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Temperature-sensitive hydrogel loaded with
DNase I alleviates epidural fibrosis in a mouse
model of laminectomy
Jinpeng Sun1, Gang Wang1, Haoran Wang1, Feng Hua1, Zeyuan Song1, Zhen Jin1, Jun Liu 1, Hongliang Xin 2 and
Mingshun Zhang 3

Abstract
Excessive epidural fibrosis attached to the dura mater is the major cause of recurrent failed back surgery syndrome
after spine surgery. Neutrophil extracellular traps (NETs) promote epidural fibrosis, raising the possibility that the DNA
backbone of NETs may be a potential target in the therapy of epidural fibrosis. Human body temperature-sensitive
hydroxypropyl chitin hydrogel solutions were prepared to encapsulate DNase I, which gradually decomposed in vivo.
DNase I, which was released from temperature-sensitive hydrogels, destroyed the DNA backbone of NETs and
dispersed the clustering of myeloperoxidase (MPO) in NETs. Evidence from MRI, H&E and Masson staining supported
that hydroxypropyl chitin hydrogels loaded with DNase I were nontoxic and reduced epidural fibrosis. As expected,
fibronectin in the wound was significantly abridged in the mice treated with hydrogels loaded with DNase I.
Compared with the gelatin sponge absorbing DNase I, temperature-sensitive hydroxypropyl chitin hydrogels loaded
with DNase I were more powerful in the therapy of epidural fibrosis. These results indicate that temperature-sensitive
hydroxypropyl chitin hydrogels were effective in DNase I encapsulation and alleviation of epidural fibrosis in a mouse
model of laminectomy.

Introduction
Epidural fibrosis following spine operation is one of the

major causes of failed back surgery syndrome (FBSS)1.
From the 2010 national census survey, up to 91% of
patients suffer from epidural fibrosis after spine surgery in
America2. Excessive scar formation surrounding the nerve
roots promotes firm adhesion to the spinal cord. There-
fore, it may clump the spinal nerves and eventually lead to
FBSS. Once scars form on the dura mater, there are no
effective and safe treatments in clinical practice. Thus,

strategies (epidurolysis3, drugs and barriers) to reduce
epidural scarring are of great importance in improving the
consequences of spine operation4.
Neutrophil extracellular traps (NETs), first identified as

immune defenses against bacteria5, have been well
documented in the progression of pulmonary fibrosis6.
Accumulating evidence has shown that NETs not only
function in immune defense but also in immunopathol-
ogy, i.e., cancer7, and other noninfectious diseases8,9. The
DNA backbone is the scaffold of NETs, and DNA dis-
ruption by DNase I significantly mitigates the roles of
NETs10. Recently, we found that NETs developed in the
wound area after spine operation, and topical adminis-
tration of DNase I potentially decreased epidural fibrosis
in a mouse model of laminectomy11.
Biomaterial barriers and nonbiomaterial barriers con-

jugated with or without drugs have been extensively studied
in the alleviation of epidural scarring. For example,
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cross‑linked hyaluronic acid gel decreases epidural adhesion
by suppressing inflammation12 and increasing the produc-
tion of matrix metalloproteinases13. Similarly, electrospun
membranes loaded with anti-adhesive drugs (mitomycin C,
meloxicam, and celecoxib) effectively reduced scarring for-
mation after spine operation14,15. Mitomycin C is an alky-
lating chemotherapeutic agent in cancer. Meloxicam and
celecoxib are known as nonsteroidal anti-inflammatory
drugs. Compared with these anti-adhesive drugs, DNase I
may be a safer option for the alleviation of epidural fibrosis.
To improve the efficiency of topical administration of DNase
I, we aimed to design a DNase I controlled-release system in
the experimental therapy of epidural fibrosis.
Injectable in situ thermosensitive hydrogels have

emerged as a potential local drug delivery system. A
thermosensitive hydrogel is an aqueous solution at room
temperature but rapidly crosslinks into a gel drug reservoir
under stimulation of body temperature in situ, making it
highly suitable for drug administration to the target site16.
For example, a temperature-sensitive hydrogel based on
the triblock copolymer poloxamer 407 is effective in pre-
venting epidural adhesion post-laminectomy17. Hydro-
xypropyl chitin, a new derivative of chitin, is soluble in
water at low temperature and gels rapidly at physiological
temperature at a relatively low concentration (0.5–4 wt%).
More importantly, hydroxypropyl chitin hydrogels are
enzymatically degradable, nontoxic and have excellent
biocompatibility in vivo18, which may be critical for local
DNase I delivery in the wound area after spine operation.
Herein, we prepared DNase I encapsulated in hydro-
xypropyl chitin temperature-sensitive hydrogels and
explored its efficiency in the alleviation of epidural fibrosis.
DNase released from hydroxypropyl chitin temperature-
sensitive hydrogels effectively destroyed the structure of
NETs and reduced scar formation. Our findings suggested
that DNase I, combined with hydroxypropyl chitin
temperature-sensitive hydrogels, may be a promising
option in the prevention of epidural fibrosis.

Materials and methods
Animal
Specific pathogen-free male C57BL/6J mice aged

~8 weeks and male BALB/c nude mice weighing 20 g were
obtained from the Animal Core Facility of Nanjing Medical
University (Nanjing, China). All experiments that involved
animal and tissue samples were performed in accordance
with the guidelines and procedures approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of
Nanjing Medical University (IACUC-1904052).

Preparation of DNase I encapsulated in temperature-
sensitive hydrogels
Appropriate amounts of DNase I (DN25-1G, Sigma,

USA) were dissolved in ultrapure water to prepare 20mg/

ml DNase I solution. After adding a moderate amount of
hydroxypropyl chitin freeze-dried powder (Yuanju Medi-
cine, Nanjing, China) and dispersing evenly in DNase I
solution, the right amount of ultrapure water was added,
followed by stirring evenly to ensure that the gel was
lyophilized at a concentration of 1% and DNase I at
10 mg/ml. DNase I hydrogel was obtained by placing in a
refrigerator at 4 °C and fully swelling for 24 h.

Gelation analysis of hydrogel loaded with DNase I
The gelation of DNase I gel was determined by the test-

tube inversion method. Briefly, vail containing DNase I gel
solutions was tilted and photographed. Then, the vail was
placed in a 35 °C thermostatic chamber for 1 min, and the
vial was tilted and photographed. These samples were
tested three times in parallel.

Rheological analysis of hydrogel loaded with DNase I
Rheological analysis of DNase I gel was performed on a

rheometer (Bohlin Gemini HR Nano, Malvern, UK).
DNase I gel solution was uniformly placed on the oper-
ating plate of the rheometer using a 1-ml injection needle.
The vibration mode is applied, the frequency is 8 Hz, and
the strain amplitude is 0.1%. The relationship between the
storage modulus (G’) and energy dissipation modulus (G”)
of the blank gel and DNase I gel with temperature at
0–40 °C was determined.

Morphology observation of hydrogel loaded with DNase I
The completely swellable DNase I gel solution at 4 °C was

placed in a refrigerator at −80 °C for precooling overnight,
and freeze-dried DNase I gel powder was obtained by freeze-
drying. Then, the freeze-dried DNase I gel was cut into
1–2mm sections, followed by gluing on the loading plate of
the scanning electron microscope with double-sided tape.
Morphological observations were performed by a scanning
electron microscope (JEOL JSM-7900F, JEOL, Japan) after
the sample was coated with gold.

Release analysis of DNase I encapsulated in hydrogel
Precisely weighed DNase I and Sulfo-Cy7-NHS (Yuanju

Medicine, Nanjing, China) were dissolved in phosphate
buffered saline (PBS) at a mole ratio of 1:5 and then
reacted at room temperature without light for 12 h under
the protection of nitrogen. The unreacted bound Sulfo-
Cy7-NHS was removed after dialysis (with an intercalated
molecular weight of 3 kD). Cy7-labeled DNase I was
obtained after solution lyophilization.
Cy7-labeled DNase I gel solution was prepared

according to the above method. After gelatinization at
37 °C, sterile PBS solution was added and shaken in a
shaker at 37 °C. Then, 0.5 ml of supernatant was taken at
the set time (6, 12, 18, 24, 48, 72, 96, 120, 144, 168 h) with
isothermal and equal-volume blank PBS solution was
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added. After the samples were centrifuged at 5000 RPM,
the supernatant was taken, and the fluorescence intensity
was measured by a full-wavelength microplate analyzer.
The release behavior of DNase I gel in vitro was
calculated.

Retention of DNase I encapsulated in hydrogel
A 2.5mg/ml fluorescently labeled Cy7 DNase I diffusion

gel solution was obtained by adding 10mg/ml fluorescently
labeled Cy7 DNase I solution to the gel solution. An
appropriate amount of ultrapure water was taken to dissolve
CY7 fluorescence-labeled DNase I at a concentration of
2.5mg/ml. Nude BALB/c mice weighing ~20 g were col-
lected and divided into two groups. After the nude mice
were anesthetized with isoflurane, their back near the right
hind leg was disinfected with 75% ethanol. One group was
injected with 40 μl CY7 fluorescently labeled DNase I
solution, and the other group was injected with 40 μl CY7
fluorescently labeled DNase I gel solution. An infrared lamp
was used to accelerate gel solution solidification as soon as
possible. Visual-light imaging of the small animals was
performed on days 3, 7, and 14 after the injection with a
visible 3D imaging system (IVIS Spectrum, PerkinElmer,
USA) for animals in vivo.
To evaluate the DNase I bioactivity in the hydrogels, the

DNase I hydrogel solutions were placed in 15-ml centrifuge
tubes at 37 °C for gelation. After 7 days and 14 days, the
tubes were removed into a refrigerator at 4 °C. The DNase I
bioactivity in the aqueous solution of hydrogels was assayed
using a DNase I Assay Kit (ab234056, Abcam) according to
the manufacturer’s instructions.

Mouse model of laminectomy
A mixture of 10mg/kg xylazine and 200mg/kg ketamine

hydrochloride in 100 μl normal saline was used to anesthe-
tize mice by intraperitoneal injection. The laminectomy
operation was similar to that previously described11,19. A
midline skin incision was established briefly to expose the
L1-L3 vertebral plate, while the dura mater was exposed
after removing the spinous process and the L1-L3 vertebral
plate with a rongeur. To prevent epidural fibrosis, the
wound was treated with the hydrogel alone (G), a gelatin
sponge absorbing DNase I (D)11, or hydrogel loaded with
DNase I (DG). In either the DG group or the gelatin sponge
absorbing DNase I group, DNase I for each mouse was
5mg/kg. After the treatment, the spine, fascia, muscle and
skin were sutured to close the incisions. These mice were
monitored until full recovery from anesthesia and returned
to cages. All of mice were free to food and water.

NETs induction and degradation
Neutrophils were isolated from bone marrow as

described before3. Briefly, the femurs and tibias were
harvested from mice after cervical disassociation.

Connective tissues and muscles were removed. Both ends
of the bones were cut with scissors, and the bone marrow
was flushed out PBS. The final product was collected into
a 50-ml conical tube through a 70-µm cell strainer.
Neutrophils from bone marrow cells were negatively
selected using a neutrophil magnetic bead isolation kit for
sorting granulocytes (130-097-658, Miltenyi Biotec). The
purified neutrophils were stimulated with HMGB1
(300 ng/ml, 50913-M01H, Sino Biological) with or with-
out DNase I for 4 h at 37 °C to evoke the formation and
degradation of NETs.

Western blotting
Total protein from the cells or tissues was extracted

with RIPA buffer (89900, Thermo) containing phe-
nylmethylsulfonyl fluoride (ST506, Beyotime, China) and
sonicated on ice 3 times for 20 s each time. A Bradford
Protein Assay Kit (P0006, Beyotime, China) was used to
determine the protein concentrations. The samples were
separated by 10% SDS–PAGE, and then, the products
were transferred to polyvinylidene fluoride membranes.
After blocking for 1 h at room temperature with 5%
bovine serum albumin, the PVDF membranes were
incubated overnight at 4 °C with primary antibodies
overnight at 4 °C, including anti-β-actin (1:1000; 4970 L,
Cell Signaling Technology), anti-histone H3 (1:2000;
4499 S, Cell Signaling Technology), anti-citrullinated
histone H3 (Cit-histone 3, 1:1000; ab5103, Abcam), and
anti-fibronectin (1:1000; 15613-1-AP, Proteintech). After
washing with tris-buffered saline-Tween (TBST) three
times for 10 min each trial, membranes were incubated
with goat anti-rabbit horseradish peroxidase (HRP) IgG
(EarthOx Life Sciences, CA, USA) for 1 h under the same
temperature conditions as before. After washing with
TBST every 10 min three times, the antibody-antigen
complexes were detected with Immubilon Western Che-
miluminescent HRP Substrate (36208ES76, Yeasen,
China) and visualized by a G:Box gel doc system (Tanon
5200, China). These images were analyzed by ImageJ
software (1.52a, National Institutes of Health, USA).

Enzyme-linked immunosorbent assay (ELISA)
In 24-well plates, hydrogel and DNase I gel were placed in

Dulbecco’s modified Eagle’s medium (DMEM basic, 1ml/
well, Gibco). The supernatant was collected at 1, 3, 5, and
7 days after incubation. DNase I in the supernatant was
measured by a DNase I direct ELISA kit (ml063621, Mlbio)
according to the manufacturer’s instructions. The absor-
bance was measured at 450 nm, and the DNase I con-
centration was calculated according to a standard curve.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) was generated

1 month after spine surgery. These mice were
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anesthetized with isoflurane and scanned at the T11-L4
spine. MRI images were collected using a Bruker 7.0 T
Micro-MR imaging system and a Multi-Slice Multi-Echo
T2-weighted imaging (MSME T2WI) sequence. The time
of repetition (TR) for MR images was 4391 ms. All para-
meters (TE, 33.0 ms; layers, 40; thickness, 0.5 mm; and
interlayer space, 0) were followed once for a total of
10 min 18 s 120ms per set. The epidural scar area was
measured by ImageJ software.

Histological analysis of wound tissues
The mice were sacrificed with cervical dislocation

4 weeks post-laminectomy. Multiple organs (spinal cord,
heart, liver, spleen, lung, kidney and brain) and wound
tissues were fixed in 4% paraformaldehyde (Servicebio,
China) and embedded in paraffin. Subsequently, the
wound tissue was cut into 5-μm-thick sections and
stained with hematoxylin and eosin (H&E) or Masson’s
trichrome to estimate the extent of epidural fibrosis.
Sections were captured with a microscope (model BX-53,
Olympus Optical).
For immunofluorescence staining, the wound tissues

sampled at the indicated times were fixed, embedded in
paraffin and cut into 5-μm-thick sections. The sections
were rinsed and incubated with specific primary anti-
bodies against cit-Histone3 (1:200; ab5103, Abcam),
myeloperoxidase (MPO) (1:50; ab90810, Abcam) or
fibronectin (1:100; 15613-1-AP, Proteintech). The slides
were visualized with an Olympus IX73 fluorescence
microscope.

Confocal microscopy
For NET staining, neutrophils were washed with PBS,

fixed with 4% paraformaldehyde for 30min, washed with
PBS for 10min, blocked with 5% goat serum for 1 h, and
incubated with primary antibodies against cit-Histone3
(1:200; ab5103, Abcam) and MPO (1:50; ab90810, Abcam)
overnight at 4 °C. After three washes, the cells were
stained with Alexa Fluor 555 goat anti-rabbit IgG (H+ L)
(1:500; A21428, Invitrogen) and Alexa Fluor 647 goat
anti-mouse IgG (H+ L) (1:1000; A21235, Invitrogen) in
the dark for 1 h and then counterstained with DAPI
(36308ES20, Yeasen, China). Slides were captured by a
ZEISS LSM710 confocal fluorescence microscope.

Immunohistochemistry
The wound tissues were cut into 5-μm-thick sections,

followed by deparaffination and antigen retrieval. Then, 3%
H2O2 solutions were used to inhibit endogenous peroxidase
activity. Then, the slides were blocked with 10% goat serum.
Next, sections were incubated with anti-fibronectin antibody
(1:100; 15613-1-AP, Proteintech) overnight at 4 °C. The next
day, sections were incubated with HRP-conjugated goat
anti-rabbit IgG (1:1000; EarthOx, USA) for 1 h at room

temperature. Finally, color development was immediately
performed by using 3,3-diaminobenzidine, followed by
hematoxylin counterstaining.

Statistical analysis
All analyses were performed with GraphPad Prism 7.

The results are expressed as the mean ± SEM (standard
error of the mean). Differences were analyzed by two-
tailed unpaired Student’s t test between two groups and
by parametric one-way analysis of variance (ANOVA)
with Tukey’s adjustment between multiple groups. Sta-
tistical significance was defined as follows: *p < 0.05; **p <
0.01; and ns, no significance.

Results
Experimental design
Epidural fibrosis occurred after spine operation. Pre-

viously, we reported that DNase I absorption in gelatin
sponges was effective in treating postepidural fibrosis in a
mouse model of laminectomy11. Compared with gelatin
sponges, temperature-sensitive hydrogels are aqueous
solutions before injection. Therefore, temperature-
sensitive hydrogels may form a better barrier in vivo.
Moreover, encapsulation was more efficient in drug
loading than gelatin sponge absorption. Therefore, we
postulated that temperature-sensitive hydrogels loaded
with DNase I may be more effective than DNase
I-absorbing gelatin sponges (Fig. 1).

Temperature-sensitive hydrogels controlled-released
DNase I
The temperature-sensitive hydrogel loaded with DNase

I was fabricated from reversible thermosensitive hydro-
xypropyl chitin. As shown in Fig. 2A, hydrogel loaded
with DNase I was liquid at 25 °C, with good fluidity and
needle passability. When approaching the body tem-
perature (35 °C), the phase transition was carried out, and
the liquid formed a hydrogel, indicating that the hydrogel
loaded with DNase I still had good temperature-sensitive
properties. To determine the phase-transition tempera-
ture of DNase I gel, rheological analysis on a rheometer
was performed. As shown in Fig. 2B, the phase-transition
temperature of DNase I gel was 34.7 °C, approaching the
body temperature. A scanning electron microscope was
used to determine the morphology of the hydrogel.
Obviously, a three-dimensional network structure with
apertures between 50 and 100 μm formed in the hydrogels
(Fig. 2C), indicating that the hydrogel may be used for
drug storage and prolong drug release time. The in vitro
release profile was performed to determine whether
hydrogel loaded with DNase I definitely released DNase I.
As shown in Fig. 2D, the release of DNase I from hydrogel
was a slow-release process, and the release amount was
~72.1% after 7 days. A visible 3D imaging system for
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animals was used to detect the retention of DNase I in
hydrogel in vivo. Compared with the free DNase I solu-
tion group, DNase I loaded in hydrogel showed a sig-
nificant retention effect (Fig. 2E). In summary, the human
body temperature (35 °C)-sensitive hydrogel slowly
released DNase I in vitro and in vivo.

DNase I in hydrogels destructed NETs in vitro
As a common marker of neuroinflammation20 and

elevated post-spine operation11, HMGB1 is a potential
inducer of NETs21,22. We found that after neutrophils
were treated with HMGB1 for 4 h, the expression of his-
tone H3 was unchanged. However, the expression of
citrullinated histone H3 (citH3), an indicator of NETs23,
was significantly increased (Fig. 3A). Free DNase I sig-
nificantly reduced the expression of citH3 in neutrophils

Fig. 2 Characteristics of hydrogels loaded with DNase I. A Digital photos illustrating the temperature sensitivity of hydrogels loaded with DNase I.
B Temperature dependent rheology. C SEM images showed the fracture surface of hydrogels. D Indirect quantification of DNase I released from
hydrogel loaded with DNase I in vitro. E In vivo imaging was performed on days 0, 3, 7, and 14 to monitor the remaining DNase I.

Fig. 1 Experimental design. Schematic illustration of a temperature-
sensitive hydrogel loaded with DNase I for the prevention of epidural
fibrosis in a mouse model of laminectomy.
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stimulated by HMGB1 (Fig. 3A), which may illustrate that
DNase I was capable of degrading NETs. To determine
whether hydrogels loaded with DNase I released func-
tional DNase I, we first measured DNase I in the cell
culture medium using ELISA. As shown in Fig. 3B,
hydrogels loaded with DNase I efficiently released DNase
I in DMEM. Furthermore, we detected the DNase I

activity loaded in hydrogels 7 days and 14 days after
gelation at 37 °C. The remaining activity of DNase I in the
hydrogel was ~70% after 7 days and nearly 50% after
14 days (Fig. 3C). Subsequently, we explored whether
hydrogels loaded with DNase I destroyed NETs. HMGB1
evoked the production of NETs, which was evidenced by
DNA fibrous structures costained with cit-Histone3 and

Fig. 3 Hydrogels loaded with DNase I degraded NETs. A Western blot analysis of Cit-Histone3 expression in neutrophils incubated with HMGB1,
with or without DNase I (5 μg/ml). B Quantification of DNase I released from hydrogel loaded with DNase I using ELISA in vitro; **P < 0.01; ***P <
0.001. C Quantitative evaluation of DNase I activity in hydrogels after gelation. D Representative immunofluorescence images showing the presence
of NETs in mouse neutrophils cultured with HMGB1. NETs were stained with Cit-Histone3 (pseudored) and MPO (pseudogreen), while nuclei were
stained with DAPI (pseudoblue). Hydrogel alone (G), DNase I alone (D), hydrogel loaded with DNase I (DG).
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MPO. Hydrogel alone without DNase I (G) was not
capable of destroying NETs. In contrast, the hydrogel
loaded with DNase I (DG), like free DNase I (D), was
effective in destroying the DNA backbone and therefore
disintegrating the clustering of MPO in NETs (Fig. 3D). In
brief, we observed that hydrogels loaded with DNase I
released functional DNase I and degraded HMGB1-
induced NETs.

Hydrogel loaded with DNase I was safe in spine operation
Hydroxypropyl chitin hydrogels are enzymatically

degradable, nontoxic and biocompatible18, which is a
prerequisite for in vivo applications. To explore the
safety of DNase I loaded in hydroxypropyl chitin
hydrogel, spinal cord, heart, liver, spleen, lung, kidney
and brain samples 28 days post-laminectomy were
stained by H&E. As shown in Fig. 4 (Supplementary Fig.
1), H&E staining revealed no distinguishable injuries or
pathological changes in any of these tissues and organs.
These results suggested that the temperature-sensitive
hydroxypropyl chitin hydrogel encapsulated with
DNase I was nontoxic and biocompatible in vivo.

Hydrogels loaded with DNase I destroyed NETs in vivo
To determine whether hydrogels loaded with DNase I

released DNase I and decreased NETs in a mouse model
of laminectomy, we performed immunofluorescence
staining of MPO and cit-Histone 3 in wound tissues
3 days post-spine operation. As shown in Fig. 5 (Sup-
plementary Fig. 2), MPO (pseudogreen) and Cit-
Histone 3 (pseudored)-stained fibrous structures
developed in the laminectomy group, suggesting that a
large number of NETs occurred in the operation region
post-laminectomy. Hydrogel alone (G) was not as
effective as DNase I (D) in destroying NETs. In contrast
with hydrogel alone, hydrogel loaded with DNase I
(DG) efficiently cleared NETs in the wound area post-
spine operation, suggesting that temperature-sensitive
hydroxypropyl chitin hydrogel loaded with DNase I may
be used to alleviate epidural fibrosis.

Hydrogels loaded with DNase I decreased epidural fibrosis
In a mouse model of laminectomy, the mice were

evaluated for the formation of epidural scarring 28 days
after the operation. As illustrated in Fig. 6A (Supple-
mentary Fig. 3), MRI recorded severe adhesion between
scar tissue and the dura mater in the mice that under-
went spine operation. Hydrogels alone partially relieved
the formation of fibrosis. Compared with DNase I
absorbing in the gelatin sponge, temperature-sensitive
hydroxypropyl chitin hydrogels loaded with DNase I
showed significantly fewer epidural scars (Fig. 6B).
Furthermore, the mice treated with hydrogels loaded
with DNase I developed significantly lower levels of

inflammation (Fig. 7A, Supplementary Fig. 4) and less
collagen fiber deposition (Fig. 7B, Supplementary
Fig. 5). These results suggested that hydrogels loaded
with DNase I effectively decreased epidural fibrosis in a
mouse model of laminectomy.

Hydrogels loaded with DNase I reduced fibronectin
expression in scars
Epidural fibrosis is characterized by excessive

deposition of extracellular matrix (ECM) components.
As Fig. 7B indicated, collagen in the scarring was
decreased in the wound area of the mice receiving the
therapy of hydrogels loaded with DNase I. Similar to
collagen, fibronectin in ECM was indispensable for
wound repair and scar formation24. Therefore, we
explored whether hydrogels loaded with DNase I can
impact fibronectin production in epidural fibrosis. As
presented in immunofluorescence imaging (Fig. 8A,
Supplementary Fig. 6), surgical tissues from the spine
operation group showed strong fibronectin staining.
Hydrogel alone diminished fibronectin in the wound
area. As expected, either DNase I absorption in gelatin
sponges or hydrogels loaded with DNase I reduced
fibronectin deposition in the scarring tissues, as shown
by either immunofluorescence imaging (Fig. 8A, Sup-
plementary Fig. 6) or IHC analysis (Fig. 8B, Supple-
mentary Fig. 7). To further compare the efficiency
between DNase I absorption in gelatin sponges and
DNase I encapsulation in temperature-sensitive
hydrogels, we measured the concentration of fibro-
nectin in the wound area using Western blotting, in
which DNase I encapsulated in temperature-sensitive
hydrogels was more effective in the reduction of
fibronectin (Fig. 8C, Supplementary Fig. 8), in line with
the MRI observations. In summary, these results sug-
gested that DNase I encapsulated in temperature-
sensitive hydroxypropyl chitin hydrogel effectively
mitigated epidural fibrosis.

Discussion
Neutrophils infiltrated into wound areas following

spine operation. In a mouse model of skin wounding,
neutrophil depletion accelerated wound closure25,
suggesting that neutrophils retarded the reparative
process. In a rat model of biliary obstruction, however,
neutrophil depletion did not alter collagen deposition
in the wound tissues26. The paradoxical roles of neu-
trophil depletion in the process of organ fibrosis may
reflect the complexity of neutrophils. We and other labs
have demonstrated that NETs promote fibrosis in var-
ious tissues11,27,28, suggesting that NETs may be plau-
sible therapeutic candidates in the alleviation of
scarring formation. Neutrophil elastase in NETs29 may
induce collagen formation, thereby promoting
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fibrosis30. Accordingly, an elastase inhibitor prevented
pulmonary fibrosis via the downregulation of TGF-β31.
Apart from elastase, other constituents or signaling
pathways for NET development could also be targeted.
For example, PAD4 was required for NET formation32.
As expected, PAD4 deficiency, with either a PAD4
inhibitor33 or PAD4 knockout, decreases NETs and
fibrosis34. All of these studies suggest that NETs could
be targeted to prevent fibrosis.

Among various drugs against NETs, DNase I has been
clinically approved to treat cystic fibrosis. The DNA
scaffold was decorated with elastase, MPO and other
proteinases in NETs5. With recombinant DNase I35, the
DNA backbone of NETs was destroyed, and the roles of
NETs may be blocked. To improve the stability in vivo,
DNase I may be coated with nanoparticles36. In the pre-
sent study, we encapsulated DNase I in temperature-
sensitive hydroxypropyl chitin hydrogels.

Fig. 4 Hydrogels loaded with DNase I were nontoxic in vivo. Various organs (spinal cord, heart, liver, spleen, lung, kidney, and brain) were
sampled 28 days post-laminectomy. H&E staining revealed that no lesion or necrosis was observed.
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Fig. 6 MRI for hydrogel loaded with DNase I mitigating epidural fibrosis. A Epidural scarring was assessed by MRI 4 weeks after laminectomy.
B Quantification analysis of scarring in different groups. n= 3. *P < 0.05; ns no significance. Hydrogel alone (G), DNase I alone (D), hydrogel loaded
with DNase I (DG).

Fig. 5 Hydrogel loaded with DNase I degrades NETs in vivo. Representative immunofluorescence images showing the presence of NETs in the
surgical region 3 days post-laminectomy. NETs were stained with Cit-Histone3 (pseudored) and MPO (pseudogreen), while nuclei were stained with
DAPI (pseudoblue). Hydrogel alone (G), DNase I alone (D), hydrogel loaded with DNase I (DG).
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To date, hydrogels have been the most promising
materials37 that are widely used in various fields, such as
wound repair38,39, drug delivery39,40, and antibacterial
activities41. Temperature-sensitive hydrogels have been
applied to many drug delivery systems42–44 because of
their excellent spatial and temporal control-release ability.
Compared with traditional hydrogels that need to be
surgically implanted, temperature-sensitive hydrogels can
be conveniently injected. Therefore, temperature-
sensitive hydrogels may form the matrix (a physical bar-
rier), excluding inflammatory cell infiltration. Meanwhile,
temperature-sensitive hydrogels gift drug delivery systems
for controlled-release ability.
In the present study, we incorporated DNase I into

hydroxypropyl chitin temperature-sensitive hydrogels.
As we found in the degradation assay, the controlled
release of DNase I hydrogels may contribute to the
maintenance of the biological concentration of DNase I
in the early stage of wound inflammation. The porous
structure and controlled release may provide the
explanation that DNase I in hydrogels was more

effective than DNase I-absorbed gelatin sponges in the
therapy of epidural fibrosis. Hydrogels provide a 3D
biological barrier, which may limit the spread of
inflammatory cells and reduce inflammation. Therefore,
DNase I hydrogels performed more efficiently than
DNase I alone in the reduction of fibrosis. Compared to
clinically approved DNase I, elastase inhibitors, i.e.,
alvelestat, are still in clinical trials45. Elastase and other
potential candidates for NETs in epidural fibrosis
therapy still warrant further research.

Conclusions
In summary, we prepared human body temperature-

sensitive hydroxypropyl chitin hydrogels loaded with
DNase I, which may control the release of DNase I,
destroy NETs, and decrease epidural fibrosis, as evidenced
by the reduced deposition of collagen and fibronectin in
scar tissues. Moreover, DNase I loaded in temperature-
sensitive hydroxypropyl chitin hydrogels was more effec-
tive than DNase I-absorbed gelatin sponges in the therapy
of epidural fibrosis.

Fig. 7 Histological analysis of hydrogels loaded with DNase I alleviating epidural fibrosis. A Hematoxylin and eosin (H&E)-stained sections of
laminectomy sites 4 weeks after laminectomy. B Masson staining showed the accumulation of collagen fibers in each group 4 weeks after
laminectomy.
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