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Abstract
Intestinal ischemia/reperfusion (I/R) injury is a common life-threatening condition. Inflammatory dysregulation 
plays a crucial role in the pathological progression of intestinal I/R injury, indicating that controlling excessive 
inflammatory responses can be an effective strategy for mitigating I/R injury. Herein, after establishing a correlation 
between cell-free DNA (cfDNA) levels and postoperative inflammatory factors in samples from patients with 
intestinal I/R, we tested a cfDNA-scavenging approach for the treatment of intestinal I/R injury. Poly-ε-caprolactone 
(PCL) microspheres (Micro DEA2k) functionalized with a pH-responsive cationic polymer (DEA2k) to efficiently 
scavenge cfDNA were synthesized and evaluated.These microspheres exhibited enhanced cfDNA adsorption 
under inflammation-induced acidic conditions, along with low toxicity, reduced non-specific protein binding, 
and extended peritoneal retention. In a mouse model of intestinal I/R injury, the intraperitoneal injection Micro 
DEA2k effectively bound cfDNA, regulated the mononuclear phagocytic system, decreased the number of M1 
macrophages, suppressed inflammation, and significantly improved the survival rate of the mice. These findings 
suggest that cfDNA scavenging using cationic microspheres has considerable potential for alleviating intestinal I/R 
injury.
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Introduction
Intestinal ischemia/reperfusion (I/R) injury constitutes 
a common and challenging clinical condition that may 
manifest during shock, severe trauma, intestinal injury, 
or laparoscopic surgery [1–3]. During the ischemic 
phase, enterocytes undergo necrosis due to mitochon-
drial dysfunction and metabolic derangements. Upon 
reperfusion, these compromised intestinal cells release 
damage-associated molecular patterns (DAMPs), which 
elicit a substantial infiltration of immune cells and sub-
sequently lead to inflammatory dysregulation [4, 5]. This, 
in turn, further undermines the structural and functional 
integrity of the mechanical, chemical, immune, and bio-
logical barriers of the intestinal mucosa, thereby making 

the patient more susceptible to systemic inflammatory 
response syndrome (SIRS) and multiple organ dysfunc-
tion syndrome (MODS) [6].

Cell-free DNA (cfDNA), a DAMP released by dead 
cells, can be internalized by immune cells (e.g., macro-
phages) and trigger inflammatory dysregulation through 
the activation of toll-like receptors (TLRs) [7]. In recent 
years, increasing evidence has suggested that cfDNA levels 
increase significantly in various organs following I/R injury. 
Schütz et al. found that the level of cfDNA in the body 
can increase by more than 50% on the first day after liver 
transplantation, whereas in acute cardiovascular events, 
large amounts of cfDNA can be produced and released into 
the blood during I/R [8, 9]. Our study has also shown that 
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cfDNA levels are significantly upregulated both in patients 
undergoing laparoscopic surgery and in mouse models 
of intestinal I/R injury, and are strongly correlated with 
inflammatory factors and the severity of intestinal injury. 
Hence, increased cfDNA serves not only as a potential 
marker for identifying organ injury but also as a proinflam-
matory mediator that exacerbates damage. This makes the 
clearance or neutralization of cfDNA a promising strategy 
for the treatment of intestinal injuries following I/R.

Deoxyribonuclease I (DNase-1) for cfDNA clear-
ance has demonstrated good therapeutic efficacy in dis-
eases such as sepsis and I/R injury [10, 11]. However, 
the systemic administration and potential side effects of 
DNase-1 have restricted its clinical application. There-
fore, in recent years, researchers have focused on bio-
nanomaterials, especially cationic nanoparticles, that 
can adsorb negatively charged cfDNA, thereby enabling 
their clearance. To date, different types of cationic bio-
nanomaterials have been designed for the treatment of 
diseases such as rheumatoid arthritis, sepsis, acute kid-
ney injury, and periodontitis [7, 12–14]. Encouragingly, 
these bio-nanomaterials have demonstrated consider-
able cfDNA scavenging ability and good biocompatibil-
ity. However, traditional cationic nanoparticles can bind 
non-specifically to negatively charged proteins, resulting 
in incomplete cfDNA clearance and unstable treatment 
effects, whereas cfDNA scavengers can have different 
administration routes and mechanisms of action across 
different types of diseases [15]. Therefore, cfDNA- scav-
enging nanomaterials that specifically target the intesti-
nal I/R injury need to be developed.

In this study, to obtain a safe, effective, and long-lasting 
cfDNA clearance material, we initially selected poly-ε-
caprolactone (PCL) and polyethylene glycol (PEG), which 
are Food and Drug Administration (FDA)-approved 
materials, as the backbone. The PEG and PCL block 
copolymers can self-assemble into PCL-b-PEG-b-PCL 
nanoparticles (PCEC), which have excellent biocompat-
ibility and a wide range of applications. Considering the 
acidic microenvironment characteristic of inflammation 
[16], we ionized PCEC by carrying tertiary amine func-
tional groups with thiols or secondary amines, thereby 
preparing the pH-responsive polymer material, which we 
have termed DEA2k. Here, DEA denotes diethylamine-
modified PCL/PEG block polymer, and 2k refers to poly-
ethylene glycol with a molecular weight of 2000; further, 
by assembling DEA2k onto the surface of PCL parti-
cles, we prepared larger volume cationic microparticles 
(cMPs) to increase the residence time at the inflamma-
tory site. Therefore, we developed a novel micrometer-
scale pH-responsive cMP, termed Micro DEA2k. These 
microparticles exhibit a strong cfDNA-binding ability 
in acidic environments with greatly reduced cytotoxic-
ity. Moreover, Micro DEA2k has an enhanced retention 

effect and can remain in the inflammatory region for a 
prolonged period locally to remove cfDNA. Most impor-
tantly, Micro DEA2k can avoid permeation into other 
organs, thereby possessing high biocompatibility and 
making it a promising candidate for clinical application.

In summary, we found that cfDNA was involved in 
intestinal I/R injury, which led us to develop a pH-
responsive cMP with good accumulation and retention 
abilities. These cMPs can remove cfDNA and inhibit the 
polarization of M1 macrophages by the TLR9-NF-κB sig-
naling pathway, thereby reducing both local and systemic 
inflammatory responses, improving the survival rate 
of mice with intestinal I/R injury, and alleviating multi-
organ damage (Scheme 1). This study presents a feasible 
method for cfDNA clearance, that is safe, effective, and 
promising for clinical applications.

Materials and methods
Patient sample collection and data recording
Ten patients who underwent laparoscopic gastrointestinal 
surgery were included in this study. The patient recruit-
ment was approved by the Ethics Committee of the Third 
Affiliated Hospital of Sun Yat-sen University (II2023-272-
01). Samples of peritoneal drainage fluid and blood were 
collected from patients immediately and 6 h after surgery 
for analysis. To minimize the risk of blood contamination, 
we specifically selected drainage fluid that was distant 
from the abdominal incision drainage tube. Furthermore, 
to ensure that the sample remained unaffected by blood 
cells, we promptly subjected the collected drainage fluid 
to low-temperature centrifugation and subsequently 
stored it at -80℃. The operative duration was recorded 
from the surgical anesthesia center system, and the time 
of the first postoperative flatus was obtained from the 
gastrointestinal surgery nursing system.

Establishment and treatment of the mouse intestinal I/R 
injury model
This animal study was approved by the Animal Ethics 
Committee of the South China Agricultural University 
(2023F202). Male C57BL/6J mice (6–8 weeks old) were 
purchased from the Animal Center of South China Agri-
cultural University. The animals were housed under spe-
cific pathogen-free conditions with a standard 12/12  h 
light/dark cycle. The mice fasted the night before the 
experiment but were permitted free access to water. The 
experimental groups were as follows: sham, I/R, and 
Micro DEA2k. With reference to the literature, after the 
mice were anesthetized with 1% isoflurane (Shenzhen 
RWD Life Science), a midline incision was made, the 
layers were opened, and the superior mesenteric artery 
(SMA) was isolated. A noninvasive microvascular arte-
rial clamp was used to occlude the SMA for 45 min, after 
which the clamp was removed to restore SMA blood flow 
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[17, 18]. The abdominal incision was closed with continu-
ous sutures using 3 − 0 silk thread. For the Micro DEA2k 
(0.4 mg/mL) group, 1 mL was injected intraperitoneally 
before closing the incision. The I/R group was intraperi-
toneally injected with an equal volume of 1× phosphate 
buffered saline (PBS) (ProCell). For the Sham group, the 
SMA was isolated without clamping. Immediately after 
surgery, each mouse was injected subcutaneously with 
preheated sterile saline (0.5 mL) for fluid resuscitation 
and was kept warm using a heating pad. Mice were moni-
tored for 24 h to record their survival rates. Clinical scor-
ing was also performed based on the following criteria: 
0, no symptoms; 1, piloerection and huddling; 2, pilo-
erection, huddling, and diarrhea; 3, lack of interest in the 
surroundings and severe diarrhea; 4, reduced movement 

and lethargy; and 5, loss of self-righting reflexes [19]. The 
mice were humanely euthanized at a score of 5.

Molecular docking
The Drew-Dickerson dodecamer (1BNA) was used as the 
DNA model for molecular docking. Its crystal structure 
file was obtained from the Protein Data Bank database, 
which was saved as a pdbqt file after removing water mol-
ecules and adding hydrogen using AutoDock 4.2.6 and 
AutoDockTools 1.5.7 [20, 21]. Two consecutive repeating 
units of the cation segment were selected as the model 
ligands. After MM2 energy minimization, they were con-
verted into pdb format using OpenBabel 3.1.1 (with an 
extra setting of hydrogen addition at pH = 1 for the pro-
tonated ligand model) and imported into AutoDockTools 

Fig. 1  Schematic diagram of the synthesis of Micro DEA2k and its adsorption of cfDNA to alleviate intestinal I/R injury. After intraperitoneal injection 
of pH-responsive Micro DEA2k, it adsorbs cfDNA and inhibits M1 polarization of macrophages through the TLR9-NF-κB signaling pathway, resulting in 
reduced release of inflammatory cytokines and thereby alleviating intestinal injury and systemic inflammatory responses
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1.5.7, where Gasteiger charges were added after the addi-
tion of hydrogen. After setting the torsional bonds and 
torsional centers, the file was exported as a pdbqt file. The 
size of the lattice point region was set to 60 nm × 80 nm 
× 120 nm, such that the docking active site spanned the 
entire DNA molecular model, with a spacing of 0.375 Å. 
After exporting the gpf file, AutoGrid was used to per-
form lattice point calculations. The parameters related 
to molecular docking were set using a genetic algorithm 
(GA) to generate 100 final conformations. Each run had 
a maximum energy evaluation of 2.5  million times and 
a maximum number of steps of 27,000, with all other 
parameters retaining their default system settings. In 
the docking run options, parameters such as random 
number generation, energy, step size, and export format 
were retained at their default settings. The dpf file was 
exported using the Lamarckian GA. Finally, the dpf file 
was used to perform molecular docking, and the molec-
ular docking binding energies were calculated using the 
dlg file. The binding pose with the lowest energy was 
selected and visualized using UCSF Chimera 1.16. The 
unbound state is defined as the state in which the ligand 
reaches equal free energy at different positions when it is 
far away from the receptor, and it can be assumed that no 
interaction occurs between the receptor and ligand.

Synthesis of DEA2k and Micro DEA2k
Synthesis of α-bromo-ℇ-caprolactone (CL-Br). Initially, 
57.12  g of N-bromosuccinimide (NBS, 99.00%, Aladdin) 
and 5.81  g of p-toluenesulfonic acid (98.5%, Aladdin) 
were dissolved in 200 mL of dichloromethane (DCM, 
99.5%, Guanghua Sci-Tech) and stirred in an ice-water 
bath. Then, 30.00  g of cyclohexanone (99.0%, Macklin) 
was added dropwise. The mixture was subjected to cold 
vacuum filtration to remove the salts, followed by extrac-
tion and washing. The extraction was performed using 
a saturated sodium chloride solution, followed by wash-
ing and drying over anhydrous sodium sulfate to obtain 
38.52  g of 2-bromocyclohexanone. Next, the 2-bromo-
cyclohexanone was dissolved in 250 mL of DCM, and 
m-chloroperoxybenzoic acid (mCPBA, 55.07  g, 239.35 
mmol) was added. The mixture was refluxed overnight 
at 50  °C and then cooled. The solution was extracted 
with saturated sodium thiosulfate solution, saturated 
sodium bicarbonate solution, and deionized water. It 
was then extracted with saturated sodium chloride solu-
tion to remove water and dried over anhydrous sodium 
sulfate overnight. The resulting crystals were recrystal-
lized from a DCM/n-hexane mixture at -20 °C to obtain 
23.48 g of white crystals, identified as CL-Br. The product 
was placed in a microwave reactor (Initiator+, Biotage) 
with 3.41 g of the macroinitiator PEG (average Mn 2000, 
Aladdin) and reacted at 110  °C for 4 h for ring-opening 
polymerization (ROP), which produced 8.84  g of the 

triblock copolymer P(CL-Br)-b-PEG-b-P(CL-Br). Follow-
ing this process, the triblock copolymer initiated ROP in 
2.57 g of ε-caprolactone (97%, Bide Pharmatech), which 
yielded the pentablock copolymer PCL-b-P(CL-Br)-b-
PEG-b-P(CL-Br)-b-PCL. Next, 2  g of the pentablock 
copolymer was weighed and modified by adding 1.51 g of 
N, N-diethyl-N’-methyl ethylenediamine (98%, Macklin); 
the resulting product was named DEA2k. After 1 mg/mL 
of DEA2k was mixed evenly with 1 mg/mL of PCL micro-
spheres, centrifugation was performed using a tabletop 
centrifuge (Centrifuge 5810R, Eppendorf ) at 15,000 rpm 
for 10  s to precipitate the microspheres. The superna-
tant containing free DEA2k was removed. The mass mm 
of the microspheres was obtained by lyophilization using 
the weight reduction method, and the total mass mt was 
obtained by lyophilization after direct mixing. The sur-
face polymer content per unit mass of microspheres was 
calculated to be 85.7% using the following formula:

	
2mm−mt

mt
× 100%� (1)

The vast majority of the polymers were successfully 
attached to the surface of the microspheres, and the 
product was named Micro DEA2k.

Characterization of DEA2k and Micro DEA2k
Proton nuclear magnetic resonance (NMR) spectra were 
recorded at room temperature using an NMR spec-
trometer (AVANCE III 400  MHz, Bruker). The relative 
molecular weight and dispersity were measured by gel 
permeation chromatography (GPC) (1260 Infinity, Agi-
lent). The morphology was characterized using trans-
mission electron microscopy (TEM, JEOL1400+). The 
hydrated size (Size), polydispersity index (PDI), and zeta 
potential were measured by dynamic light scattering 
(DLS, Malvern Zetasizer Nano ZS) at 25 ºC.

In vitro cytotoxicity assay
RAW264.7 cells, purchased from the ATCC cell bank, 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco Life Technologies), which contained 
10% fetal bovine serum (FBS; Gibco Life Technologies) 
and 1% bispecific antibody (Pen Strep, Penicillin Strepto-
mycin, Gibco) in an incubator (Steri-Cycle 371, Thermo 
Scientific) at 37  °C and 5% carbon dioxide. Cells in 
good condition were selected and seeded into a 96-well 
plate at approximately 104 cells per well. After cultur-
ing overnight, the culture medium was replaced with 
fresh medium containing different concentrations of cat-
ionic polymers. After 24 h of incubation, 10 µL of 5 mg/
mL methylthiazolyldiphenyl-tetrazolium bromide solu-
tion (MTT, 98%, Sigma-Aldrich) was added and incu-
bated for another 4  h. After removing the supernatant, 
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10 µL of dimethyl sulfoxide (DMSO, 99.7%, Guangzhou 
Chemical Reagent Factory) was added to each well to dis-
solve the pellet. Finally, the absorbance was measured at 
570 nm using a microplate reader (BioTek Synergy2 Gen 
5). The cell survival rate was calculated by (Q–Q0)/(Q1–
Q0)×100%, where Q is the optical density (OD) of cells 
with the polymer, Q0 is the OD of wells without cells, and 
Q1 is the OD of cells without the polymer. Each experi-
ment was repeated three times. The IC50 was calculated 
by fitting a logistic equation.

Protein adsorption capacity assay
Resistance to protein adsorption was assessed using the 
BCA Protein Assay Kit (Pierce™ BCA Protein Assay Kit, 
Thermo Scientific). Firstly, 50 µL of 2  mg/mL bovine 
serum albumin (BSA, Aladdin) solution was mixed 
evenly with 50 µL of 1 mg/mL cationic material. The con-
trol group was established by mixing 50 µL of deionized 
water with 50 µL of BSA solution. After incubation at 
37 °C in a shaker for 1 h, the samples were centrifuged at 
8000 rpm for 5 min, and the supernatant was collected. 
Calibration curves were obtained for BSA solutions with 
different concentrations, and the residual BSA concen-
tration in the sample supernatant was determined based 
on ultraviolet absorption (280 nm). The amount of BSA 
adsorbed onto the cationic polymer was calculated using 
(CC–CT)V/m, where CC is the BSA concentration of the 
control group (1  mg/mL), CT is the BSA concentration 
of the supernatant after the addition of the cationic poly-
mer, V is the volume of the solution (100 µL), and m is 
the weight of the cationic polymer (50 µg). Each experi-
ment was repeated three times.

Potentiometric acid-base titration
DEA2k was dissolved in 10 mL of hydrochloric acid stan-
dard solution to yield a concentration of 500 µM (amine 
group content: 10 mM), and 0.1  M sodium hydroxide 
standard solution was gradually added dropwise to yield 
a pH of 2.00; this served as the starting point for the 
titration. Next, a 0.1 M sodium hydroxide standard solu-
tion was added dropwise with constant stirring, and the 
cumulative amount of sodium hydroxide solution added 
and the corresponding pH value were measured, and the 
titration curve was plotted. The peak of the first-order 
derivative of the curve is the point of sudden pH change, 
defined as the starting and ending points of amine pro-
tonation. The relationship between the degree of pro-
tonation α and pH during the process was calculated by 
using the following equation:

	

α =

(
Vt − (Φ t+Φ )∆ Vt

∆ pHt

)
− V

(
Vt − (Φ t+Φ )∆ Vt

∆ Φ t

)
−

(
Vi − (Φ i+Φ )∆ Vi

∆ Φ t

) � (2)

where Φ is the pH value of the solution, V is the cumula-
tive volume of sodium hydroxide solution added at that 
pH, and subscripts i and t denote the starting and ending 
points of deprotonation, respectively. The protonation 
curve of the cationic polymer was fitted by a combination 
of two logistic equations, calculated as follows:

	
α = E


1 − 1

1 +
(

Φ
C1

)B1


 + (1 − E)


1 − 1

1 +
(

Φ
C2

)B2


 ,� (3)

where B1 and C1 correspond to easier-to-protonate 
amine groups, B2 and C2 correspond to harder-to-pro-
tonate amine groups, and E represents the proportion of 
easier-to-protonate amine groups. The buffer capacity (β) 
at different pH values can be calculated from the fitted 
degree of protonation of the cationic polymer, and the 
formula is as follows:

	
β = (Vt − Vi − (Φ t − Φ )∆ Vt

∆ Φ t
− (Φ − Φ i)∆ Vi

∆ Φ i
)∆ α

∆ Φ
� (4)

Measurement of DNA binding capacity
The binding capacity of the cationic polymer to CpG1826 
was measured by agarose gel electrophoresis. Cationic 
polymer solutions with different concentrations were 
mixed with 0.4 µL of 1 mg/mL CpG1826 solution (ODN 
1826, 5’-tccatgacgttcctgacgtt-3,’ GenScript) to obtain 
complex solutions with different nitrogen-to-phosphorus 
ratios, and the CpG1826 aqueous solution was used as 
a blank control. After allowing the solutions to stand at 
room temperature for 0.5 h, they were added to 2 µL of 
1% agarose gel containing a nucleic acid dye (Goldview 
nucleic acid dye (10,000 × DMSO), Biosharp, China). 
Electrophoresis was performed in 1% tris-acetate-EDTA 
(TAE) buffer solution (voltage 60  V, 45  min, DYY-6  C, 
Beijing Liuyi). Finally, the gels were photographed and 
analyzed using a gel imaging system (Gel Doc XR+; 
Bio-Rad).

The binding capacity of the cationic polymer was quan-
titatively assessed by competitive binding to ethidium 
bromide (EtBr). Firstly, 2.17 µL of 1  mg/mL EtBr (94%, 
Acros Organics) was added to 3 mL of PBS or sodium 
acetate buffered solution (SABS) to simulate different pH 
values, and the fluorescence emission spectrum of the 
solution was measured. Then, 10 µL of 1 mg/mL ctDNA 
(Sigma-Aldrich) solution was added and mixed evenly to 
increase the fluorescence intensity of the solution. Sub-
sequently, different volumes of cationic polymer solu-
tion (1 mg/mL) were added sequentially and mixed. The 
fluorescence emission curve was measured using a fluo-
rescence spectrometer (excitation wavelength: 280  nm, 
detection emission wavelength: 500–800 nm).
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In vitro anti-inflammatory assay
RAW264.7 macrophages were added to 96-well plates 
at a density of 1 × 104 cells/well. Cells were cultured 
in DMEM containing 10% FBS for 12  h. The culture 
medium was replaced with fresh medium containing 
CpG1826 (0.5 µM), and the cells were co-cultured for 4 h 
before discarding the medium. After washing three times 
with PBS, fresh medium containing cationic polymer 
(25 µg/mL) was added, and the cells were incubated for 
24 h. Then, the supernatant was collected for TNF-α and 
IL-6 assays. The group without CpG1826 and cationic 
polymer in the medium served as the control group.

Western blot
RAW264.7 macrophages were added to 6-well plates at a 
density of 2 × 105 cells/well. Cells were cultured in DMEM 
containing 10% FBS for 12  h. The culture medium was 
replaced with fresh medium containing CpG1826 (0.5 
µM), and the cells were co-cultured for 4  h before dis-
carding the medium. After washing three times with PBS, 
fresh medium containing cationic polymer (25  µg/mL) 
was added, and the cells were incubated for 24 h. Centrif-
ugation was performed to collect the cells, and RIPA lysis 
buffer (Beijing Solarbio Technology Co., Ltd.) was added, 
boiled, and centrifuged. The supernatant was collected to 
obtain the protein samples. The different protein samples 
were separated by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE), and the proteins 
on the PAGE gel were transferred to polyvinylidene flu-
oride (PVDF) membranes. The PVDF membrane bands 
of the corresponding protein molecular weights and 
appropriate sizes were excised and blocked in a solution 
of skim milk powder for 1 h. Then, they were incubated 
overnight on a shaker at 4 °C with the following primary 
antibodies: anti-p65 (1:1000) (Cell Signaling Technology, 
8242  S, USA), anti-pp65 (1:1000) (Cell Signaling Tech-
nology, 3033  S, USA), anti-TLR9 (1:1000) (ABclonal, 
A14642, China), anti-MyD88 (1:1000) (ABclonal, A0980, 
China), and anti-β-actin (1:50000) (ABclonal, AC026, 
China). After the primary antibodies were recovered, the 
samples were washed thrice with tris-buffered saline with 
Tween 20 (TBST) solution (Biosharp, BL315B, China) for 
6  min each and incubated with an anti-rabbit IgG sec-
ondary antibody (1:20000) (Cell Signaling Technology, 
7074 S, USA) at room temperature for 1 h. After discard-
ing the secondary antibody, the samples were washed 
three times with TBST for 6  min each, and enhanced 
chemiluminescence (ECL) exposure solution (Shanghai 
Beyotime Biotechnology Co., Ltd.) was added dropwise 
for imaging.

Confocal laser scanning microscopy
RAW264.7 macrophages were seeded at a concentra-
tion of 4 × 10⁵/mL in glass-bottom confocal dishes and 

incubated overnight. After washing three times with 
PBS, serum-free DMEM was added, which contained 
0.5 µM FAM fluorescently labeled CpG1826 (FAM-
CpG1826, GenScript Biotech). After co-culturing for 
4  h, the cells were washed three times with PBS, and 
serum-free DMEM was added, which contained 25  µg/
mL Micro DEA2k. After culturing for another 4  h, the 
medium was discarded and the cells were washed three 
times with PBS. Next, the cells were incubated with 0.2/
mL of lysosomal green fluorescent probe (LysoTracker™ 
Green DND-99, Invitrogen) in serum-free DMEM for 
30 min in the dark, followed by 1 µg/mL of bisbenzimide 
H 33,342 trihydrochloride (Hoechst 33342, Sigma) in 
PBS for 10 min in the dark for staining. The colocaliza-
tion of lysosomes, CpG1826, and Micro DEA2k was ana-
lyzed using a laser confocal microscope (TCS SP8, Leica 
Microsystems, GmbH).

cfDNA purification and quantification
cfDNA was purified from serum, peritoneal drainage, 
and lavage fluid using a DNA purification kit (PCR Purifi-
cation Kit/DNA Purification Kit, D0033, Shanghai Beyo-
time Biotechnology Co., Ltd.), and the concentration of 
cfDNA was measured using an ultra-micro spectropho-
tometer (Thermo NanoDrop 2000, Thermo Fisher Scien-
tific Inc.).

HE staining
After fixation for 24  h, the tissue samples were embed-
ded in paraffin and sectioned using a paraffin microtome 
(Leica) to obtain tissue sections with a thickness of 2 μm. 
Sections were deparaffinized, stained with hematoxylin 
and eosin (HE), washed, dehydrated, and mounted. Rou-
tine HE staining was used to assess the histomorphologi-
cal changes in major organs, and an intelligent pathology 
imaging system microscope (Vectra, PerkinElmer) was 
used for image acquisition and analysis. The degree of 
small intestinal injury after reperfusion was assessed 
using the modified Chiu’s method, which is based on 
changes in the intestinal mucosal villi and glands [22]. 
The histological damage to the lungs, kidneys, and liver 
was assessed using their respective scoring systems [23–
25]. Automated image analysis was performed on five 
randomly selected 200× magnification images from each 
sample.

Immunohistochemistry
After preparing paraffin sections according to the steps 
above, the expression and location of F4/80 were detected 
using a primary anti-F4/80 antibody (1:500) (GB113373, 
Servicebio) and a labeled goat anti-rabbit secondary 
antibody (1:200) (GB23303, Servicebio). The expression 
and localization of TLR9 were detected using a primary 
anti-TLR9 antibody (1:300) and a labeled goat anti-rabbit 
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secondary antibody (1:200) (GB23303, Servicebio). The 
expression and location of MyD88 were detected using 
a primary anti-MyD88 antibody (1:1000) (GB111554, 
Servicebio) and a labeled goat anti-rabbit secondary 
antibody (1:200) (GB23303, Servicebio). The expression 
and localization of p65 were detected using a primary 
anti-p65 antibody (1:500) (#8242, Abcam) and labeled 
goat anti-rabbit secondary antibody (1:200) (GB23303, 
Servicebio). Finally, using an intelligent pathology imag-
ing system microscope (Vectra, PerkinElmer) for image 
acquisition and analysis, automated image analysis was 
performed on five randomly selected 200× images from 
each sample to quantify the relative intensities of protein 
staining for F4/80, TLR9, MyD88, and p65.

Enzyme-linked immunosorbent assay
The concentrations of TNF-α and IL-6 in the culture 
supernatant of RAW 264.7 cells were measured using the 
Mouse TNF-α Enzyme-Linked Immunosorbent Assay 
(ELISA) Kit (JL10484) and the Mouse IL-6 ELISA Kit 
(JL20268), respectively. The concentrations of TNF-α, 
IL-6 and MCP-1 in mouse serum and peritoneal lavage 
fluid were measured using the Mouse TNF-α ELISA Kit 
(JL10484), Mouse IL-6 ELISA Kit (JL20268), and Mouse 
MCP-1 ELISA Kit (JL20304), respectively. The concen-
trations of LPS and FABP2 in the mouse serum were 
determined using mouse LPS ELISA kits (JL20691) and 
mouse FABP2 ELISA kits (JL20694). All the reagents 
were sourced from Shanghai Jianglai Biotechnology Co., 
Ltd.

Analysis of biochemical parameters
Serum creatinine (CRE) content was calculated by mea-
suring the absorbance at 546 nm using a Mouse Creati-
nine Assay Kit (Sarcosine Oxidase Method; JL-T0928, 
Shanghai Jianglai Biotechnology Co., Ltd.). Serum blood 
urea nitrogen (BUN) content was calculated by measur-
ing the absorbance at OD = 625 nm using a Mouse Urea 
Nitrogen Assay Kit (Enzyme Method; JL-T1014, Shang-
hai Jianglai Biotechnology Co, Ltd). Serum alanine ami-
notransferase and aspartate aminotransferase (ALT/
AST) levels were calculated by measuring the absorbance 
at 340 nm using a Mouse Serum ALT/AST Assay Kit (JL-
T2637, Shanghai Jianglai Biotechnology Co, Ltd.).

Flow cytometry analysis
RAW264.7 macrophages were added to 6-well plates at a 
density of 2 × 105 cells/well. Cells were cultured in DMEM 
containing 10% FBS for 12  h. The culture medium was 
replaced with fresh medium containing CpG1826 (0.5 
µM), and the cells were co-cultured for 4  h before dis-
carding the medium. After washing three times with PBS, 
fresh medium containing cationic polymer (25  µg/mL) 
was added, and the cells were incubated for 24  h, then 

centrifuged and resuspended. The cells were then treated 
with a viability dye (1:500) (423101, Biolegend), blocked 
with CD16/32 (1:50) (101302, Biolegend), and stained 
with a CD86 antibody (1:80) (105012, Biolegend).

Peritoneal lavage fluid was collected 6 h after reperfu-
sion using the method described above and centrifuged 
to obtain a single-cell suspension. The supernatant was 
discarded, leaving the cell pellet, which was treated with 
a viability dye (1:500) (423101, BioLegend) and blocked 
with CD16/32 (1:50) (101302, BioLegend). This was fol-
lowed by staining with mouse CD45 (1:80) (103154, Bio-
Legend, USA), F4/80 (1:80) (123137, BioLegend, USA), 
CD11b (1:200) (101206, BioLegend, USA), and CD86 
(1:80) (105012. Biolegend, USA).

After sacrificing the mice, the spleen was bluntly dis-
sected and the surface capsule and adipose tissue were 
discarded. After grinding the tissue sample, red blood 
cell lysis buffer was added, followed by resuspension and 
centrifugation. The cell pellet was then treated with a via-
bility dye (1:500) (423101, BioLegend) and blocked with 
CD16/32 (1:50) (101302, BioLegend). This was followed 
by staining with mouse CD45 (1:80) (103154, BioLegend, 
USA), F4/80 (1:80) (123137, BioLegend, USA), CD11b 
(1:200) (101206, BioLegend, USA), and CD86 (1:80) 
(105012. Biolegend, USA).

After staining, the cells were washed and resuspended 
in 1% BSA buffer. Finally, flow cytometry data were col-
lected using a flow cytometer (Attune NxT, Thermo 
Fisher Scientific) and analyzed using FlowJo software 
(10.8.1).

In vivo imaging
To elucidate the in vivo distribution of Micro DEA2k 
in normal and model mice, 1 mL of Cy7-labeled Micro 
DEA2k (0.4  mg/mL) was injected intraperitoneally into 
model mice prior to abdominal closure. Normal mice 
were injected intraperitoneally with 1 mL of Cy7-labeled 
Micro DEA2k (0.4  mg/mL) as the control group (n = 3). 
After injection, they were monitored with an in vivo 
imaging system (IVIS Spectrum, PerkinElmer, Inc.), and 
in vivo imaging was performed at 0, 6, 24, and 48 h. Three 
additional mice were taken from each group and were 
sacrificed and dissected at two time points (6 and 24 h). 
The brain, heart, lungs, liver, kidneys, testes, spleen, and 
small intestines were excised for ex vivo imaging. To 
examine the in vivo distribution of Micro DEA2k and 
DEA2k in the model mice, three additional model mice 
were injected intraperitoneally with 1 mL of Cy7-labeled 
DEA2k (0.2 mg/mL). The mice were euthanized and dis-
sected at two time points (6 and 24  h), and the organs 
were removed for ex vivo imaging.
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Statistical analyses
Statistical analysis was performed using GraphPad Prism 
9.4.1, and the results were expressed as mean ± SEM. 
Between-group differences were assessed using the Stu-
dent’s t-test (for simple two-sample or paired sample 
comparisons) or one-way analysis of variance and Tukey’s 
post hoc test (for multiple comparisons). The Kaplan-
Meier method was used to compare the differences in 
survival rates. The Spearman correlation coefficient (R2) 
was used to evaluate correlations in the clinical data.

Results
Postoperative abdominal cfDNA levels are elevated in 
patients after laparoscopic gastrointestinal surgery and 
are associated with pro-inflammatory cytokines
The physiological structure of the intestinal microvas-
culature increases the susceptibility to changes in blood 
flow during pneumoperitoneum, leading to I/R injury [3]. 
Previous studies have shown that significant elevations in 
cfDNA levels can be detected in organs such as the myo-
cardium and liver following I/R injury, which can pro-
mote an inflammatory response [8, 9, 26]. Therefore, we 
hypothesized that intestinal I/R injury after laparoscopic 
surgery leads to cfDNA release and triggers inflamma-
tory dysregulation. First, cfDNA levels in the serum and 
peritoneal drainage fluid of patients who underwent lap-
aroscopic gastrointestinal surgery were examined imme-
diately and 6 h after surgery. We found that the cfDNA 
level in the peritoneal drainage fluid of patients was sig-
nificantly higher at 6  h than immediately after surgery 
(Fig. 2A); however, no significant elevation was observed 
in the serum (Fig.  2B). This result may have been 
obtained because an intraperitoneal drain was placed in 
all patients after surgery, which decreased the absorption 
of cfDNA in the peritoneal cavity. Furthermore, correla-
tion analysis showed that the operative duration, as well 
as the time of the first postoperative flatus, was positively 
correlated with the cfDNA level in the peritoneal drain-
age fluid 6 h after surgery (Fig. 2C and Fig. S1). In addi-
tion, we measured the serum levels of the inflammatory 
factors C-reactive protein (CRP), interleukin 6 (IL-6), 
and procalcitonin (PCT) immediately and 6 h after sur-
gery. Consistent with the changes in cfDNA, the levels of 
CRP, IL-6, and PCT were significantly higher at 6 h than 
immediately after surgery (Fig. 2D–F) and were positively 
correlated with the cfDNA level in the peritoneal drain-
age fluid at the same time point (Fig. 2G–I). These results 
suggest that elevated cfDNA levels after intestinal I/R 
promote the production of inflammatory cytokines and 
lead to abnormal postoperative intestinal function.

Changes of cfDNA in mouse intestinal I/R injury model
In the present study, we constructed a mouse model 
of intestinal I/R injury [16, 27]. This process involved 

clamping the SMA for 45 min and then restoring blood 
flow (Fig. 3A) [17, 18]. To assess the dynamic changes in 
cfDNA after I/R injury, peritoneal lavage fluid and serum 
were collected at 0, 3, 6, 9, 12, and 24  h after reperfu-
sion. Our findings revealed that cfDNA levels in both 
the peritoneal lavage fluid and serum began to increase 
at 0 h after reperfusion, peaked at 6 h, and then gradu-
ally declined (Fig. 3B, C). Clinical scoring was performed 
on the mice at each time point, which included assess-
ments of diarrhea, mental status, and elicitation of vari-
ous reflexes. A higher clinical score was associated with 
a worse overall condition. Interestingly, the clinical score 
within 24 h of reperfusion showed a trend similar to that 
of changes in cfDNA (Fig. 3D). These results suggest that 
cfDNA levels are elevated in the early stages of I/R injury 
and may exacerbate the injury.

Synthesis of pH-responsive Micro DEA2k
The working principle of cfDNA scavengers involves the 
physical binding of the positively charged cationic mate-
rial to negatively charged cfDNA. Unlike traditional 
treatments that only address the symptoms of inflamma-
tion, cfDNA scavengers mainly target the cause of disease 
by eliminating agonists that lead to the overexpression of 
pattern recognition receptors (PRRs). A unique feature of 
cfDNA scavengers is their ability to reduce the immune 
response in a dose-dependent manner, effectively elimi-
nating the overactivation of PRRs [28]. However, the 
potential cytotoxicity of cfDNA scavengers to the human 
body is a major obstacle to their application. Researchers 
have attempted to use surface modification methods to 
reduce the toxicity of cationic materials. Xu et al. devel-
oped an siRNA delivery system, PEG-Dlinkm-PLGA, that 
is stable at the pH of normal tissues and can enhance the 
cellular uptake of tumor cells by facilitating PEG detach-
ment at the pH of the tumor extracellular microenviron-
ment [29]. However, non-specific protein binding and 
insufficient targeting must be overcome when designing 
cfDNA scavengers [30, 31]. Cationic nanomaterials for 
cfDNA scavenging have been used in animal experiments 
to treat cfDNA-associated diseases such as periodonti-
tis, sepsis, and rheumatoid arthritis [6, 11, 13]. However, 
their role in intestinal I/R remains poorly understood.

Considering the issues above, combined with the 
acidic microenvironment characteristic of inflammation 
[16], we synthesized innovative phosphorus-responsive 
cMPs that yielded significant improvements in cytotox-
icity, non-specific protein binding, and targeting. Fig-
ure 4A shows the preparation process for Micro DEA2k. 
The proton nuclear magnetic resonance (NMR) spec-
trum indicated the successful preparation of the penta-
block cationic polymer (DEA2k) (Fig. S2A-C), and the 
GPC elution curve showed a narrow molecular weight 
distribution (Fig. S2D). Using molecular dynamics 
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simulations, four caprolactone repeating units modified 
by DEA were used to interact with the DNA structure, 
and 100 repeated molecular docking experiments were 
performed. The conformation with the lowest binding 
energy was selected based on the docking results (Fig. 4B, 
C). Its relevant parameters (Table S1) showed that the 
binding free energy EB of the repeating unit segment after 
tertiary amine protonation was reduced from − 7.15 to 
− 8.11 kcal/mol, which demonstrated that the DEA-mod-
ified PCL chain had a strong affinity with DNA after ter-
tiary amine protonation. Next, the DEA2k polymer and 
PCL microspheres were mixed evenly at a mass ratio of 
1:1 and centrifuged to obtain cMPs (Micro DEA2k). The 

DEA2k polymer can self-assemble in an aqueous solu-
tion to form nanovesicle structures, as shown by TEM 
(Fig. S2E). Furthermore, when DEA2k was mixed with 
PCL microspheres in aqueous solution, DEA2k attached 
to the surface of the PCL microspheres to form a stable 
coating layer [32]. Micro DEA2k exhibited a micro-
sphere-like structure under TEM (Fig. S2F). The particle 
sizes of DEA2k and Micro DEA2k were 183.93 ± 1.59 
(nm) and 6201.33 ± 74.27 (nm), respectively, and their 
polydispersity indices (PDIs) were 0.279, and 0.322, 
respectively (Fig. 4D). The zeta potentials of DEA2k and 
Micro DEA2k were 24.76 ± 0.64 and 19.7 ± 1.65 (mV), 
respectively (Fig. 4E).

Fig. 2  Strong correlations of postoperative cfDNA levels with operative duration and levels of inflammatory factors in patients after laparoscopic surgery. 
(A) cfDNA levels in peritoneal drainage fluid of patients immediately and 6 h after laparoscopic gastrointestinal surgery. (B) Serum cfDNA levels of patients 
immediately and 6 h after the surgery. (C) Positive correlations of cfDNA level in peritoneal drainage fluid at 6 h after the surgery with operative duration. 
(D), (E), and (F) Serum CRP, IL-6, and PCT levels, respectively, in patients immediately and 6 h after the surgery. (G), (H), and (I) Positive correlations of cfDNA 
level in peritoneal drainage fluid at 6 h after the surgery with serum CRP, IL-6, and PCT levels, respectively, at 6 h after the surgery. n = 10 for each group. 
Data are expressed as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significant difference
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Characterization of DEA2k and Micro DEA2k
The study investigated several characteristics of DEA2k 
and Micro DEA2k, including toxicity, nucleic acid-
binding capacity, chemical stability, and degradation 
performance. The toxicity of a cationic material directly 
determines its application prospects; hence, we exam-
ined its cytotoxicity. The cytotoxicity of DEA2k and 
Micro DEA2k at different concentrations was tested on 
RAW 264.7 cells by the MTT assay (Fig. S3A). The half-
maximal inhibitory concentrations (IC50) of DEA2k and 
Micro DEA2k were then obtained by fitting the logis-
tic equation, yielding values of 1627 and 2691  µg/mL, 
respectively, thus indicating low cytotoxicity for both. 
However, the protein adsorption assay revealed that the 
protein adsorption capacity of Micro DEA2k was sig-
nificantly lower than that of DEA2k (Fig. S3B). Poten-
tiometric acid-base titration of DEA2k was performed 
to measure the cumulative amount of sodium hydroxide 
solution added and the corresponding pH, and the titra-
tion curve was plotted (Fig. S4A, B). The buffer capacity 
of DEA2k, calculated based on the formula, was found to 
be 2.49 mmol·L–1·pH–1. Because DEA2k has two different 
amine groups, it must be acidified to a pH of 5–6 to be 
fully protonated. Therefore, at physiological pH, DEA2k 
carries a small charge that prevents non-specific bind-
ing in the body and reduces its biological toxicity. Like 
other cationic nanomaterials, DEA2k and Micro DEA2k 

scavenge cfDNA through the electrostatic attraction 
between positive and negative charges. Agarose gel elec-
trophoresis was used to detect the nucleic acid-binding 
capacity of DEA2k and Micro-DEA2k. At a nitrogen-
to-phosphorus (N/P) ratio of 4, DEA2k bound to almost 
all CpGs (Fig.  5A). Similarly, Micro DEA2k bound to 
almost all CpGs at an N/P ratio of 4 (Fig. 5B). The nucleic 
acid-binding capacity DEA2k was quantified by fluo-
rescence quenching titration with a nucleic acid dye. As 
the concentration of DEA2k gradually increased in PBS 
(pH = 7.4), it with EtBr for binding to calf thymus DNA 
(ctDNA), resulting in a gradual decrease in the fluores-
cence emission spectrum (Fig.  5C). This phenomenon 
was more pronounced in SABS (pH 5.0) (Fig.  5D). The 
fluorescence quenching reaction parameters (Table S2) 
calculated from the fluorescence emission spectrum 
show that the binding constant Kb of DEA2k increased 
from 6.43 (kM–1) in PBS to 17.9 (kM–1) in SABS. Cationic 
material can cleave into low molecular weight fragments 
under acidic conditions, and the degradation process is 
influenced by factors such as temperature, pH value, 
time, etc [33]. We simulated the lysosomal acidic envi-
ronment and physiological body temperature (37 ℃), 
and used GPC to characterize the degradation process 
of DEA2k under acidic and physiological temperature 
conditions. The GPC trace suggested that after 14 days, 
DEA2k was almost entirely degraded into PEG fragments 

Fig. 3  Trends of cfDNA levels in the intestinal I/R injury model. (A) Schematic diagram of the mouse model of intestinal I/R injury. (B) and (C) Dynamic 
changes of cfDNA in peritoneal lavage fluid and serum, respectively, at different time points within 24 h after reperfusion. (D) Clinical scores at different 
time points within 24 h after reperfusion. n = 6 for each group. Data are expressed as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no 
significant difference

 



Page 12 of 20Xie et al. Journal of Nanobiotechnology          (2025) 23:153 

under acidic conditions, whereas the effect of tempera-
ture on DEA2k degradation was weaker than that of the 
acidic conditions (Fig. S5 and Table S3). Meanwhile, 
the stability data of sizes and ζ-potentials were also 

supplemented in Fig. S6 and Table S4, showing that the 
sizes and ζ-potentials of both self-assembled DEA2k and 
Micro DEA2k did not significantly change after 14 days’ 
immersion in PBS at 37 ℃. These results demonstrated 

Fig. 5  Measurement of nucleic acid binding capacity. (A) Agarose gel electrophoresis image of the DEA2k and CpG1826 complex. (B) Agarose gel 
electrophoresis image of the Micro DEA2k and CpG1826 complex. (C) Fluorescence quenching titration emission spectrum of DEA2k in PBS (pH = 7.4). 
(D) Fluorescence quenching titration emission spectrum of DEA2k in SABS (pH = 5.0). The black solid line indicates that only EtBr (1.83 µM) is present in 
the solution, and the spectrum is elevated to the highest line in the figure after the addition of ctDNA (10.5 µM). The colored lines from top to bottom 
represent DEA2k at concentrations of 0.33, 0.67, 1, 1.33, 1.67, 2.33, 2.67, and 3.33 µg/mL

 

Fig. 4  Synthesis of DEA2k and Micro DEA2k. (A) Schematic diagram of the synthesis of DEA2k and Micro DEA2k. (B) Side view of the lowest binding pose 
of the DEA segment after binding to DNA. (C) Side view of the lowest binding pose of the protonated DEA segment after binding to DNA. (D) and (E) 
Particle sizes and zeta potentials of DEA2k and Micro DEA2k, respectively. n = 3 for each group. Data are expressed as means ± SEM, **P < 0.01
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that DEA2k and Micro DEA2k have low cytotoxic-
ity, strong nucleic acid binding capacity which are pH-
responsive, and satisfactory chemical stability.

Early use of Micro DEA2k can alleviate the inflammatory 
response and multi-organ damage caused by intestinal I/R 
injury
Given that cfDNA levels are elevated in the early stages 
after I/R injury and can promote the release of inflam-
matory factors to exacerbate organ damage [11], we 
administered mice a therapeutic dose of Micro DEA2k 
via intraperitoneal injection prior to abdominal closure. 
These mice exhibited significantly higher survival rates 
after 24  h of I/R (Fig. S7A). As previously described, 
intraperitoneal injection of Micro DEA2k can signifi-
cantly reduce the levels of cfDNA, tumor necrosis fac-
tors α (TNF-α) and IL-6 (pro-inflammatory factors), and 
monocyte chemoattractant protein 1 (MCP-1; chemo-
kine) in the peritoneal lavage fluid and serum at 6 h after 
I/R (Fig. 6A, B). Along with the clearance of cfDNA and 
alleviation of the inflammatory response, a significant 
reduction in the clinical score of mice 6 h after I/R was 
observed (Fig. S8A). In addition, we measured fatty acid-
binding protein 2 (FABP2) and lipopolysaccharide (LPS) 
in the serum and zonula occludens 1 (ZO-1) in tissues to 
assess intestinal barrier function. ZO-1 is a cytoplasmic 
protein that connects tight junction proteins to the cyto-
skeleton and is a marker of barrier integrity [34]. FABP2 
as a marker of intestinal mucosal damage [35]. When the 
intestinal barrier is compromised, the LPS in the intes-
tine is easily absorbed into the bloodstream. The results 
showed that Micro DEA2k reduced the level of FABP2 in 
the serum while also stabilizing the expression of ZO-1 
in the small intestine and reducing the level of LPS in the 
serum (Fig. S8A). Additionally, examination of the intes-
tinal tissue samples revealed that after intestinal I/R, the 
ischemic segments of the intestine appeared dark red, 
dull, and murky, with dilation and thinning of the intes-
tinal walls and bloody contents visible in the intestinal 
lumen. In contrast, the intestinal damage was alleviated 
by the application of Micro DEA2k (Fig. S7B). HE stain-
ing of the untreated intestinal I/R mouse model showed 
severe inflammatory cell infiltration in the ileum, lungs, 
kidneys, and liver, indicating multiorgan damage. This 
damage is primarily due to the large amounts of inflam-
matory factors and toxic intestinal substances that reach 
adjacent organs through the bloodstream after intestinal 
I/R injury and impair their functions [36–38]. The use of 
Micro DEA2k significantly alleviated multiorgan damage 
(Fig. 6C), thereby lowering the damage score (Fig. S8B). 
Consistent with the histological changes in the organs, 
Micro DEA2k significantly reduced serum levels of AST, 
ALT, BUN, and CRE in serum (Fig. S8C), indicating that 
Micro DEA2k could mitigate liver and kidney function 

damage caused by intestinal I/R injury. These results sug-
gest that intraperitoneally injected Micro DEA2k can 
effectively adsorb cfDNA produced after intestinal I/R 
injury and reduce the generation of inflammatory factors, 
thereby alleviating damage to intestinal tissues as well as 
other major organs.

Biodistribution and low toxicity of Micro DEA2k
To observe the biodistribution of Micro DEA2k in the 
body, Cy7-labelled Micro DEA2k was injected intraperi-
toneally into normal and I/R-injured mice. Then, in vivo 
near-infrared fluorescence imaging was performed at dif-
ferent time points after injection. The fluorescence inten-
sity in the abdomens of both groups gradually decreased 
over time. However, compared with normal mice, the flu-
orescence intensity in the model mice remained relatively 
high 24 h after injection (Fig. S9). In addition, to deter-
mine whether a difference existed in the biodistribution 
of Micro DEA2k and DEA2k in the model mice, differ-
ent organs were obtained from some mice for ex vivo 
near-infrared fluorescence imaging at 6 h and 24 h after 
injection (Fig.  7A-C). We found that the fluorescence 
intensity of various organs in model mice injected with 
Micro DEA2k was stronger than that in normal mice at 
6 h after injection. This difference may be due to the pH-
responsiveness of the material, which rendered the poly-
mer more hydrophilic in the slightly acidic inflammatory 
environment of the model mice, leading to stronger dif-
fusivity. The material was predominantly distributed in 
the small intestine, lungs, testes, spleen, liver, and kid-
neys, indicating that Micro DEA2k accumulated in these 
organs (Fig. 7B). Furthermore, the fluorescence intensity 
of Micro DEA2k was higher than that of DEA2k in the 
small intestine of I/R mice 6 h after injection, suggesting 
a longer residence time (Fig. 7A, B). Ex vivo near-infra-
red fluorescence imaging 24 h after the injection showed 
a significant decrease in fluorescence intensity in vari-
ous organs, except the liver (Fig. 7C), suggesting that the 
cationic material can also be gradually metabolized and 
cleared by the body as inflammation slowly subsides.

As toxicity is a major concern in the clinical application 
of cationic materials, we administered healthy mice with 
an intraperitoneal injection of Micro DEA2k at a 5-fold 
dose (2 mg/mL), and the mice were observed for 7 d. No 
decrease in body weight and no significant differences in 
AST, ALT, CRE, or BUN were observed in the serum of 
the mice in the Micro DEA2k group compared to that 
of the mice injected with an equal volume of PBS (Fig. 
S10A, B). No abnormal pathomorphological changes 
were observed in the major organs in either group (Fig. 
S10C). Therefore, Micro DEA2k shows no toxic side 
effects and is safe for clinical applications.
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Binding of Micro DEA2k to cfDNA inhibits macrophage M1 
polarization and alleviates inflammatory response
Following intestinal I/R injury, immune cells such as 
macrophages will infiltrate the intestinal tissues, whereas 
cfDNA can activate macrophage TLR9 receptors to 
induce the transition to the M1 phenotype and release 

large amounts of pro-inflammatory cytokines such as 
TNF-α and IL-6 [7, 39]. The TLR9-MyD88-NF-κB sig-
naling pathway is an important signaling pathway for 
cfDNA-induced macrophage M1 polarization [40, 41]. 
Therefore, we explored the effects of Micro DEA2k on 
the macrophage phenotype and inflammatory cytokines 

Fig. 6  Micro DEA2k protects mice from inflammatory responses induced by intestinal I/R. (A) Levels of cfDNA, TNF-α, IL-6, and MCP-1 in peritoneal drain-
age fluid at 6 h after reperfusion. (B) Levels of cfDNA, TNF-α, IL-6, and MCP-1 in serum at 6 h after reperfusion. (C) HE staining of small intestine, lung, kid-
ney, and liver tissues at 6 h after reperfusion, scale bar = 50 μm. n = 6 for each group. Data are expressed as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, ns: no significant difference
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through in vivo and ex vivo experiments. In the ex vivo 
experiment, RAW 264.7 cells were stimulated and acti-
vated with FAM-labeled CpG (FAM-CpG), followed 
by localization and characterization using fluorescence 

microscopy. When no Micro DEA2k was added, CpG 
was dispersed in the lysosomes (Fig. 8A, as indicated by 
the red arrow). When Micro DEA2k was added, although 
the fluorescence intensity of intracellular CpG did not 

Fig. 7  Biodistribution of Micro DEA2k. (A) Ex vivo near-infrared fluorescence imaging of organs in each group at 6 and 24 h after intraperitoneal injection 
of Cy7-labeled Micro DEA2k or DEA2k. Figure legend: (1) Brain; (2) Heart; (3) Lung; (4) Testis; (5) Spleen; (6) Liver; (7) Kidney; (8) Small intestine. (B) Semi-
quantitative analysis of each organ by in vivo near-infrared fluorescence imaging at 6 h after the injection. (C) Semi-quantitative analysis of each organ 
by in vivo near-infrared fluorescence imaging at 24 h after the injection. n = 3 for each group. Data are expressed as means ± SEM, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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decrease, CpG was distributed in a circular and central-
ized manner within the lysosomes (Fig. 8A, as indicated 
by the white arrow). The results show that cfDNA pri-
marily accumulates in the lysosomes of macrophages, 
consistent with previous studies [13, 42]. Importantly, 
the binding site of Micro DEA2k to cfDNA is also within 
the lysosomes of macrophages. This phenomenon is 
related to the cellular uptake and metabolic pathways 
of cationic particles. Typically, cationic particles inter-
act with negatively charged proteoglycans on the cell 
membrane and are internalized through non-specific 
endocytosis, with lysosomes serving as the final site for 
cationic particles metabolism [43]. Consequently, Micro 
DEA2k adsorbs substantial amounts of cfDNA within 
lysosomes, thereby inhibiting its binding to TLR9. Nota-
bly, the adsorption capacity of Micro DEA2k for cfDNA 
is maximized under the acidic conditions of lysosomes. 
Next, the flow cytometry assay (Fig. S11A) revealed that 
the number of CpG-stimulated pro-inflammatory M1 

macrophages was significantly reduced after the applica-
tion of Micro DEA2k (Fig.  8B). In addition, the expres-
sion levels of TNF-α and IL-6 also decreased accordingly 
(Fig. S11B). Furthermore, we examined the protein 
expression of TLR9, MyD88, p65, and pp65 and found 
that their expression was reduced in the Micro DEA2k 
group (Fig. S11C). This evidence suggests that the in vitro 
anti-inflammatory mechanism of Micro DEA2k may 
involve its enhanced ability to bind cfDNA because of 
the decreased pH after entering the lysosome. By reduc-
ing the transduction of the TLR9-MyD88-NF-κB signal-
ing pathway, Micro DEA2k can inhibit the polarization of 
M1 macrophages and reduce the release of pro-inflam-
matory factors, thereby exerting a protective effect.

In the in vivo experiment, immunohistochemical anal-
ysis was performed on the expression of F4/80 protein, 
which is a marker for macrophages, in small intestinal 
tissues. Intraperitoneal injection of Micro DEA2k signifi-
cantly reduced the F4/80 content (Fig. 9A). The number 

Fig. 8  Micro DEA2k can bind with cfDNA in vitro to reduce the number of M1 macrophages. (A) Intracellular localization of CpG and Micro DEA2k in RAW 
264.7 macrophages after 24 h of co-incubation, scale bar = 10 μm; the red arrows indicate the intracellular localization of CpG in the absence of Micro 
DEA2k, and the white arrows indicate the intracellular localization of CpG after the addition of Micro DEA2k. (B) Proportion of M1 cells in RAW 264.7 mac-
rophages. (C) Mechanism of action of Micro DEA2k. n = 6 for each group. Data are expressed as means ± SEM, ***P < 0.001, ****P < 0.0001
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of CD86-labeled M1 macrophages in the peritoneal 
lavage fluid and peripheral blood was examined using 
flow cytometry (Fig. S12). Consistent with the ex vivo 
cell experiment, Micro DEA2k decreased the number of 
M1 macrophages in the peritoneal lavage fluid and serum 
(Fig.  9B, C). Immunohistochemical assays of the small 
intestinal tissues also revealed a decrease in the relative 
protein levels of TLR9, MyD88, and p65 (Fig. S13). This 
finding further demonstrates that Micro DEA2k exerts 
an anti-inflammatory effect by reducing the activation of 
the TLR9-MyD88-NF-κB signaling pathway. The above 
results suggest that intraperitoneally injected Micro 
DEA2k can adsorb the excessive cfDNA produced after 
intestinal I/R injury and prevent the overactivation of the 
TLR9-MyD88-NF-κB signaling pathway, thereby inhibit-
ing the polarization of M1 macrophages and exerting an 
anti-inflammatory effect.

Discussion
The treatment of intestinal I/R injury remains challeng-
ing in clinical practice, with high morbidity and mortality 
rates. This condition encompasses a multitude of patho-
logical processes, including oxidative stress, calcium 
overload, and inflammatory responses, ultimately leading 
to the death of intestinal epithelial cells [1, 44, 45]. Sub-
sequently, the release of DAMPs from dying cells acti-
vates pro-inflammatory responses in immune cells, such 
as macrophages, leading to inflammatory dysregulation 
and exacerbating damage to intestinal and extraintestinal 
tissues [7]. Consequently, effective management of exces-
sive inflammatory responses is paramount for mitigating 
the detrimental effects of intestinal I/R injury.

With the increasing elucidation of the role of cfDNA in 
the pathophysiology of various inflammatory diseases, its 
involvement in intestinal I/R injury has garnered signifi-
cant attention [7, 12–14]. A previous study demonstrated 

Fig. 9  Micro DEA2k reduces intestinal macrophage infiltration and decreases the number of M1 macrophages in the peritoneal cavity and blood. (A) Im-
munohistochemistry and quantification of small intestinal F4/80, scale bar = 50 μm. (B) Proportion of peritoneal CD68 + M1 macrophages. (C) Proportion 
of circulating CD68 + M1 macrophages. n = 6 for each group. Data are expressed as means ± SEM, **P < 0.01, ***P < 0.001, ****P < 0.0001
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that serum cfDNA levels markedly increase in the early 
stages following acute mesenteric ischemia in rats, 
positively correlating with the severity of pathological 
ischemia [46]. Similarly, our study demonstrated that 
peritoneal cfDNA levels were significantly elevated and 
positively correlated with serum inflammatory factors 
such as CRP, IL-6, and PCT after laparoscopic gastroin-
testinal surgery. Furthermore, in a mouse model of intes-
tinal I/R injury, cfDNA levels were elevated in the early 
stages of I/R injury, accompanied by an increase in the 
clinical score. These findings further suggest that cfDNA 
and inflammatory responses create a mutually reinforc-
ing positive feedback loop, collectively exacerbating ini-
tial organ injury and subsequently initiating a vicious 
cycle of increased cfDNA, inflammation, and organ 
damage.

Dysregulation of inflammation mediated by cfDNA 
primarily stems from the activation of inflammatory sig-
naling pathways within immune cells, with macrophages 
serving as pivotal effector cells. Macrophages have been 
extensively studied as innate immune cells owing to their 
contribution to organ I/R injury, and their functional 
characteristics are governed by their distinct phenotypic 
states [47]. Macrophages are primarily categorized into 
two distinct phenotypes, M1 and M2. M1 macrophages 
exhibit a proinflammatory phenotype characterized by 
the robust release of pro-inflammatory cytokines and 
chemokines, thereby playing a pivotal role in mediat-
ing inflammatory dysregulation. In contrast, M2 mac-
rophages display anti-inflammatory and repair-oriented 
phenotypes, inhibiting inflammation and facilitating 
tissue repair. In animal models of intestinal I/R injury, 
significant infiltration of M1 macrophages has been doc-
umented in intestinal tissues, and an elevation in cfDNA 
levels has been shown to stimulate the polarization of 
macrophages towards the M1 phenotype [48]. To coun-
teract this effect, Wang et al. administered deoxyribonu-
clease I (DNase-1) intravenously to degrade cfDNA. This 
approach significantly alleviated intestinal inflammation 
following intestinal I/R injury in rats, restored intestinal 
barrier integrity, and enhanced the expression of tight 
junction proteins [11]. Consequently, clearance or neu-
tralization of cfDNA is a vital anti-inflammatory strategy 
for mitigating intestinal I/R injury.

Nucleic acid scavengers (NAS) have been developed 
for various disease models; however, several unresolved 
issues persist concerning their cytotoxicity, biocompat-
ibility, biodegradability, and in vivo biodistribution. To 
mitigate the limitations associated with NAS, various 
safer alternatives and modification strategies have been 
explored and reported. Additionally, NAS can be inte-
grated with hydrogels or electrospun fibers to achieve 
multifunctional therapeutic effects. Overall, NAS can be 
tailored or modified in a personalized manner based on 

disease models, routes of administration, and functional 
requirements to optimize their therapeutic efficacy. Table 
S5 provides a summary of the NAS reported in recent 
years. Given that low pH is a pivotal characteristic of the 
inflammatory microenvironment [16], we devised cat-
ionic nanoparticles (DEA2k) that undergo substantial 
protonation of tertiary amines solely within a pH range of 
5–6. This implies that under normal microenvironments, 
DEA2k exhibits minimal protonation, displaying a weak 
positive charge, thus reducing its impact on other cells 
and manifesting low cytotoxicity. However, our adminis-
tration route was via intraperitoneal injection, where cat-
ionic materials are absorbed through the peritoneal and 
omental blood vessels and subsequently enter the liver 
via the superior mesenteric and hepatic portal veins. At 
this point, Kupffer cells residing in the liver capture the 
majority of nanomedicines or nanoparticles, significantly 
reducing their residence time in the body, thereby affect-
ing the clearance efficiency of cfDNA [49]. Notably, Aneta 
Cymbaluk-Płoska and colleagues discovered that micro-
capsules loaded with carboplatin, with diameters ranging 
from 10 to 25 μm, could diminish phagocytosis and peri-
toneal clearance through lymphocyte transport, thereby 
enabling sustained intraperitoneal release of carboplatin 
for the treatment of ovarian cancer [50]. Inspired by this 
pioneering research, we sought to augment the particle 
size by harnessing the amphiphilic properties of PCEC, 
combined with PCL as the core, to self-assemble DEA2k 
into microspherical particles (termed Micro DEA2k), 
thus scaling them to the micrometer range. Our objective 
was to investigate whether this enhancement could pro-
long the residence time within the peritoneal cavity and 
ultimately enhance the capacity to locally bind cell-free 
DNA (cfDNA). In vivo imaging results revealed that the 
intestinal fluorescence intensity was maintained at a rela-
tively high level six hours post-reperfusion following the 
intraperitoneal injection of Micro DEA2k. Furthermore, 
Micro DEA2k exhibited reduced protein binding affinity 
compared to DEA2k. Upon absorption into the blood-
stream, it is less prone to forming a protein corona with 
opsonin proteins, rendering it less susceptible to clear-
ance by mononuclear phagocytes. Consequently, Micro 
DEA2k demonstrated superior ability to bind cfDNA 
in circulation. Our experimental results show that we 
have successfully developed cationic microsphere par-
ticles characterized by low toxicity, minimal nonspecific 
protein-binding rates, and extended intraperitoneal resi-
dence times, making them promising candidates for the 
clearance of cfDNA.

In animal models, we observed that intraperitoneal 
injection of Micro DEA2k significantly decreased cfDNA 
levels in both the peritoneal cavity and serum 6 h post-
reperfusion. Furthermore, it also reduced the concen-
trations of inflammatory cytokines IL-6 and TNF-α, as 
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well as the chemokine MCP-1, in both compartments. 
Through a combination of in vivo and in vitro experi-
ments, we validated that the TLR9/MyD88/NF-κB sig-
naling pathway in macrophages is a pivotal signaling 
mechanism underlying cfDNA-mediated inflammation, 
which exacerbates organ damage. The application of 
Micro DEA2k inhibited this signaling pathway, thereby 
suppressing M1 polarization of macrophages and reduc-
ing the release of inflammatory cytokines such as IL-6 
and TNF-α. Consequently, it improves the survival rate 
of mice subjected to intestinal I/R injury. Additionally, 
by clearing cfDNA, Micro DEA2k stabilizes the expres-
sion of intestinal ZO-1 protein, maintains the integrity 
of the intestinal barrier, decreases LPS absorption into 
the bloodstream, and alleviates damage to other distant 
organs.

Conclusion
In summary, this study elucidates the crucial role of 
cfDNA in intestinal I/R injury. The pH-responsive cMPs 
Micro DEA2k developed in this study improved the sur-
vival rate and reduced multiorgan damage by inhibiting 
the polarization of M1 macrophages after intestinal I/R 
injury and alleviating local and systemic inflammatory 
responses. This study presents a feasible method for 
cfDNA clearance that is safe, effective, and promising for 
clinical applications.
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