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Abstract 
Background: Traumatic brain injury (TBI) is one of the leading causes of injury and disability worldwide. Pyroptosis, a specific type of programmed 
cell death (PCD) triggered by inflammatory signals, plays a significant part in the pathological process after TBI. Copper ions play an important 
role in anti-inflammation and anti-oxidative stress. There is a more active copper metabolism in neurons after injury, and that neurons may require 
more copper ions and downstream copper-based enzymes to maintain normal physiological functions. Given these understandings of the roles
of pyroptosis and copper ions in TBI pathology, this study aims to elucidate the interplay between copper ions and pyroptosis following TBI, with
the goal of identifying novel therapeutic targets for TBI management.
Methods: We developed an electrostatic spinning scaffold loaded with copper oxide (CuO@PCL/gelatiin, CuO@PG) to achieve small-dose local 
administration and avoid toxic side effects. The membranes underwent preparation and characterization through various techniques including 
Fourier transform infrared spectroscopy, measurement of water contact angle, antibacterial experiment, scanning electron microscopy, and 
assessment of in vitro release of copper. I n addition, we used a controlled cortical impact to establish a TBI model in mice to examine the effect
of CuO@PG on TBI-induced pyroptosis and the ability of the membranes to heal brain injury.
Results: CuO@PG inhibited TBI-induced neuronal pyroptosis. CuO@PG can inhibit the expression of the pyroptosis-related proteins. Moreover, 
CuO@PG also alleviates brain edema and the degree of neurodegeneration in the acute phase of TBI. The neuroprotective effect of CuO@PG 
was further confirmed by wire-grip t est, open field test, Morris water maze test. Lastly, the beneficial results were significantly inhibited by the
use of the copper chelator tetrathiomolybdate.
Conclusions: In this study, we successfully constructed electrostatically spun scaffolds loaded with copper oxide to achieve slow, continuous 
and low-dose copper supply to the local brain, which provides a new theoretical basis for the imbalance of copper homeostasis in the brain
after TBI.
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Graphical Abstr act

Keywords: Traumatic brain injury; Electrospun scaffold; Copper homeostasis; Pyroptosis; Neuroprotection

Highlights 

• Electrostatically spun scaffolds loaded with copper oxide enable a slow , continuous, and low-dose s upply of copper.
• Electrospun nanofiber scaffolds with sustained copper delivery are an effective s trategy for brain tissue engineering to attenuate brain injury.
• Therapeutic effect of copper-loaded electrospun nanofiber scaffolds may be suppressing TBI-induced pyroptosis in brain regions.

Background 
Traumatic brain injury (TBI) is a major international health 
problem with multiple etiological and epidemiological pat-
terns and is a leading cause of death and disability in children
and adults 1 to 44 years of age [1]. Common causes of 
TBI include motor vehicle accidents, occupational hazards, 
physical violence, and falls, and its complications impose a
significant public health burden [2], The development factors, 
pathogenesis and objective diagnosis of cerebral trauma and 
its concomitant neurological dysfunction are urgent problems 
to be solved in clinical and forensic medicine. To date, methods
for preventing or relieving neurological dysfunction after TBI
have yet to be explored.

Pyroptosis is an important form of programmed cell death. 
In the classical pathway of pyroptosis, pattern recognition 
receptors (PRRs) recognize damage-associated molecular 
patterns (DAMPs) and pathogen-associated molecular pat-
terns (PAMPs). This recognition leads to the formation of 
inflammasome complexes in the cytoplasm, involving the 
interaction of NLR family sensors with the adaptor protein
ASC. This complex, known as the inflammasome, activates
caspase-1 and IL-1β, leading to the cleavage of gasdermin
D (GSDMD). The N-terminal domain of GSDMD is then
integrated into the cell membrane, forming pores that disrupt
plasma membrane integrity and cellular homeostasis [3]. 
Pyroptosis has been shown to play a signif icant role in central
nervous system injuries [4], suggesting that the inhibition of 
post-injury neuroinflammation and pyroptosis is potential 

therapeutic targets for diseases associated with traumatic
brain injury (TBI) [5]. 

Copper is a transition metal and an essential trace element 
that has been found to be involved in various physiological
processes for centuries. These processes include cellular res-
piration [6], antioxidant defense [7], angiogenesis [8], nerve 
conduction [9], lipid metabolism [10], and melanin produc-
tion [11]. Mammals acquire copper through diet, which is 
absorbed by intestinal epithelial cells. Extracellular copper 
ions exist in the form of Cu2+ and can bind to divalent metal
transporter 1 (DMT1) [12]. However, it is only after reduction 
by cell surface reductases that divalent copper can be trans-
ported into the cell by copper transporter 1 (CTR1) [13]. Once 
inside the cell, copper ions are utilized through three main 
pathways: in the cytoplasm, copper chaperone for superoxide 
dismutase (CCS) delivers copper ions to SOD1, facilitating
its activation and playing a crucial role in eliminating reac-
tive oxygen species (ROS) in neurons [14]. Cox17 shuttles 
between the cytoplasm and the mitochondrial intermembrane 
space, delivering cytosolic copper ions to Sco1 and Sco2 on 
the inner mitochondrial membrane, which then transfer the
copper ions to the downstream subunits COX2 and COX1 of
cytochrome c oxidase, participating in the electron transport
chain [15]. Atox1 is responsible for the main pathway of 
copper utilization in the Golgi apparatus, transporting copper 
to ATP7A/ATP7B, ATPases located in the trans-Golgi network
that transfer copper to the secretory pathway, where it binds to
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copper-dependent enzymes and activates their catalytic sites. 
Besides its role in the secretory pathway, ATPases can also
translocate to vesicles and promote copper efflux in a high-
copper environment [16]. Once a threshold concentration 
is reached, ATPases leave the Golgi apparatus in vesicles 
and are guided to the plasma membrane for cell extrusion
through a PKD or PKA-dependent mechanism [17,18]. Most 
of the copper ions in the blood plasma are bound and enter 
the brain mainly by regulating copper uptake, intracellular
transport, and export in the brain–blood barrier endothelial
cells [19]. 

Copper plays a critical role in maintaining normal central 
nervous system function, and the imbalance of copper home-
ostasis is associated with the occurrence of various diseases. 
Copper is therefore considered a potential target for the treat-
ment of neurodegenerative disorders. Studies have reported
changes in the baseline levels of copper ions in brain tissue and
blood after TBI but the specific mechanisms and pathways of
copper and related proteins in TBI are still poorly understood
[20]. Therefore, investigating the role of copper in TBI is 
of great significance for the prevention and alleviation of
cognitive dysfunction after TBI and the objective assessment
of brain damage.

Polycaprolactone (PCL) is an ideal material in the field 
of biotechnology due to its excellent mechanical properties, 
biocompatibility , and biodegradability, making it a preferred
choice for tissue regeneration and repair scaffolds [21]. 
However, the hydrophobic nature of PCL hinders cell 
adhesion and proliferation on the scaffold [22]. Gelatin, 
derived from hydrolyzed collagen, is a protein that can 
enhance the hydrophilicity of PCL while promoting cell
proliferation [23,24]. Electrospinning of PCL and gelatin 
has been shown to maintain the mechanical strength of the
scaffold and has demonstrated significant potential in tendon
repair [25], vascular regeneration [26], and drug delivery
[27]. However, its application in TBI is rarely reported. 
Studying the application of PCL/gelatin in TBI could provide 
new possibilities for the development of novel drug delivery
systems and shed light on the mechanisms of drug interaction
with TBI.

Methods 
Preparation of CuO@polycaprolactone/gelatin 
(CuO@PG)

To prepare the polycaprolactone/gelatin (PG) solution, 
polycaprolactone (PCL) and gelatin (Gel) were dissolved 
separately in trifluoroethanol, each at a concentration 
of 20% (w/v). These solutions were then combined in a 
3:2 volume ratio to create a spinning solution. However,
due to phase separation between PCL and Gel, the mix-
ture appeared cloudy. To resolve this, 0.2% (v/v) acetic
acid was added, resulting in a clear, homogeneous PG
solution.

Next, copper (II) oxide (CuO) powder was incorporated 
into the PG solution to prepare the PG/CuO solution, referred 
to as CuO@PG. Specific formulations were created, the PG 
solution with 0.3% CuO is labeled as 0.3% CuO@PG, and the 
one with 0.5% CuO is labeled as 0.5% CuO@PG. To ensure
even dispersion of CuO, the mixture underwent ultrasound
treatment for 30 minutes and magnetic stirring at room
temperature overnight.

For the electrospinning process, a stainless-steel needle was 
connected to a positive high-voltage power supply. The needle 
tip was positioned 16 cm from the collector. The system
was activated with a negative voltage of −2.0 kV and a 
positive voltage of +18 kV. During the spinning of PG, 0.3% 
CuO@PG, and 0.5% CuO@PG solutions, the feed rate was set 
to 1.5 mL/h, maintaining other parameters constant. All fibers 
were collected on aluminum foil and subsequently dried under
vacuum at 37◦C for 48 hours to remove residual solvent,
yielding the final samples.

Scanning electron microscopy

5  mm × 5 mm squares of PG and 0.5% CuO@PG membranes 
were prepared. Place the materials on a metal sample holder, 
fix them with conductive adhesive, sputter coat with gold, and
observe the surface morphology using SEM with an electron
acceleration rate of 15 kV.

Fourier-transform infrared spectroscopy

Cut PG and 0.5% CuO@PG scaffold into 4 mm × 4  mm  
squares and place them on the sample stage. Use Fourier-
transform infrared spectroscopy (FTIR) in ATR mode to ana-
lyze the surface functional groups of PG and 0.5% CuO@PG
membranes. Test conditions: resolution of 4 cm-1, measure-
ment range from 4000 to 400 cm-1.

Surface water contact angle

Cut PG and 0.5% CuO@PG membranes into 5 cm × 5  cm  
squares and stick them on glass slides with double-sided 
tape. Measure the water contact angle of the samples using
a water contact angle meter at six different positions on each
membrane.

Antibacterial experiment 
Cut PG and 0.5% CuO@PG scaffold into 6 mm diameter 
and place them in culture dishes containing Escherichia 
coli or Staphylococcus aureus was incubated at 37◦C  for  
24 hours. After bacterial cultivation, fix the materials with 
glutaraldehyde, perform alcohol gradient washing, and 
observe them under a gold-sputtered electron microscope. 
The antibacterial activities of samples studied were evaluated 
by Bauer-Kirby disk diffusion method. A bacterial suspension
of 1 × 105 CFU/mL was evenly spread over the surface of the
solid agar plates, followed by placing sterilized disk specimens
(6 mm diameter) onto them. Following incubation agar plates
at 37◦C for 24 h, bactericidal efficiency of each specimen
against E. coli and S. aureus was assessed.

Copper ion release experiment

A PG scaffold with a diameter of 5 mm, along with 0.3% 
CuO@PG scaffold and 0.5% CuO@PG scaffold, were placed 
into individual EP tubes. Subsequently, 3 ml of 1 × phosphate-
buffered saline (PBS) was added to each tube. The assemblies 
were then positioned on an orbital shaker at 37◦C. At 0 h, 
1 h, 3 h, 6 h, 12 h, 24 h, and 48 h after the addition of PBS,
a single exchange of the liquid was conducted. The resulting
liquid samples were collected and subjected to analysis using
ICP-MS to determine the concentration of copper ions.

Animal handing 
For all experiments, adult male ICR mice (6–8 weeks old, 
weighing 20-25 g) were purchased from the Experimental
Animal Center of Soochow University. The mice were
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maintained under controlled conditions with unrestricted 
access to food and water within a 12-hour dark–light 
cycle, at a regulated humidity of 50% and a temperature 
of 25◦C. A computer-generated random number table 
was utilized to allocate mice into distinct subgroups, each 
uniquely numbered, for every experiment. The Institutional 
Animal Use and Care Committee at Soochow University
granted approval for all animal-related procedures (reference
number = SZUM2008031233), and the research was executed
in accordance with the guidelines outlined in the Animal Use
and Care of the National Institutes of Health, as well as the
standards provided by the Animal Research: Reporting In
Vivo Experiments protocol.

Control cortical impact (CCI)

A mild TBI mouse model was established through a con-
trolled cortical impact using the Pneumatic Impact Device
(AMS 201, AmScience). The specific methodology followed
established protocols as previously described [28]. Mice were 
first anesthetized with Isoflurane and then positioned within 
a stereotaxic apparatus (David Kopf Instruments, Tujunga, 
California). A midline incision was made on the scalp to 
uncover the skull. Subsequently, a 5.0 mm craniotomy was 
carried out between the anterior fontanelle and the sagittal 
suture, ensuring the dura remained intact. Using fine micro-
dissection forceps, carefully remove the bone flap from the 
craniotomy. The controlled cortical impact device was used to
deliver a controlled impact to the exposed cortex. The device
parameters were set as follows: high pressure 200 kPa, low
pressure 100 kPa, uses a velocity of 2.5 m/s, dwell time of
250 ms and injury depths of 1 mm (mild injury). After the
impact, the scalp incision was sutured closed. The mice were
allowed to recover in a warm, clean cage.

Therapeutic intervention 
We used a hole puncher to fabricate circular scaffolds with a 
diameter of 5 mm from electrospun fiber membranes loaded 
with CuO. The circular scaffolds were placed in a 16-well 
plate and soaked in 75% ethanol for 1 hour for sterilization. 
After removing the ethanol, the plate containing the scaffolds 
was transferred to a laminar flow hood. The scaffolds were 
exposed to UV light for 30 minutes for further sterilization, 
while the ventilation system was activated to facilitate the
evaporation of residual ethanol. Establish a mild traumatic
brain injury (mTBI) model, and place a 5 mm circular electro-
spinning scaffold infiltrated with sterile physiological saline at
the site of injury. And allow copper oxide to be released into
the injured brain area and implanted on the surface of the
brain with sterilized tweezers. During the suturing process,
cautious efforts were made to prevent any contact with the
scaffold.

Experimental design 
Experiment 1: To investigate alteration of copper in the ipsi-
lateral cortex after mild TBI, mice were randomly allocated 
into the sham group (Sham) and the TBI group. The concen-
tration of copper in the cortex were examined. Each subgroup
consisted of n = 7 mice.

Experiment 2: In order to investigate the temporal changes 
of copper-associated proteins, mice were randomly allocated 
into the sham group and the TBI group. Within the TBI group, 
further subdivisions were made based on the duration of post-
injury, namely the 6-h group, 12-h group, 1-d group, 2-d 

group, 3-d group, 7-d group, and 14-d group. Furthermore,
Sham, 1-d group, 3-d group, and 7-d group were also des-
ignated as temporal grouping for determining the cell types
in which the changes occurred. The cellular localization and
alterations in expression of copper proteins were individually
investigated. Each subgroup consisted of n = 5 mice.

Experiment 3: To explore the impact of CuO@PG on pyrop-
tosis, mice were randomly allocated into the Sham, TBI group, 
and CuO@PG group. Within the CuO@PG group, further 
subdivisions were made based on the time point of post-injury 
implantation to investigate the optimal time point for scaffold 
implantation firstly, which namely the 0 h group (Direct treat 
with the scaffold post-injury), 1 h group, 3 h group and 
6 h group. Upon establishing the optimal time window for 
implantation, validation of the optimal copper concentration 
within the implant material was performed, the experimen-
tal groups were implanted with scaffolds of different con-
centration of copper within the selected optimal time win-
dow, which included Sham group (Sham), TBI group (TBI),
TBI + PG group (TB I + PG), TBI + 0.3% CuO@PG group
(TBI + 0.3% CuO@PG), and TBI + 0.5% CuO@PG group
(TBI + 0.5% CuO@PG). The alterations in the expression
of pyroptosis-related proteins were assessed in each group
(n = 5/group).

Experiment 4: To further validate the role of CuO@PG 
following mild TBI, mice were randomly allocated into the 
Sham group, TBI group, TBI + tetrathiomolybdate (TTM) 
group, TBI + CuO@PG group, and TBI + CuO@PG + TTM 
group. The TTM solution was intraperitoneally injected into 
the mice after scaffold implantation. Each subgroup consisted
of n = 5 mice, which were respectively examined the cellular
localization and expression changes of pyroptosis-related and
copper proteins, the degree of neurodegeneration as well as
the concentration of copper in the ipsilateral.

Experiment 5: To comprehensively investigate the impact of 
CuO@PG on neurological dysfunction after TBI, mice were 
randomly allocated into five distinct groups (n = 7/group): 
Sham, TBI, TBI + TTM, TBI + CuO@PG, and TBI + CuO@ 
PG + TTM. A series of behavioral experiments encompass-
ing the wire-grip test, open field test, and Morris water
maze (MWM) were conducted to assess the influence of the
CuO@PG on motor function recovery, memory impairment,
and anxiety-like behavior in mice following TBI.

Western blot 
Fresh brain tissue was homogenized using sonication in a mix-
ture of Radioimmunoprecipitation assay (RIPA) lysis buffer 
(Beyotime) containing protease inhibitors (Phenylmethanesul-
fonyl fluoride, PMSF, Beyotime) on ice. The resultant tissue 
homogenate was centrifuged at 13 523 × g  (4◦C, 25 minutes), 
and the supernatant was collected. The protein concentration 
was determined using NanoDrop 2000 spectrophotometers 
(Thermo Fisher Scientific, USA). To achieve the desired
concentration, different volumes of the RIPA and PMSF
mixture were added to the samples. Subsequently, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
PAGE) Sample loading buffer (Beyotime) was added to the
samples and boiled for 10 minutes. A protein amount of 20 μg 
was electrophoresed on 10–12.5% SDS/PAGE gel, followed 
by electroblotting onto pre-soaked polyvinylidene fluoride 
(PVDF) membranes (Millipore). The PVDF membranes were 
blocked with 5% bovine albumin (BSA) in Tris Buffered Saline
with Tween (TBST) for 2 hours at room temperature, and

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkaf030/8127789 by guest on 13 O
ctober 2026



Burns & Trauma, 2025, Vol. 13, tkaf030 5

subsequently incubated overnight at 4◦C with primary 
antibodies. After washing, the PVDF membranes were 
incubated with horse-radish peroxidase conjugated secondary
antibodies. Immunoreactive bands were detected using the
ECL chemiluminescence system (Clinx Science Instruments,
China).

Immunofluorescence staining 
Mice were deeply anesthetized and subsequently underwent 
transcardial perfusion with ice-cold 0.01 M PBS, followed 
by ice-cold 4% paraformaldehyde in PBS. After perfusion, 
the brains were carefully extracted and immersed in 4%
paraformaldehyde for 24 hours. Subsequently, a gradient
sucrose dehydration process was executed. The brains were
then embedded in optimal cutting temperature compound and
sectioned into 10 μm thick coronal slices using a freeze slicer. 
These slices were further fixed with 4% paraformaldehyde 
for 30 minutes, followed by a 10-minute wash in phosphate-
buffered saline plus Tween-20 (PBST), and subsequently 
blocked using BSA for a span of 2 hours. Next, the slices 
were exposed to the primary antibody, diluted in BSA, and 
incubated at 4◦C overnight. After being washed three times 
with PBST, the slices were treated with Alexa Fluor 488/594
conjugated secondary antibodies at room temperature for
2 hours. Following this, the sections were stained with DAPI
(1:10 000, Beyotime) for 15 seconds and washed with PBST
thrice. The fluorescent microscope (Nikon, DS-Ri2) was used
to visualize the whole-brain tissue section images, which
were subsequently processed using ImageJ software. The
images predominantly illustrate the region surrounding the
injury.

Nissl staining 
Nissl staining was conducted to evaluate the extent of neu-
rodegeneration within the vicinity of the injury. Following 
the previously described procedures, the slices were prepared 
and subsequently subjected to dehydration using an alcohol 
gradient: 75% alcohol for 15 minutes and 90% alcohol for 
25 minutes. Following this, the slices were rinsed for two min-
utes with distilled water. Subsequently, the slices were exposed
to Nissl staining solution (Beyotime) at room temperature for
5 minutes. After rinsing with distilled water, the slices were
examined using a microscope (Nikon, DS-Ri2). The acquired
images were processed using ImageJ software.

Behavioral analysis 
As previously described, a wire-grip test was evaluated start-
ing 1st day before TBI and continuing until 7th day after TBI.

In the wire-grip test, mice were positioned on a 45 cm 
long wire suspended 45 cm above a foam cushion for a 
duration of 60 seconds. Their performance was observed and 
evaluated during this interval. A five-point scale was employed 
to evaluate the performance of the mice on the rod, as follows: 
Score 0 indicated an inability to remain on the rod for 
30 seconds. Score 1 denoted the ability to stay on the rod for 
30 seconds but without using all four limbs simultaneously. 
Score 2 signified the ability to stay on the rod for 30 seconds 
using all four limbs, excluding the tail. Score 3 represented 
the capability to remain on the rod for 30 seconds using
all four limbs and the tail, while remaining stationary. Score
4 indicated the capacity to stay on the rod for 30 seconds,
utilizing all four limbs and the tail, and being capable of

movement along the rod. Score 5 was achieved by meeting
the criteria for a score of 4 and additionally demonstrating
the ability to move to the edge of the rod and descend to the
bottom. The procedure is carried out three times daily until
no statistically significant differences are observed among the
average of different groups.

The water maze test is conducted to evaluate the memory 
and spatial learning abilities of mice, following the restoration 
of their basic motor functions. A circular water pool with a 
diameter of 1.3 meters is divided into four quadrants based on 
cardinal directions. In the center of one of these quadrants, a 
transparent circular platform with a diameter of 5 centimeters 
is placed. The water in the pool is filled to a depth of 1 
centimeter above the platform, and the temperature of the 
water is maintained at approximately 23 ± 2◦C throughout
the experiment. The escape latency, which denotes the dura-
tion taken by the mice to reach the platform location sub-
sequent to water entry, and the count of platform crossings,
referred to as the number of crossings, were meticulously
documented. The mice were distributed randomly, as outlined
earlier, and the mean value derived from the accumulation
of data from the four experimental trials was subsequently
computed.

The open field test is conducted to investigate the anxiety-
like behavior of mice through their spontaneous activity. The 
apparatus for the open field test consists of a square black box 
with dimensions of 1 meter in length, width, and height. The 
mice are placed in the center of the box, and their movement 
within the open field is recorded using a computer for a
duration of 5 minutes. Prior to each experiment, the box
is cleaned using 75% ethanol to eliminate any odors and
fecal influences. The center time and total moving distance
of each mouse were analyzed by the automated behavioral
tracking system (#JLBehv-OFG-4, Shanghai Jiliang Software
Technology, Shanghai, China).

Gait analysis: To measure the recovery of motor nerve 
function in mice, mouse footprint measurement can reflect 
the muscle function status of the four limbs. The experimental 
group was measured on the 2 days after injury. The hind feet 
were soaked in red ink, and the footprints were recorded on 
white paper. Meanwhile, the mice passed through a self-made 
wooden trough that was 80 cm long, 7 cm wide, and 10 cm
high. At the end of the path, a dark room was set up, and
white paper was placed at the bottom of the wooden trough
to record the paw prints. The animals were allowed to move
forward, and the experiment was repeated three times by the
same researcher.

Quantification of metal ions

At 1 day post-injury, blood samples were collected through 
orbital venipuncture. Blood was collected into sodium heparin 
anticoagulant tubes and mixed with 1% concentrated nitric 
acid to a final volume of 10 ml. The ipsilateral cortex was 
weighed, placed into a glass digestion vessel, and treated with 
5 ml of 75% nitric acid. The mixture was left to digest in 
darkness for 18 hours, followed by heating to boiling until 
the solution became colorless and transparent, with no further
release of brown-red gas. The resulting solution was filtered
using a syringe with a 220 nm filter head and then diluted
to 10 ml with deionized water. Cu and Mo concentration
was determined using ICPMS. The generated standard curve
exhibited a fitting degree of 0.998, with a measuring wave-
length of 324.7 nm.
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Statistical analysis 
All data were processed by GraphPad Prism 9 software and 
expressed as mean ± SD. The wire-grip test, analyzed with a 
two-way analysis of variance (ANOVA) by post hoc analysis 
(Tukey’s multiple comparisons test). Other experiments data
were analyzed with a one-way ANOVA followed by post
hoc analysis (Dunnett’s multiple comparisons test). The dif-
ferences were given in the bar graphs.

Results 
Characteristics analysis of the CuO@PG

The microstructures of PG and CuO@PG were observed 
with open and interconnected porous morphological features 
by field emission scanning electron microscopy (FESEM), 
SEM images of the surfaces of PG and CuO@PG revealed 
that the introduction of CuO had no significant effect on
the morphology of the electrostatically spun filaments, and
both exhibited uniform fiber distribution and suitable pore
size, which may be beneficial for cell growth (Figure 1a). 
The results of the bacterial inhibition experiments showed 
that the PG scaffold had no inhibitory effect on Esc herichia
coli and Staphylococcus aureus, and 0.5% CuO@PG could
inhibit their growth (Figure 1b). Afterwards, the surface of 
PG and 0.5% CuO@PG scaffolds were analysed using Fourier
transform infrared spectroscopy (FTIR) in ATR mode groups
(Figure 1c). And infrared spectroscopy analysis showed that 
all the scaffolds showed stretching at 2950 and 2865 cm-
1 belonging to the CH2 group in PCL. group in PCL, and 
the stretching of carbonyl group (C=O) showed a sharp peak 
at 1727 cm-1 in PCL group. In addition, a sharp peak at 
1727 cm-1 was observed in the PG and CuO@PG scaf-
folds, two different amide bonds (1650 and 1540 cm-1) were
observed for gelatin, thus confirming that the amide bonding
of gelatin is not a significant factor in the formation of PG
and CuO@PG, thus confirming the successful preparation of
PCL/Gel hybrid fibers (Figure 1c). The hydrophilic angle of 
the samples was measured by a water contact angle meter 
and was about 47◦ for PG and about 67◦ for CuO@PG. 
The magnitude of hydrophilic angle is negatively correlated
with hydrophilicity. This indicates that the loading of CuO
reduces the hydrophilicity of PG (Figure 1d). Copper ion 
release experiments demonstrated that CuO@PG can release 
copper ions at a sustained low dose (Figure 1e). At both 6 h 
and 12 h, 0.3% CuO@PG and 0.5% CuO@PG groups showed 
a significant difference in total copper release (∗P < 0.05). 
Moreover, 0.5% CuO@PG can better protect HT22 cells 
from hydrogen peroxide-induced damage (Figure1f-g). The
above results indicate that we successfully constructed an
electrostatically spun scaffold with slowly released copper
ions.

CuO@PG inhibits TBI-induced neuronal pyroptosis
and inflammation

Firstly, we examined the changes in copper-associated 
proteins, and the localization of copper proteins after TBI
(Figure S1-S4). In order to explore the effect of CuO@PG 
on the process of pyroptosis induced by TBI, we chose to 
detect pyroptosis-related proteins at 24 h post-TBI, which
is considered as the peak of pyroptosis induced by TBI
[29]. Firstly, in order to test the optimal time point for 
implantation of CuO@PG after mTBI, we used WB assay 

to implant scaffolds loaded with 0.5% CuO at different 
time windows of 0, 1, 3, and 6 h post-injury , and the results
showed that the administration of exogenous copper ions at
6 h had the strongest down-regulating effect on pyroptosis,
so we chose 6 h post-injury as the optimal time point for
implantation of CuO@PG (Figure 2a-d). Then, in order to 
determine the optimal concentration of electrostatically spun 
scaffolds loaded with copper oxide, we chose three different 
concentrations of scaffolds, 0% (unloaded with CuO), 0.3%, 
and 0.5%, to be implanted into the wounds after mild TBI, 
and the scaffolds loaded w ith 0.5% CuO had the strongest
down-regulation of NLRP3, GSDMD, Caspase1, and ASC
in the cortical tissues, and 0.3% had some downregulation,
but could not prevent the occurrence of pyroptosis, and
implantation of PG membranes alone had no modulatory
effect on pyroptosis (Figure 2e-i). Next, we tried to chelate 
copper ions in CuO@PG with the copper chelator TTM. 1 d 
after mild TBI, there was no change in cortical tissue scorch 
death-related proteins after administration of TTM alone 
compared to the TBI group. Administration of TTM after
implantation of a scaffold loaded with 0.5% CuO showed an
increase in the expression of pyroptosis-related proteins com-
pared with the 0.5% CuO@PG group (Figure 2j-n). To further 
explore the effect of CuO@PG treatment on neuronal expres-
sion of pyroptosis-related proteins and pro-inflammatory 
factors, we performed double immunostaining and found that 
neuronal expression of NLRP3, GSDMD, Caspase-1, ASC, 
NLRP 3, increased after TBI. Whereas, all were significantly
decreased after treatment with CuO@PG. After chelating
copper with TTM, the above results were changed (Figure 3). 

CuO@PG alleviates TBI-induced 
neurodegeneration

To further investigate the effect of CuO@PG on the patho-
physiological processes in the acute phase of TBI, we per-
formed Nissl staining at 24 h after TBI to assess the degree
of neurodegeneration, which was consistent with previous
reports [30],where injured neurons were shrunken and dark-
ened, whereas normal neurons appeared rounded and mauve.
As shown in Figure 4a-b, CuO@PG treatment significantly 
improved the shrinkage and dark staining morphology of
Nissl.

CuO@PG improves TBI-induced motor dysfunction, 
anxiety behavior and memory deficits

We next performed behavioral experiments to determine the 
effects of CuO@PG on long-term neurological function after 
TBI. We performed a wire grip test from day 1 pre-TBI to 
day 7 post-TBI to assess the effect of CuO@PG on motor
function. We found that the scores of all groups (except the
sham-operated group) gradually increased with the number of
days after TBI, suggesting that the motor dysfunction of mice
would gradually recover over time (Figure 5a). Compared 
with Sham group, mice after mild TBI showed significant 
impairment in motor function within one week of injury, 
3d after implantation of CuO@PG, mice showed significant 
improvement in motor function, this effect was attenuated 
by concurrent administration of TTM. The open field test
was then performed to assess anxiety-like behavior; rodents
instinctively avoid the central region and move along the
edges during spatial activity, and when cognitive function is
affected mice prolong activity in the central region, which is
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Figure 1. Characteristics analysis of the CuO@ PG. (a) Morphological characterization of PG and CuO@PG. (b) Bacteriostatic test of PG and CuO@PG. 
(c) Surface infrared spectral analysis of PG and CuO@PG. (d) Water contact angle between PG and CuO@PG. (e) Copper ion release experiment. (f)  the  
damage of HT22 caused by hydrogen peroxide and the rescue effect of CuO@PG with different concentrations on hydrogen peroxide-induced HT22 
injury. (g) The protective effect of CuO@PG at varying concentrations against H2O2-induced H T22 cell damage. Significance was set at ∗P <0 .05,
∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. PG, polycaprolactone/gelatin; CuO@PG, CuO@polycaprolactone/gelatin; E. coli, Escherichia coli; S. aureus, 
St aphylococcus aureus; FTIR, Fourier transform infrared spectroscopy; HT22, mouse hippocampal neuronal cell line

associated with anxiety-like depression in mice. In open-field 
experiments, mice after TBI increased the distance travelled in 
the central region and decreased the distance travelled in the 
peripheral region, which was ameliorated by implantation of
CuO-loaded electrospun fiber scaffolds; this effect was weak-
ened by concomitant administration of TTM. (Figure 5b-d). 

MWM was performed 14–23 days post-injury to test the 
spatial memory capacity of rats. Representative swimming 
paths showed a significant reduction in platform-seeking 
trajectories in all groups of mice after training. However, 
mice showed significant impairment in spatial memory and 
learning ability after TBI compared to the Sham group, with 
an increased latency to emergence, which was significantly 
shorter after administration of exogenous copper ions. After
removing the platform, mice in the TBI + CuO@PG group
crossed the platform more often than the TBI group in the
same time period; this effect was weakened by the simul-
taneous administration of TTM, and was only reflected in
the slight shortening of the latency period (Figure 5e-g). Gait 
analysis experiments showed that CuO@PG can improve the 
neuromuscular function of mice, while the addition of TTM
inhibited the recovery of neurological function (Figure 5h-j). 

CuO@PG regulates copper homeostasis after mTBI

Finally, we used WB in order to verify the effect of CuO@PG 
on copper homeostasis after mild TBI, where the expression 
of ATP7A was decreased by administration of TTM after 
TBI, and after administration of exogenous copper ions, the 

expression level of ATP7A was decreased in comparison with 
the TBI group, but increased by simultaneous administration 
of TTM. The expression of CTR1 was increased by the
administration of TTM after TBI; after the administration
of exogenous copper ions, there was no significant change in
the expression level of ATP7A compared with that of the TBI
group, but the expression was increased by the concomitant
administration of TTM (Figure 6a–c). 

When TTM was given after TBI, there was no significant 
change in the expression of the copper chaperone proteins 
CCS, and a decrease in the expression of SOD1 and TH. After 
the administration of exogenous copper ions, the expression
levels of CCS, SOD1, and TH were decreased compared with
those of the TBI group, but the expression was increased
by concurrent administration of TTM (Figure 6a and d-f). 
Immunofluorescence results were consistent with the above 
results, the number of co-localized ATP7A-positive neurons 
was reduced in the TBI + CuO@PG group compared to the 
TBI group and increased after the administration of TTM; 
whereas the expression of CTR1 in neurons did not change
significantly between the TBI group and the TBI + CuO@PG
group, and the number of neurons that were CTR1-positive
increased after the administration of TTM (Figure 7a-d). 

Discussion 
TBI is one of the risk factors for structural damage, dis-
turbances in homeostasis and functional impairment of the
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Figure 2. CuO@PG inhibited the expression of pyroptosis-related proteins after TBI. Representative western blots indicating the expression changes of 
GSDMD, Caspase-1, ASC, NLRP3 in the injured cortex. (a-d) Western bolt shows the effect of exogenous copper ions administered at different time 
points on the expression levels of pyroptosis-related proteins in cortical tissues after TBI. (e-i) Western bolt shows the effect of different concentrations 
of exogenous copper ions on the expression levels of pyroptosis-related proteins in cortical tissues after TBI. (j-n) Western bolt showing the effect of 
TTM on the expression levels of pyroptosis-related proteins in cortical tissues after TBI. The data were analyzed with a one-way ANOVA followed by post 
hoc analysis (Dunnett’s multiple comparisons test). Significance was set at ∗P <0 .05, ∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences are 
shown in the bar graphs. n = 5 animals per group. CuO@PG, CuO@polycaprolactone/gelatin; TTM, tetrathiomolybdate; GSDMD, Gasdermin D;
Caspase-1, cysteine-dependent aspartate-directed protease 1; ASC, apoptosis-associated speck-like protein containing a CARD; NLRP3, NOD-like
receptor family pyrin domain containing 3

brain, and a variety of metal ions are involved in the process 
of TBI. Copper acts as an antioxidant and pro-oxidant and 
is involved in a variety of physiological reactions. Cu2+ is
an essential component of cytochrome c oxidase (complex
IV), which catalyzes the final stage of the electron-to-oxygen
transfer in the process of oxidative phosphorylation in the
mitochondrion [31]. Cu2+ constitutes the ceruloplasmin that 
transports itself and participates in a variety of redox reactions
with plasma transport [32]. Also, copper is the center of activ-
ity of important antioxidant molecules such as superoxide
dismutase SOD1 [31,32]. In the central system, neurodegener-
ative diseases such as Parkinson’s disease, Alzheimer’s disease, 
and Menkes and Wilson genetic disorders such as Menkes and
Wilson are associated with copper homeostatic imbalances in
the central nervous system [33]. 

Studies on rodent TBI models have shown that dysregu-
lation of brain copper homeostasis persists for a long time 
after brain injury , with a chronic increase in Cu2+ content in
the cortex on the damaged side [20]. It has also been docu-
mented that copper levels are signif icantly higher in the cortex
bilaterally after mild TBI [34]. All of this suggests that copper 
may be involved in the progression of injury after TBI, but 
there are no definitive studies on its specific mechanisms. 

Therefore, we first investigated the temporal expression of 
Cu in cortical tissues on the injured side after mild TBI, 
and found that the expression of both CTR1 and ATP7A
tended to increase 14 d after injury, which was consistent
with the long-term increase in cortical Cu levels after TBI.
At the same time, another study found, by PET/CT Cu64
tracing, that increased copper uptake by traumatized brain
tissue [35]. Examination of the cortex on the injured side 
after mild TBI revealed a decrease in total copper levels. 
Therefore, we speculate that the increased demand for copper 
in brain tissue after mild TBI increases copper utilization 
by up-regulating CTR1 expression, mobilizing more copper 
from the liver and blood to brain tissue and contributing
to the activation of downstream ATP7A-mediated activation
of specific enzymes, such as tyrosinase, which is translo-
cated to the melanosomes in the melanophore, dopamine-β-
hydroxylase, extracellular superoxide dismutase 3, peptidyl
glycine α-amidated monooxygenase (PAM) and lysyl oxidase
family [36–40]. The up-regulation of ATP7A after TBI may 
result from a combination of feedback caused by increased 
demand for downstream copper-based enzymes and compet-
itive binding of copper ions by Atox1-ATP7A with copper
proteins from other pathways, such as CCS and COX17, with
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Figure 3. TTM inhibited the expression of TBI pyroptosis-related proteins improved by CuO@PG. (a) Immunofluorescence staining for NLRP3 proteinin 
cortical tissues after TBI, (b) Immunofluorescence staining for GSDMD proteinin cortical tissues after TBI, (c) Immunofluorescence staining for 
Caspase1 proteinin cortical tissues after TBI, (d) Immunofluorescence staining for ASC proteinin cortical tissues after TBI. Counter - staining with DAPI 
(blue) is used to visualize the location of cell nuclei. The magnification is 100×, and the scale bar is 100 μm.ImageJ software was used for quantitative 
analysis (e-h) of the fluorescence images. The data were analyzed with a one-way ANOVA followed by post hoc analysis (Dunnett’s multiple 
comparisons test). Significance was set at ∗P <0 .05, ∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences are shown in the bar graphs. n = 5 
animals per group. CuO@PG, CuO@polycaprolactone/gelatin; TTM, tetrathiomolybdate; GSDMD, Gasdermin D; Caspase-1, cysteine-dependent 
aspartate-directed protease 1; ASC, apoptosis-associated speck-like protein containing a CARD; NLRP3, NOD-like receptor family pyrin domain
containing 3; NeuN, neuron neuronal nuclei; DAPI 4′,6-diamidino-2-phenylindole; Sham refers to a control procedure in which animals undergo all steps 
of an experimental protocol except the actual intervention; TBI, traumatic brain injury

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkaf030/8127789 by guest on 13 O
ctober 2026



10 Burns & Trauma, 2025, Vol. 13, tkaf030

Figure 4. Abnormal number and morphological changes of neuronal cells with Nissl staining in the cortex after administration of exogenous copper ions 
and TTM. (a) Representative pictures showing the results of Nissl staining in the sham, TBI, TBI + Cuo@PG, TBI + Cuo@PG + TTM groups. (b) the data 
were analyzed with a one-way ANOVA followed by post hoc analysis (Dunnett’s multiple comparisons test). Significance was set at ∗P <0 .05,
∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences are shown in the bar graphs. n = 5 animals per group. CuO@PG, CuO@polycaprolactone/ 
gelatin; TTM, tetrathiomolybdate; Sham refers to a control procedure in which animals undergo all steps of an experimental protocol except the actual
intervention; TBI, traumatic brain injury

the aim of translocating sufficient raw materials to synthesize 
copper enzymes that activate downstream proteins in the 
Golgi, which are involved in post-traumatic vasculogenesis,
the promotion of myelin sheath formation, and the processes
such as neurotransmitter secretion [41]. The temporal expres-
sion of TH confirms this hypothesis to a certain extent, with 
TH expression increasing at 1 d after injury and returning to 
baseline levels at 14 d. The expression of TH in neuronal cells 
after TBI has been reported to increase at 1 d after injury. It 
has been reported that neuronal necrosis and phosphorylation 
levels of TH after TBI. It has been reported that necrosis of
neuronal cells after TBI and a decrease in the phosphorylation
level of TH caused a defect in enzyme activity, but there
was no significant change in the level of dopamine in the
short term, which may be one of the mechanisms for the
compensatory increase in ATP7A and TH [42,43]. To clarify 
in which cell type the copper transporter protein upregulation 
occurs mainly in which cell type, we co-localized ATP7A in 
the cortex with neurons, microglia and delivery astrocytes. 
In normal cortical tissues, we found that ATP7A was mainly 
located in microglia in normal cortical tissues, whereas the 
up-regulation of ATP7A expression 1–3 d after TBI mainly 
occurred in neurons, suggesting that ATP7A may be involved
in the pathological progression of neurons in the acute phase
after TBI. The up-regulation of ATP7A expression mainly
occurred in glia 3 d-7 d after TBI, which may be related to
the activation of microglia and proliferation of astrocytes at
different times after TBI [44]. Subsequently, we explored the 
temporal expression of the copper chaperonin CCS and the
downstream copper-based enzyme SOD1.

In the realm of TBI research, the maintenance of intracel-
lular metal ion homeostasis holds paramount significance. 
ATP7A and CTR1, as pivotal proteins in copper ion 
metabolism, exhibit expression alterations that are intricately 
associated with the pathophysiological processes subsequent 
to TBI. A TP7A, a copper—transporting ATPase, principally
undertakes the task of translocating copper ions across the
cell membrane and out of the cell. It plays an indispensable
and pivotal role in upholding the dynamic equilibrium of
intracellular copper ions [45]. Conversely, CTR1 serves as the 
primary transporter protein for cellular copper ion uptake, 
governing the process by which copper ions enter the cell. 

Under normal physiological conditions, these two proteins
collaborate synergistically to ensure that the intracellular
copper ion concentration remains at an appropriate level,
thereby buttressing the normal physiological functions of cells
[46,47]. 

In the present study, through experimental investigations, 
we discerned that the expressions of ATP7A and CTR1 under-
went dynamic fluctuations at diverse time points following
TBI. Evidently observable from Figure S1a & d of the results, 
within the time frame spanning from 6 hours to 14 days post-
TBI, the expression levels of ATP7A and CTR1 demonstrated
conspicuous oscillations in comparison to those of the Sham
(Figure S1a & S1c-d). Specifically, the expression level of 
ATP7A manifested a marked upsurge 1–2 days after TBI. 
This phenomenon is likely ascribable to pathological pro-
cesses, such as the inflammatory response and oxidative stress
engendered by TBI (Figure 2a & S1). These processes impel 
cells to upregulate the expression of ATP7A in an effort to 
contend with the perturbations in copper ion metabolism and 
endeavor to maintain the stability of the intracellular milieu. 
The expression of CTR1 persisted at a relatively elevated level
3–7 days after TBI, presumably because of the augmented
demand for copper ions during the repair process of nerve
cells after TBI.

This expression changes bear substantial guiding impli-
cations for ascertaining the optimal timing of therapeutic 
interventions post-TBI. In light of the elevated expression of 
ATP7A after TBI, it is plausible that conducting therapeutic 
interventions targeting the ATP7A—related pathway in the 
early phase of injury could be a potential strategy. Drugs can 
be rationally designed to modulate the activity or expression 
level of ATP7A, thereby optimizing the distribution of intra-
cellular copper ions and mitigating nerve damage induced by
copper ion metabolic derangements. With respect to CTR1,
its elevated expression 3–7 days after TBI intimates that
implementing treatment measures aimed at promoting the
normal function of CTR1 or curbing its overexpression at
this juncture may facilitate the repair and regeneration of
nerve cells. As exemplified in our subsequent research, it was
discovered that the administration of 0.5% CuO@PG 6 hours
after TBI could effectively attenuate neuronal pyroptosis fol-
lowing TBI.
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Figure 5. Cuo@PG improves TBI-induced motor dysfunction, anxiety/depression behavior and memory deficits (a) timeline of various behavioral 
experiments. (b) Results of the wire grip test (WGT).The graph shows the recovery of motor function in animals at different times after injury. (c and d) 
The open field experiment: detection of spontaneous activity in different groups of mice. (c) Distance move in centre; (d) Distance move along walls. (e) 
Representative figures of water maze test. (f) Statistical results of the water maze test latency. (g) Number of trips across the platform in water maze. 
(h) Representative diagram of Gait analysis. (i) Statistical results of the stride length. (j) Statistical results of the stride width.The wire-grip test were 
analyzed with a two-way analysis of variance (ANOVA) by posthoc analysis (Tukey’s multiple comparisons test). Significance was set at $p < 0.05, 
$$p < 0.0 1, $$$p < 0.001$$$$p < 0.0001 sham vs TBI; #P <0 .05, ##P <0 .01, ###P <0 .001, ####P <0 .0001 sham vs TBI + CuO@PG + TTM; ∗P <0 .05,
∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001 sham vs TBI + CuO@PG. Other experiments data were analyzed with a one-way ANOVA followed by posthoc 
analysis (Dunnett’s multiple comparisons test).Significance was set at ∗p < 0.05, ∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences are shown in 
the bar graphs. n = 5 animals per group. CCI, c ontrolled cortical impact; CuO@PG, CuO@polycaprolactone/gelatin; TTM, tetrathiomolybdate; Sham refers 
to a control procedure in which animals undergo all steps of an experimental protocol except the actual intervention; TBI, traumatic brain injury; WGT,
wire-grip test; OFT, open field test; MWM, Morris water maze test
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Figure 6. Effect of exogenous copper ions on copper metabolism after mild traumatic brain injury. Copper proteins in the injured side cortex 1d after mild 
TBI in the Sham, TBI group, the TBI + CuO@PG, TBI + CuO@PG + TTM groups. (a) Western-blot analysis of copper-related proteins in the injured-side 
cortex 1 day after mild TBI in the Sham group, TBI group, TBI+CuO@PG group, and TBI+CuO@PG+TTM group. (b-f) Quantitative analysis of the 
Western-blot results. The data were analyzed with a one-way ANOVA followed by posthoc analysis (Dunnett’s multiple comparisons test). Significance 
was set at ∗P <0 .05, ∗∗ P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences are shown in the bar graphs. n = 5 animals per group. CuO@PG, 
CuO@polycaprolactone/gelatin; TTM, tetrathiomolybdate; TBI, traumatic brain injury; ATP7A, ATPase copper transporting alpha; CTR1, copper
transporter 1; TH, tyrosine hydroxylase; CCS, copper chaperone for superoxide dismutase; SOD1, superoxide dismutase 1

This study uncovers the expression change patterns of 
ATP7A and CTR1 at distinct time points after TBI. These 
findings furnish a crucial theoretical foundation for further 
probing into the optimal timing of therapeutic interventions
post-TBI and are anticipated to proffer novel insights and
directions for the optimization and development of future TBI
treatment strategies.

We then explored the temporal expression of the copper 
chaperone protein CCS and the downstream copper-based 
enzyme SOD1, and we found that the expression of these pro-
teins increased in a transient manner at 12 h-1 d post-injury, 
and then declined to the baseline level. The up-regulation of 
CCS  and  SOD1  was  related  to  the  cellular  oxidative  stress  
after TBI injury; this further verified the important role of 
copper in the acute phase of the post-traumatic brain injury 
(PBI) process. In the localization of CCS and SOD1, as well as 
the copper chaperone proteins Atox1 and COX17 in neurons 
after TBI, we found that all the above proteins were highly
expressed in neurons. All these results suggest that there is a
more active copper metabolism in neurons after injury than
in normal tissues, and neurons may require more copper ions
and downstream copper-based enzymes to maintain normal
physiological functions, leading to an impact on intracellular
copper ion homeostasis, which is particularly evident in the
acute phase of injury. Meanwhile, this study explored the

differential schedule of copper proteins at different times after
TBI, which is important for the objective determination of the
time of TBI in the process of forensic identification.

Mechanical violence in TBI disrupts cell membranes, 
leading to the release of cellular contents, which can result in
the aggregation of inflammatory vesicles and activation [48]. 
ROS accumulation triggered by mitochondrial dysfunction, 
leakage of inflammatory components because of blood–brain 
barrier damage and activation of inf lammatory vesicles due to
secondary bacterial infections all contribute to the onset and
exacerbation of pyroptosis after TBI [49,50]. Compared to 
apoptosis, cellular pyroptosis occurs more rapidly, and it has 
been shown that pyroptosis-related proteins are significantly 
elevated 1 d after mild TBI, which is more in line with copper
metabolism in the acute phase of TBI [5]. Ceruloplasmin 
(CP) is a plasma protein synthesized in the liver, responsible 
for transporting copper in the blood, and its synthesis and 
secretion can be increased during inflammation, and hepatic
CP synthesis can be up-regulated by inflammatory cytokines
and hypoxia-inducible factor (HIF1) [51]. Under pathological 
inflammatory conditions, tissue copper levels are significantly 
elevated and copper metabolism is significantly enhanced,
which also increases CP synthesis [52]. Previous studies 
have shown that plasma ceruloplasmin are significantly 
higher in patients 3 days after TBI compared to healthy
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Figure 7. Effect of exogenous copper ions on neuronal copper transporter proteins immunofluorescence showed the co-localization of the copper ion 
transport proteins CTR1 and ATP7A with neurons in the sham, TBI, TBI + CuO@PG, and TBI + CuO@PG + TM groups in the injured cortex 1 d after mild 
TBI. Status. Immunofluorescence images (a) and quantitative analysis (b) of ATP7A in the injured cortex 1 day after mild TBI in the Sham, TBI, 
TBI+CuO@PG, and TBI+CuO@PG+TM groups. Immunofluorescence images ( c) and quantitative analysisc (d) of CTR1 in the injured cortex 1 day after 
mild TBI in the above groups. Counter- staining with DAPI (blue) is used to visualize the location of cell nuclei. The magnification is 100×, and the scale
bar is 100 μm. ImageJ software was used for quantitative analysis of the fluorescence images.The data were analyzed with a one-way ANOVA followed 
by posthoc analysis (Dunnett’s multiple comparisons test). Significance was set at ∗P <0 .05, ∗∗P <0 .01,  ∗∗∗P <0 .001,  ∗∗∗∗P <0 .0001. The differences 
are shown in the bar graphs. n = 5 animals per group. CuO@PG, CuO@polycaprolactone/gelatin; TTM, tetrathiomolybdate; ATP7A, ATPase copper
transporting alpha; CTR1, copper transporter 1; NeuN, neuron neuronal nuclei, DAPI 4′,6-diamidino-2-phenylindole; Sham refers to a control procedure in 
which animals undergo all steps of an experimental protocol except the actual intervention; TBI, traumatic brain injury

individuals, and that in patients who developed high 
intracranial pressure, plasma ceruloplasmin levels and serum
copper were significantly lower within 24 hours after injury
[53]. The copper complex CuII (atsm) has demonstrated 
anti-inflammatory effects in a mouse model of cerebral
ischemia [54]. Additionally, research indicates that oral 
administration of diacetylbis(4-methylthiosemicarbamide) 
copper (II) [Cu(II)(atsm)] enhances motor function and
survival in mice models of ALS [55]. As a well-established 
regulatory compound, this copper complex holds significant
potential for treating brain injuries [54]. However, excessive 
copper ions lead to oxidative stress and mitochondrial dys-
function in cells, rather exacerbating inflammatory damage; 
meanwhile, since copper ions cannot freely cross the blood– 
brain barrier, traditional routes of administration (orally or 
intravenously) are limited by the rate of transit and require
large doses to deliver the target concentration of copper ions
to the brain, whereas direct administration through the brain
parenchyma or lateral ventricles is invasive [56,57]. Therefore, 
we constructed CuO-loaded electrostatically spun scaffolds 
for in situ delivery of exogenous copper ions, which have a 
slow release of exogenous copper ions, enabling small-dose 

local administration and avoiding the cytotoxicity of copper. 
The assay showed that the CuO-loaded scaffolds also had 
a good morphological structure, and their uniform fiber 
arrangement and pore size contributed to cell growth. 
After loading with CuO, the scaffold still showed high
hydrophilicity, which did not have much effect on cell
adhesion within the adhesion within the scaffolds; at the same
time, CuO showed excellent antimicrobial function, which
may have a certain effect on the anti-infection of wounds. It
may have a certain effect on the anti-infection of wounds.

Copper, an essential trace element in the human body, 
functions as a redox-active metal. Disruption in copper home-
ostasis can undermine the oxidoreductase system, as enzymes
like CuZn-SOD and ceruloplasmin, which use copper as a
catalytic cofactor, are highly sensitive to tissue copper levels
[58]. Additionally, copper balance affects the activity of non-
copper-containing enzymes such as catalase and selenium-
dependent glutathione peroxidase (Se-GPx) [59]. Excess cop-
per can lead to the production of reactive oxygen species 
(ROS), and a variety of copper transporters and copper-
binding proteins have evolved to protect cells by regulating
copper uptake, distribution, efflux, and delivery [58].
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In TBI, the integrity of the blood–brain barrier (BBB) is 
compromised. Normally, the BBB restricts the exchange of
substances, including copper, between the blood and brain
tissue [60]. Post-injury, copper ions are more likely to enter 
brain tissue from the bloodstream, causing abnormally high 
copper levels. Furthermore, copper stored within brain tissue
may be released into the extracellular space because of cellular
damage, further disrupting normal copper distribution [61]. 
When copper homeostasis is disrupted, especially with an 
excess of copper ions, the production of ROS through Fenton 
or Haber-Weiss reactions increases, attacking the lipid bilayer 
of neuronal membranes and initiating lipid peroxidation. This
process alters membrane fluidity, increases permeability, and
ultimately leads to structural and functional impairment of
neurons [33]. 

Oxidative stress activates glial cells, prompting them to 
release inflammatory factors. For instance, oxidative stress-
induced activation of microglia results in the release of inflam-
matory mediators such as tumor necrosis factor-α (TNF-
α) and interleukin-1β (IL-1β), intensifying the inflammatory
response and oxidative damage to brain tissue. This also
disrupts the normal support and repair functions of glial
cells [62]. Furthermore, ROS can damage cerebral vascular 
endothelial cells, increasing vascular permeability and allow-
ing blood components to leak into brain tissue, thereby exac-
erbating brain edema. Injury to vascular endothelial cells also 
impairs the normal regulatory functions of cerebral vessels,
such as vasodilation and vasoconstriction, leading to abnor-
mal local cerebral blood perfusion. These changes further
impair BBB function, creating a vicious cycle that exacerbates
the pathological process following TBI [63,64]. 

We have successfully established a nerve cell injury model 
using hydrogen-peroxide-induced injury in HT22 cells. We 
further evaluated the therapeutic effects of different doses 
of CuO@PG and found that the doses of 0.3% and 0.5% 
CuO@PG had the better reversal effect on cell viability, while 
a dose of 1% CuO@PG exacerbated cell damage. The results 
of in vivo experiments show that 0.5% CuO@PG is better 
than 0.3%. On this basis, we chose an electrospun silk scaffold 
loaded with a concentration of 0.5% CuO as an implantation 
experiment. The scaffolds were implanted with a radius of 
approximately 5 mm to cover the TBI wound. When exploring 
the time window of treatment, we found that at 0 h, 1 h and 
3 h after TBI, the scaffolds were implanted at the same time. 
When exploring the time window of treatment, we found 
that implantation of 0.5% CuO@PG at 0 h, 1 h, 3 h, and 
6 h after TBI could alleviate the occurrence of scotoma to 
a certain extent, but the best effect of implantation was at 
6 h after injury. However, implantation at 6 h after TBI had 
the best effect in inhibiting pyroptosis, which may be related 
to the intracranial pressure changes after mild TBI. After 
determining the time window for drug administration, we 
implanted scaffolds with different concentrations of CuO in 
the w ound 6 h after TBI. After determining the time window
of administration, we implanted scaffolds with different
concentrations of CuO into the wound 6 h after TBI, and
found that only 0.5% of CuO@PG had an inhibitory effect on
pyroptosis; 0.3% of CuO@PG could down-regulate NLRP3
but could not prevent the onset of pyroptosis; implantation of
electrospun scaffolds alone did not down-regulate pyroptosis-
related proteins, confirming the treatment modality was to
attenuate cellular pyroptosis by administering exogenous

copper ions to the injured cortex. In confirming the time win-
dow and optimal concentration for implantation, we chelated
copper ions in vivo by tetrathiomolybdate ammonium (TTM).
Simultaneous administration of TTM and CuO@PG revealed
no significant changes in pyroptosis-associated proteins
compared to the mild TBI group, directly indicating that the
inhibitory effect of exogenous copper ions on pyroptosis.
Meanwhile, we found that the pyroptosis occurred mainly
in neurons 1 d after TBI by immunofluorescence, and
the administration of exogenous copper ions attenuated
the pyroptosis of neurons. The results of Nissl-staining
staining showed that exogenous copper ions reduced neuronal
deformation. Based on the above findings, we conclude that
exogenous copper ions played a neuroprotective role in the
acute stage after TBI.

TBI-induced neurological damage can lead to long-term 
complications and sequelae, resulting in motor, memory, and 
cognitive-emotional dysfunction. To verify the long-term neu-
roprotective effects of exogenous copper ions after TBI, we 
further evaluated the changes in motor, memory, and cognitive 
functions in mice. The results showed that compared with 
the TBI group, mice implanted with CuO@PG had higher
motor function scores, stronger spatial memory and better
cognitive-emotional levels in behavioral tests compared with
the TBI group, which reflected the important role of exoge-
nous copper ions in improving long-term prognosis after
mild TBI.

Finally, we examined total intracortical copper concentra-
tions 1 d after mild TBI, copper ion concentrations in the 
cortex were reduced, and administration of exogenous copper 
ions restored copper levels in the injured side of the cortex, 
restored copper homeostasis in the injured tissue and elevate 
the copper ion concentration in the blood. At the same time, 
the copper proteins were examined 1 d after the exogenous 
copper intervention, and the results showed that the copper 
levels in the cortex of the injured side could be restored 
by the administration of TBI. The results showed that the 
decrease in ATP7A expression after the administration of 
TTM after TBI was due to the decrease in the expression 
level of ATP7A to reduce copper after chelating intracellular 
copper ions. The decreased expression level of ATP7A reduced 
copper efflux to maintain intracellular copper homeostasis. 
However, we found that administration of exogenous copper 
ions also decreased ATP7A expression, which may be due to 
the increase of intracellularly available copper ions and the 
increase of ATP7A expression on the Golgi apparatus compet-
itively binding copper ions. At the same time, exogenous cop-
per ions reduced the damage, maintained the homeostasis of
the nervous system, and improved the efficiency of dopamin-
ergic transmission, which led to a decrease in the negative
feedback of downstream copper-based enzymes on ATP7A.
After the concomitant administration of TTM, the expression
of ATP7A increased, and the effect of exogenous copper ions
was showed similar expression profiles for TH, which could
confirm the above hypothesis that the neuroprotective effects
of exogenous copper ions are not limited by TTM. The neuro-
protective effect of exogenous copper ions restored dopamine
secretion and neurotransmission without the compensatory
effects of TH and ATP7A. The above results suggest that
the expression of ATP7A after TBI may be affected by both
downstream feedback regulation and intracellular available
copper concentration after injury.
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The expression of CTR1 did not change significantly 
before and after the administration of exogenous copper 
ions, but after the administration of TTM, the expression 
level of CTR1 was up-regulated. The expression of CTR1 
was also up-regulated in both the TBI + TTM group and the 
TBI + CuO@PG + TTM group. This suggests that lowering 
the concentration of copper ions will cause a compensatory 
increase in the expression of CTR1, while the administration 
of low concentrations of exogenous copper ions will not affect 
the expression of CTR1. This phenomenon may explain the 
reported chronic accumulation of copper ions in the cortex 
after TBI: CTR1 expression remained at a high level at 
14 d, and did not decrease to the baseline level with the 
restoration of copper homeostasis, resulting in high levels
of copper inward flow even after repair of damage in the
acute phase of TBI. The compensatory rise in ATP7A reduces
the intracellular copper concentration. After the loss of
compensation, intracellular copper ions begin to accumulate,
and the imbalance in body copper homeostasis caused by
the increase in cellular copper requirement in the short term
may have affected copper homeostasis in the chronic phase.
This may be one of the possible mechanisms of post-TBI
neurodegeneration: copper can be observed in the brains of
patients with Alzheimer’s disease, where overloaded with
copper was in some brain regions. Excess copper induces
insoluble Aβ production and generation of reactive oxygen
species, which leads to neuronal damage [65]. This may 
suggest that exogenous copper ion therapy may be limited 
to within 14 days after TBI, whereas in the chronic phase
of TBI where intracellular copper accumulates, chelated
copper reduces Alzheimer’s disease [66]. This also provides a 
new idea for our follow-up study: whether chelating copper
can regulate the chronic copper homeostatic imbalance
after TBI.

Compared to the TBI group, both CCS and SOD1 showed 
decreased expression after administration of exogenous cop-
per ions. This suggests that exogenous copper ions attenu-
ated the intracellular oxidative stress level without directly 
activating the CCS-SOD1 pathway , and that homeostasis
may be reached through other antioxidant pathways. It has
been reported that copper ions can promote iron exocytosis
by decreasing intracellular iron content, then inhibit iron-
induced lipid peroxidation [67]. 

In summary, in this paper, by detecting copper proteins in a 
mild TBI model, we found that abnormal copper metabolism 
and cellular distribution of copper proteins were in the cortex 
after TBI, and the imbalance of copper homeostasis after 
mild TBI. On this basis, we constructed an electrostatically 
spun scaffold with the performance of continuous and low-
dose copper supply, explored the optimal time window 
and concentration, and found that exogenous copper ions 
can down-regulate pyroptosis-associated proteins, which 
can reduce neuronal cell damage and thereby restoring 
the copper metabolism and maintaining the intracellular 
copper homeostasis by reducing the damage to the nerve 
cells and increasing the concentration of available copper 
in the cells. However, there are limitations to this study. 
Although we demonstrated the inhibitory effect of copper 
on cellular pyroptosis, the exact link between copper ions 
on cellular pyroptosis pathway and inflammation needs to
be further explored. In addition, the present experiment only
demonstrated that exogenous copper ions partially restored

intracellular copper homeostasis, but the exact mode of
action still needs to be further investigated. The chronic
accumulation of copper in cells after TBI also suggests
an increase in other copper metabolic pathways, such as
the copper-dependent kinase lysyl oxidase (LOX), which
is involved in angiogenesis, and the COX17- cytochrome
oxidase pathway, and there is a lack of studies on the changes
in these metabolic pathways that exist. We will further
investigate more downstream copper protein expression and
subcellular structure changes in copper metabolism and
homeostasis in TBI brain tissue samples to provide more
targets for clinical treatment of craniocerebral injury and
more ideas for forensic identification after TBI.

Conclusions 
In summary, we developed an electrostatically spun scaffold 
loaded with copper oxide to inhibit neuronal pyroptosis by 
improving copper homeostasis after TBI alleviate neurodegen-
erative lesions, promote neural recovery, and reduce chronic 
neuroinflammation in order to exert neuroprotective effects 
after TBI. This study provides a new theoretical basis for the 
treatment of exogenous copper and the clinical application 
of electrostatically spun scaffolds after TBI. However, we
primarily focus on neuronal pyroptosis in the early stage
of TBI and further exploration and validation on long-
term effect of CuO@PG on neuronal regeneration, synaptic
plasticity, the proliferation and differentiation of neural stem
cells, and the interaction between neurons and glial cells are
needed in the future.
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