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Purpose: This study aimed to formulate citicoline-loaded chitosan-coated liposomes (CT-CS-LPs) for topical administration and
evaluated for wound healing in a diabetic animal model.
Methods: CT-LPs were formulated via a thin-film hydration approach and coated with chitosan (CS). Box-Behnken statistical design
investigated the effects of lipid amount, chitosan concentration, and cholesterol amount on vesicle diameter, surface charge, and
entrapment efficiency. The potential of the optimized CT-CS-LPs gel for wound healing was further evaluated in streptozocin-induced
diabetic rats. The different healing stages were evaluated by several techniques, including general and special staining techniques, in
addition to antibody immunohistochemistry.
Results: The optimized CT-CS-LPs obtained had a mean size of 211.6 nm, a 50.7% entrapment efficiency, and a positive surface
charge of 32.1 mV. In addition, the optimized CT-CS-LPs exhibited in vitro sustained release behavior. The in vivo experiments
revealed that treatment with the optimized CT-CS-LPs boosts the healing process of the skin wound in diabetic rats by reducing
inflammation, accelerating re-epithelization, angiogenesis, fibroblast proliferation, and connective tissue remodeling, leading to rapid
wound closure.
Conclusion: Chitosan-coated liposomes containing citicoline have emerged as a potential approach for promoting the healing process
in diabetic rats. However, the therapeutic effectiveness of the suggested approach in diabetic patients needs to be investigated.
Keywords: citicoline, chitosan, liposomes, diabetes mellitus, wound healing

Introduction
Diabetes mellitus has emerged as a significant worldwide health problem, with a high prevalence in developing countries.
According to research published in Diabetes Research and Clinical Practice, diabetic patients worldwide will reach at
least 592 million by 2035.1

Foot ulcers occur in around a quarter of diabetic patients due to peripheral neuropathy and poor wound healing
(characterized by impaired angiogenesis, chronic inflammation, and decreased collagen production). Diabetic foot ulcers
result in frequent hospitalization and, in the worst-case scenario, amputations, which result in higher medical costs and
a worse quality of life for these patients.2 There are many medications and treatments available to treat diabetic foot
ulcers. Calcium alginate dressings, platelet-derived growth factors, hydrocolloid dressings, and sulfa drugs are just a few
examples.3 However, wound healing remains a problem in diabetic patients,4 especially when the wounds grow
exudative and deep.3
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The pursuit of novel therapeutic alternatives, coupled with advancements in nanotechnology, has resulted in novel
therapeutic options. Various substances have been blended with biomaterials to construct structures to speed up the
healing process, such as nanoparticles,5 nanocomposites,6 and nanofibers.7 Several characteristics should be present in an
ideal wound-healing substance, including cost-effectiveness, non-toxicity, low skin adherence, biocompatibility, protec-
tion of the wound from microorganisms, ability to maintain a moist wound environment, permit gas diffusion, and
antibacterial activity.8 Further, the process of selecting a wound-healing substance for diabetics is very subjective owing
to the fact that they are predisposed to a variety of complications.

Nanocarriers may protect the drug from degradation, provide prolonged release of the medication, increase intracel-
lular absorption, and optimize the position of the drug at the application site through a targeting mechanism. Liposomes
(LPs) are an excellent option for transporting hydrophilic molecules such as small and charged compounds.9 LPs are
composed mainly of phospholipids, so they have an amphipathic nature. When LPs are dispersed in aqueous solutions,
they form a lipid bilayer surrounding the aqueous core.

Chitosan (CS), produced via partial deacetylation of chitin, is a class of linear, cationic amino polysaccharides
obtained from squid pens, fungi, and crustacean exoskeletons. In recent years, CS has gained significant interest due to its
unique characteristics, such as polycationic character, in vivo biodegradability, solubility in aqueous medium at low
pH,10 mucoadhesiveness, antibacterial activity, and wound healing11–13 In addition, CS coats the surface of LPs due to
the electrostatic interaction between the negative phospholipid charge of LPs and the amino acid positive group of
CS.14,15 The surface coating of LPs by CS has various advantages, such as boosting stability, preventing drug leakage,
prolonging its release, and increasing cellular absorption of the LPs.14 Besides, CS has antibacterial (gram-negative and
gram-positive bacteria) activity, which is critical for wound healing.13,16,17

Citicoline (CT) is a choline donor used as an intermediary in phosphatidylcholine biosynthesis, a major component of
the neuronal membrane. In experimental and clinical studies, CT is beneficial for various etiologies of cerebrovascular
disorder, cognitive impairment, glaucoma, brain trauma, amblyopia, and Parkinson’s disease.18–21

Interestingly, Vascular Endothelial Growth Factor (VEGF), a heparin-binding glycoprotein, enhances the regeneration
and migration of endothelial cells, thus essential for the induction and regulation of angiogenesis and collagen deposition,
and controlling the inflammatory reaction.22 Moreover, it is crucial for regeneration, cell survival, and tissue repair.23

According to the study performed by Feng et al, CT upregulates VEGF expression, improves the blood supply, and
stimulates angiogenesis.24 Moreover, CT reduces tissue inflammation, inhibits flap ischemia-reperfusion injury, and
antagonizes tissue lipid peroxidation. Therefore, we believe that liposomal formulations coated with CS are a potential
vehicle for associating and delivering CT for improved wound healing in the diabetic patient.

Thus, in the present study, we formulated chitosan-coated liposomes containing citicoline (CT-CS-LPs) to be assessed as
a possible therapy for boosting the healing process in a streptozocin-induced diabetic rat model. This is the first research that
we are aware of that investigates the potential of CT-CS-LPs for wound healing in diabetic rats. Size, entrapment efficiency,
morphological analysis, surface charge, and in vitro release were all conducted on the CT-CS-LPs nanovesicles. Furthermore,
in vivo experiments in diabetic rats assessed the CT-CS-LPs efficacy in boosting the wound healing process.

Materials and Methods
Materials
Citicoline was provided as a kind donation from Global Nabi Pharmaceutical Co. (Egypt). Soybean lecithin (Epikuron®

200 soya bean L-α phosphatidylcholine) was kindly donated by Cargill (Minneapolis, MN, Germany). Cholesterol,
Chitosan (MW: 150,000 Da), and Streptozocin were obtained from Sigma-Aldrich (St. Louis, MO, USA). Carbopol 974
NF, Triethanolamine, Propylparaben, Methylparaben, and Chloroform (HPLC grade) were supplied by El-Nasr pharma-
ceutical chemical company (Cairo, Egypt). Dialysis bags (MW cut off: 12,000 DA) were purchased from SERVAPOR
Company (Heidelberg, Germany). All other chemicals and reagents used were of analytical grade.
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Design of Experiments and Statistical Analysis
Box-Behnken design (BBD) with three-factor and three-level was used to optimize the causal variables to reduce the size
and increase the entrapment and surface charge of CT-CS-LPs formulation. The experimental design was developed and
evaluated using the Design Expert® software (Version 12.0.3.0, Stat-Ease Inc., Minneapolis, MN, USA). There have been
fourteen runs, twelve of which involve the midpoints of each edge of a tridimensional cube, two of which concern the
center point of the cube. Three independent factors were examined: the amount of lipid (mg) (X1), the concentration of
CS W/v (%) (X2), and the amount of cholesterol (mg) (X3). Vesicle size (VS), zeta potential (ZP), and entrapment
efficiency (EE) were assumed to be the response variables. The plot3D R-package in R software was used to generate 3D
response surface plots.25 As determined by the BBD, the formulation factors and components of the produced CT-CS-
LPs are listed in Tables 1 and 2. Finally, desirability was computed to find an optimum formulation.

Preparation of Citicoline-Loaded Chitosan-Coated Liposomes
The LPs utilized were developed via the thin-film hydration approach.26 Concisely, accurately weighed amounts of
soybean lecithin and cholesterol were dissolved in 10 mL of chloroform in a round-bottom flask. The organic solvent
evaporation was performed using a rotating evaporator (Stuart rotary evaporator, United Kingdom) at 50 °C to form
a thin lipid layer. The hydration of the lipid layer was established with 10 mL of phosphate buffer saline (PBS, pH 7.4)
containing 10 mg of CT for 2 h. The resulting dispersion was sonicated (Ney ultrasonic cleaner, USA) for 10 min to
produce unilamellar LPs, then kept at 4°C overnight. The CS different concentrations were made by adding the
calculated amounts to an aqueous acetic acid solution (1%, v/v). The LPs were coated with CS by dropwise addition
of liposomal suspension to CS solution (3:1) at 25°C for 2 h under stirring, and the mixture was kept overnight in the
refrigerator before characterization.

Table 1 The Box-Behnken Design Levels Utilized for CT-CS-LPs Optimization

Factor Level

−1 0 1

X1: Lipid amount (mg) 25 62.5 100

X2: CS concentration W/v (%) 0.1 0.2 0.3
X3: Cholesterol amount (mg) 5 15 25

Table 2 The Experimental Design Runs and Independent and Dependent Factors for CT-CS-LPs Formulation Based on the Box-
Behnken Design

F X1: Lipid (mg) X2: CS X3: Cholesterol
(mg)

Y1 VS (nm) Y2 ZP (mV) Y3 EE (%)

W/v (%)

1 62.5 0.1 5 85.39 ± 4.2 16.3 ± 1.2 48.3 ± 3.7

2 62.5 0.2 15 180.90 ± 6.7 21.3 ± 1.6 54.7 ± 4.1
3 25 0.1 15 93.43 ± 4.7 17.2 ± 2.7 31.1 ± 2.9

4 100 0.2 25 202.30 ± 5.2 20.7 ± 3.5 54.3 ± 3.1

5 62.5 0.3 25 229.50 ± 7.1 32.3 ± 4.8 46.4 ± 4.8
6 100 0.3 15 222.80 ± 2.8 30.0 ± 1.8 58.5 ± 5.2

7 62.5 0.2 15 189.00 ± 4.9 21.5 ± 1.1 55.9 ± 2.1

8 25 0.2 5 146.90 ± 2.1 21.7 ± 2.3 28.6 ± 3.3
9 62.5 0.3 5 210.10 ± 3.5 31.1 ± 2.6 49.2 ± 4.5

10 100 0.2 5 151.40 ± 4.7 20.1 ± 2.4 56.3 ± 5.8

11 100 0.1 15 96.28 ± 2.4 14.6 ± 1.3 57.3 ± 3.5
12 62.5 0.1 25 106.30 ± 3.2 16.7 ± 2.3 45.6 ± 2.4

13 25 0.3 15 215.90 ± 6.3 33.1 ± 3.2 33.9 ± 3.9

14 25 0.2 25 195.40 ± 5.8 22.6 ± 3.6 25.8 ± 2.1
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Characterization and Optimization of Citicoline Loaded Chitosan-Coated
Liposomes
Vesicle Diameter and Surface Charge Study
The vesicle size and the surface charge of CT-CS-LPs were determined via dynamic light scattering (DLS) approaches
(Zetasizer Nano ZS, Malvern Instruments, UK). Before analysis, the suspension of CT-CS-LPs was diluted with distilled
water (1:10) and analyzed at 25°C.27

Citicoline Entrapment Efficiency
The entrapment of CT in CT-CS-LPs was calculated indirectly by analyzing CT in the supernatant after centrifugation
and then subtracting from the quantity added during formulation. The centrifugation was established via a cooling
centrifuge (SIGMA 3-30K, Germany) for 3h (14,000 rpm, 4°C) to separate the supernatant containing free CT.28 The
concentration of CT in the supernatant was estimated spectrophotometrically (Jasco V-530, Japan) at 271 nm after
suitable dilution.

The percentage of CT entrapment was calculated using the following equation:

EE% ¼
Total amount of CT � free CT

Total amount of CT
� 100 (1)

Characterization of the Optimized Citicoline Loaded Chitosan-Coated
Liposomes
Fourier-Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FT-IR) assessed interaction between CT and the LPs matrix. CT, soybean
lecithin, cholesterol, CS, physical mixture, and optimized formula (CT-CS-LPs) were homogeneously mixed with
potassium bromide (KBr) by a mortar and pestle. After that, the mixtures were put in a hydraulic press for compression
into a thin film and fixed in a sample holder. Then, FT-IR analysis was performed in transmission mode between 4000
and 400 cm−1 using KBr film as reference.29

In vitro Release Study
In vitro release analysis was performed using the Franz permeation apparatus with cells (5-cm2 diffusion area). The
donor chamber maintained the optimized CT-CS-LPs suspension (chitosan-coated), CT-LPs suspension (chitosan-
uncoated), and CT solution (all containing amounts equal to 10 mg CT). The receptor media includes 50 milliliters
of phosphate buffer (pH 5.5) under magnetic stirring (100 rpm) at 32±0.5°C.30 A pre-soaked cellulose membrane
separated the donor chamber from the receptor one.31 One mL sample was taken from the receptor chamber and
replaced by fresh phosphate buffer (1 mL) at predetermined time intervals. The collected samples were filtered and
spectrophotometrically measured at a wavelength of 271 nm to estimate the percentage of drug release according to the
following equation:

Drug release % ¼
Qi
Qr
� 100 (2)

Qi and Qr are the amounts of drug released at t-time and the initial amount of CT, respectively.32

Analysis of Morphology and pH
Transmission electron microscopy (TEM) assessed the optimized CT-CS-LPs formulation morphology. One drop of
freshly produced CT-CS-LPs dispersion was placed on a carbon-coated grid and left at 25°C for 5 minutes. Next, 0.1 mL
of phosphotungstic acid (1%, w/v) was added to the grid as a negative stain, left for 2 min for adequate staining
absorption, and filtered out via filter paper. TEM (Jeol, Tokyo, Japan) examines the formulation at 80 kV.28 The pH of the
optimized CT-CS-LPs formulation was assessed via a calibrated pH meter (Jenway, UK).
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Stability Study
The optimized CT-CS-LPs formulation was stored at 4°C in a glass container for three months. The samples from the
optimum formulation were collected and tested for vesicle diameter and entrapment after 0, 30, 60, and 90 days of
storage.33

Formulation of Transdermal Based Gel
The optimized CT-CS-LPs, CS-LPs (empty nanovesicles), and free CT solution were combined with Carbopol polymer
to create a gel, as previously described.33 First, 2% Carbopol 974 NF (w/w) and preservatives (0.1% methylparaben and
0.01% propylparaben) were sprinkled into water and agitated for 3 hrs. Next, CT-CS-LPs, CS-LPs, and free CT solution
were added to the gel base and stirred for 1 h. The pH of the prepared gels was adjusted to 6.0±0.05 using
triethanolamine to obtain a suitable strength for topical application. The CT concentration in CT-CS-LPs and free CT
gels was equivalent to 1% w/w. All gels were tested for homogeneity, spreadability, transparency, and appropriate
rheological properties. Previously, we examined the characterization of the produced gels.34

In vivo Evaluation in a Diabetic Rat Model
Twenty-four Wistar rats (170–210 g) were used following the approval of the Local Institutional Animal Ethics
Committee at Beni-Suef University (Acceptance No: 021-212) and conducted according to the Guide for the Care and
Use of Laboratory Animals published in 2011 by the United States National Academy of Sciences. Following acclima-
tion, the animals were housed in propylene cages at 25°C. The rats were given standard feed and had unrestricted access
to water. For fifteen days before diabetes mellitus induction, the animals were administered fructose solution (10%) ad
libitum.35 Then, the rats returned to get unlimited water.

Induction of Diabetes Mellitus in Animals
Before the induction of diabetes mellitus, all animals fasted for a day, a period of decreased mobility and stress.
Streptozocin was dissolved in citrate buffer with pH 4.4 to obtain 20 mg/mL and then filtered through a 0.2-µm Millipore
filter (Whatman Ltd, Springfield Mill, UK). Each animal received streptozocin with a dose of 50 mg/kg intraperitoneally.
Blood was collected from the tail veins of the rats after 72 hrs to test for diabetes induction after streptozocin injection,
and glucose levels were measured using a commercial glucometer (GlucoDr®). The animal with a blood glucose level of
more than 200 mg/dL was considered diabetic,36,37 and the following symptoms supported the diagnosis: polyphagia,
polyuria, and polydipsia.35 Correa et al38 explain how the wound is created. The rats were anesthetized with 5 mg/kg
xylazine and 90 mg/kg ketamine intraperitoneally. The dorsal area has been shaved and disinfected with 70% ethyl
alcohol. Next, circular wounds were made using a 10 mm diameter sterile biopsy punch, and the skin and subcutaneous
tissue were detached.

Application of Treatments
Diabetic rats were divided into four main groups (n = 6): group Awas untreated and considered as a control group; group
B was treated with CS-LPs gel (without CT); group C was treated with free CT gel, and group D was treated with
optimized CT-CS-LPs gel.

The wound treatment began on the day the injury occurred (day 0) and continued once daily (12 pm) for fourteen
consecutive days. The wounds were cleansed with sterile gauze soaked in 0.9% NaCl sterile solution before applying the
treatments (1 gm gel) above them. The scars remained exposed throughout the experiment.

Macroscopic Analysis
The wound area was measured with a transparent millimeter scale in the excised model, and digital pictures were
obtained on days 0, 3, 6, 9, 12, and 14. The wound area measurements were used as an estimated parameter.36,39

The percent of wound healing was calculated using the following equation:
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Wound closure rate %ð Þ ¼
initial size of the wound � reported wound area after tdaysð Þ

intial size of the wound
X 100

Microscopic Analysis
On days 3, 7, and 14 of the experiment, the entire wounds with their edges were excised from all the studied groups,
fixed in formalin (10%) immediately for 48 h, then processed by the routine paraffin technique, and the stains that
detailed by the method published by Suvarna et al were performed.40

Histopathological Examination by Hematoxylin and Eosin Stain
In this general staining technique, the paraffinized wound sections were stained with hematoxylin and eosin (H&E) stain
for the general examination. The length of the wound gap and the thickness of granulation tissue were measured in
wound sections stained with H&E (X40, par 500 µm). Also, the degree of necrosis, granulation tissue, epithelization,
connective tissue remodeling, inflammatory cell infiltration, edema, and angiogenesis was assessed in wound sections
stained with H&E (X100, par 200 µm).22

Histopathological Examination by Crossman’s Trichrome and Picrosirius Red Stains
For this special staining technique, the paraffinized wound sections were stained with Crossman’s trichrome stain for
total collagen fiber identification and Picrosirius red stain (bright-field view and polarized-field view) for mature and
immature collagen fiber differentiation. The percent area of collagen fiber was quantified in wound sections X100, par
200 µm in Crossman’s trichrome and Picrosirius red (bright-field view) stains, and X200 par 100 µm in Picrosirius red
(polarized-field view) stain.38

Immunohistochemistry Study
In the immunohistochemical technique, the paraffinized wound sections were stained with VEGF rabbit polyclonal
antibody (Cat. # RB-222-R7, Thermo Scientific Company). The positive area of VEGF gene expression was evaluated in
wound sections X200, par 100 µm.

All stained slides were examined by light microscope and captured with LEICA (DFC290 HD system digital camera,
Switzerland), except the Picrosirius red polarized field view was examined and photographed by Olympus BX-53P
polarizing microscope.41 All evaluations were achieved by applying image-j analysis software 1.52a.

Statistical Analysis
Each experiment was conducted in triplicates, and the results are given as mean ± standard deviation. A one-way
ANOVA with a Tukey post hoc test was used to assess significant differences between studied groups. The microscopic
analysis was evaluated using SPSS software (version 22, USA). A mixed ANOVA followed by a Bonferroni post-test
was employed to distinguish between groups in the microscopic examination. The results were considered significant
when the P-value was less than 0.05.

Results and Discussion
Formulation of Citicoline Loaded Chitosan-Coated Liposomes
Preliminary tests were conducted to determine the impact of various factors on the CT-CS-LPs formulation, including an
organic solvent, hydration medium, drug amount, and sonication time. The main objective is to achieve an appropriate size
and high entrapment; therefore, all aspects were regarded. Indeed, to improve the entrapment and stability of LPs vesicles,
cholesterol-integrated lecithin was used42–44 The following conditions were preferred for CT-CS-LPs formulation: 10 mg CT,
PBS with pH 7.4 as a hydration medium, 2 h of hydration, 10 min of sonication, and chloroform as an organic solvent.
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Design of Experiments and Statistical Analysis
The models adequately described the variability in the estimated findings (Tables S1 and S2), as shown by the
insignificant lack of fit. Visual examination of the model diagnostic plots (Figures S1–S3 in supplemental materials)
shows a decent fit to the data without obvious residual error patterns, with most residual errors following a normal
distribution. The relationship between independent and dependent factors is depicted in Figure 1, and each plot denotes
the effect of two independent variables while the third remains constant.

Figure 1 3D response surface plots for the effects of independent variables (lipid amount, CS concentration, and cholesterol amount) on response variables: (A–C) (effect
on vesicle size (VS), (D–F) (effect on entrapment efficiency (EE (%)), and (G–I) (effect on zeta potential (ZP)) of CT-CS-LPs formulations.
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The Impact of Independent Factors on Vesicle Size
As shown in Table 2, the mean diameter of formed CT-CS-LPs vesicles ranged between 85.39 and 229.5 nm. When the
VS data were analyzed using ANOVA, the reduced cubic model was found to be appropriate. Additionally, the ANOVA
analysis indicates that the effect of CS concentration and cholesterol amount on VS of CT-CS-LPs was very significant
(p<0.05). The resulting equation concerning coded values was as follows:

VS ¼ 180:85þ 2:64:X1 þ 62:11:X2 þ 10:07:X3 þ 0:6X1X3 � 4:8X 2
1 � 20:99x22 þ 14X 2

1X3

As illustrated in Figure 1A–C, there is a considerable rise in VS in response to increased CS concentration. This
observation is due to the covering of LPs with CS26 and the swelling of CS in the presence of water.45 In addition, the
rise in cholesterol amount is associated with a slight increase in VS. The observed increase in VS may be due to more
cholesterol molecules being dispersed in the phospholipid bilayer.46 Unexpectedly, there is no significant increase in VS
when increasing the lipid concentration. These findings are similar to those of Xu et al, who reported that lipid content
had a negligible effect on VS.47

The Impact of Independent Factors on Zeta Potential
As shown in Table 2, the ZP of formed CT-CS-LPs vesicles ranged between 14.6 and 33.1 mV. When the ZP data were
analyzed using ANOVA, the reduced quadratic model was found to be appropriate. Additionally, the ANOVA analysis
indicates that the effect of lipid amount, CS concentration, and cholesterol amount on ZP of CT-CS-LPs was very
significant (p < 0.05). The resulting equation concerning coded values was as follows:

ZP ¼ 21:32 � 1:15:X1 þ 7:71:X2 þ 0:388:X3 þ 2:596:x22

The surface charge of CT-CS-LPs was positive due to the CS amine group, making it bioadhesive to negatively charged
LPs surfaces and imposing an overall positive charge. As depicted in Figure 1D–F, The ZP of 16.2 mV was increased to
21.3 mV when CS increased from 0.1 to 0.2%. The magnitude of the ZP was raised further to an average of 32.1 mV
when the CS was increased to 0.3%. These results were ascribed to a rise in amino acid content, which provided an
additional positive charge to LPs, thus increasing their stability in solution.26

The Impact of Independent Factors on Entrapment Efficiency
(Table 2) shows that the EE of formed CT-CS-LPs ranged between 25.8 and 58.5%. ANOVA shows the appropriateness
of the reduced quadratic model in the collected EE data. Additionally, the ANOVA analysis of the obtained EE reveals
a very significant effect of lipid and cholesterol on the CT-CS-LPs entrapment (p < 0.05). The resulting equation
concerning coded values was as follows:

EE% ¼ 55:3 � 13:38:X1 þ 0:71:X2 � 1:29:X3 � 8:11X 2
1 � 1:99:X 2

2 � 5:94X 2
3

The highest entrapment was achieved with lipid content of about 85 mg (Figure 1G and H); increasing the lipid levels
increased the entrapment proportionately due to the bigger vesicle size and, therefore, the higher internal drug
encapsulation amount. However, increasing the lipid content to > 85 mg had little effect on drug encapsulation since
the viscosity increased and the extruder retained a small portion of the formulation. As a result, it was determined that
increasing lipid loading had a detrimental effect on encapsulation.47

As illustrated in (Figure 1H and I), raising the cholesterol level from 5 to 15 mg increases the entrapment. Once
cholesterol levels reach 15 mg, each subsequent rise results in a further decrease in encapsulation. Cholesterol decreases
the rotational flexibility of phospholipid hydrocarbon chains, thus decreasing hydrophilic molecule loss and stabilizing
the lipid bilayer.48,49 Hydrophilic molecule entrapment is proportional to the quantity of aqueous phase generated during
formulation, and the presence of cholesterol in the LPs may change the width of the vesicle, thus decreasing entrapment.
When cholesterol levels reach a certain level, entrapment reduces as the volume of internal LPs decreases.49,50 The
concentration of CS has a negligible effect (> 0.05) on the entrapment.
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Formulation Optimization
Following the imposition of constraints on VS, ZP, and EE, the Design Expert® program suggested the formulation of
optimum CT-CS-LPs with a total desirability of 0.57. Table 3 summarizes the components of the optimal formula. The
optimal formulation variables are anticipated to be 100 mg of lipid, 0.3% of CS, and 5 mg of cholesterol. The
corresponding optimum response variables are VS of 194.4 nm, ZP of 30.1 mV, and EE of 54.6% (Table 3). As
illustrated in Table 3, Our models accurately predicted the characteristics of the optimum CT-CS-LPs (prediction errors
< 9%).

Characterization of the Optimized Citicoline-Loaded Chitosan-Coated
Liposomes
Fourier-Transform Infrared Spectroscopy
Interaction (presented as bond formation or peak disappearance) between CT and LPs components was verified using the
FT-IR tool (Figure S4 in the supplemental file). The CT spectrum showed characteristic peaks at 3423 cm−1 (amine group
present in pyrimidine ring), 1654 cm−1 (Stretching of RCOR’ in pyrimidine ring), 1240 cm−1 (Stretching of C-N in
tertiary amine), and 1078 cm−1 (Stretching of C-O in tetrahydrofuran).51 The cholesterol spectrum showed an intense
peak at 3419 cm−1 (O-H stretching), a distinct peak was observed at 2941 cm−1 (CH2 symmetric stretching vibration),
and a peak at 1459 cm−1 (double bond was present in the cholesterol second ring).52 Lecithin showed an absorption band
at 2926 cm−1 (carboxylic acid group).52 CS showed a characteristic peak at 3426 cm−1 (OH stretching vibration), whereas
the peaks at 2921 and 1427 cm−1 are attributed to C-H and CH2-OH vibration.52 The CT-CS-LPs spectra were
characterized by the absence of CT characteristic peaks, indicating that CT molecules were embedded in the lipid matrix.

In vitro Release Study
The CT-CS-LPs had a significantly different release profile than the CT-LPs and CT solution (Figure 2, p < 0.05). CT
solution released a cumulative quantity of 94.4% after 1 h, whereas CT-LPs and CT-CS-LPs released 98.6% and 93.5%,
respectively, after 7 h. These findings indicated that the rate of CT release from both uncoated and coated LPs was much
lower than the rate of CT release from the CT solution. As predicted, CS had a significant effect on the drug release
characteristics of LPs. Coating LPs with CS reduced the proportion of drug released as compared to uncoated LPs. These
findings are consistent with those of Nguyen et al.53 In addition, CT-CS-LPs displayed delayed drug release for 8 h.

Analysis of Morphology and pH
TEM was used to visualize the morphological characterization of the optimized CT-CS-LPs formulation (Figure 3). The
analysis revealed that the majority of liposomal suspension vesicles scattered well and were spherical. Moreover, the CS
coating has no negative impact on the microstructure of liposomal vesicles. Notably, a very thin-coated layer covering the
membrane surface reveals the core-shell structure. However, the size analysis by TEM often differs from DLS, which is
ascribed to issues related to the high vacuum conditions used in TEM, and the hydrodynamic and electrokinetic effects in
DLS measurements.54,55 Moreover, TEM techniques analyze individual particles, while DLS analyzes the size of an
assembly of particles (about 1011), and fitting the data yields the observed sample average size.56 The optimized CT-CS-
LPs had a pH of 5.71.

Table 3 The Optimized CT-CS-LPs Formulation Composition, Laboratory Recorded and Model-Predicted Values

Independent Variables Optimal Value Response Variables Predicted Value Recorded Value Prediction Error*

X1: Lipid (mg) 100 VS (nm) 194.4 211.6 8.1%
X2: CS concentration W/v (%) 0.3 ZP (mV) 30.1 32.1 6.2%

X3: Cholesterol (mg) 5 EE% 54.6 50.7 7.7%

Note: *Computed as (recorded value-predicted value)/recorded value*100.
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Figure 2 The optimized CT-CS-LPs and CT solution in vitro release profiles.

Figure 3 The TEM image of the optimized CT-CS-LPs formulation.
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Figure 4 The size and entrapment of the optimized CT-CS-LPs formulation after 90 days of storage.

Figure 5 Photographs of wound healing were taken on the 0th, 3rd, 6th, 9th, 12th, and 14th days in different diabetic rats in; control (untreated), chitosan-coated liposomes
without citicoline (CS-LPs), free citicoline (free CT), and optimized citicoline chitosan-coated liposomes (CT-CS-LPs) groups.
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Stability Study
As shown in Figure 4, the optimized CT-CS-LPs exhibited minor changes in VS (size increased from 211.6±4.23 nm to
228.4±3.72 nm) and EE (entrapment reduced from 50.7±3.66% to 45.3 ±5.54%) during the three months. These

Figure 6 Percent area of wound healing in treated diabetic rats on the 3rd, 6th, 9th, 12th, and 14th days after wound creation in; control (untreated), chitosan-coated
liposomes without citicoline (CS-LPs), free citicoline (free CT), and optimized citicoline chitosan-coated liposomes (CT-CS-LPs) groups.

Figure 7 Microscopic evaluation of the healing process in the skin wound sections in the diabetic rats of all studied groups showing: (A) the wound gap length (µm), using
sections stained with H&E. X40. (B) The granulation tissue thickness (µm), using sections stained with H&E. X40. (C) The percent area of the total collagen fibers, using
sections stained with Crossman’s trichrome stain X100. (D) The percent area of the total collagen fibers, using sections stained with Picrosirius red stain (bright-field View)
X100. (E) The percent area of the mature collagen fibers, using sections stained with Picrosirius red stain (polarized-field view) X200. (F) The relative percent area of VEGF
immunoexpression, using sections stained with VEGF Antibody X400. (A) illustrates a significant variation when compared to the control group, (B) illustrates a significant
variation when compared to CS-LPs group, and c illustrates a significant variation when compared to free citicoline group.
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differences were considered negligible (p >0.05 in one-way ANOVA). The high surface charge (+32.1 mV) of optimized
CT-CS-LPs may account for their stability. Stable formulations typically have a surface charge greater than or equal 30
mV (absolute value).51,52

Figure 8 Representative photomicrographs of skin sections (H&E stain) from all studied groups on the 3rd, 7th, and 14th days post wound creation showing; Control (A1–
A6), CS-LPs (B1–B6), Free CT (C1–C6), and CT-CS-LPs (D1–D6) groups. Notice: inflammatory cells (thin arrows), fibroblast (thick arrows), congested blood vessels (*),
microvessels (arrow heads), scab (S), blood arterioles (zigzagged arrows), the regenerated epidermis (E), collagen bundles (C), hair follicles (F) and sebaceous gland (G).
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In vivo Evaluation in a Diabetic Rat Model
Macroscopic Analysis
The progression and macroscopic features of the wounds are shown in Figures 5 and 6, demonstrating accelerated wound
closure in rats treated with CS-LPs, Free CT, and CT-CS-LPs. Figure 5 shows the images of the most representative rat
from each treatment group. The wounds of all groups remained open until the 12th day, except for the CT-CS-LPs group.
When comparing the CT-CS-LPs group to the control, CS-LPs, and free CT groups on day 14, the CT-CS-LPs group
exhibited a significant wound area reduction (Figure 6). This clearly illustrates that the coexistence of the two
components, CS and CT, promotes the wound healing process, leading to the group (D) receiving CT-CS-LPs having
a greater wound closure rate than the other groups. Besides, studies have shown that these two components may help
speed up the healing process of wounds.57–62

Microscopic Analysis
Histopathological Examination by Hematoxylin and Eosin Stain
The wound gap length was measured through an H&E stain. It is significantly different between all studied groups
(P≤0.05, Figure 7A). On all days, the contraction of wound edges was more rapid in free CT and CT-CS-LPs groups than
in the others. The regeneration of keratinocytes was required for wound re-epithelialization and differentiation.63 It was
noted that, on day 7, the re-epithelization occurred rapidly under the scab (Figure 8c3 and d3), and by day 14, there was

Table 4 Semi-Quantitative Scoring of the Healing Process in Diabetic Rats of the Different Studied Groups Using
Sections Stained with H&E X100

Control CS-LPs Free CT CT-CS-LPs

Day 3

Angiogenesis -/-/+ + ++ +++

Inflammatory cells infiltration ++++ +++ +++ ++/+++

Edema +++ +++ +++ ++
Connective tissue remodeling -/+ + + +/++

Granulation tissue -/+ + +/++ ++

Epithelization - + + ++
Necrosis ++++ +++ +++ ++

Day 7

Angiogenesis + ++ +++ ++++

Inflammatory cells infiltration +++ ++ ++ +/++
Edema ++ ++ +/++ +

Connective tissue remodeling + ++ +++ +++

Granulation tissue + ++ ++/+++ +++
Epithelization + ++ ++ +++

Necrosis +++ ++ ++ +

Day 14

Angiogenesis ++ ++ ++ +++
Inflammatory cells infiltration ++ +/++ + -/+

Edema + -/+ - -

Connective tissue remodeling ++ +++ ++++ ++++
Granulation tissue ++ +++ ++++ ++++

Epithelization ++ +++/++++ ++++ ++++

Necrosis ++ + - -

Note: Absence (-), minimal degree (-/+), mild degree (+), moderate degree (++), marked focal degree (+++) and marked diffuse degree (++++).
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Figure 9 Photomicrographs of skin sections from all studied groups on the 3rd, 7th, and 14th days post wound creation, showing the total collagen fibers appeared green by
Crossman’s trichrome stain and red by Picrosirius red stain (bright-field view); control (A1–A6), CS-LPs (B1–B6), Free CT (C1–C6) and CT-CS-LPs (D1–D6) groups.
Notes: In all examination days, the highest quantity of collagen fibers appeared in the CT-CS-LPs group. X100. Fibers were appeared in the form of organized thick bundles
filling the dermis on day 14 in Free CT and CT-CS-LPs groups, while in the Control and CS-LPs groups appeared as fine fibers together with thinly distributed bundles.
Abbreviations: CMT, Crossman’s trichrome; PR (BV), Picrosirius red stain (Bright-field view).
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complete epidermal formation with keratinization and gap closure in free CT and CT-CS-LPs groups (Figure 8c5 and d5)
compared to the others.

Concerning the granulation tissue thickness, it was noticed that there was a significant difference between all the
studied groups, P ≤ 0.05 (Figure 7B). The thickness of the newly formed tissues in the free CT and CT-CS-LPs groups
was significantly increased due to more regenerated fibroblast, connective tissue, and micro-vessels (Figure 8 and 7B,
and Table 4). By day 14, the granulation tissue appeared thicker in the CT-CS-LPs group because of the complete
formation of dermal constituents, including hair follicles and sebaceous glands (Figure 8d5 and d6).

General scoring of different pathological lesions that appeared in the regenerated tissues was assessed via H&E stain
regarding the published scoring system.22 According to Figure 8 and Table 4, necrosis, edema, and inflammatory cell
infiltration were increased in the control group compared to the CT-CS-LPs group. While re-epithelization, connective
tissue remodeling, and angiogenesis were significantly increased in the CT-CS-LPs group compared to the control group.
Therefore, treatment with CT-CS-LPs enhances the wound healing process by reducing inflammation, accelerating re-
epithelization, connective tissue remodeling, and angiogenesis.

Crossman’s Trichrome and Picrosirius Red (Bright-Field View) Stain
Crossman’s trichrome and Picrosirius red (Bright-field View) stains were used to identify and quantify the area
percentage of the total collagen fibers in the regenerated dermis (Figure 7C, D and Figure 9). The collagen fibers
appeared green with Crossman’s trichrome stain and red with Picrosirius red (Bright-field View) stain. The quantity of
the total fibers was significantly different between all the studied groups, P ≤ 0.05 (Figure 7C and D).

On day 3, the collagen fiber appeared as thin fine fibers, while on day 7, they appeared as condensed randomly
distributed fibers. By day 14, the fibers appeared in the form of organized short thick bundles filling the dermis and also
surrounding the regenerated arterioles in the free CT and CT-CS-LPs groups (Figure 9c5 and c6 and Figure 9d5 and d6),

Figure 10 Photomicrographs of skin sections from all studied groups stained with Picrosirius red stain (polarized-field view), on the 3rd, 7th, and 14th days post wound
creation showing: control (A1–A3), CS-LPs (B1–B3), Free CT (C1–C3) and CT-CS-LPs (D1–D3) groups. The shiny red fibers were the mature collagen, while the
immature appeared light green.
Notes: On all days, the CT-CS-LPs group showed the highest quantity of mature collagen fibers, which by day 14 appeared as thick organized parallel bundles (d3). But in the
Free CT group appeared as thick randomly distributed bundles (c3) while appearing as short thin organized bundles in control and CS-LPs groups (a3 and b3). X200.
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Figure 11 Vascular Endothelial Growth Factor (VEGF) immunohistochemistry photomicrographs from all studied groups on the 3rd, 7th, and 14th days post wound
creation, showing: control group with minimal VEGF immunoexpression (A1–A6). CS-LPs group with mild VEGF immunoexpression (B1–B6). Free CT group with
moderate VEGF immunoexpression (C1–C6). CT-CS-LPs group with strong VEGF immunoexpression (D1–D6).
Notes: VEGF immunoexpression in the granulation tissues; within the inflammatory cells (thin arrows), within the endothelial cells of microvessels (arrow heads), within the
fibroblasts (thick arrows), within the epidermis (zigzagged arrows), within the hair follicles (curved arrows), and within the sebaceous gland (*). X400.
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while in the control and CS-LPs groups, appeared as fine fiber together with thinly randomly distributed bundles,
(Figure 9a5 and a6). On all days, the highest quantity of collagen fiber appeared in the CT-CS-LPs group compared to the
other groups.

Picrosirius Red (Polarized-Field View) Stain
The Picrosirius red (Polarized-field View) stain was used for identification and differentiation between the immature
(type III) and mature (type I) collagen fiber and quantification of the area percentage of the mature one (Figure 7E and
Figure 10). The mature collagen appeared shiny red, but the immature one seemed green polarized fibers. The
organization and quantity of the mature fibers were significantly different between all studied groups, P ≤ 0.05
(Figure 7F). The highest percentage of mature collagen fibers was presented in the CT-CS-LPs group on all days.
By day 14, it appeared as thin organized randomly distributed short bundles in the Control and CS-LPs groups, but more
condensed in the latter group (Figure 10a3 and b3), while it appeared as thick organized parallel bundles in the Free CT
and CT-CS-LPs groups (Figure 10c3 and d3).

Immunohistochemistry Study
Representative skin wound sections presented in Figure 7F and Figure 11 revealed the difference between groups in the
reaction intensity and the area percentage of VEGF immune-expression. The VEGF gene expression area percentage was
significantly different between all studied groups, P ≤ 0.05 (Figure 7F). Angiogenesis is a key process for granulation
tissue maintenance, thus enhancing wound healing. It was induced by several angiogenic factors, including VEGF.64,65

VEGF immune expression is increased by the thickening of granulated tissues. On day 3, it appeared within the
inflammatory cells and fibroblasts of all the studied groups, in addition to the endothelial cells of new micro-vessels
except in the control group (Figure 11a2–d2).

Both the Free CT and CT-CS-LPs groups showed cytoplasmic immunoreaction of VEGF within the regenerated
keratinocytes of the epithelial covering by day 7 (Figure 11c3 and d3). By day 14, the positive immunoreactive cells
appeared within the regenerated epidermis of all studied groups (Figure 11a5–d5),66 while also appearing within the hair
follicles (internal and external root sheaths) and the sebaceous glands in the Free CT and CT-CS-LPs groups only
(Figure 11c5 and d5). At all stages of healing, the treatment with CT-CS-LPs showed significantly higher VEGF
immunoreaction than control and the other treatments due to more induction of micro-vessels and fibroblast formation
as well as improved epithelialization.22

Conclusion
This is the first research to demonstrate the efficacy of chitosan-coated liposomes containing citicoline as a new
treatment for wound healing in a diabetic rat model. The formulated CT-CS-LPs exhibited sustained sustained-release
behavior and high stability. Moreover, the in vivo assessments revealed that CT-CS-LPs promote the healing process in
diabetic rats. However, the therapeutic effectiveness of the suggested approach in diabetic patients needs to be
investigated.
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