° cells/kg, equivalent to 2.5 mg/kg PTX) and K237-PNEs (1
x 10° cells/kg, equivalent to 2.5 mg/kg PTX and 2.9 pmol/kg K237) and
sacrificed at different time points of post-injection (4, 12, 24 and 48 h) to
harvest the tumors tissues and other normal organs. All tissues were
weighted and then homogenized in saline. The homogenate was mixed
with acetonitrile of the same volume, vortexed for 5 min and centrifuged
at 10,000 g (Beckman) for 10 min to collect the supernatant. The fluo-
rescence intensity of K237 and the amount of PTX from the supernatant
were directly detected with microplate reader (BioTek) and HPLC
(SHIMADZU), respectively.

2.11. In vivo antitumor effect and safety evaluation

4 T1 tumor-bearing mice were divided to five groups receiving sa-
line, nab-PTX (2.5 mg/kg), K237 (2.9 pmol/kg), NEs (1 x 10° cells/kg),
K237 + PNEs (2.9 pmol/kg K237, 1 x 10° cells/kg PNEs equivalent to
2.5 mg/kg PTX), and K237-PNEs (1 x 10° cells/kg, equivalent to 2.5
mg/kg PTX and 2.9 pmol/kg K237) every two days. The body weights
and tumor volumes were monitored every two days during treatment. At
Day 25, the mice were sacrificed to harvest the blood samples, tumor
tissues and normal organ tissues, and recorded the weights of all tumor
and tissue samples. The paraffin sections of tumor tissues were stained
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with H&E for tumor proliferation observation and the frozen sections of
tumor tissues were used to evaluate the anti-angiogenesis effect by
immunofluorescence detection. The survival was monitored every day
until all mice died. All mice required humane sacrifice if tumor size
exceeded 15 mm in diameter.

The harvested blood samples of the mice were used for safety eval-
uation such as blood routine examination and biofunction evaluation of
liver and kidney, including alanine transaminase, aspartate trans-
aminase, alkaline phosphatase, lactic dehydrogenase, and urea nitrogen.
Besides, for pathology research, paraffin sections of the normal organs
was stained with H&E and visualized by inverted fluorescence micro-
scope (Olympus, Japan). The organ index was also calculated from the
ratio of organs weight/body weight.

2.12. Statistical analysis

Statistical analyses were performed using the GraphPad Prism 8.0
software. All graphical data were presented as mean + SEM in at least
triplicate. Statistical significance was determined using two-tailed Stu-
dent’s t-test for or One-way ANOVA, in which P values <0.05 were
considered statistically significance. A log-rank (Mantel-Cox) test was
used to analyze the statistical significance in the survival analysis.

3. Results
3.1. Characterization of lipid-anchored neutrophils

Although membrane-anchoring has been performed in the non-
phagocytes T cells in our previous report [38], the anchoring strategy
whether could work on the typical phagocytes neutrophils remains un-
clear. Herein, we first optimized the membrane-anchoring methods of
the anchoring lipid (DSPE-PEG2000-DBCO) for neutrophils and DSPE-
PEG2000-FITC was used for convenient monitoring. After incubation
with 50 pM DSPE-PEG2000-FITC in culture medium, an effective fluo-
rescence co-localization between APC anti-Ly6G, a specific membrane
biomarker of neutrophils, and DSPE-PEG2000-FITC was observed by
confocal laser scanning microscopy (CLSM), which indicated the suc-
cessful membrane-insertion with nearly invisible uptake in the cytosol
(Fig. 2A and B).

Since K237-PNEs involves the process of the endocytosis of nab-PTX
and the K237 peptide anchoring on membrane, the construction
sequence plays vital roles in the drug loading and stability of K237-
PNEs. Thus, we prepared rhodamine-labeled nab-PTX (similar particle
size and zeta potential with nab-PTX, Supporting Information Fig. S1A)
for observing and comparing separate loading sequences. Firstly, we
prepared PNEs according to our first-generation preparation technics,
which held the drug loading of PTX about 2.5 pg PTX per 10° cells and
unchanged viability with fresh neutrophils (Supporting Information
Fig. S1B). Moreover, the rhodamine-labeled nab-PTX distributed uni-
formly in the cytosol of neutrophils, indicating an effective cellular
uptake (Supporting Information Fig. S1C). Next, similar membrane-
anchoring effect was reproduced when PNEs incubated with
anchoring lipid under the same condition (Supporting Information
Fig. S2A). In contrast, on condition that neutrophils underwent
membrane-anchoring followed by the endocytosis of nab-PTX, strong
FITC fluorescence in the cytoplasm was observed and colocalized with
the RhoB-labeled nab-PTX, suggesting this loading process caused
decreased anchoring stability (Supporting Information Fig. S2B). In
consequence, membrane anchoring after the nab-PTX endocytosis
indicated a better sequence to maintain a higher anchoring efficacy.

Next, we optimized the incubation conditions of DSPE-PEG2000-
FITC to achieve the optimal anchoring effect with minimum endocy-
tosis and cell apoptosis. Although no obvious cell cytotoxicity was
detected after incubation with DSPE-PEG2000-FITC at the concentration
from 5 pM to 100 pM for 10 min, the noticeable cellular uptake of
anchoring molecules at the concentration above 50 pM was observed
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Fig. 2. Characterization of lipid-anchored neutrophils. (A) The fluorescence co-localization and (B) quantitative fluorescence intensity of anchoring molecules
(DSPE-PEG2000-FITC) and APC anti-Ly6G labeled cell membrane. Scale bar = 5 pm. Images are representative of 2 independent experiments. (C) Cell viability of
anchored PNEs in RPMI 1640 within 8 h, compared with blank NEs. (D) The optimal trypan blue-quenching concentration was determined by the related mean
fluorescence intensity (MFI) reduced to a constant value. Blank NEs set as the control. (E) The ultimate ratio of anchoring molecules on cell membrane and in the
cytosol. (F) The quantification of anchoring molecules on membrane per 10° NEs after repeated washing. (G) The stability of anchoring molecules on membrane
within 8 h. The percentage and the specific amount of retained anchoring molecules on membrane were showed in red dots and blue boxes respectively. (H) The
stability of anchoring molecules on membrane observed by CLSM in real time. Scale bar = 10 pm. (I) Quantification of the distribution of DSPE-PEG2000-FITC in NEs

cytosol and incubation supernatant over time. All data are mean + SEM (n = 3). ***P < 0.001. ns, not significant. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

(Supporting Information Fig. S3). With the fixed 50 pM of DSPE-
PEG2000-FITC, the cellular uptake increased while the cell viability
decreased as time extended (Supporting Information Fig. S4). Based on
comprehensive consideration, a transient incubation of PNEs with
DSPE-PEG2000-FITC (50 pM) for 10 mins achieved the optimal
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anchoring effect with limited adverse impact. Moreover, membrane-
anchored PNEs showed nearly the same cell viability for up to 8 h in
vitro compared with blank neutrophils (Fig. 2C). To further quantify the
proportion of anchoring molecules both on the membrane and in the
cytoplasm, trypan blue (TB) quenching (0.8 mg/mL, Fig. 2D and
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Supporting Information Fig. S5) was applied to quench the FITC fluo- (Fig. 2E and F), while the left entered the cytoplasm by cell endocytosis.

rescence on the membrane without interference to those in cytoplasm In view of the active endocytosis and secretion of neutrophils, the
[39-41]. Calculated by this, about 80% of anchoring molecules stability of membrane-anchored molecules set up a vital basis for the
(equivalent to 2.5 nmol per 10° cells) was distributed on the membrane subsequent applications. The proportion of membrane-anchored mole-
through the hydrophobic insertion even after washing for 3 times cules over time was also quantified through TB quenching. We found
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about 75% of initial anchored molecules, equivalent to 1.62 nmol per
108 cells, remained anchoring on the membrane within 2 h of incubation
at 37 °C. However, the membrane proportion reduced to 50%, about
1.25 nmol per 10° cells, after 8 h of incubation (Fig. 2G). Notable
attenuation of membrane fluorescence with time was also observed by
CLSM in consistent with the fluorescence quantification (Fig. 2H).
Therefore, the subsequent K237 conjugation should be finished within 2
h to ensure the maximum K237-coupling efficiency. To further investi-
gate the reason of reduced anchoring molecules, the amounts of mole-
cules in the cytoplasm and incubation supernatant were measured
respectively. The intracellular fluorescence change of membrane-
anchored molecules was less evident than that in supernatant with
time (Fig. 2H and I), which indicated that shedding off from the mem-
brane rather than cell internalization was the main reason. It was worth
noting that most physiological functions of neutrophils depended on the
rapid membrane lipid fluidity, which exacerbated the tendency towards
shedding off from membrane than energy-consuming endocytosis,
exerting an unfavorable impact on the stability of anchored molecules.
Taken together, these results indicated a relatively stable and highly
efficient membrane-anchoring technique for PNEs being established.

3.2. Preparation and characterization of K237-anchored neutrophil
cytopharmaceuticals

To maximize the conjugation efficiency of K237 peptide to DSPE-
PEG2000-DBCO on PNEs, we first optimized the bio-orthogonal reac-
tion conditions between PNEs and N3-K237 peptide labeled with FITC
for visualization. Although the ratio of fluorescent PNEs elevated to 89%
as the concentration of N3-K237 peptide rose to 200 pM (Supporting
Information Fig. S6A—C), the endocytosis of N3-K237 peptide by PNEs
was obviously observed by CLSM when the concentration higher than
100 pM (Supporting Information Fig. S7A). It implied that higher K237
concentration might lead to more cellular internalization, thus 100 pM
of N3-K237 peptide was applied in the following studies. Besides, we
found that the extended incubation time of 1 h improved the coupling of
N3-K237 peptide to DSPE-PEG2000-DBCO with a positive ratio of about
77% (Supporting Information Fig. S7B and Fig. S8). More importantly,
the conjugation process had been demonstrated friendly to cell viability
(Supporting Information Fig. S6D and Fig. S8D). As shown in Fig. 3A and
Fig. S9A (Supporting Information), the fabricated K237-anchored
neutrophil cytopharmaceuticals presented a cluster or strip state of
fluorescence of K237 peptide on neutrophil membrane and uniformly
dispersed fluorescence of RhoB-labeled nab-PTX in cytosol. In contrast,
there was limited fluorescence of K237 peptide on PNEs without the
anchoring of DSPE-PEG2000-DBCO. The location of K237 peptide was
further confirmed on the neutrophil surface by the fluorescent overlap
between neutrophil membrane labeled by APC anti-Ly6G and the
anchored K237 peptide (Fig. 3B and C). Similarly, nearly 75% of K237
peptide (equal to 2.9 nmol per 10 cells) anchoring on the cell surface
was calculated by the TB quenching method (Fig. 3D, Supporting In-
formation Fig. S9B and S9C). However, there was only 2.5 nmol of
DSPE-PEG2000-DBCO anchored on neutrophil membrane as mentioned
in Fig. 2E. The mainly reason can be ascribed to the physical absorption
of K237 peptide to the membrane, which was further confirmed by the
decreased amount of K237 peptide by 10% after a single washing but
without further decrease after repeated washing (Fig. 3E). These results
suggested that nearly 100% of DSPE-PEG2000-DBCO on the surface
being conjugated with N3-K237 with high efficiency.

In addition, the physiological functions of neutrophils after sequen-
tial manufactures should be take into consideration, which determines
the in vivo fate of the K237-anchored neutrophil cytopharmaceuticals.
Firstly, we explored the membrane integrity through a fluorescent dye,
7-aminoactinomycin D (7-AAD), which cannot transport across the
intact cell membrane. The complete destroy of membrane integrity for
dead cells meant around 98% 7-ADD staining, and the DSPE-PEG2000-
DBCO anchoring and the subsequent K237 conjugation caused minimal
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influx of 7-AAD than dead cells (Supporting Information Fig. S10A and
B), indicating the retained membrane integrity of modified neutrophils.
Moreover, the expressions of critical membrane markers (CD11b,
CD62L, CD16) associated with cell adhesion and migration was little
affected compared with blank NEs (Supporting Information Fig. S10C),
suggesting the vital neutrophils membrane proteins were not blocked by
K237 anchoring. We also evaluated the chemotaxis and transvascular
migration of K237-PNEs using a transwell assay in the absence or
presence of the human umbilical vein endothelial cells (HUVEC)
monolayer, which utilized different percentages of tumor conditioned
medium (TCM) to simulate the recruitment of inflammatory factors. As
the proportion of TCM rose, the numbers of K237-PNEs transported to
the lower chamber were gradually increased, but without significant
variations with blank NEs (Fig. 3F and G, Supporting Information
Fig. S11 and S12), implying that K237-PNEs remained the chemotaxis
towards tumors and could proactively migrate across the vascular
endothelium.

Besides, we further explored the stability of anchored K237 peptide
on the surface of neutrophils, which plays essential roles in enhancing
neutrophil extravasation. According to the TB quenching method, there
were almost 84% K237 peptide (equivalent to 2.32 nmol per 10° cells)
retained on the membrane within the first 4 h in the simulated chemo-
tactic conditions (Fig. 3H), which suggested it could stay on the cell
surface for recognition and binding with VEGFR2 in recruitment process
due to its rapid response to inflammation and thereby laid a foundation
for enhanced tumor-specific neutrophil extravasation. However, the
amount of K237 peptide gradually reduced to 50% (equivalent to 1.40
nmol per 10° cells) after 8 h (Fig. 3H). The result indicated that the
anchored K237 peptide would dislodge from the neutrophil membrane,
which instead provided an opportunity for K237 peptide to block
VEGFR2 on tumor vascular endothelial cells and inhibit the angiogen-
esis. Next, we further confirmed that the dislodged K237 peptide
reserved the affinity to bind with endothelial cells, as verified by the
fluorescence of K237 peptide distributed on HUVEC membrane despite
partial K237 peptide located in cytoplasm (Fig. 3I). We also detected the
variation of the amount of anchored K237 peptide during the trans-
endothelial migration. Up to 27% of anchored K237 peptide was
transferred to the membrane of HUVEC (Fig. 3J and Supporting Infor-
mation Fig. S13), further indicating the potential function of anchored
K237 peptide binding with vascular endothelial cells.

The stability of nab-PTX within K237-PNEs was also detected. We
found that PTX kept stable in the cytoplasm except for a minor leakage
in both normal and chemotactic conditions for 8 h (Supporting Infor-
mation Fig. S14A and B), and only a small decline emerged when K237-
PNEs crossed the HUVEC monolayer through the deformation move-
ment (Supporting Information Fig. S14C).

In short, K237-PNEs could maintain the considerable stability for
both membrane-anchored K237 and cytoplasm-internalized nab-PTX
during the complex physiological process. And most crucially, anchored
K237 peptide still possessed the affinity to bind with vascular endo-
thelial cells, which might potentially exert the enhanced extravasation.

3.3. Accelerated tumor-specific extravasation and accumulation by
K237-anchored neutrophil cytopharmaceuticals

Despite K237 peptide had been successfully anchored on the surface
of PNEs, we wondered whether the anchored K237 peptide could
accelerate the tumor accumulation and achieve the enhanced tumor-
specific extravasation. We first confirmed the high expression of
VEGFR2 on tumor blood vessles (Supporting Information Fig. S15)
compared with normal mouse breast fat pad. Based on that, the in vivo
biodistribution of K237-PNEs was evaluated with time on orthotopic
triple-negative breast cancer (4 T1 cells)-bearing mice. The near-
infrared probe DiR-labeled different neutrophil cytopharmaceuticals
including fresh neutrophils (denote as NEs), PNEs and K237-PNEs were
administrated and monitored using IVIS spectrum. Compared with the
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spleen, tumor tissues were separately isolated and analyzed by region-
of-interest (ROI, Fig. 4A and B). There were no significant differences
between NEs and PNEs within 48 h, which confirmed that nab-PTX
loading in the cytoplasm caused no adverse impact on the recruitment

unanchored NEs and PNEs, K237-PNEs showed an obviously higher DiR
signal in tumor site within the first 12 h (Supporting Information
Fig. §16), indicating more rapid tumor-targeting of K237-PNEs. Given
the possible interference from the noticeable DiR signals in liver and
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Fig. 4. Accelerated tumor-specific accumulation and extravasation by K237-PNEs. (A) The ex vivo imaging and (B) fluorescence quantification of tumor tissues
isolated from the 4 T1 tumor-bearing mice after intravenous administration of DiR-labeled NEs, PNEs and K237-PNEs at a dosage of 2 x 10 cells each mouse over
time (n = 3 mice per group). (C) The real-time intravital observation of neutrophils cytopharmaceuticals PNEs and K237-PNEs crossing the tumor blood vessels after
1 h of neutrophils infusion. Neutrophils, nab-PTX and K237 were respectively labeled by Cell Trace Far Red (red), Rhodamine B (magenta) and FITC (green). White
dashed line indicated the border of blood vessels and the yellow arrows indicated the extravasated neutrophils from blood vessels. Scale bar = 50 pm. (D) The CLSM
images of the frozen tumor tissue sections collected from the 4 T1 tumor-bearing mice after intravenous administration of K237-PNEs. NEs, K237 and tumor blood
vessels were respectively labeled by DiR (magenta), FITC (green) and Alexa Fluor 594 anti-CD31 antibody (red). Scale bar = 20 pm. (E) Quantification of PTX in the
tumor tissues from 4 T1-bearing mice (n = 3) after intravenous injection of different PTX formulations at a PTX dosage of 2.5 mg/kg over time. (F) The quantified
fluorescence intensity of K237 in tumor tissues from 4 T1-bearing mice after intravenous administration of different K237 preparations at K237 dosage of 2.9 pmol/
kg over time. All data are mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001. ns, not significant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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and migration of neutrophils. However, more K237-PNEs could accu-
mulate into tumor as early as 4 h while PNEs and NEs showed a relative
weaker and delayed tumor-infiltration until 48 h, which suggested that
anchored K237 peptide could truly promote the tumor-targeting of
neutrophil cytopharmaceuticals (Fig. 4A-B, Supporting Information
Fig. S17). Notably, all neutrophils showed a initial accumulation in or-
gans with abundant blood perfusion like liver, spleen and lung but
decreased with time, which might account for the gradual increased
neutrophils accumulation in tumor (Supporting Information Fig. S18).

Then we conducted the in vivo real-time observation of vascular
extravasation for PNEs and K237-PNEs. We found that most of K237-
PNEs extravasated from the vessel to infiltrate into the tumor tissue
just after 1 h of injection, as marked with yellow arrows in Fig. 4C, while
PNEs mainly stayed in the blood vessels in the short time. The process of
crawling and extravasation of K237-PNEs could be clearly observed in
the supplemented video of K237-PNEs, which was also illustrated
through the intercepted representative images in Supporting Informa-
tion Fig. S19. And most PNEs quickly migrated in the blood vessels and
few PNEs adhered to blood vessels in the supplemented video of PNEs.
These data indicated the accelerated extravasation capability of K237-
PNEs due to the K237 anchoring. Besides, we noticed the weakened
green fluorescence on some K237-PNEs inside blood vessels and after
crossing the vessels, which can be ascribed to the lost of K237 peptide
from neutrophils in the process of transvascular migration. This short-
coming in turn made K237 liable to stay on the vessel wall to block the
VEGFR2 and perform the antiangiogenic effect, as confirmed by the
observation that a large amount of green fluorescence on the vessel wall
without the colocalization of neutrophils (red) and nab-PTX (magenta)
(Fig. 4C and Supporting Information Fig. S19).

Synchronously, we conducted fluorescence observation of tumor
tissue sections after injection of neutrophil cytopharmaceuticals for
different time. Although PNEs and K237-PNEs could both migrate to the
tumor vessels at 1 h, K237-PNEs arrived and started to extravasate from
vessels at 2 h while PNEs delayed to 4 h (Supporting Information
Fig. S20), which was probably due to the strengthened adhesion of
neutrophils to tumor vessels through the binding effect of K237 and
tumor vessels (Fig. 4D), thus accelarating the neutrophil extravasation
into the tumor tissues.

Next, we quantitively detected the distribution of PTX and K237
peptide for evaluating the drug deposition brought by enhanced
extravasation. In comparison with the mixture of free nab-PTX and K237
peptide (nab-PTX + K237) that showed limited PTX accumulation and
quick elimination in tumor tissues, the gradual migration of PNEs to
tumor site as time extended resulted in a significant higher PTX depo-
sition witnin 12 h (Fig. 4E). However, the PTX amount decreased to
almost the same level with free nab-PTX as time extended to 48 h owing
to drug metabolism and clearance. By contrast, based on the expedited
extravasation of K237-PNEs, significantly elevated PTX accumulation in
tumor at 4 h was quantified, which was 4-folds and 2-folds higher than
the drug mixture and PNEs respectively (Fig. 4E). Moreover, K237-PNEs
could maintain a higher PTX amount up to 48 h in tumor site, which was
still 3-folds and 2.2-folds higher than the drug mixture and PNEs
respectively. These data verified that K237-PNEs accelerated the accu-
mulation of loading drugs in solid tumor based on the enhanced tumor-
specific extravasation. Despite the distribution of PNEs and K237-PNEs
in normal organs, PNEs and K237-PNEs both showed higher tumor-
targeting efficiency than free nab-PTX + K237 according to the PTX
amount ratio after 48 h (Supporting Information Fig. S21 and S22).
Notably, the gradual decreased amount of PTX in tumor tissues due to
the PTX metabolism was inconsistent with the DiR signal of the
neutrophil in IVIS spectrum, which might be owing to the slower
metabolism and elimination of DiR especially in the cell-binding state
(Fig. 4A and E). Similarly, K237-PNEs considerably increased the
retention of K237 peptide in tumor tissue for at least 48 h and reduced
the renal clearance (Fig. 4F and Supporting Information Fig. S23),
meaning that K237-PNEs could significantly augment the collaborative
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efficacy of nab-PTX and K237 peptide on the basis of accelerated tumor
accumulation and prolonged retention. In brief, we demonstrated that
K237 anchoring has promoted tumor-specific extravasation of neutro-
phils in solid tumors, which had the potential to elicit enhanced anti-
tumor effect due to the increased drug accumulation at tumor site.

3.4. The anti-angiogenesis and tumor killing effect of K237-PNEs in vitro

To further detect the bioactivity of K237-PNEs, the inhibition effect
on the proliferation, migration and neovascularization of vascular
endothelial cells were firstly explored. Free K237 or nab-PTX both
showed strong inhibition on HUVEC proliferation and migration, which
respectively derived from direct VEGFR blocking of K237 and the
cytotoxicity of paclitaxel to HUVEC within 12-48 h. Compared to the
free nab-PTX or K237 peptide, K237-PNEs performed a cooperative ef-
fect and evidently suppressed the proliferation of HUVEC with an
increased inhibition ratio by 2.1- and 1.7-folds respectively (Fig. 5A).
Similar inhibition could be found in the HUVEC migration by K237-
PNEs, about 1.5-and 1.6-folds higher than free nab-PTX and K237,
respectively (Fig. 5B). It’s worth noting that because of the immediate
interaction of nab-PTX + K237 on HUVEC without in vivo physiological
barriers, K237-PNEs presented limited advantages over nab-PTX + K237
on both proliferation and migration of HUVEC in vitro. Besides, K237-
PNEs showed a parallel inhibition activity in anti-angiogenesis evalua-
tion with K237 and nab-PTX + K237 at 6 h, in which K237 peptide
directly blocked the tube-formation of HUVEC and significantly
decreased the branches points and branches length (Fig. 5C-E). This also
confirmed the anchoring caused no intervention of anti-angiogenic
function of K237. Despite nab-PTX inhibition on HUVEC proliferation
and migration within 12-48 h in Fig. 5A-B, nab-PTX showed only slight
suppression on angiogenesis in a short time of 6 h while PNEs exhibited
almost no effect on angiogenesis because of almost no PTX release
within 6 h (Fig. 5C-E, Supporting Information Fig. S14). Taken together,
K237-PNEs retained the necessary capabilities of inhibiting the prolif-
eration, migration, and neovascularization of vascular endothelial cells,
which set up the foundation of the anti-angiogenesis therapy in concert
with chemotherapy.

Next, the in vitro tumor-killing effect was detected against the
luciferase-transfected 4 T1 cells (4 T1-luci). Although free nab-PTX or
free K237 showed significant tumor-inhibition effect compared to the
control, K237-PNEs exhibited a stronger cytotoxicity against the tumor
cells than any of them (Fig. 5F), indicating a synergistic treatment
strategy enhancing the anti-tumor effect. Given that K237-PNEs them-
selves released nab-PTX through the formation of NETs in the TCM
stimulated tumor environment, as confirmed by CLSM (Supporting In-
formation Fig. S24), the more aggravated tumor cytotoxicity than the
nab-PTX + K237 group might result from the related tumor-killing cy-
tokines of NETs [42-44].

In summary, these data verified that the anchored K237 peptide
retained the capabilities of VEGFR targeting and anti-angiogenesis, as
well as the synergistic anti-tumor effect with nab-PTX in vitro.

3.5. Boosted antitumor efficacy against orthotopic triple-negative breast
cancer

The therapeutic effect of K237-PNEs was evaluated on the orthotopic
triple-negative breast cancer-bearing mice according to the treatment
regimen (Fig. 6A). In comparison to saline, blank NEs exhibited a rela-
tively weak anti-tumor effect which herein mainly worked as the de-
livery vectors for nab-PTX and K237. Although free nab-PTX and free
K237 have showed slight inhibiton in tumor growth like reduced tumor
volume and tumor weight, the inhibition effect was almost no significant
differences with the saline and markedly inferior to K237-PNEs (Fig. 6B-
D). These results were further confirmed by the images of isolated tumor
tissues (Supporting Information Fig. S25) and H&E-stained tumor sec-
tions (Fig. 6E). It’s worth noting that combined administration of free
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Fig. 5. The anti-angiogenic and tumor-killing effect in vitro. (A) Inhibition rate of HUVEC proliferation mediated by K237-PNEs compared with other formulations.
(B) Inhibition rate of HUVEC migration using the transwell assay affected by K237-PNEs compared with other formulations. (C) The inhibition on neovascularization
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random three fields by image J. (F) Cytotoxicity against 4 T1-Luci cells using firefly luciferase reporter gene. All data are mean + SEM (n = 3). * P < 0.05, **P < 0.01,

**% P < 0.001 and **** P < 0.0001. ns, not significant.

K237 and PNEs (K237 + PNEs) could truly generate improved thera-
peutic efficacy because of the synergistic effects of cytotoxicity and
antiangiogenesis, however, K237-PNEs exerted around 1.4-folds higher
tumor-inhibition than K237 + PNEs (Fig. 6D), and remarkedly shrunk
the tumor size. The considerably enhanced therapeutic effect of K237-
PNEs could be attributed to the elevated tumor-accumulation and
decreased blood-clearance of K237 peptide, thus achieving maximized
cooperation of these two drugs based on the enhanced tumor-specific
extravasation. Meanwhile, K237-PNEs also showed obvious inhibition
of tumor angiogenesis than free K237 or K237 + PNEs, as confirmed by
vascular immunofluorescence of tumor tissue sections (Fig. 6F and G).
Additionally, K237 + PNEs showed no significant differences with free
K237 (Fig. 6F and G), further implying that anchored K237 on PNEs
vastly improved the accumulation in tumor sites and maximally exert
the anti-proliferation and anti-angiogenesis effect. As a result, K237-
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PNEs obviously prolonged the survival based on the lessened neo-
vascularization and shrunken tumor size than other groups (Fig. 6H).
The median survival time of K237-PNEs extended about 1.2- and 1.3-
folds longer than that of K237 + PNEs and free nab-PTX groups,
respectively (Fig. 6H). These data manifested that a synergistic inhibi-
tion of tumor growth and angiogenesis could be achieved by K237-
anchored neutrophil cytopharmaceuticals, thus boosting the therapeu-
tic efficacy in solid tumors.

Moreover, the safety of K237-PNEs was also evaluated. The body
weights and the main organ indexes (Fig. 6I and J) of mice receiving
different treatment showed no substantial differences between K237-
PNEs and the other groups. No pathological changes were observed
from the H&E-staining images of the main organ sections (Supporting
Information Fig. $26), and the functions of liver and kidney in terms of
alanine aminotransferase (ALT), aspartate aminotransferase (AST),



L. Zhang et al. Journal of Controlled Release 359 (2023) 116-131

-=- Saline ]w olo
4T1 cells NEs J=|cic

nab-PTX

-
-+ K237

= K237+PNEs :|
-

ELT]

*edkdkk

*kkk

£3
*
N *
*
4T1 tumor cells

S > L
o . i.v. injection every two days  Sacrifice S 2007 K237-PNEs :J
orthotopic inoculation :E, 1004
l | | | R —
Day 0 Day 10-22 Day 25 0 2 4 6 10 12 14 16
Time (Day)
nab-PTX
2.0 — & 150-
—_ *k Q
K 1.5 ns | — ®
= 1 * ns c
% % N § 1007
< *k =
2 1.0q° )
= o =
° % ?A; % *kk _E 504
£ 0.5 ) =
= & g
3
0.0—/—T—T—T— = 0
N ¢2 2
SELPEE ¥
&
D
& ¥

NEs nab-PTX K237 K237+PNEs K237-PNEs

]
(71
pm ]
o 3
o 8 2000 -
el o ns ns *
6 15004 o *
“;; a % *kkk kkkk kkkk
@ 1000 A O
L o s 09 %’K Kok
Q = & A3 o
o £ 500 s Oo
] = o
I § 01— . r T T T
o & 2 A 2 2
5 ’b\\(\ é@ Q&.\.ij e«' é@
Q S ) 60‘ AX ’!;\g
O) i N » o
= v
() N4 W
=
H | J 3
(2]
26 £.100; o Saline
100+ — Saline = 24 - Saline ° NEs
< 80 NEs = NEs B 807 ’ o nab-PTX
< — nab-PTX 5 ki3 Raii—: — nab-PTX £ o] et A K237
= 601 — K237 2 20 ~+ K237 2 o K237+PNEs
£ 40 — K237+PNEs > = K237+PNEs > 407 o K237-PNEs
(2]
204 — K237-PNEs g - K237-PNEs E 20-
0 ” 14— a LnriaRe
0 10 20 30 40 50 60 0246 810121416 S Heart Liver Spleen Lung Kidney

Time (day) Time (Day)
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0.001 and **** P < 0.0001. ns, not significant.
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alkaline phosphatase (ALP), lactate dehydrogenase (LDH) and blood
urea nitrogen (BUN) for K237-PNEs were all within the normal range
(Supporting Information Fig. S27). Further, the number of leukocytes,
erythrocytes, and platelets as well as the amount of hemoglobin dis-
played no evident variation (Supporting Information Fig. $28).

Taken together, we demonstrated that K237-PNEs achieved the
boosted anticancer efficacy via the effective anti-angiogenesis,
improved inhibition of tumor growth, and prolonged survival, which
attributed to the enhanced tumor-specific extravasation and thus the
extended accumulation of K237 peptide and PTX in tumor site.

4. Discussion

Chronic inflammation is a hallmark of cancer and exerts pleiotropic
effects in the development of cancer, including favoring carcinogenesis,
tumor growth and even aggravating invasion and metastasis [45-47].
During the progression, diverse immune cells, such as neutrophils,
macrophages, lymphocytes, monocytes and et al. are recruited and
infiltrate to the precancerous lesions to exert either pro- or anti-tumor
effects and affect therapeutic resistance [48-50]. It has been reported
that neutrophils exhibit a higher infiltration proportion than the other
immunocytes in various solid tumors probably owing to the most
abundant quantity and first-line defense when inflammation occurs,
which lays a foundation for neutrophil cytopharmaceuticals to be
exploited for promoting the drug accumulation at tumor site [51]. Based
on the chemotaxis to inflammatory cytokines of neutrophils, we have
explored the adjuvant treatment such as surgery, radiotherapy or pho-
tothermal therapy to amplify the inflammation levels in local tumor
sites, in which rapid migration of neutrophil cytopharmaceuticals to the
tumor within 2 h have been demonstrated even facing the blood-brain
barrier. Moreover, based on the chemotaxis to some specific cytokines
derived from TME such as lung metastases, the substantial suppression
effect of neutrophil cytopharmaceuticals has also been revealed. How-
ever, it can’t be ignored that neutrophils themselves tend to colonize in
the organs with abundant blood perfusion and immunological compe-
tence such as the lung [52,53]. The chronic inflamed level and disor-
dered vasculature in solid tumor tissue presents a great challenge for
quick and specific extravasation of neutrophils. Inspired by the physi-
ological mechanism of neutrophil extravasation and the typical feature
of VEGFR highly expressing on tumor vasculature, we proposed an
enhanced tumor-specific extravasation strategy via anchoring the
VEGFR2-targeted peptide K237 on neutrophil membrane, thus pro-
moting the accumulation of neutrophil cytopharmaceuticals in tumor
sites and eliciting the combined anti-angiogenesis and tumor-killing
effect.

Currently, only several mechanisms have indicated the potential of
improving the neutrophil chemotaxis to inflammation. For instance,
activated platelets can reinforce neutrophil recruitment through
enhanced interaction with neutrophils through surface high-expressed
P-selectin, released soluble chemokines (CCL5), as well as the latest
reported inflammation mediator 5-HIAA that cam bind with the receptor
GPR35 on activated neutrophils [54]. In addition, Dipeptidase 1 mem-
brane protein on endothelium as a physical adhesion receptor can
facilitate neutrophils to inflamed sites in lung and liver [55]. However,
great challenges remain in transforming these physiological mecha-
nisms to applications, especially in the context of tissue-specific
recruitment modes [27,56]. In this work, we leveraged the VEGFR2 as
a universal tumor-specific “landmark”, which highly expressed on
neovascular endothelial cells in nearly all of solid tumors. The anchored
VEGFR2-targeting peptide on the neutrophil surface can specifically
recognize the tumor site and provides an extra tether for neutrophil
cytopharmaceuticals to bind to and adherent with the vessel wall, which
elicits the following deformation and extravasation. Moreover, the
anchored VEGFR2-targeting peptide also serves as the anti-angiogenesis
agents to inhibit the formation of neovascular, which achieves a com-
bined therapeutic efficacy with cytotoxic drugs.
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Given that the role of K237 peptides required to be located outside
the cell to interact with vascular endothelial cells and promote neutro-
phils extravasation, we changed the traditional drug-loading method
into anchoring K237 on cell membrane using a membrane-anchoring
technic. Further, we modified the drug-loading process by anchoring
K237 peptide after phagocytic loading of chemotherapeutics. We
demonstrated this improved method reduced the cellular endocytosis of
K237, meanwhile showed no adverse effect on the physiological func-
tions of neutrophils. Moreover, the modest cell membrane-anchoring
provides either the stable anchoring of VEGFR2-targeting peptide dur-
ing the chemotaxis process or the available dislodging of VEGFR2-
targeting peptide for anti-angiogenesis during the extravasation pro-
cess. Most importantly, the membrane-anchored K237 exhibited two
critical functions that complemented each other, which could not only
enhance neutrophils extravasation but also further exerted synergistic
anti-tumor effect with chemotherapeutics. Based on the improved
accumulation and retention of VEGFR2-targeting peptide and PTX, the
peptide-anchored neutrophil cytopharmaceuticals held the strongest
inhibition on tumor growth and thus prolonged the survival.

In view of clinical treatment of triple-negative breast cancer, using
nab-PTX is inevitable to face the challenge of unsatisfied targeting-
efficiency and lower drug deposition in tumor. The neutrophils cyto-
pharmaceuticals PNEs herein significantly increased the tumor-
targeting of nab-PTX based on the neutrophils proactive tumor-
tropism. Most importantly, K237-PNEs further expedited the neutro-
phils migration and tumor-extravasation, achieving further enhanced
drug accumulation and anti-tumor effect. Briefly, we completed the
preliminary proof of concept about the great therapeutic advantages and
potential clinical value for K237-PNEs. This inspired us to explore the
therapy effect in other malignant tumors and advance the clinical
application in future.

5. Conclusion

In summary, we have proposed a new generation of neutrophil
cytopharmaceuticals with enhanced tumor-specific extravasation by
peptide anchoring, which also exhibited improved antitumor effect
through the combined anti-angiogenesis and cytotoxicity. Our evolu-
tionary drug-loading technic based on the traditional endocytic method
provides a larger platform for collaborative delivery of drugs with
different properties, in parallel, indicates a promising direction for
cytopharmaceuticals or even living cells in enhanced extravasation to
targeted sites in more therapeutic application.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2023.05.037.
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