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Introduction

The brain is the most important organ in the 
human body, managing both the outside and 
the inside.1, 2 In neurosurgical practice, open-
head trauma is very common, and it mainly 
stems from some risk factors in life. In addition, 
patients have various reasons why craniotomy 
is necessary, which is also an important cause of 
skull defects. All of these can lead to encephalitis 
infection.3 Encephalitis is a global disease 
with a high mortality rate.4, 5 According to the 
Encephalitis International, one person gets 
encephalitis every minute on average, yet 80% of 
people do not know what encephalitis is.6 

Encephalitis is an inflammatory response to the 
brain parenchyma, and this inflammatory lesion is 

clinically characterised by typical encephalopathy 
symptoms.3, 7 Encephalitis can also cause severe 
neurological sequelae as shown in Figure 1A.8, 9 
This has a great impact on the safety of human life 
and quality of life, and may even affect the stability 
of society.10, 11 Hence, the treatment of encephalitis 
is crucial. For encephalitis caused by cranial 
defects, the traditional treatment methods are 
mainly symptomatic treatment, but the treatment 
direction is not targeted.12-14 Therefore, there is 
an urgent need for novel therapeutic approaches 
to target the cranial defect for protection and 
long-term anti-inflammatory therapy.

At present, many targeted drug delivery systems 
can break through the blood-brain barrier in 
the field of central nervous system (CNS) drug 
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Skull defects are common in the clinical practice of neurosurgery, and they 

are easily complicated by encephalitis, which seriously threatens the life and 

health safety of patients. The treatment of encephalitis is not only to save the 

patient but also to benefit the society. Based on the advantages of injectable 

hydrogels such as minimally invasive surgery, self-adaptation to irregularly 

shaped defects, and easy loading and delivery of nanomedicines, an 

injectable hydrogel that can be crosslinked in situ at the ambient temperature 

of the brain for the treatment of encephalitis caused by cranial defects is 

developed. The hydrogel is uniformly loaded with nanodrugs formed by 

cationic liposomes and small molecule drugs dexmedetomidine hydrochloride 

(DEX-HCl), which can directly act on the meninges to achieve sustained 

release delivery of anti-inflammatory nanodrug preparations and achieve 

the goal of long-term anti-inflammation at cranial defects. This is the first 

time that DEX-HCl has been applied within this therapeutic system, which 

is innovative. Furthermore, this study is expected to alleviate the long-term 

suffering of patients, improve the clinical medication strategies for anti-

inflammatory treatment, promote the development of new materials for 

cranial defect repair, and expedite the translation of research outcomes into 

clinical practice.
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delivery,15-20 such as exosomes,21 membrane-coated drugs,22, 23 
and bioactive lipophilic small molecule drugs.24 However, poor 
stability, short half-life and complex production process still 
need to be improved. Although drugs acting directly on the 
CNS can overcome the above shortcomings, they are again 
highly likely to have serious adverse drug reactions and 
drug toxicity. Therefore, it is necessary to explore an ideal 
drug delivery technology that is not only capable of treating 
diseased sites within the CNS, but also sufficiently rapid, safe 
and effective. With the development of nanotechnology in the 
biomedical field, there have been some studies on nanodrug 
delivery technology, which have shown unique advantages 
such as optimising pharmacokinetics,25 improving the duration 
of drug action,26 and reducing the total amount of drug use.27 
There are many types of nanoparticles, and the selection of 
carrier type and delivery method according to the type of drug 

is expected to achieve safe and accurate delivery of drugs.28-30 

For a brief overview of the damage to the brain caused by 
encephalitis, as illustrated in Figure 1B, using the CNS 
inflammatory factor storm as an example, neuroglial cells are 
actively involved in this process.31 Cells in the CNS secrete 
inflammatory factors when they are damaged, which not only 
activate inflammatory microglia32-34 and astrocytes35, 36 but also 
attract and activate leukocytes in the peripheral circulation. 
More inflammatory factors continue to accumulate in the 
CNS,37-39 further exacerbating the severity of encephalitis.40 
Therefore, there is demend to intervene in the abnormal 
inflammatory response within the CNS. The anti-inflammatory 
agents commonly used for the treatment of encephalitis are 
glucocorticoids,41 but due to their wide range of actions, high 
doses or prolonged application can cause a variety of adverse 
effects, hence there is a need to find alternatives.
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Figure 1. Schematic diagram of encephalitis symptoms. (A) Encephalitis can cause varying degrees of neurological 
deficit in patients. (B) The accumulation of inflammatory factors in the brain of patients with encephalitis. Created with 
Microsoft PowerPoint 2021.
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Studies have shown that, A1-reactive astrocytes induced under 
inflammatory conditions sustainably release inflammatory 
cytokines that destroy nerve cells.42, 43 A2-reactive astrocytes 
induced under ischaemic conditions can nourish nerve cells 
and promote repair. Dexmedetomidine hydrochloride, an 
α2-adrenergic receptor agonist, has been found to inhibit 
neuroinflammation and promote the change of astrocyte 
subtype from A1 to A2.37, 44

Based on the above ideas, as shown in Figure 2, we designed 
an injectable hydrogel precursor loaded with liposomal 
nano-anti-inflammatory drugs, which can be used to treat 
encephalitis in the state of cranial defects. The precursor is a 

chitosan (CS)-based thermosensitive hydrogel that enables in 

situ cross-linking at the physiological temperature in the brain. 
By bypassing the blood-brain barrier and directly contacting 
brain tissue,45, 46 anti-inflammatory drugs are continuously 
released in the brain, promoting the transformation of 
astrocytes from type A1 to type A2, which is expected to inhibit 
CNS inflammation and reduce patient suffering. The aim of 
this experiment was to successfully prepare brain nano-anti-
inflammatory drug sustained-release injectable hydrogels with 
biocompatibility, biosafety, delivery efficiency and therapeutic 
feasibility. It provides solid technical support and theoretical 
direction to promote subsequent research and development.

Figure 2. Schematic diagram of drug action. Preparation of an injectable chitosan-based thermosensitive hydrogel for 
long-term sustained drug release for the treatment of cerebral inflammation. Created with Microsoft PowerPoint 2021.
CS: chitosan; SA: sodium alginate; β-GP: β-glycerophosphate.

Methods

Synthesis of drug-loaded liposomes

The classical thin-film dispersion method was used to prepare 
drug-loaded liposomes (referred to as +lipo).47, 48 Initially, 10 
phosphate buffer saline (PBS; Solarbio, Shanghai, China) was 

diluted with water to 1× PBS, and PBS was used to configure 
separate doxorubicin hydrochloride (DOX-HCl; MREDA, 
Beijing, China) and dexmedetomidine hydrochloride (DEX-
HCl; Aladdin, Shanghai, China) solutions at a concentration of 
1 mg/mL (referred to as +free). 

In situ hydrogel
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Subsequently, lipid solutions were prepared by dissolving 
D-Lin-MC3-DMA (Aladdin) and cholesterol (Solarbio) in 
anhydrous ethanol (Aladdin) at a ratio of 6:1. Following 
rotary evaporation (R-1001VN, Greatwall, Zhengzhou, 
Henan, China) of the organic phase, an appropriate amount 
of previously prepared +free was added, and sonicated for 
about 10 minutes. The sonicated solution was transferred to 
an ultrafiltration centrifuge tube (Amicon Ultra-4, Millipore, 
Billerica, MA, USA) and centrifuged at 2500 × g for 20 minutes 
to collect +lipo.

Synthesis of drug loaded hydrogel precursors

We used CS-based temperature-sensitive hydrogels, which are 
often employed in investigating drug release mechanisms.49, 50 
The hydrogels were prepared by initially weighing and dissolving 
an appropriate amount of CS (Adamas Life, Shanghai, China) 
and sodium alginate (SA; Adamas Life) in 1% (v/v) acetic acid 
aqueous solution and distilled water, respectively. Magnetic 
stirring was then used to obtain 2% (w/v) solutions of both 
CS and SA. Subsequently, β-glycerophosphate (β-GP, Sigma-
Aldrich Corp., St. Louis, MO, USA) was weighed and dissolved 
in distilled water to produce a 56% (w/v) solution. The β-GP 
solution was slowly added dropwise to the CS solution under 
a 4°C ice bath, following a ratio of Vβ-GP:VCS = 0.3:1, resulting 
in the CS/β-GP mixed solution after 30 minutes of magnetic 
stirring. Likewise, equal amounts of CS/β-GP mixed solution 
and SA solution were combined and stirred for another 30 
minutes to form a mixed SA/CS/β-GP solution, denoted as 
the blank hydrogel precursor (referred to as blank gel). To 
introduce drugs, the blank gel was supplemented with +free 
and +lipo, yielding the free gel and lipo gel, respectively. The 
methyl orange staining step was used in the preparation of the 
hydrogel precursor solution, which was added to the precursor 
solution in advance at 4°C to allow it to be homogeneously 
mixed and facilitated by the visualization of the hydrogel.

Characterisation of materials

Structural characteristics of liposome and hydrogel materials 
were investigated through a series of experiments.26, 51, 52 
Liposome morphology and size were analysed using the 
transmission electron microscope (JEM-1400 Plus, JEOL 
LTD., Tokyo, Japan), while the zeta potential analyzer 
Zetasizer Nano (Malvern Panalytical Ltd., Malvern, UK) 
provided information on particle size and distribution. 
Additionally, fluorescence intensities of +free and +lipo were 
measured with the microplate reader (Cytation 3, BioTek, 
Vermont, VT, USA). The encapsulation efficiency (DLE) and 
drug-loading rate (DLC) for +lipo were calculated according to 
equations 1 and 2:

                                                                                                        
                                                                                                       
                                                                                                       

In the formulae: C1 represents the amount of loaded drug, C2 
represents the amount of input drug, and C0 represents the 
amount of carrier.

The cross-linking state and timing of the hydrogel were then 
observed according to a standardised protocol. The hydrogel 
precursor was placed upright in tube in a 37°C water bath to 
monitor the cross-linking process. Successful cross-linking was 
indicated when the gel was stable and did not slide off when 
the tube was inverted. The gelation time at this temperature 
was recorded, and the procedure was repeated thrice, with 
an average value calculated. Subsequently, the hydrogel was 
pre-frozen in liquid nitrogen for 12 hours and then subjected 
to a 24-hour freeze-drying process. The scanning electron 
microscope (Apreo C, Thermo Fisher Scientific, Waltham, 
MA, USA) was used to observe the pore size and morphology 
of both blank and drug-loaded hydrogels, while the Young’s 
modulus were determined using rheometer (HAAKE MARS 
40, Thermo Fisher Scientific).

Drug release study

In this in vitro simulated physiological environment, DOX-
HCl, a widely used anti-cancer drug, functioned as the model 
drug to replace DEX-HCl, primarily due to the absence 
of characteristic groups and fluorescence in DEX-HCl, 
rendering the application of an appropriate detection method 
implausible.53, 54 DOX-HCl and DEX-HCl are two completely 
different drugs, and in order to assess whether DOX-HCl 
could be used as a model drug in the preliminary phase of this 
study, the two were compared for certain similarities in their 
physicochemical properties and release mechanisms. In terms 
of physicochemical properties, DOX-HCl has a molecular 
weight of about 579.98 g/mol and DEX-HCl has a molecular 
weight of about 236.72 g/mol, which are both considered small 
molecules despite the difference in molecular weights, and 
both DOX-HCl and DEX-HCl are hydrophilic and have high 
solubility in water. For the release mechanism, this experiment 
envisages the use of the drug encapsulated in a liposomal 
system. Since both are water soluble drugs, they are usually 
released from the carrier by diffusive release. This means that 
the rate of movement of drug molecules in the carrier is limited 
by the rate of diffusion. The mechanism of release may then be 
similar for both of them.

The drug release ability of drug-loaded hydrogels was 
assessed by the observation of the gradual release of the model 
drug from both the free gel and lipo gel under an inverted 
microscope (ECLIPSE Ti2-E, Nikon Corporation, Tokyo, 
Japan). Subsequently, the fluorescence intensity of DOX-HCl 
released from the free gel and lipo gel was quantified using 
the microplate reader and the ensuing data was subjected to 
processing and analysis. It is noteworthy that the excitation 
wavelength of DOX-HCl was determined to be 495 nm, while 
its emission wavelength was measured at 595 nm.

In vitro cytotoxicity

Mouse astrocytes-cerebellar (MA-c, BeNa Culture Collection 
Co. Ltd, Beijing, China) were first seeded at a density of 1 × 
104/mL in 96-well plates. Cells were cultured in DMEM 
medium(Gibco, Carlsbad, CA, USA) containing 10% FBS 
(Gibco, Carlsbad, CA, USA) for 24 hours at an ambient 
temperature of 37°C and a CO2 concentration of 5%. Following 
this incubation period, the biosafety evaluation was assessed 

  (1)

(2)
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for the blank hydrogel group, +free group, and +lipo group, in 
which the drug loaded in the +free and +lipo groups was DEX-
HCl. Hydrogels at concentrations of 0, 1, 10, 50, and 100 g/mL, 
+free at 0, 1, 5, 10, and 20 μg/mL, and +lipo at 0, 1, 5, 10, 
and 20 μg/mL were added to the corresponding experimental 
wells and co-cultivated with the cells for 24 hours. The +free 
and +lipo groups were loaded with DEX-HCl. Subsequently, 
10 μL of cell counting kit-8 (Analysis Quiz, Beijing, China) 
solution was added to each well. After 2 hours of incubation, 
the absorbance at 450 nm was measured using the microplate 
reader, and the results were processed and analysed for further 
evaluation of biosafety.

Cellular uptake of drugs

The uptake of liposome-encapsulated DOX-HCl by MA-c cells 
was evaluated using both qualitative and quantitative methods. 
For qualitative analysis, cells were cultured in the presence of 
+free and +lipo, treated with 4’,6-diamidino-2-phenylindole  
(Beyotime, Shanghai, China) staining and Lyso-Tracker Red 
(Beyotime) staining, and examined under a confocal laser 
microscope (N-SIM E, Nikon Corporation) to visualize the 
distribution of fluorescently labelled areas. Concurrently, the 
quantitative analysis involved co-culturing cells with blank 
control, +free, and +lipo, followed by flow cytometry using 
a FACSAria II (BD Biosciences, Franklin Lakes, NJ, USA) to 
quantify the amount of DOX-HCl uptake by the respective 
groups of cells.

Cell subtype transition

Experiments were conducted to establish the modelling 
concentration of lipopolysaccharide (LPS, Beyotime), a 
distinctive component of the cell wall of Gram-negative 
bacteria often utilised in inflammation stimulation in 
mouse models.55, 56 In order to determine the appropriate 
concentration, LPS was co-cultured with MA-c in a gradient 
spanning from low to high concentrations for 24 hours (1, 5, 
and 10 μg/mL), followed by the assessment of the expression 
levels of inflammation-related genes within the cells. 
Subsequently, various techniques were employed to evaluate 
the capacity of inflammatory cell subtypes to be successfully 
and efficiently altered in response to the drug.

Quantitative polymerase chain reaction 
MA-c cells were seeded at a density of 2 × 106/mL in a 6-well 
plate, followed by a 24-hour culture under normal cell culture 
conditions. The cells were then divided into two groups: one 
served as a blank control group while the other was exposed to a 
culture environment containing 10 μg/mL LPS. Subsequently, 
after 24 hours, the LPS-treated cells were further subdivided 
into three groups: the first group remained unchanged, the 
second group was transferred to a new culture environment 
with 2.0 μg/mL + free, and the third group was exposed to a 
new culture environment with 2.217 μg/mL + lipo. Notably, 
each cell group had three replicates, ensuring the reliability of 
the results obtained. Following the cell culture, cells and cell 
culture supernatants from each group were collected, and all 
subsequent experimental procedures were carried out on ice to 
maintain sample integrity.

The experimental operations were conducted meticulously 
in accordance with the RNA extraction kit instructions 
(BioSharp, Hefei, Anhui, China). This involved lysing the 
cells thoroughly, removing impurities such as mixed genomic 
DNA and proteins through centrifugation, washing, and 
filtration processes, ultimately resulting in the extraction of 
total RNA solutions. Subsequently, the RNA concentration in 
each group was determined using a microvolume ultraviolet 
spectrophotometer (NanoDrop Lite Plus, Thermo Fisher 
Scientific), and adjustments were made to ensure uniform RNA 
concentrations across all groups. Furthermore, the synthesis of 
cDNA  was performed following the guidelines of the reverse 
transcription kit (BioSharp). A precise mixture of the RNA 
template, SuperRT III All-in-one RT Mix, SuperRT III All-
in-one RT Buffer, and Nuclease-free Water was prepared and 
utilised to synthesize cDNA in a gene amplification instrument 
(Gene Explorer, Bioer Technology, Hangzhou, Zhejiang, 
China). 

Subsequently, following the protocol of the universal 
quantitative polymerase chain reaction (qPCR) kit (BioSharp), 
a proportional mix of the cDNA template, 2× Universal SYBR 
qPCR Mix, primers (Sangon Biotech Co., Ltd., Shanghai, 
China), ROX Reference Dye, and RNase-Free ddH2O was 
prepared and subjected to real-time PCR analysis using a Real-
time PCR amplification (Applied Biosystems QuantStudio 
5 instrument, Thermo Fisher Scientific). The relative 
expression of the genes of interest was normalised against the 
housekeeping gene Gapdh. Primer sequences were as follows: 
H2-T23: forward, 5’-TGA TCA TCC TTG GAG CTG TG-3’, 
reverse, 5’-TTC TGA GGC CAG TCA GAG GT-3’; H2-D1: 
forward, 5’-GTT GCT GTT CTG GGT GTC CT-3’, reverse, 
5’-CCT GGA GCC AGA GCA TAG TC-3’; Tgm1: forward, 
5’-CCC TGG ATG ACA ATG GAG TT-3’, reverse, 5’-GAA 
TAG CCG GTG CGT AGG TA-3’; S100a10: forward, 5’-GTG 
CTC ATG GAA CGG GAG T-3’, reverse, 5’-AAA GCT CTG 
GAA GCC CAC TT-3’; and Gapdh: forward, 5’-TCA CCA 
TCT TCC AGG AGC GAG AC-3’, reverse, 5’-AGA CAC CAG 
TAG ACT CCA CGA CAT AC-3’.

Enzyme-linked immunosorbent assay

In this trial, the double-antibody sandwich method was used 
as the core technology of enzyme-linked immunosorbent assay 
(ELISA) kit (Lianke, Hangzhou, Zhejiang, China), and the test 
was carried out strictly according to the protocol. To begin, 
the cell culture supernatant stored at –20°C was removed and 
allowed to return to room temperature. Steps included rinsing 
the plate pre-coated with capture antibody, adding samples 
to the plate wells, and incubating with biotinylated detection 
antibody at room temperature for approximately 2 hours. 
The next steps included discarding the solution, washing the 
plate, adding horseradish peroxidase-labelled streptavidin, and 
incubating at room temperature for 45 minutes, then discarding 
the solution again and washing the plate. Subsequently, the 
chromogenic substrate was added, with precautions taken to 
protect it from light. After half an hour, the stop solution was 
introduced to halt the reaction. Finally, the absorbance values 
were measured by measuring at 450 and 630 nm using the 
microplate reader for analysis.
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Western blot analysis

Western blotting combines the high resolution of protein 
electrophoresis with the high specificity of immunoassays.57 
In the early stage of the experiment, the cell group culture 
and dosing were consistent with the qPCR experiment. 
Subsequent experimental procedures were conducted at 
4°C on ice. Cells were collected and lysed using RIPA  lysate 
(Analysis Quiz) containing protease inhibitors (Analysis 
Quiz) to extract proteins. The original protein concentrations 
in each group were determined using NanoDrop, and then 
adjusted to ensure uniformity across groups. Afterward, 
the proteins were combined with 5× sample loading buffer 
(Applygen Technologies Inc., Beijing, China) and heated in 
a metal dry bath heater (HB120-S, DLAB, Beijing, China) 
at 95°C for 5 minutes. Following, an aliquot of the sample 
was prepared and subjected to electrophoresis (Mini-
PROTEAN Tetra, Bio-Rad Laboratories Inc., Hercules, CA, 
USA) using 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis gel kit (Analysis Quiz). The gel, filter paper, 
sponge, and polyvinylidene fluoride membrane (Solarbio) 
were assembled and clamped for transfer (Mini Trans-Blot, 
Bio-Rad Laboratories Inc.).

Subsequently, the polyvinylidene fluoride membrane was 
blocked with skim milk (Analysis Quiz) at room temperature 
for 1 hour, followed by overnight incubation at 4°C with 
rabbit monoclonal anti-high mobility group box 1 (HMGB1)  
antibody (1:2000, Cat# ab92310, RRID:AB_2049739 Abcam, 
Cambridge, UK) and rabbit monoclonal anti-α-tubulin 
antibody (1:10,000, Abcam, Cat# ab52866, RRID:AB_869989). 
After incubation with the primary antibodies, the membrane 
was treated with goat anti-rabbit IgG H&L (HRP) (1:5000, 
Huaxingbio, Beijing, China, Cat# HX2031, RRID:AB_3572247) 
for 1 hour at room temperature. The chemiluminescence signal 
was developed using an ECL mixture kit (Analysis Quiz), and 
the blots were visualised and imaged using a fully automatic 
gel imager (iBright CL1500, Thermo Fisher Scientific). 
Finally, protein bands were analysed semiquantitatively. The 
protein expression of HMGB1 was calculated by normalising 
to α-tubulin.

Statistical analysis

All experimental data were presented as mean ± standard 
deviations (SDs). Data analysis were performed using 
GraphPad Prism 6 (GraphPad Software, Boston, MA, USA, 
www.graphpad.com) and ImageJ  software (National Institutes 
of Health, Bethesda, MD, USA). Statistical significance was 
assessed using Student’s t-test for comparisons between two 
groups and one-way analysis of variance with Newman-
Keuls post hoc test for multiple group comparisons. Statistical 
significance levels were defined as P < 0.05.

Results

Characterisation of +lipo and hydrogel

The characterisation results of liposome nanoparticles and CS 
hydrogels were shown in Figure 3. Under the transmission 
electron microscope, +lipo nanoparticles were homogeneous 
in structure and spherical vesicles with an average particle 
size of about 200 nm (Figure 3A). The average particle size 

of the nanoparticles was about 183.7 ± 54.1 nm, which was 
narrowly distributed (Figure 3B). The zeta potential of the 
nanoparticles was +11.4 ± 0.8 mV by electrophoretic light 
scattering. According to the analysis of the microplate reader 
data, the DLE of +lipo was measured to be about 90.2 ± 6.2% 
and the DLC was about 47.4 ± 1.7%. 

Hydrogel characterisation results were shown in Figure 3C–E. 
As shown in Figure 3C, a comparison of macroscopic images of 
the hydrogel before and after gelation, the hydrogel precursor 
gel gelled in about half an hour at 37°C, and the gel was stained 
with methyl orange  for the purpose of making it easier to 
observe with the naked eye. Figure 3D showed the scanning 
electron microscope images of hydrogel. The lyophilised 
hydrogels had three-dimensional porous surface structure 
with pore sizes ranging from about 30 to 100 μm. The lipo gel 
group had a more pronounced pore structure than the free gel 
group, which may be caused by the loading of +lipo. Figure 
3E showed the Young’s modulus with time. Both blank gel and 
lipo gel groups had a larger G’ than G”, proving the formation 
of a stable hydrogel. The Young’s modulus gradually decreased 
over time, indicating that the strength of the material gradually 
increased with gelatinisation.

Evaluation of in vitro release of the drug-loaded hydrogel

Figure 4A showed the gradual release of DOX-HCl from 
free gel and lipo gel in PBS, with the center group being 
the gel region and the boundary group being the junction 
region of the gel and solution. It could be seen that at the 
very beginning, the inside of the gel was uniformly red, 
filled with DOX-HCl, and the surrounding PBS was black, 
without DOX-HCl, and the red and black boundaries were 
clear. After 24 hours, the red colour inside the gel gradually 
became lighter, many obvious red spots appeared in the 
lipo gel group, the surrounding black area began to appear 
reddish, and the boundary between red and black began to 
blur. After 48 hours, the red colour inside the gel became 
lighter, and the lipo gel group still had obvious red spots, 
the surrounding black area was pale red, and the boundary 
between red and black was more blurred. This indicates that 
the gel continuously releases DOX-HCl into PBS, and the red 
dot should be +lipo, because the liposome encapsulates the 
drug, so the lipo gel group has more aggregated DOX-HCl 
and more red dots.

Figure 4B showed the drug release profiles of DOX-HCl 
from the free gel and the lipogel over time. The release 
experiments were performed at 37°C and the obtained release 
data were analysed by curve fitting. The results showed that 
the cumulative release rate of the free gel group reached 2.4% 
over a total of 4 days, which was about four times that of the 
lipo gel group. The drug in the free gel group showed a rapid 
initial release phase followed by a smooth phase of slower 
release. This suggests that the carrier is controllable for drug 
release and is consistent with the characteristics of a one-level 
release kinetic model. The drug in the lipo gel group remained 
in a smooth phase of slow release, which is consistent with the 
characteristics of the zero-level release kinetic model, which 
reflects that the lipo gel group has the advantages of sustained 
and controlled release that the free gel group does not have.
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Evaluation of in vitro cell uptake biological testing

Evaluation of drug-loaded hydrogels for in vitro safety

The cell counting kit-8 method was used to study the in vitro 
cytotoxicity of materials using MA-c cells. As shown in Figure 
5A1–3, cell viability fluctuated around 100% in each group, The 
+lipo group even exceeding 100%. The above results showed 
that blank gel, +free, and +lipo had no adverse effect on the cell 
viability of cells, and the safety of the materials was verified.

Evaluation of the uptake of model drugs by MA-c cells

Figure 5B showed the confocal image analysis of MA-c cells, 

which showed that the DOX-HCl of the liposomal drug group 
was more concentrated in the lysosomal location, while the 
distribution in the cells of the free drug group was relatively loose. 

As shown in Figure 5C1 and C2, the relative cell numbers 
of the control group, the +free group, and the +lipo group at 
different fluorescence signal relative intensities were shown. 
Because no DOX-HCl was added to the control group, there 
was a clear difference in fluorescence intensity from the other 
two groups. The liposomal drug group had a slightly stronger 
fluorescence intensity than the free drug group, probably 
because the cells took up the liposomal drug slightly stronger. 

Figure 3. Basic characterisation of materials. (A) Morphology of drug-loaded liposomes, which were uniformly spherical 
in shape. (B) Particle size distribution of drug-loaded liposomes. (C) Photos of hydrogel formation. (C1) Before gel 
formation; (C2) after gel formation. (D) Internal 3D structure of hydrogel. (D1) pure hydrogel; (D2) liposome-loaded 
hydrogel. The liposome-loaded hydrogel had finer and more regular cavities than pure hydrogel. (E) The mechanical 
properties of hydrogels. 3D: three-dimensional; G’: solid line representing the storage modulus; G”: viscous modulus.
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Figure 5C3 showed that the experimental group  had a high 
degree of uptake of DOX-HCl compared with the control 
group, and there was no significant difference between the 
free DOX-HCI and liposome DOX-HCI groups. In summary, 
MA-c cells had a higher uptake intensity of both free drugs 
and liposomal drugs, but the distribution of liposomal drugs in 
cells was more concentrated.

Evaluation of in vitro cell subtype conversion

Evaluation of MA-c inflammatory subtype modelling

At first, MA-c cells were induced by low concentration 
(1 μg/mL) of LPS. qPCR results that the expression levels 

of pro-inflammatory genes H2-T23 and H2-D1 were different 
from the expected results, and there was almost no expression. 
Therefore, after increasing the concentration of LPS, the 
expression of inflammatory genes was observed again, and 
it was found that compared with the low concentration of 
LPS group, the expression level of pro-inflammatory genes 
also increased with the increase of LPS concentration, and 
the expression of anti-inflammatory genes Tgm1 and S100a10 

almost did not change, which was in line with experimental 
expectations. Ultimately, it became clear that a higher LPS 
(10 μg/mL) concentration was required to induce MA-c 
inflammation (Additional Figure 1).

Figure 4. Drug release from hydrogel. (A) Photograph of the gradual release of the model drug from the hydrogel. 
The liposomal drug group released the drug more slowly than the free drug group, and more of the drug remained 
stored in the liposomes. Scale bars: 500 μm. (B) Drug release curve of in the hydrogel. Data are expressed as mean ± SD. 
Experiments were conducted in quadruplicate. +free: free DOX-HCI in the hydrogel; +lipo: liposome DOX-HCI in the 
hydrogel; DOX-HCl: doxorubicin hydrochloride.
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Evaluation of treating astrocytic inflammatory subtypes

As shown in Figure 6A, it can be seen that the number of 
cells gradually increases with the number of culture days. The 
initial MA-c cells were spindle-shaped and polygonal in shape, 
with long protrusions extending all around. After adding LPS, 
the cell processes became thicker and shorter, the cell body 
became round, and the cytoplasm became somewhat turbid, 
and the rate of cell growth slowed down. Finally adding the 
therapeutic drugs, +free and +lipo, the cells re-extended their 
protrusions and their cytoplasm became clear, and the rate of 
cell growth resumed.

The gene expression levels of the MA-c cell groups at the above 
different stages were then evaluated by qPCR. First, Figure 
6B1–4 showed the expression levels of A1-reactive astrocyte-
specific genes H2-T23 and H2-D1 were significantly increased 
compared with the control group after high-concentration 
LPS induction, while the expression levels of A2-reactive 

astrocyte-specific genes Tgm1 and S100a10 were significantly 
reduced, indicating the success of inflammatory modelling. 
After the administration of the treatment, the expression levels 
of H2-T23 and H2-D1 were significantly reduced compared 
with the LPS group, while the expression levels of Tgm1 and 
S100a10 were significantly increased, indicating the successful 
transition of cells from A1 to A2 subtype. The expression 
levels of H2-T23 and H2-D1 were significantly reduced in the 
cell group supplemented with +lipo compared to the cell group 
supplemented with +free, while there was no difference in the 
expression levels of Tgm1 and S100a10, indicating that both 
treatments reduced the inflammatory expression of cells, but 
+lipo was more effective than +free.

Second, ELISA also showed similar expression levels to 
inflammatory genes (Figure 6B5–8). Compared with the 
control group, the expression of interleukin (IL)-1β, IL-6 and 
tumour necrosis factor (TNF)-α was significantly enhanced 

Figure 5. In vitro cell uptake biological testing. (A) Cytotoxicity tests of different experimental materials, blank gel (A1), 
+free (A2), and +lipo (A3). (B) Confocal image of a model drug for cell uptake, with blue for nucleus localization, red 
for lysosomes, and green for DOX-HCl. It can be seen that drug-loaded liposomes were more likely to be enriched in 
the cells. Scale bars: 50 μm. (C) Flow cytometry was used to determine the amount of model drug uptaken by cells. 
(C1, 2) represent the relative cell amounts of the model drug uptake by different cell groups. (C3) Cell uptake rate. 
Data are expressed as mean ± SD. Experiments were conducted in quadruplicate. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 (Student’s t-test). DAPI: 4’,6-diamidino-2-phenylindole; DOX-HCl: doxorubicin hydrochloride; ns: not 
significant.
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in the LPS group, which once again proved the success of 
inflammatory modelling. After the administration of the 
therapeutic drug, the expression levels of inflammatory 
cytokines were significantly lower compared with the LPS 
group, which indirectly indicated the successful transition of 
cells from the A1 subtype to the A2 subtype. The expression 
levels of IL-1β, IL-6 and TNF-α were significantly lower in the 
cell group supplemented with +lipo compared to the cell group 
supplemented with +free, indicating that both treatments 
reduced the inflammatory expression of the cells, but +lipo was 
more effective than +free.

Finally, this conclusion was proved by Western blot (Figure 
6B9, 10) The protein expression of HMGB1 in the LPS 

group was higher than control group, indicating the success 
of inflammatory modelling. After the administration of the 
therapeutic drug, the protein expression of HMGB1 decreased 
in the free drug and liposome drug groups  compared with LPS 
group, indicating that the expression of inflammatory protein 
was inhibited. The protein expression of HMGB1 was lower 
in the liposome drug group compared to the free drug group, 
indicating that both treatments reduced the inflammatory 
expression of the cells, but the effect of +lipo was better than 
that of +free, which was in line with the expected conclusions. 
In conclusion, it can be inferred that +lipo is more effective in 
modulating the subtype of MA-c cells and suppressing cellular 
inflammatory responses when compared to +free. 

Figure 6. In vitro phenotypic conversion of MA-c cells from the A1 subtype to the A2 subtype.  (A) Cell morphology at 
different stages. After the effect of LPS, the cells showed obvious morphological changes and their proliferative capacity 
was reduced. Under the effect of DEX-HCl, the morphology and proliferation rate of the cells improved significantly. 
(B) Data analysis. (B1–4) qPCR result of the mRNA expression levels. (B5–8) ELISA result of typical inflammatory 
factors in the culture medium. (B9, 10) Western blot result. The original image is shown in Additional Figure 2. 

Data are expressed as mean ± SD. Experiments were conducted in quadruplicate. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 (one-way analysis of variance followed by Newman-Keuls test). +free: free DOX-HCI in the hydrogel; 
+lipo: liposome DOX-HCI in the hydrogel. H2-D1: histocompatibility 2, D region locus 1; H2-T23: histocompatibility 
2, T region locus 23; HMGB1: high mobility group box 1; IFN-γ: interferon-γ; IL: interleukin; LPS: lipopolysaccharide; 
ns: not significant; S100a10: S100 calcium-binding protein A10; Tgm1: transglutaminase 1; TNF-α: tumour necrosis 
factor-α.
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Discussion

The optimal injection time for this hydrogel is currently 
planned to be 10–15 minutes after the formation of the 
hydrogel precursor, taking three factors into consideration: 
(1) Gelation speed and time: Although the CS temperature-
sensitive hydrogel has slowed down the gelation speed, the 
delay may cause needle blockage due to incomplete cross-
linking, and therefore the injection time should not be too late. 
(2) Purpose of application: One of the properties envisaged 
for this hydrogel is the ability to be applied to special shaped 
wounds such as narrow voids, with the aim of allowing the 
material to self-adjust to its optimal form in response to the 
environment in which it is placed, and therefore it should 
not be injected too late, but earlier than the time of complete 
gelation. (3) Clinical adaptability: Considering the comfort of 
the patient and the difficulty of the surgeon to perform the 
operation, the injection time of the hydrogel precursor should 
be completed before the gelling time.

The pore structure of liposome-loaded hydrogels becoming 
more pronounced may be a complex alteration involving the 
interaction of multiple factors. Specifically, these include the 
following: (1) release or dissolution of liposomes: liposomes 
loaded in a hydrogel may release their drug-carrying 
components or dissolve within the hydrogel, potentially 
forming new pores to enlarge existing ones, thus increasing 
the number and size of pores. (2) Structural changes of the 
hydrogel: loading liposomes may lead to changes in the 
structure of the hydrogel. Liposomes occupy some positions in 
the hydrogel matrix, which may lead to fracture or relaxation 
of part of the hydrogel network, resulting in the formation of 
more dense pores. (3) Interaction of loading system: Physical or 
chemical interactions may occur between the hydrogel and the 
loaded liposomes, such as intermolecular forces, electrostatic 
interactions, or hydrogen bonding, etc. These interactions 
may lead to changes in the structure of the hydrogel network, 
which may affect the distribution and size of the pores. (4) 
Drug release kinetics: drug release from the loaded liposomes 
may also lead to changes in the local structure within the 
hydrogel, including the formation and expansion of pores, 
especially during the initial rapid release phase of drug release. 
In conclusion, liposome drug loading into the hydrogel has a 
benign effect on hydrogel pores .

The mechanism of drug release from drug-loaded liposomal 
hydrogels usually involves multiple processes, which depend 
mainly on the nature of the liposomes and the hydrogels 
themselves, as well as on the interactions between them. 
(1) Hydrogels typically have a polymeric three-dimensional 
network structure that creates complex pores, and these pore 
structures temporarily store the drug and directly affect the rate 
of drug release. (2) Liposomes themselves have the ability to 
control drug release, and after being dispersed and immobilised 
into the network of the hydrogel, they are also equivalent to 
dispersing the drug uniformly in the hydrogel. (3) Usually, the 
drug diffuses from the liposome into the hydrogel through the 
liposome-hydrogel interface, and then diffuses outward into 
the release medium through the pores of the hydrogel. If the 
material itself can be degraded, drug release may be affected 

by multiple aspects of drug dissolution and carrier dissolution. 
(4) Environmental factors may also affect drug release, for 
example, the pH, ionic strength and temperature of the release 
medium can affect the stability of the hydrogel and the rate 
of drug release. In conclusion, drug-loaded liposome hydrogels 
are suitable for drug delivery systems that require long-term 
or controlled release, which can improve drug bioavailability, 
reduce side effects, enhance drug stability and prolong drug 
half-life.

In the present study, the reason for the better anti-inflammatory 
effect in the +lipo group than in the +free group was probably 
related to two aspects: on the one hand, it was the naturally 
occurring biotargeting and biodistribution properties of 
liposomal drugs. Liposomes, as an effective drug delivery 
system, enhanced the targeting and biodistribution of drugs to 
cells. DEX-HCl, when loaded into liposomes, could be more 
easily targeted to the inflammation site or target cells, thus 
enhancing its anti-inflammatory effect. In contrast, free DEX-
HCl may be more rapidly metabolised within the extracellular 
environment or diffused to non-therapeutic targets, leading to 
a reduction in its anti-inflammatory effect. The other aspect 
was the controlled release and sustained release properties of 
liposomal drugs. Liposomes served as carriers of the drug and 
could control the rate of release and duration of action of the 
drug. This means that DEX-HCl loaded into liposomes can 
maintain its effective concentration for a longer period of time, 
thus continuously suppressing the inflammatory response. 
Free DEX-HCl, on the other hand, may not be able to maintain 
its anti-inflammatory effect effectively because of factors such 
as its short half-life.

However, there were also abnormal data, such as why the 
+free group had almost no effect on the reduction of TNF-α 
expression, and it was speculated that the possible reason 
was that the biodistribution and metabolic properties of 
free DEX-HCl resulted in insufficient concentration in 
the target cells at the site of inflammation to effectively 
inhibit inflammation, and that a higher dose might be 
required to achieve the effect of TNF-α inhibition. And 
in the free state, such long-term high doses might lead to 
more adverse reactions or side effects, limiting the feasibility 
of its application. Thus, it was demonstrated side by side 
that loading the drug into liposomes could be effective 
in improving its efficacy and safety in the treatment of 
inflammation, especially by enhancing targeting and 
prolonging the duration of the drug. 

When investigating the feasibility of injectable thermoreactive 
hydrogels for the treatment of encephalitis, similar experimental 
animal studies can be drawn upon for reference. For example, 
Researchers investigated the effects of a therapeutic material 
similar to a body temperature-responsive hydrogel in in 

vivo models of encephalitis.58-61 They found that the material 
was able to significantly reduce the inflammatory response 
and promote neuroregeneration in infected brain regions. 
These findings support the potential for the application of 
temperature-sensitive therapeutic strategies in the treatment 
of neuroinflammatory diseases. Although their study may 
differ from the specific materials and therapeutic mechanisms 
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applied in this study, these results provide theoretical support 
for our study, suggesting that injectable temperature-
responsive hydrogels may have similar positive effects in 
encephalitis treatment.

On the other hand, natural polymeric temperature-sensitive 
biomaterials62-65 similar to the present study were used to 
treat in vivo models of brain abnormalities. The results 
showed that these materials were able to form gels at high 
temperatures, which significantly reduced the degree of 
brain nerve inflammation, promoted the restoration of 
local neurological functions, and aided in the recovery of 
neurological diseases. These studies further support the 
potential of temperature-sensitive therapeutic strategies for 
neuroprotection and treatment, providing an experimental 
basis and scientific rationale for our research. By combining 
the results of these experimental studies, we can speculate 
that injectable thermoreactive hydrogels may demonstrate 
potential therapeutic advantages in encephalitis treatment 
through similar mechanisms and effects. Future studies will 
further explore the feasibility and safety of this technology in 
clinical applications.

Herein, we prepared DEX-HCl encapsulated from cationic 
liposomes, which can be loaded into CS temperature-
sensitive hydrogels for the ongoing treatment of encephalitis. 
It is envisaged that a dural injection of a hydrogel precursor 
material through a cranial defect would allow for the 
formation of a stable hydrogel in situ in the brain environment. 
DEX-HCl itself can inhibit encephalitis symptoms, and after 
being encapsulated by liposomes, it can realize the sustained-
release delivery of nanomedicines, so as to achieve long-term 
anti-inflammatory goals. Overall, this strategy focuses on 
regulating the subtype transformation of astrocytes in the CNS 
and treating neuroinflammation on the one hand, and on the 
other hand, it cleverly combines sustained-release nanodrugs 
with breakthroughs in skull obstruction, which provides a 
reliable in vitro basis for the treatment of anti-inflammatory 
drugs in the future. However, the design is not perfect, and 
there are still problems to be solved, such as how the broken 
cranial trauma should be protected, and how the more delicate 
brain injection should be operated, etc., which need to be 
meticulously explored afterwards.
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