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Abstract

cancer therapy.

The vascular-disrupting agent DMXAA (5,6-dimethylxanthone-4-acetic acid) exhibits potent anticancer activity by
targeting tumor vasculature and activating immune responses via the cGAS-STING pathway. However, its clinical
application is hindered by nonspecific targeting and significant cardiovascular toxicity. This study introduces a novel
self-amplified tumor-targeting delivery system(P@NPPD)comprising azide-functionalized poly(ethylene glycol)-
b-poly-[(N-2-hydroxyethyl)-aspartamide]-DMXAA (N5-PEG-b-PHEA-DMXAA, NPPD) conjugated to DBCO modified
platelets. Among them, NPPD was synthesized by conjugating DMXAA to N;-PEG-b-poly-[(N-2-hydroxyethyl)-
aspartamide] through esterification. This system enhances tumor-specific drug delivery while minimizing systemic
toxicity. Leveraging the natural tumor-homing properties of platelets and the coagulation cascade, P@NPPD
selectively targets exposed collagen at tumor sites, initiating a self-amplifying release of DMXAA. This approach
achieved a 2.61-fold improvement in targeting efficiency and an 89.1% tumor suppression rate. In addition to
improving drug accumulation at tumor sites, P@NPPD significantly activated local immune responses, enhancing
therapeutic efficacy and safety. These findings underscore the potential of P@NPPD as a promising platform for

Background

The continuous delivery of oxygen and nutrients through
blood vessels is critical for tumor growth [1-4]. Accord-
ingly, the tumor vasculature has emerged as a key thera-
peutic target, leading to the development of strategies
such as tumor artery embolization, chemoembolization,
vascular disruption, and vascular normalization therapies
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[5, 6]. DMXAA, a representative vascular-disrupting
agent (VDA), selectively induces apoptosis in tumor
vascular endothelial cells, rapidly obstructing nutrient
transport and starving tumor tissues [7, 8]. Additionally,
DMXAA activates the cGAS-STING pathway by directly
binding to the STING protein in cells, which trig-
gers TBK1 phosphorylation and IRF3 activation within
the type I interferon (IFN) signaling pathway, thereby
enhancing both innate and adaptive antitumor immune
responses [9]. Subsequently, Weiss et al. also verified and
utilized DMXAA to induce immune activation, promote
T-cell tumor infiltration and activation, and result in
tumor suppression [10, 11].

This dual mechanism of vascular disruption and
immune activation positions DMXAA as a compelling
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candidate for cancer therapy. However, its clinical use
is compromised by nonspecific targeting, which results
in severe side effects, including cardiovascular toxicity,
transient retinal impairment, and, in some cases, per-
manent apraxia [12]. These challenges necessitate the
development of delivery systems that enhance tumor
specificity while reducing off-target effects.

Efficient tumor-targeted drug delivery remains a sig-
nificant challenge due to the complexities of the tumor
microenvironment [13]. While drug-encapsulated nano-
materials show passive accumulation in tumors [14],
their clinical efficacy is limited by high dense extracellu-
lar matrix barriers, intratumoral fluid pressure and com-
plicated tumor microenvironment [15]. Active targeting
strategies based on overexpressed tumor cell receptors
have improved drug delivery but face limitations, as only
2% of nanoparticles successfully interact with tumor
cells, with most remaining trapped extracellularly [16].
The scarcity and inaccessibility of traditional tumor-
specific targets further complicate drug delivery efforts.
To address these limitations, amplified tumor-targeting
strategies have gained attention. These approaches lever-
age mechanisms like the self-amplifying coagulation
cascade, which ensures rapid and effective responses
to pathological conditions such as vascular damage
[17-19]. For instance, Wang et al. developed a coagula-
tion-targeting peptide-decorated poly(; -glutamic acid)-
graft-maleimide poly(ethylene glycol)/combretastatin A4
conjugate (A15-PLG-CA4), which enhanced drug accu-
mulation at tumor sites by 2.9-fold compared to a nonco-
agulation-targeting control [20]. These findings highlight
the potential of self-amplifying delivery strategies to opti-
mize vascular-disrupting agents for cancer treatment.

In recent years, cell-mediated delivery systems inspired
by biological processes have garnered significant atten-
tion from researchers [21-24]. Among these systems,
platelets have emerged as promising carriers for tumor-
targeted drug delivery due to their natural affinity for

subendothelial collagen [25, 26]. This characteristic is
particularly relevant, as vascular systems undergo abnor-
mal changes in size, shape, and structure during the
progression of solid tumors [27, 28]. Moreover, clinical
observations link elevated platelet counts (thrombocyto-
sis) to newly diagnosed cancers [29, 30], and platelets can
be efficiently isolated using advanced blood separation
techniques [31]. These findings provide a robust founda-
tion for the development of platelet-based drug delivery
platforms. It is hypothesized that self-amplified tumor-
targeted delivery can be achieved by hitchhiking vascu-
lar-disrupting agents like DMXAA onto platelets. This
approach leverages platelets’ ability to induce tumor ves-
sel bleeding and initiate coagulation cascades, enabling
targeted delivery through chemotaxis and enhanced
tumor coagulation.

In this study, N;-PEG-b-PHEA-DMXAA (NPPD)
was synthesized by conjugating DMXAA with azide-
poly(ethylene glycol)-b-poly-[(N-2-hydroxyethyl)-
aspartamide] (N3;-PEG-5-PHEA, NPP) via esterification
between carboxyl (-COOH) and hydroxyl (-OH) groups.
Platelet-conjugated NPPD (P@NPPD) was then prepared
through a click reaction between the azide groups of
NPPD and the DBCO groups on functionalized plate-
lets in vitro. The self-amplified tumor-targeted delivery
was designed to proceed through the following cascade
(Scheme 1): (1) P@NPPD actively targets tumors by
adhering to exposed collagen in fast-growing tumor vas-
culature, releasing DMXAA in response to the tumor
microenvironment. (2) Vascular disruption exposes
additional collagen and coagulation signals, promot-
ing further accumulation of P@NPPD. (3) This cascad-
ing effect drives targeted delivery of platelets to internal
tumor vasculature, initiating a coagulation-targeted self-
amplification process. (4) This amplification enhances
DMXAA delivery to the tumor site. In vitro and in vivo
experiments were conducted to evaluate whether P@
NPPD effectively targeted tumor vasculature, disrupted
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Scheme 1 Schematic image illustrating the design of self-amplified tumor-targeted delivery of platelet-hitchhiking DMXAA, involving the following
steps: (1) Tumor Targeting: Upon intravenous administration, P@NPPD actively homes to tumors by binding to exposed collagen in the disrupted vas-
culature characteristic of fast-growing tumors. Leveraging the natural tumor-homing properties of platelets, this targeting mechanism ensures localized
release of DMXAA, triggered by the unique conditions of the tumor microenvironment. (2) Vascular Disruption and Collagen Exposure: Once bound to
the tumor vasculature, P@NPPD releases DMXAA, which disrupts tumor blood vessels. This vascular damage exposes additional collagen and coagulation
signals, providing new binding sites for P@NPPD accumulation at the tumor site. (3) Cascade Amplification: The vascular disruption caused by DMXAA
initiates a positive feedback loop, whereby platelet-mediated targeting drives further P@NPPD accumulation. This cascade effect significantly amplifies
drug delivery efficiency, intensifying therapeutic impact on the tumor microenvironment. (4) Enhanced DMXAA Delivery and Immune Activation: The
amplified accumulation of P@NPPD ensures efficient delivery of DMXAA. Beyond vascular disruption, DMXAA activates the STING pathway, stimulating
the production of type | interferons and pro-inflammatory cytokines. This immune activation recruits immune cells, including CD8* T cells and dendritic
cells, thereby reshaping the tumor immune microenvironment and enhancing tumor suppression

tumor blood vessels, enhanced biodistribution, promoted
DMXAA release, and inhibited tumor growth. The find-
ings demonstrated the potential of P@NPPD to improve
drug delivery efficiency while minimizing systemic tox-
icity, providing a promising strategy for tumor vascular
disruption therapy.

Materials and methods

Materials

y-Benzyl-L-aspartate-N-carboxyanhydride (BLA-NCA)
was obtained from Sichuan Jiaying Lai Technology Co.,
Ltd. (China). Anhydrous N,N-dimethylformamide (DMF,
>299%) was sourced from Energy Chemical, while meth-
anol was supplied by Adamas Pharmaceuticals, Inc.
(Shanghai, China). DMXAA was purchased from Bide
Pharmatech Co., Ltd. (Shanghai, China). Cy5-COOH
and Cy5-NHS were procured from Wuhan Duofluor
Inc. (Wuhan, China) and MeilunBio (Dalian, China),

respectively. NHS-PEG4-DBCO was acquired from Xi’an
Ruixi Biological Technology Co., Ltd. Additional reagents
included N;-PEG-NH, from Ponsure, N,N’-diisopropyl
carbodiimide (DIC) from Aladdin, and 4-dimethylamino
pyridine (DMAP) from Tokyo Chemical Industry.

CT26 cells and human umbilical vein endothelial cells
(HUVECs) from Procell were used in this study. RPMI
1640 medium, penicillin, and streptomycin were supplied
by MeilunBio (Dalian, China) and Seven (Shijiazhuang,
China), respectively. Dimethyl sulfoxide (DMSO) was
purchased from Glpbio (Montclair, CA). Antibodies,
including p-actin (Cat. No. 20536-1-AP), TMEM173/
STING (Cat. No. 66680-1-Ig), phospho-IRF3 (Cat. No.
29528-1-AP), and IRF3 (Cat. No. 11312-1-AP), were
obtained from Proteintech (Wuhan, China). The phos-
pho-STING (Ser366) monoclonal antibody (Cat. No.
19781) was sourced from Cell Signaling Technology
(Massachusetts, USA). Rabbit anti-mouse CD4, CDS,
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CD31, CD11b, Ly6G, and CD11c antibodies were pro-
vided by Servicebio (Wuhan, China). Flow cytometry
antibodies were obtained from BioLegend (California,
USA), with details in Supplementary Table S2. All addi-
tional reagents and solvents were procured from Sino-
pharm Chemical Reagent Co., Ltd. (China).

Characterizations

The chemical structures of DMXAA, PPD, and NPPD
were characterized using proton nuclear magnetic reso-
nance spectroscopy (‘"H NMR, Bruker AV-300) with
CF;COOD, DMSO-d6, or D,O as solvents. Nanopar-
ticle size and zeta potential were measured with a Zeta-
sizer Nano ZS nanoparticle analyzer (Malvern, Shanghai
Sibaiji Instrument System Co., Ltd.). Transmission elec-
tron microscopy (TEM) images were captured using a
JEOL JEM-1011 microscope (Tokyo, Japan) at an accel-
erating voltage of 100 kV. For TEM, 10 pL of nanopar-
ticle solution (0.5 mg/mL) was placed on a copper grid,
and imaging was performed after solvent evaporation.
Pharmacokinetic analysis was conducted using a Tecan
Spark multimode microplate reader (Switzerland). Ultra-
violet-visible (UV/Vis) spectra were recorded with a
Lambda365 spectrometer (PerkinElmer, USA). Biodistri-
bution studies utilized an IVIS Lumina LT series in vivo
imaging system (PerkinElmer, USA). High-performance
liquid chromatography (HPLC) analysis employed a
reverse-phase C18 column (Supersil ODS2, 5 pm) with a
UV-Vis detector. The mobile phase consisted of methanol
and 0.1% trifluoroacetic acid (TFA) in water (9:1 ratio) at
a flow rate of 1.0 mL/min, with detection at 345 nm.

Synthesis of the N;-PEG-b-PBLA block copolymer

Using N;-PEG-NH, as an initiator, the copolymer Nj-
PEG-b-PBLA was synthesized through the ring-opening
polymerization (ROP) of BLA-NCA. Initially, N;-PEG-
NH, (1.0 g, 0.2 mmol) was dehydrated using an azeo-
tropic method with toluene. After evaporating the
toluene under vacuum, N3-PEG-NH, was dissolved in 80
mL of anhydrous DMF. Separately, BLA-NCA (4.96 g, 20
mmol) was dissolved in 60 mL of anhydrous DMF and
carefully added to the N;-PEG-NH, solution via pipette.
The polymerization reaction was carried out at 25°C with
continuous stirring for 48 h. Acetic anhydride (0.74 mL,
8 mmol) was subsequently added, and the reaction con-
tinued under the same conditions for an additional 24 h.
The mixture was concentrated under reduced pressure,
and N;-PEG-b-PBLA was precipitated from DMF into
glacial ether (yield: 82%).

To convert N;-PEG-b-PBLA into N;-PEG-b-PHEA,
2.6 g (0.1 mmol) of the copolymer was dissolved in 50 mL
of dry DME, followed by the addition of ethanolamine
(5.92 mL). The mixture was stirred at 35°C for 24 h.
The crude product, N;-PEG-b-PHEA, was obtained by
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precipitating the reaction mixture into ice-cold diethyl
ether and vacuum drying the resultant solid. Further
purification involved dialysis (MWCO =3500 Da) against
distilled water, followed by lyophilization, yielding a
purified product with 68%. The chemical structures of
N,;-PEG-b-PBLA and N;-PEG-b-PHEA were confirmed
using 'H NMR spectroscopy using CF;COOD and D,O
as solvents, respectively.

Synthesis of NPPD

NPPD was synthesized via a condensation reaction
between N;-PEG-b6-PHEA and DMXAA, using N,
N’-diisopropylcarbodiimide (DIC) as the coupling agent
and 4-dimethylaminopyridine (DMAP) as the catalyst.
In a flame-dried flask, N;-PEG-b-PHEA (0.53 g, 0.04
mmol), DMXAA (0.4 g, 1.4 mmol), and DMAP (174 mg,
1.42 mmol) were dissolved in 10 mL of dry DMF after
12 h under vacuum. DIC (0.16 g, 1.42 mmol) was added
via syringe and reacted at 25°C for 24 h. The solution was
precipitated in cold diethyl ether twice to remove unre-
acted DMXAA and impurities. The crude NPPD product
was dried under vacuum, redissolved in DMF, and puri-
fied via dialysis against distilled water. The final purified
product was lyophilized into a yellow solid. The drug
loading (15.9%) and encapsulation efficiency (27.5%) of
DMXAA in the NPPD conjugate were determined using
UV-vis spectroscopy at 345 nm. The chemical structure
of NPPD was confirmed using "H NMR spectroscopy
with CF;COOD as the solvent.

For drug-loading analysis, DMXAA loaded onto NPPD
nanoparticles (NPs) was quantified using UV-vis spec-
troscopy. The drug loading content (DLC) and drug
loading efficiency (DLE) were calculated using standard
equations.

DLC(%) =204 5 10
NPs

DLE(%) _ M]oaded drug %100
Mfeeding drug

Where:

Migaded drug: Mass of the drug successfully loaded into
the nanoparticles.

Myps: Total mass of nanoparticles.

Meeding drug: Mass of the drug initially used for loading.

Cy5-labeled NPPD was prepared by reacting NPPD
(50 mg) with Cy5 (2.5 mg) in 2 mL of DMF at ambient
temperature for 48 h under dark conditions. The result-
ing solution was purified via dialysis against distilled
water and lyophilized, yielding Cy5-labeled NPPD as a
dry powder, which was stored in the dark.
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Preparation of NPPD-conjugated platelets (P@NPPD)

To introduce triple bonds into platelets for click chemis-
try, 1x 10° platelets were incubated with 20 uM DBCO-
PEG,-NHS ester at room temperature for 30 min.
Verification of triple-bond incorporation was performed
by incubating the modified platelets with 50 uM azide-
FITC for 30 min in the dark, followed by flow cytometry
analysis (10* events collected).

For platelet-NPPD binding, platelets modified with
DBCO and prestained with calcein AM were incubated
with NPPD/Cy5 (2.2 mg/mL in 1 mL PBS, pH 7.4) at
37°C for 50 min. To neutralize remaining DBCO sites,
50 pM azide-PEG was added to the mixture, followed by
20 min of additional incubation. The resulting platelet@
NPPD/Cy5 complexes were isolated via centrifugation at
1000x g for 10 min and analyzed using flow cytometry.

In vitro drug release study

Drug release was studied in vitro using PBS at pH 7.4.
Precisely weighed NPPD powder was dissolved in 5.0
mL of the release medium, enclosed in a dialysis bag
(MWCO=3500 Da), and immersed in 45.0 mL of the
same medium. The release of P@NPPD was also evalu-
ated using this setup. To simulate a clot environment,
fresh non-anticoagulated blood was used to form clots.
P@NPPD was mixed with 1 mL of freshly collected non-
anticoagulated blood and gently stirred to ensure uni-
form dispersion. The mixture was incubated at 37°C for
10 min to promote clot formation. Once the clot formed,
excess serum was removed, and the clot containing P@
NPPD was transferred into a dialysis bag (MWCO =3500
Da). The release of DMXAA was quantified by high-
performance liquid chromatography (HPLC), using an
elution solvent composed of methanol and 0.1% trifluo-
roacetic acid in water (90:10, v/v).

The release study was conducted at 37°C with gentle
agitation at 100 rpm in a thermostatic shaker. At prede-
termined intervals, 2 mL of the release solution was sam-
pled and replaced with an equal volume of fresh medium.

Collagen binding experiment

The binding efficiency of NPPD to collagen was evaluated
using collagen-coated plates incubated with NPPD/Cy5,
calcein AM-labeled platelets, and P@NPPD/Cy5 solu-
tions (with platelets also pre-stained with calcein AM).
The plates were incubated at 37°C for 1 h, followed by
thorough PBS washes to remove unbound particles or
platelets. Fluorescence intensities of FITC and Cy5 were
analyzed using confocal microscopy to determine bind-
ing efficiency for each condition.

Stability tests
The hydrodynamic size of P@NPPD was measured using
a Malvern Zetasizer Nano ZS to assess particle stability.
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Measurements were taken daily over four days at room
temperature to detect potential size changes indicative of
instability or aggregation. The stability of NPPD/Cy5 con-
jugation with platelets was analyzed using flow cytometry
by monitoring Cy5 fluorescence within the gated platelet
population. Additionally, to evaluate whether NPPD/Cy5
detached from platelets and was internalized by other
blood cells, P@NPPD/Cy5 was incubated with antico-
agulated whole blood at 37°C. Samples were collected
at 0 and 24 h, and Cy5 fluorescence was analyzed using
confocal microscopy to assess nanoparticle distribution
among non-platelet cells.

Cell cultures

CT26 cells or 4T1 cells were cultured in RPMI-1640
medium supplemented with 10% FBS, 50 U/mL peni-
cillin, and 50 U/mL streptomycin at 37°C in a 5% CO,
environment.

Cell viability

Platelet viability was assessed by incubating platelets
and P@NPPD in 96-well plates at 37°C for 0, 1, 3, and 5
days. At each time point, 10 pL of CCK-8 was added and
incubated for 2 h for detection. The cytotoxic effects of
DMXAA, NPPD, and P@NPPD were evaluated in 3T3
and HUVEC cells. A total of 5,000 cells per well were
seeded in 96-well plates and treated with various concen-
trations of DMXAA, NPPD, or P@NPPD after overnight
attachment. Following 48 h of incubation, cell viability
was determined using the CCK-8 assay,

Cell uptake

HUVEC cells were seeded in confocal dishes and incu-
bated overnight for attachment. P@NPPD/Cy5 or NPPD/
Cy5 was added and incubated for 24 h. After incubation,
cells were washed twice with PBS to remove uninternal-
ized particles and stained with DAPI to visualize nuclei.
Nanoparticle endocytosis was observed using confocal
microscopy, with Cy5 fluorescence indicating internal-
ized particles.

Tube disruption assay

First, 50 uL of Matrigel (BD Bioscience) was seeded into
a prechilled 96-well plate and allowed to polymerize at
37°C for 40 min. HUVEC cells were subsequently seeded
at a density of 2x 10° cells per well in 100 uL of culture
medium. Following tube formation, the cells were treated
with PBS, NPPD, or P@NPPD for 6 h. Tube structures
were observed and documented using an inverted micro-
scope at 0 and 6 h.

Western blot experiments
Cell and tumor samples were lysed in RIPA buffer with
inhibitors, while tumor tissues were homogenized using



Chu et al. Journal of Nanobiotechnology (2025) 23:197

a tissue grinder before centrifugation at 12,000 x g for
15 min to collect supernatants. Protein concentrations
were measured, denatured, separated by SDS-PAGE,
and transferred to PVDF membranes. Membranes were
blocked, incubated with primary and secondary antibod-
ies, and visualized using ECL reagents.

Animals

Female BALB/c mice (6—8 weeks old, 18-20 g) and SD
rats (180-200 g) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. Xenograft
tumor models were established by subcutaneous injec-
tion of 1x10° CT26 or 4T1 cells into the abdominal
region of each mouse. In vivo antitumor studies were
performed in mice bearing CT26 colorectal or 4T1 breast
cancer cells, adhering to the Guide for the Care and Use
of Laboratory Animals. All protocols were approved by
the Animal Care and Use Committee of the Changchun
Institute of Applied Chemistry, Chinese Academy of
Sciences.

Immunofluorescence analysis

To evaluate the tumor-targeting capability of P@NPPD/
Cy5, the compound was administered intravenously,
and mice were euthanized 6 h post-injection. For vascu-
lar disruption studies, mice received intravenous treat-
ments (PBS, DMXAA, NPPD, or P@NPPD). After 72 h,
mice were euthanized, and xenograft tissues were fixed,
embedded, and subjected to antigen retrieval. The pri-
mary antibody was applied overnight at 4°C, followed by
secondary antibody labeling for 1 h. Nuclei were coun-
terstained with DAPI and mounted. Nuclei were coun-
terstained with DAPI and mounted using a fluorescent
mounting medium. CD31 and colocalized P@NPPD/Cy5
with CD31 were visualized using a confocal microscope
(Zeiss).

Tumor tissues were fixed overnight in 10% formalin,
then transferred to 70% ethanol. Fixed samples were
embedded in paraffin, sectioned, and stained with pri-
mary antibodies: rabbit anti-CD11lc (GB11059, Ser-
viceBio), anti-CD4 (GB15064, ServiceBio), anti-CD8
(GB15068, ServiceBio), anti-CD11b (GB11058, Service-
Bio), and anti-Ly6G (GB11229, Servicebio). Slides were
subsequently washed and incubated with secondary anti-
bodies: HRP-conjugated goat anti-rabbit IgG (GB23303,
ServiceBio), iF488-Tyramide (G1231, ServiceBio), CY3-
Tyramide (G1223, ServiceBio), or Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (ServiceBio).

Immunohistochemistry for CES2 staining

CT26 tumor tissues were paraffin-embedded, sectioned,
and processed for antigen retrieval. After blocking, CES2
primary and HRP-conjugated secondary antibodies were
applied, followed by DAB detection and hematoxylin
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counterstaining. CES2-positive signals appeared brown-
yellow under the microscope.

Biodistribution analysis

A CT26 tumor model was established through subcu-
taneous injection into female BALB/c mice. Tumors
were allowed to grow to 100-150 mm? before the mice
were divided into groups for in vivo and ex vivo imag-
ing. Mice received intravenous injections of NPPD/Cy5
or P@NPPD/Cy5. In vivo imaging was conducted using
the IVIS Lumina LT Series III system at 3, 6, 12, and 24 h
post-injection to evaluate nanoparticle accumulation at
tumor sites. For ex vivo imaging, organs including the
hearts, livers, lungs, kidneys, and tumors were harvested
at 6, 12, and 24 h post-injection and imaged using the
same system.

Pharmacokinetics study

Plasma pharmacokinetics were assessed in female SD
rats treated with NPPD/Cy5 or P@NPPD/Cy5 (15 mg/kg
DMXAA) via tail vein injection. Blood samples collected
from 0.5 to 48 h post-injection were processed to obtain
plasma and analyzed using a fluorescence microplate
reader (excitation: 634 nm; emission: 681 nm). Pharma-
cokinetic parameters were calculated using PK solver
software.

In vivo antitumor efficiency

Mice bearing tumors measuring 100-150 mm?® were
randomly assigned to treatment groups. Beginning on
day 0, mice received intravenous injections of PBS, free
DMXAA (15 mg/kg), NPPD (15 mg/kg DMXAA), or P@
NPPD (15 mg/kg DMXAA) on days 0, 4, and 7. Tumor
volumes were measured with vernier calipers to evaluate
antitumor activity, while body weights were recorded to
monitor systemic toxicity. Tumor volume and suppres-
sion rates were calculated using the formulas:

a x b2

V(mm?) = 5 1)
TGI(%) = 1 — H x 100% (2)

“_»

The measurements “a” and “b” correspond to the longest
and shortest diameters of the tumor, respectively. T, and
T, indicate the tumor volume on days 14 and 0 in the
treatment group, whereas V, and V,, denote the tumor
volume on days 14 and 0 in the control group.

Hematoxylin-eosin (HE) staining analyses

At the end of treatments, mice were sacrificed, and
organs and tumors were collected, fixed in 4% para-
formaldehyde, embedded in paraffin, sectioned, and
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stained with H&E for histological analysis using a Nikon
microscope.

Safety analysis

Peripheral blood was collected post-treatment via the
medial canthus vein into EDTA-coated tubes for antico-
agulation. Samples were stored at 4°C and centrifuged at
1000 x g for 20 min. Serum biochemical markers, includ-
ing alanine aminotransferase (ALT), aspartate amino-
transferase (AST), urea nitrogen (BUN), and creatinine
(Cr), were measured.

Blood biochemistry and routine blood examination

On day 14, blood samples from healthy mice in all groups
were analyzed for complete blood counts, including RBC,
WBC, PLT, HGB, HCT, MCH, MCHC, and MCYV, to
assess potential myelosuppression.

In vivo immune response analysis

Tumors were harvested post-treatment for immune cell
phenotyping via flow cytometry. Tumors were enzymati-
cally digested at 37°C in a buffer containing collagenase,
hyaluronidase, and deoxyribonuclease for 1 h, followed
by filtration and centrifugation. Cell pellets were resus-
pended, stained with fluorophore-labeled antibodies,
washed, and analyzed using a BD FACS Canto II flow
cytometer. Antibody details are provided in Table S2 of
the Supporting Information. Cytokine levels, includ-
ing IFN-y, TNF-q, IL-6, and vWF, were quantified using
ELISA kits following the manufacturer’s protocols.

Statistical analysis

Statistical analyses were performed with results
expressed as means + SDs. Two-group comparisons used
a two-tailed unpaired Student’s t-test, while one-way
ANOVA with Tukey’s multiple comparisons test was
applied for multi-group analyses. Statistical significance
was indicated as *p < 0.05, **p <0.01, and ***p <0.001. Sur-
vival analysis employed the Kaplan-Meier method with
the log-rank test for significance evaluation.

Results and discussion

Preparation and characterization of the NPP and NPPD
nanoparticles (NPs)

The synthesis of N;-PEG-NH,-based N;-PEG-b-PHEA-
DMXAA (NPPD) is depicted in Fig. 1a. N;-PEG-b-PHEA
(NPP) was selected as the carrier for its excellent bio-
compatibility and biodegradability. The N;-PEG-b-PBLA
copolymer was synthesized via controlled ring-open-
ing polymerization (ROP) of y-benzyl-L-aspartate-N-
carboxyanhydride (BLA-NCA), initiated by N;-PEG-NH,
with an optimized amine/NCA molar ratio of 1:100.
Subsequent ammonolysis with ethanolamine yielded
N;-PEG-b-PHEA. Structural integrity and composition
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were confirmed by '"H NMR spectroscopy (Fig. 1b and
S1), with quantitative analysis revealing 90 aspartic acid
units, indicating the stability of poly(aspartic acid) dur-
ing ammonolysis. 'H NMR analysis further confirmed
the successful conjugation of DMXAA to N;-PEG-b-
PHEA (Fig. 1c and S2), while UV spectroscopy validated
the structural integrity of DMXAA post-conjugation
(Fig. 1d). The conjugate exhibited a high DMXAA loading
efficiency of 15.6% (Fig. S3). Morphological characteriza-
tion via dynamic light scattering (DLS) and transmis-
sion electron microscopy (TEM) showed hydrodynamic
diameters of 225.7 +24.1 nm for NPP and 238 +28.5 nm
for NPPD. TEM images confirmed the uniform spheri-
cal morphology of NPPD, with an approximate diameter
of 170 nm (Fig. 1le). NanoSight analysis confirmed the
size of NPPD as 174+ 62.5 nm, consistent with dynamic
light scattering (DLS) measurements (Fig. S4, Fig. le).
The sizes of platelets and P@NPPD were measured as
504.4+35.0 nm and 600.9+60.7 nm, respectively. The
increase in the size of P@NPPD is due to the effective
conjugation between NPPD NPs and platelets. Further,
particle size stability tests showed no significant change
in P@NPPD size over 4 days (Fig. S5). Conjugation stabil-
ity of NPPD/Cy5 with platelets was assessed using flow
cytometry and confocal microscopy. Results indicated
that after 3 days in PBS, ~90% of NPPD/Cy5 remained
conjugated to platelets (Fig. S6). Similarly, after 24 h
co-incubation with anticoagulated blood, the majority
of NPPD/Cy5 was still platelet-bound (Fig. S7). These
findings confirm the robust stability of the NPPD/Cy5-
platelet conjugation under both storage and physiological
conditions.

NPP exhibited a negative zeta potential of -16.73+0.12
mV, while NPPD showed a reduced negative charge
of -592+0.42 mV (Fig. S8). DMXAA release kinet-
ics were evaluated in PBS to examine the impact of
esterase. Without esterase (0 U/mL), NPPD exhibited a
restrained release profile, with 11.66 +1.35% of DMXAA
released over 72 h (Fig. 1f). In contrast, the addition of
esterase (20 U/mL) significantly accelerated release,
reaching 35.9+3.00%, attributed to enzymatic hydroly-
sis of the ester bond. In the P@NPPD + esterase group,
DMXAA release was 32.99+591% at 72 h, similar to
the NPPD +esterase group. Drug release was further
tested under simulated blood clot conditions to mimic
the tumor microenvironment (TME). Coagulated P@
NPPD +esterase showed reduced release compared
to NPPD +esterase, with 26.5+4.30% released at 72 h,
highlighting the enzyme-responsive release mechanism.
These results underscore the potential of NPPD for tar-
geted therapy by facilitating DMXAA release in the enzy-
matic milieu of the TME.
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Fig. 1 Synthesis and physicochemical properties of N3-PEG-b-PHEA-DMXAA (NPP). (a) Synthesis route of N3-PEG-b-PHEA (NPP NPs) and its DMXAA con-
jugation to form NPPD. (b) "H NMR spectrum of N3-PEG-b-PHEA in D,0. () "H NMR spectrum of N3-PEG-b-PHEA-DMXAA in CF;COOH. (d) UV-vis spectra
of DMXAA, NPP, and NPPD. (e) Hydrodynamic diameter of NPP, NPPDs, platelet, and P@NPPD in PBS, as assessed through dynamic light scattering (DLS).
The morphology of NPPD is shown in the transmission electron microscopy (TEM) image (scale bar =1 um). (f) Release kinetics of DMXAA from NPPD, P@
NPPD, and P@NPPD (in blood clotting) in PBS at pH=7.4, with and without esterase (20 U/mL)

Integration and characteristics of NPPD with platelets

Platelets were isolated from mouse whole blood and
treated with prostaglandin E1 (PGE1) to prevent activa-
tion [32]. The purity of isolated platelets was confirmed
via routine blood analysis, showing no contamination by

other blood cells (Table S1). The average platelet volume
was 5.70+1.64 fL, within the normal range for female
BALB/c mice [33], confirming their morphological integ-
rity (Table S1). For conjugation (Fig. 2a), platelets were
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modified with dibenzocyclooctyne-PEG-N-hydroxysuc-
cinimide ester (DBCO-PEG-NHS ester), which reacts
with azide groups on NPPD surfaces [34]. Flow cytom-
etry confirmed successful reaction between platelets and
NHS-Cy5, with significantly higher fluorescence intensity
compared to controls (Fig. 2b). Further validation using
an azide probe (N;-FITC) demonstrated increased fluo-
rescence in modified platelets compared to untreated or

P@NPPD

Fig. 2 Characterization of platelet-conjugated NPPD (P@NPPD). (a) Synthesis route of plate-conjugated NPPD (P@NPPD). (|
the reaction between NH, on platelets and NHS/Cy5. (c) SEM images of NPPD (left) and P@NPPD (right); scale bar =1 um. (d) Flow cytometry analysis of
the conjugation between NPPD/Cy5 and platelets (FITC-labeled). (e) Binding assay between platelets, P@NPPD, and collagen through confocal micros-
copy, scale bar =20 pum. (f) Microtubule disruption assay with PBS and P@NPPD at 0 h and 6 h of observation under a microscope, scale bar =200 um

b) Flow cytometry analysis of

physically mixed controls, confirming efficient DBCO
functionalization (Fig. S9).

We incubated DBCO-modified platelets with NPPD
for 50 min to achieve final conjugation. Scanning elec-
tron microscopy (SEM) confirmed the direct conju-
gation between platelets and NPPD (Fig. 2c). Flow
cytometry analysis of FITC-labeled, DBCO-modified
platelets reacted with NPPD/Cy5 revealed that nearly
all platelets were associated with NPPD/Cy5 following
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centrifugation and washing (Fig. 2d), demonstrating suc-
cessful conjugation.

Collagen, a critical factor for targeted blood vessel and
platelet-collagen binding, is exposed at tumor sites due to
abnormal blood vessel formation. GPVI, a key glycopro-
tein receptor on the platelet membrane, directly interacts
with collagen, mediating platelet adhesion and activa-
tion [35]. To evaluate its targeting ability, we assessed the
collagen-binding capacity of P@NPPD. Results showed
no significant difference compared to untreated plate-
lets, indicating that P@NPPD retained effective collagen-
binding functionality (Fig. 2e, Fig. S10). Platelet viability
remained approximately 80% after five days of incuba-
tion, with no significant differences observed between
the Platelet and P@NPPD groups (Fig. S11). Thrombin
activation induced significant CD62P expression in both
the platelet and P@NPPD groups (P<0.05), confirming
preserved platelet functionality (Fig. S11). Flow cytom-
etry analysis revealed morphological changes, with acti-
vated P@NPPD exhibiting larger SSC and FSC values,
indicating effective activation (Fig. S12). The uptake of
NPPD and P@NPPD by HUVEC cells was also evaluated.
Both NPPD and P@NPPD were effectively internalized,
significantly inhibiting HUVEC viability (Fig. S13). Fur-
thermore, P@NPPD’s disruption effect on HUVECs was
demonstrated in a Matrigel-coated 96-well plate. While
the PBS group showed no microtubule disruption, sig-
nificant disruption occurred in the P@NPPD group,
highlighting its ability to disrupt tumor vessels within the
tumor microenvironment (Fig. 2f, Fig. S14). These find-
ings confirm the potential of platelet-mediated delivery
systems, such as P@NPPD, for targeted vascular disrup-
tion in tumors.

Biodistribution and pharmacokinetic analysis of NPPD and
P@NPPD

Tumor growth relies on sufficient oxygen and nutrients,
prompting tumors to accelerate angiogenesis and expose
subendothelial collagen [36]. Studies have shown that
platelets maintain tumor blood vessel integrity by adher-
ing to collagen [37, 38]. Consequently, we evaluated P@
NPPD’s targeting ability. NPPD/Cy5 was prepared via a
standardized method, and P@NPPD/Cy5 was intrave-
nously injected into mice bearing subcutaneous CT26
tumors. Confocal microscopy confirmed that P@NPPD/
Cy5 accumulated and colocalized with tumor vasculature
6 h post-injection (Fig. 3a), demonstrating effective tumor
targeting. The tumor microenvironment, enriched with
esterases [39], facilitates the hydrolysis of ester bonds and
the release of DMXAA, which selectively induces apop-
tosis in tumor vasculature. This apoptosis triggers bleed-
ing and activates the coagulation cascade [22]. Tumor
blood vessels stained with CD31 following treatment
revealed that P@DMXAA significantly reduced vascular
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density compared to DMXAA and NPPD, indicating its
potent vascular disruption effects (Fig. 3b). Hematoxylin
and eosin (HE) staining at 6 h post-intravenous injec-
tion of DMXAA, NPPD, or P@NPPD revealed extensive
hemorrhagic sites in CT26 tumors, suggesting significant
coagulation (Fig. S15). To assess P@NPPD’s ability to
target tumor-associated coagulation, NPPD was labeled
with Cy5 and coinjected with fibrinogen-FITC into
BALB/c mice bearing CT26 tumors. Ex vivo fluorescence
imaging at 12 and 24 h showed that P@NPPD/Cy5 (red)
localized predominantly around coagulation regions
(green; Fig. 3c, Fig. S16). These results demonstrate that
platelets efficiently direct NPPD/Cy5 to coagulation sites
within tumors.

To assess the enhanced enrichment of P@NPPD/Cy5 at
tumor sites due to bleeding and activation of the coagu-
lation cascade, an in vitro imaging system (IVIS) was
used to monitor mice injected with either NPPD/Cy5 or
P@NPPD/Cy5. Tumor and primary organ samples were
collected at 6, 12, and 24 h post-injection for analysis. It
was observed that P@NPPD primarily accumulates in
the livers, kidneys, and tumors, influenced by complex
interactions between platelets and the body’s immune
and clearance systems. The liver, characterized by a rich
presence of macrophages and components of the mono-
nuclear phagocyte system (MPS), plays a crucial role in
the clearance of foreign particles [40]. Despite the con-
jugation with platelets, some P@NPPD particles are still
recognized and captured by the MPS, leading to their
accumulation in the liver, facilitated by the organ’s high
blood flow. Similarly, the kidneys” high blood flow and
filtration capacity might contribute to P@NPPD accu-
mulation, with their vascular network enabling transient
retention of nanoparticles [41]. Although the liver dis-
played prominent signals, the fluorescence intensity of
P@NPPD/Cy5 in tumor tissues was significantly higher
than that of NPPD/Cy5 and increased progressively over
time (Fig. 3d). Quantitative analysis of tumor mean flu-
orescence intensity (MFI) revealed a 2.61-fold greater
accumulation of DMXAA in mice treated with P@NPPD
compared to NPPD after 24 h (Fig. 3e). Small animal in
vivo imaging confirmed this trend, showing a 2.1-fold
higher tumor accumulation of P@NPPD/Cy5 compared
to NPPD/Cy5 (Fig. S17). The enhanced accumulation of
P@NPPD in tumor tissues can be attributed to the tar-
geting effects of platelets, which interact with the tumor
microenvironment. Blood coagulation cascades activated
by the tumor can further promote the localization of P@
NPPD, enhancing its therapeutic efficacy. These findings
highlight the ability of P@NPPD to target tumors and
amplify drug delivery via coagulation-mediated mecha-
nisms, thereby enhancing DMXAA accumulation at
tumor sites.
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Fig. 3 Biodistribution of NPPD and P@NPPD in CT26 tumor-bearing mice. (@) CLSM images of tumor tissue sections treated with P@NPPD/Cy5. Green:
CD31; red: Cy5; blue: DAPI. Scale bar: 50 um. (b) CLSM images of tumor tissue sections treated with PBS, DMXAA, NPPD, or P@NPPD. Green: CD31, with a
scale bar of 100 um. (c) Histopathological examination of CT26 tumors 12 h after the administration of P@NPPD/Cy5 (equivalent to a dosage of 15.0 mg/
kg DMXAA) and fibrinogen-FITC. The red Cy5-labeled NPPD was observed to cluster around the coagulation areas (marked in green), suggesting that
the initial P@NPPD-induced hemorrhage at the tumor site likely led to the accumulation of more P@NPPD at the clotting zones. Scale bar: 50 um. (e)
Quantitative fluorescence assessment of the tissues shown in Fig. 3d was performed. The results are expressed as the mean+S.D. (n=3). (f) Fluorescence
intensity was used to evaluate the half-life of NPPD/Cy5 and P@NPPD/Cy5 (n=3)
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The pharmacokinetics of NPPD/Cy5 and P@NPPD/
Cy5 were also evaluated by measuring fluorescence
intensity in the plasma of SD rats. NPPD/Cy5 was rapidly
cleared from circulation, with a half-life of 9.47 +1.30 h.
In contrast, P@NPPD/Cy5 exhibited a significantly pro-
longed half-life of 32.7+1.69 h, which is approximately
three times longer than NPPD/Cy5 (Fig. 3f). These
results demonstrate that P@NPPD extends the circula-
tion time of NPPD, thereby supporting long-lasting tar-
geting efficacy.

Antitumor efficacy of P@NPPD in a CT26 tumor model
Encouraged by these promising results, the antitumor
effects of P@NPPD were evaluated in CT26 tumor-
bearing mice. Western blot and immunohistochemistry
(IHC) analyses revealed higher esterase expression in
CT26 tumor cells compared to mouse fibroblasts (Fig.
S18). Following 48 h of incubation with DMXAA, NPPD,
or P@NPPD, CT26 cell viability significantly decreased
in the NPPD and P@NPPD groups (Fig. S19). Notably,
3T3 cells exhibited markedly lower cytotoxicity, indicat-
ing that P@NPPD preferentially targets tumor cells while
minimizing toxicity to normal cells (Fig. S17). These
results suggest that the elevated esterase levels in CT26
cells efficiently hydrolyze ester bonds, enabling effective
drug release. Von Willebrand factor (vWF), a biomarker
of cardiovascular toxicity, was assessed 24 h after treat-
ment. Both NPPD and P@NPPD significantly reduced
VvWE levels compared to DMXAA, indicating reduced
endothelial toxicity (Fig. S20). When tumor volumes
reached 100-150 mm? mice were treated with PBS,
DMXAA, NPPD, or P@NPPD (DMXAA dose: 15 mg/
kg) (Fig. 4a). In the PBS group, tumors grew to 1500 mm?
by day 14. DMXAA and NPPD inhibited tumor growth
to varying extents, with tumor suppression rates (TSRs)
of 45.33% and 74.37%, respectively (Fig. 4b, Fig. S21).
Notably, P@NPPD demonstrated superior antitumor effi-
cacy, achieving a TSR of 89.1%, and significantly reduced
tumor size compared to other groups on day 14 (Fig. 4c).
Additionally, P@NPPD treatment extended survival time
more effectively than the other treatments (Fig. 4d).
Hematoxylin and eosin (HE) staining revealed that P@
NPPD induced apoptosis in CT26 tumor tissues without
causing significant damage to major organs (heart, liver,
lungs, and kidneys; Fig. 4e and S22). Physiological evalu-
ations showed a marked decrease in body weight follow-
ing DMXAA administration, particularly on the first day
post-treatment. In contrast, mice treated with NPPD or
P@NPPD experienced minimal weight fluctuations, sug-
gesting that these formulations mitigate the toxicity typi-
cally associated with DMXAA (Fig. 4f). Liver and kidney
function tests revealed elevated levels of all measured
parameters in the DMXAA group, indicating hepatic and
renal impairment (Fig. S23). In contrast, the NPPD and

Page 12 of 16

P@NPPD groups maintained stable parameter levels,
demonstrating that these treatments markedly reduce
the toxicity associated with DMXAA. Routine blood tests
conducted on day 14 showed no significant differences
among groups, confirming that the therapeutic efficacy
of NPPD and P@NPPD interventions does not compro-
mise hematological safety (Fig. 4g). These findings high-
light P@NPPD as a promising treatment with an optimal
safety profile.

P@NPPD activates antitumor immunity

Given the role of DMXAA as a STING agonist [10], we
evaluated the effects of P@NPPD on the tumor immune
microenvironment using flow cytometry. In CT26 tumor-
bearing mice, P@NPPD treatment significantly increased
the proportions of CD3*CD8" T cells and CD3*CD4*
T cells within tumors across all DMXAA-based groups
(Fig. 5a and b) [42]. Notably, P@NPPD elicited the great-
est enhancement in CD3*CD8" T cell infiltration, with a
1.50-fold increase over the NPPD group and a 3.05-fold
increase over the DMXAA group (Fig. 5a and b; gating
strategy in Fig. S24).

Further analysis revealed that both DMXAA
and NPPD treatments increased M1 macrophages
(CD11b*F4/80*CD80*) and the M1/M2 macrophage
ratio, consistent with previous findings linking STING
activation to M2-to-M1 macrophage repolarization [43].
P@NPPD demonstrated superior polarization capac-
ity, outperforming DMXAA and NPPD by 1.74- and
1.47-fold, respectively (Fig. 5¢ and d; gating strategy in
Fig. S25). Additionally, P@NPPD strongly promoted
dendritic cell (DC) maturation (Fig. 5e; gating strat-
egy in Fig. S26), suggesting its potential to reverse the
immunosuppressive tumor microenvironment (TME)
and enhance antitumor immunity. Although P@NPPD
reduced myeloid-derived suppressor cell (MDSC) num-
bers compared to PBS controls, the reduction was not
statistically significant (Fig. 5f; gating strategy in Fig.
S27). Immunofluorescence analyses confirmed the flow
cytometry results, illustrating consistent immune cell
changes within the TME (Fig. S28-S30). Mechanistically,
DMXAA-induced STING activation was associated with
vascular disruption, tumor hemorrhage, and necrosis,
alongside phosphorylation of STING and IRF3 proteins.
This activation facilitated T cell infiltration and M1 mac-
rophage polarization, reshaping the immune microen-
vironment and bolstering the antitumor response (Fig.
S31). Encouraged by these results, we extended the
evaluation to the 4T1 animal model. By the end of treat-
ment, the P@NPPD group achieved an 81.3% tumor
inhibition rate (Fig. S32). These findings demonstrate
that P@NPPD effectively activates dendritic cells, polar-
izes macrophages, and recruits CD4" and CD8* T cells
into tumors, collectively reshaping the tumor immune
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Fig. 4 Antitumor efficacy of P@NPPD in a CT26 tumor-bearing mouse model. (@) Schematic of the experimental design for the CT26 tumor model. (b)
Tumor growth in CT26 tumor-bearing mice after different treatments were administered. (c) Average tumor weights for each group at the end of the
study. (d) Survival curves showing the outcomes during the treatment period. (e) Histological analysis (HE staining) of tumors in each group after treat-
ment, scale bar =100 um. (f) Changes in body weight observed during the treatment period. (g) Hematological parameters of the mice assessed 14 days
after treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Scale bar =40 um
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Fig. 5 Immune landscape of the tumor microenvironment as analyzed by flow cytometry. (@) Analysis of CD4* T-cell populations (CD3*CD4" as a frac-
tion of total single cells within the tumor) through flow cytometry. (b) Assessment of CD8™ T cells (CD3*CD8* as a percentage of total single cells in the
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#0001, *%*p < 0.0001.



Chu et al. Journal of Nanobiotechnology (2025) 23:197

microenvironment. This immune modulation synergizes
with vascular blockade, enhancing antitumor efficacy.

To further evaluate immune activation, we quanti-
fied IEN-y, IL-6, and TNF-a levels using enzyme-linked
immunosorbent assay (ELISA) (Fig. 5g). Compared
with the DMXAA group, NPPD treatment significantly
elevated the levels of these antitumor cytokines, likely
due to the nanoparticles’ ability to extend drug half-life.
Notably, P@NPPD treatment further amplified cytokine
secretion, with IFN-y increasing 1.58-fold, IL-6 by 1.49-
fold, and TNF-a by 1.79-fold compared to NPPD alone.
These results underscore P@NPPD’s capacity for self-
amplifying drug-targeted delivery and enhanced immune
activation.

Besides, this study has some limitations. First, the
single drug DMXAA was used, and future studies could
explore combination therapies to achieve better efficacy.
Second, P@NPPD still exhibits some degree of non-spe-
cific distribution in vivo, particularly accumulating in the
liver and kidneys, which requires further optimization
to enhance drug enrichment at tumor sites. Finally, this
study was based on mouse models, whose tumor micro-
environment differs from that of humans, necessitating
further validation of efficacy and safety through larger
animal models and clinical trials.

Conclusion

This study demonstrates the efficacy of a platelet-con-
jugated N;-PEG-b-PHEA-DMXAA system for targeted
cancer therapy. Leveraging platelets’ tumor-homing
properties and the coagulation cascade, the delivery
system achieved a 2.61-fold increase in targeting effi-
ciency and an 89.1% tumor suppression rate, signifi-
cantly enhancing DMXAA localization and efficacy while
reducing systemic toxicity. These findings present P@
NPPD as a safe, precise, and promising platform for clini-
cal cancer treatment.
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MDSC  Myeloid-derived suppressor cell

MFI Mean fluorescence intensity
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ROP Ring-opening polymerization

SEM Scanning electron microscopy

TEM Transmission electron microscopy
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