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Abstract 

Background: A surgical wound is an incision made by a surgeon. Slow surgical wound healing may lead to chronic 
wounds which may be a potential health problem. The aim of this study is to formulate curcumin‑loaded liposomes 
in lysine–collagen hydrogel for enhancing surgical wound healing. Curcumin‑loaded liposomes were prepared using 
thin‑film hydration method. The liposomal formulation was characterized by analysing its size, morphology, encap‑
sulation efficiency, and in vitro release. The hydrogel base was prepared, and then, curcumin‑loaded liposomes were 
infused to give formulation (F1). Curcumin‑loaded liposomes were infused into the hydrogel base after which lysine 
and collagen were incorporated to give (F2), while (F3) comprised lysine and collagen incorporated in hydrogel base. 
All formulations were characterized by evaluation of the safety, stability, swelling index, pH, rheological properties, 
and in vivo wound healing assay. Histology and histomorphometry of tissue samples of wound area treated with 
formulations F1, F2, and F3 and the control, respectively, were examined.

Results: Curcumin‑loaded liposomes were 5–10 µm in size, and the values for encapsulation efficiency and flux of 
the loaded liposomes are 99.934% and 51.229 µg/cm2/h, respectively. Formulations F1, F2, and F3 had a pH of 5.8. F1 
had the highest viscosity, while F2 had the highest swelling index indications for efficient sustained release of drug 
from the formulation. The in vivo wound healing evaluation showed that curcumin‑loaded liposomes in lysine–col‑
lagen hydrogel had the highest percentage wound contraction at 79.25% by day three post‑surgical operation. His‑
tological evaluation reflected a normal physiological structure of the layers of the epidermis and dermis after surgical 
wound healing in tissue samples from wound areas treated with formulations F1 and F2. The histomorphometrical 
values show highest percentage of collagen, lowest inflammatory rates, highest presence of microvessels, and re‑
epithelization rates at wound site in wounds treated with formulation F2 (curcumin‑loaded liposomes in lysine–col‑
lagen hydrogel).

Conclusion: Curcumin‑loaded liposomes in lysine–collagen hydrogel was found to be the most effective of the 
three formulations in promoting wound healing. Hence, this formulation can serve as a prototype for further develop‑
ment and has great potential as a smart wound dressing for the treatment of surgical wounds.
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1  Background
Surgical wounds heal by primary intention; however, 
the longer the process of wound healing, the higher the 
chances of the wound becoming chronic. Slow surgi-
cal wound healing may lead to chronic wounds which is 
a potential health problem. The overall outcome of an 
elective or emergency surgery may be affected by slow 
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surgical wound healing in healthy or immune-compro-
mised patients [1]. Factors that slow down wound heal-
ing include, disease conditions, smoking, alcoholism, 
and nutritional deficiencies. These factors contribute to 
the hindering of physiological and biochemical processes 
that are important for the advancement of wound heal-
ing. Wound dressing techniques have been researched 
with the aim of tackling the issue of poor surgical wound 
healing. The National Institute for Healthcare Excellence 
(NICE) defined an ideal dressing as one that allows for a 
conducive environment for wound healing through mois-
ture control, minimizing exposure of the wound, and 
enhancing absorption of medicament [2]. Modern new 
generation dressings like films, foams, hydrocolloids, 
and hydrogels may fit this description, but only to some 
extent [3].

Hydrogels are three-dimensional networks which are 
made up of polymeric chains that are hydrophilic in 
nature, these colloidal systems serve as a barrier to pro-
tect wounds from sepsis, and they function to provide 
an ideal environment for tissue regeneration through 
scaffolding. Their ability to absorb water is attributed 
to their polymeric chains and structural matrix which 
mimic the body’s structural tissue component and extra-
cellular matrix, on a molecular level [4]. Hydrogels play 
a pivotal role in the transition towards smart wound 
dressings by allowing tissue regenerative strategies 
through its three-dimensional structures which act as 
a framework for tissue regeneration [5]. The hydrogel’s 
structure helps to limit exposure of the wound, regulate 
moisture at the wound bed, and house bioactive materi-
als and medicaments. Hydrogels offer protection of the 
wound from infections through coverage and absorp-
tion of wound exudates [6]. Hydrogels are biocompatible 
and biodegradable, they are of incredibly low cytotoxic-
ity, and these properties make them a very vital part of 
the second-generation wound dressings for wound heal-
ing. A step further would involve incorporating an active 
medicament within the hydrogel matrix. The structural 
framework of the hydrogel which accommodates the bio-
active molecules plays a vital role in the process of wound 
healing [7].

Currently, in the process of wound healing, unremit-
ting accumulation of free radicals has been suggested as 
one of the primary reasons for continuous stimulation of 
the inflammatory system, leading to delayed wound heal-
ing. Other factors that may slow wound healing include 
the lack of collagen deposition and lysine deficiency. 
Proper control of free radical accumulation at the wound 
site, sufficient deposition of collagen, and adequate sys-
temic levels of lysine could be key to an ideal microen-
vironment for healthy wound healing. The design and 
fabrication of curcumin-loaded liposomes infused in 

lysine–collagen hydrogel as bioactive dressing pro-
poses an ideal environment for proper wound healing. It 
introduces the concept of the smart wound dressing by 
embedding bioactive molecules in a system (hydrogel) 
that already demonstrates core functions of conventional 
dressings, thereby taking advantage of the synergetic 
effect gained from developing a formulation containing 
curcumin, lysine, and collagen [8].

Curcumin is a natural polyphenol found in the rhi-
zome of Curcuma Longa (Turmeric). It is also known as 
diferuloyl methane. It is the main curcumoid present in 
turmeric and is responsible for its yellow colour. Cur-
cumin has been shown to possess relevant wound healing 
properties, as it enhances granulation tissue formation, 
collagen deposition, tissue remodelling, and wound con-
traction. In a study by Emiroglu et al., the effects of cur-
cumin on the wound healing of rat models were studied 
and it was observed that in rats treated with curcumin 
there was reduced inflammation at the later stages of 
angiogenesis and overall, there was accelerated wound 
healing [9]. Liposomes are spherical vesicles with bilipid 
layers, and they can encapsulate both lipophilic and 
hydrophilic drugs and hence their suitability as an ideal 
drug delivery system for curcumin. To enhance liposomal 
stability, liposomes are infused in hydrogel. The major 
reason for infusion of liposomes into a lysine–collagen 
hydrogel is to control the release of curcumin and to sta-
bilize the liposomal bilayer structure by the creation of a 
protective film around surface of the liposomal vesicles. 
Liposomes infused in lysine–collagen hydrogel poten-
tially serve as an excellent carrier for curcumin as this 
improves the solubility, sustained release property, and 
dermal contact time at the surgical wound site [10].

Figure  1 shows the structural mechanisms of wound 
healing resulting from curcumin, collagen, and lysine. 
Lysine is an essential cationic amino acid that must be 
available in sufficient amount in the body; however, it is 
not synthesized by the body. Lysine influences a com-
position of cellular and molecular processes aimed at 
restoring and remodelling the original architecture of 
damaged tissues. In a study by Amato et al., Hyaluronan/
Poly-L-lysine/Berberine nanogel was formulated and its 
affinity for enhancing wound healing was evaluated using 
in vitro wound healing assessment. It was found that 
wound contraction rate at the wound site was higher in 
the developed formulation containing lysine compared 
to the control formulation [14]. Collagen is a structurally 
and functionally vital protein in the extracellular matrix. 
The main function of collagen is to act as a scaffold in 
the connective tissue. Collagen deposition and remodel-
ling contribute to the increase in tensile strength of the 
wound during healing. In chronic wounds, impaired col-
lagen synthesis leads to poor tissue scar formation. The 
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presence of collagen increases fibroblast production and 
aids the uptake of fibronectin and the maintenance of 
the chemical and thermostatic microenvironment of the 
wound. Collagen plays a pivotal role in wound healing 
and tissue engineering because of its low antigenicity and 
inherent biocompatibility with most endogenous tissues 
[15].

The aim of the study is to fabricate curcumin-loaded 
liposomes infused in lysine–collagen hydrogel for the 
management of surgical wounds. This study proposes a 
bioactive, functional, and smart formulation that offers 
100% support to the biochemical, and pathophysiologi-
cal shortcomings of slow wound healing by ensuring that 
the journey to regeneration proceeds through every stage 

within the expected time phase, in the right order. Suc-
cessful fabrication of this functional bioactive formula-
tion will improve healing, and improvement is associated 
with enhanced vascularization, regulation, and preven-
tion from wound infection. This study will also bridge 
the gap existing in the field of wound healing due to a 
lack in the presence of ideal formulations for enhancing 
surgical wound healing as well as preventing manifesta-
tion of the chronic state. The entire system of this devel-
oped formulation is designed with the intent of actively 
encouraging biological wound healing processes through 
the sustained release of a combination of medicaments 
(curcumin, lysine, and collagen) that act on a molecular 
and cellular level to upgrade biochemical pathways and 

Fig. 1 Structural mechanisms of wound healing resulting from curcumin, collagen, and lysine [11–13]
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cues, thereby promoting prompt and timely wound heal-
ing [16].

2  Methods
2.1  Materials
The following materials were used: Curcumin (Sigma-
Aldrich Co., St. Louis®, MO, USA), Phosphatidylcholine 
(Sigma-Aldrich Co., St. Louis®, MO, USA), Methanol 
(Merck, Darmstadt, Germany), Phosphate buffer (Loba 
Chemie, Colaba, Mumbai, India), 1% Cremophor (RH 
40) (Macklin Biochemical, Shanghai, China), Alloxan 
(Merck, Germany), Urethane (Sigma-Aldrich Co., St. 
Louis®, MO, USA), Carbopol Ultrez (Surfachem, U.K), 
Deionised water, Lysine (Sigma-Aldrich Co., St. Louis®, 
MO, USA), Collagen (Neocell, USA).

2.2  Preparation of curcumin‑loaded liposomes
Liposomes were prepared using the thin lipid film hydra-
tion method [17]. Exactly 100 mg of phosphatidylcholine 
was weighed and transferred into 25 ml of methanol and 
allowed to dissolve, while 435 mg of curcumin was then 
weighed and added to the mixture. The mixture was dried 
using a rotary evaporator to give a thin lipid film which 
was then hydrated with 25  ml of phosphate buffer (pH 
7.4). Afterwards, sonication commenced for 15 min, and 
then, the liposomal formulation was vortexed for 10 min. 
Liposomes were stored in the refrigerator at 2–8 °C [18].

2.3  Characterization of curcumin‑loaded liposomes
2.3.1  Scanning electron microscopy of curcumin‑loaded 

liposomes
Scanning electron microscopy (SEM) was utilized to 
characterize the size, morphology, and structure of the 
liposome [19].

2.3.2  Encapsulation efficiency
The ultracentrifugation method was employed to deter-
mine the entrapment efficiency. Exactly 1 ml of liposomal 
suspension was transferred into a centrifuge tube and 
sealed with a screw cap. The samples were centrifuged 
at 30,000 rpm for 10 min at room temperature, and the 
supernatants were used to ascertain the concentration of 
non-encapsulated curcumin. The concentration of cur-
cumin was obtained using UV–visible spectrophotom-
eter at a peak wavelength of 425 nm [20].

The efficiency of encapsulation (EE %) was calculated 
using the equation: 

(1)Ecapsulation Efficiency =
Total concentration of curcumin − Non encapsulated concentration of curcumin

Total concentration of curcumin
x100

2.3.3  In vitro drug permeability (Flux)
The in vitro drug permeability was performed utilizing 
an independent vertical modified Franz® diffusion cell. 
The diffusion cell was made up of a donor and receptor 
compartment. The volume of the receptor compartment 
was 50 ml, and the effective area for dissolution was 3.147 
 cm2. Exactly 1 ml of the curcumin-loaded liposomal for-
mulation was applied. Under conditions of stirring at 
100 rpm, 37 ± 1.0  °C, 1 ml aliquots were taken from the 
sampling port of the apparatus and replaced with same 
volume of media (pH 7.4 phosphate buffer containing 
cremophor). This was done at varying time lapse, and the 
concentration of curcumin was determined at 425 nm via 
UV–visible spectrophotometry [21].

2.3.4  Preparation of formulations (F1, F2, and F3)
At room temperature, the hydrogel was prepared by 
weighing 8  g of Carbopol Ultrez and dispersing it in 
400 ml of distilled water. It was then stirred at 40 rpm on 
a magnetic stirrer for 60 s and then allowed to soak for 
24  h. The pH was adjusted with the cross-linking agent 
triethanolamine and was further adjusted to pH 5.8 using 
NaOH. The final pH of the hydrogel was maintained at 
pH 5.8. The constituents of the varying formulations are 
shown in Table 1. Exactly 5 ml of curcumin-loaded lipo-
somal formulation was infused into 400  ml of polymer 
hydrogel to give formulation F1. To prepare formulation 
F2, 5 ml of curcumin-loaded liposomal formulation was 
infused into 400 ml of polymer hydrogel and then 5 mg 
of lysine and 1000 mg of collagen were incorporated into 
the formulation. Finally, formulation F3 was prepared 
by incorporating 5 mg of lysine and 1000 mg of collagen 
into 400 ml of polymer hydrogel. The formulations were 
stored in the refrigerator at 2–8 °C [22].

Table 1 Formulations F1–F3 and their varying constituents

Ingredients F1 F2 F3

2% w/v Carbopol 400 ml 400 ml 400 ml

Curcumin‑loaded liposomes 5 ml 5 ml –

Lysine – 5 mg 5 mg

Collagen – 1000 mg 1000 mg
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2.4  Physicochemical characterization of formulations 
F1–F3

2.4.1  Physical assessment and pH determination
Physical assessment and pH determination of the formu-
lations were ascertained. The formulations were visually 
assessed for colour, homogeneity, and consistency. The 
pH of the formulations F1–F3 was measured using a pH 
meter. The electrode was in contact with the formulation 
for 45 s to permit equilibration. Measurements were per-
formed in triplicate [22].

2.4.2  Rheology test
The viscosity of the formulations F1–F3 was determined 
at 25  °C at 20–100  rpm using a Spindle 2.0, cone and 
plate viscometer (DV-E Digital viscometer, Brookfield 
Engineering Laboratories, Middleboro, USA). Measure-
ments were performed in triplicate [23].

2.4.3  Skin irritancy test
Exactly 0.5  g of each of the formulations (F1–F3) was 
applied to the shaved dorsal surface (2.5  cm2) of male 
Wistar rats (n = 3/treatment). The skin was visually 
checked for erythema or oedema 1  h after application 
[24].

2.4.4  Swelling test
The level of water absorption by the formulations was 
assessed by incubating 100-mg-dry thick membrane 
samples in 50 ml of phosphate-buffered saline pH 7.4 at 
37 °C. Initial dry weights of the formulations were repre-
sented as Wa and equilibrium swelling weight as Wb. All 
measurements were carried out in triplicate [23].

The swelling ratio was expressed as

2.4.5  Formulation stability testing
To assess the stability of the formulations F1–F3, a stabil-
ity test was performed after storage of the formulations 
for one month in a refrigerator at 2–8 °C. The texture and 
bio-adhesiveness of the formulations were determined 
after storage on (day 1, days 5, 10, 15, and 30) [8].

2.4.6  In vivo wound healing studies
Fifteen male Wistar rats, weighing 350–400 g each, were 
purchased at the commencement of the study from 
Komad Farms®. The rats were allowed to be acclima-
tized in their new environment for seven days before the 
experiment started. Standard housing, diet, and feeding 
conditions were made available. The mice were accom-
modated, in an individual polypropylene cage (one ani-
mal per cage). The animals were kept under regulated 

(2)% Swelling ratio =

(Wb−Wa)

Wa
x 100

temperature (25 ± 2  °C), relative humidity (45 ± 10%), 
and a twelve-hour light and dark cycle with the lights out 
at 7  pm. Animals were fed the standard Harlan Teklad 
Diet (2016) with clean water for drinking ad libitum. Eth-
ical approval for the study was covered by approval num-
ber CMUL/ACUREC/08/21/923. Twelve male Wistar 
rats were randomly selected and anaesthetized by intra-
peritoneal injection of 0.03 mL urethane/kg body weight 
of each rat. The anaesthetized rats were positioned flat 
with head down on a surgical table, their dorsal skin was 
disinfected with Dettol® antiseptic (10%), and the hairs of 
an area to be surgically operated were completely shaved 
with a razor. A 20 mm incision by means of a No. 24 scal-
pel was made with the depth of incision including both 
epidermis, dermis, and hypodermis. Four stitches at 1 cm 
intervals were made using 3.0 Nylon suture, the wound 
area was disinfected again, and the animals were kept at 
room temperature (25 ± 2  °C) until consciousness. The 
pictures of the wound were taken, and wound contraction 
was measured on days 0, 3, 7, and 14 to monitor wound 
healing progression post-treatments. The percentage 
wound closure was determined using the formula

where A0 = Wound area on day 0, and A1 = Wound area 
on days 3, 7, and 14 after treatment [19].

2.4.7  Histological examination
Fourteen days after surgical operation, the area of skin 
around the surgical incision site of representative rats 
containing the dermis and hypodermis was sampled and 
fixed in 10% neutral buffered formalin. After paraffin 
embedding, 3–4 μm sections were prepared and stained 
with haematoxylin and eosin (H&E) and Masson’s tri-
chrome. Light microscopic examination on histological 
profiles of skin cross-section was performed utilizing a 
Leica Microsystems microscope (Mannheim, Germany) 
[23].

2.4.8  Histomorphometry
The numbers of microvessels in granulation tissues (ves-
sels/mm2 of field), numbers of infiltrated inflammatory 
cells in granulation tissues (cells/mm2 of field), percent-
ages of collagen-occupied regions in granulation tis-
sues (%/mm2 of field), thicknesses of central regions of 
granulation tissues (mm from epidermis to dermis), and 
percentage re-epithelization rates were measured on the 
histological rat skin samples using a digital image ana-
lyser (DMI-300, DMI, South Korea) [25].

(3)%wound closure =

A0 − A1

A0

x 100
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2.4.9  Statistical analysis
To determine the level of significance (p < 0.05), statistical 
analyses were performed using a one-way ANOVA test 
followed by Bonferroni’s multiple comparisons test (if 
applicable) performed on GraphPad Prism version 7.00 
for Windows (GraphPad Software, La Jolla, CA, USA) 
[26].

3  Results
3.1  Liposome size and morphology using scanning 

electron microscope
Considering the results of the scanning electron micros-
copy in Fig.  2, liposomes prepared via thin-film hydra-
tion method were observed under a scanning electron 
microscope to characterize the morphology and shape. 
The liposomes were spherical with a uniform size 
distribution.

3.2  Encapsulation efficiency
The percentage encapsulation efficiency of the cur-
cumin-loaded liposome was 99.934%, indicating that 
the liposomes encapsulated the compound curcumin 

efficiently, there was also minimal leakage and curcumin-
loaded liposomes were stable.

3.3  In vitro release studies of curcumin‑loaded liposomes 
(flux) and the release kinetics

In order to obtain quantitative and qualitative informa-
tion of the release properties of liposomal formulations, 
the flux was determined using a modified Franz diffusion 
cell and plain buffer saline (pH 7.4). Figure  3A shows a 
gradual increase in the permeation of curcumin with a 
peak after thirty minutes. The determined slope of the 
plot gives the flux in µg/cm2/h. Figure 3B gives a plot of 
the Higuchi release model. The Higuchi release model 
can help to better understand the underlying drug release 
mechanisms. The graph of percentage drug release 
against square root of time had a positive trend for the 
curcumin-loaded liposome formulation.

3.4  Physicochemical properties of formulations F1–F3
The viscosity of the various hydrogels F1–F3 at 20 
rotations per minute using a Spindle 2.0, cone and 

Fig. 2 Scanning electron microscopy images of stable curcumin‑loaded liposomes, size range from 5 to 10 µm

Fig. 3 Graph of amount of curcumin released against time in hours (A), graph of Higuchi release kinetics with percentage cumulative of drug 
released against square root of time (B) (All data sets (p < 0.05))
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plate viscometer was determined. Formulation F1 
had the highest dynamic viscosity (Table  2). On the 
physical assessment of all formulations, F1 and F2 
were translucent and pale orange in colour, while F3 
as whitish and translucent. The pale orange colour in 
F1 and F2 was due to the presence of curcumin, the 
main natural polyphenol which has a yellowish-orange 
colour. The pH of the formulations was slightly acidic 
and close to the pH of the skin which is within 5.5–5.7. 
The swelling index was highest in F3, and then F2, but 
lowest in F1.

The swelling action of the hydrogel formulations is 
controlled by the rate of water uptake into its matrices. 
An inverse relationship exists between drug release rate 
and matrix swelling rate. The lower the swelling index, 
the faster the drug release rate. The skin irritancy test 
showed that the formulations are safe for the dermal use, 
and there was no give sign of erythema and oedema on 
the dermal application in all formulations (Table 2).

3.5  Formulation stability testing
Formulations were stored in the refrigerator at 2–8  °C, 
and appearance, texture, and bio-adhesiveness were eval-
uated 24 h after preparation and on days 1, 5, 10, 15, and 
30. The formulations prepared were stable, there was no 
colour change, and they maintained their original texture 
and bio-adhesiveness.

3.6  Rheological evaluation
The curves in Fig. 4 depict the rheological properties of 
the formulations in terms of their flow tendencies. Fig-
ure  4 shows a plot of viscosity against shear rate, the 
graph reflects that an increase in shear rate leads to a 
decrease in viscosity, and this implies that the formula-
tion is easily spreadable on dermal application. The curve 
shows that the flow behaviour is non-Newtonian with 
evidence of shear thinning.

3.7  In vivo wound healing, histological and 
histomorphometrical evaluation

Wound healing is composed of four levels known as the 
haemostasis, inflammatory, proliferative, and remodel-
ling phases. For healthy wound healing to occur, each 
wound will go through these group of complex-overlap-
ping phases. The early stage of a wound typically involves 
constriction of blood vessels which occurs to reduce 
bleeding. The sole target becomes sealing of the dam-
aged blood vessels and coagulation, and this is facilitated 
by the inflow and accumulation of platelets at the wound 
bed. In Fig.  5A, relative wound contraction was highest 
in formulation F2 with a percentage wound reduction of 
79.25% by day three. There were no scarring and 100% 
wound closure by day seven post-surgery. The reduction 
in wound size was significant (p < 0.05) when compared 
with the control (non-treated). Control showed complete 
closure by day 14 post-surgery with obvious scarification, 
while formulation F3 had the lowest percentage wound 
reduction of 23.70% by day seven but attained full wound 
closure by day 14 with minor scarification.

The graph of percentage relative wound size reduction 
over a period of two weeks as shown in Fig. 5B shows that 
most of the wound contraction took place after the initial 
inflammation and proliferative phases by days 5–7, allow-
ing commencement of the remodelling phase of wound 
healing. All the rats used for the investigation survived 
through the 14-day period (post-surgical operation) till 
euthanization. Figure  5C shows representative images 
of the haematoxylin and eosin staining, and all formula-
tions showed the normal architecture of the skin with the 
five layers of the epidermis intact except tissues treated 
with F3 which was abnormal. It showed a severe distor-
tion in the five layers of the epidermis. There was no sign 

Table 2 Physicochemical properties of formulations F1–F3

Results are expressed as mean ± S.D (n = 3)

*p < 0.05, **p < 0.01, and ***p < 0.001

Hydrogel formulation Dynamic viscosity (Pas) (20 rpm) pH Swelling index % Skin irritancy

F1 526 ± 2.97** 5.8 ± 1.88 81.7 ± 1.21** Nil

F2 312 ± 2.01** 5.8 ± 2.11 82.2 ± 1.76** Nil

F3 426 ± 1.07** 5.8 ± 2.40 84.4 ± 0.82** Nil

Fig. 4 Graph of dynamic viscosity plotted against shear rate of 
formulations F1–F3. (All data sets (p < 0.05))
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of tissue necrosis observed on the surface of the wounds. 
There was visible inflammation taking place in rats treated 
with formulation F3 and rats in the control group showing 
a dense wound area with scabbing as shown in Fig. 5A.

Figure  6A–E shows that the number of the microves-
sels in granulation tissue, the thickness of the central 
region between the dermis and epidermis, percentage 
re-epithelization rates, and the percentage occupied 

Fig. 5 The effect of formulations F1–F3 on the rate of wound healing in the surgical wound model (A). Percentage relative wound size reduction 
from days 1 to day 14 (post‑surgery) for surgical wounds (B). Skin tissue section of wound area from a representative rat in (F1–F3, and control) 
stained with haematoxylin and eosin 14 days post wound incision (C)
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by collagen in granulation tissue were higher in treated 
groups. The number of inflammatory cells is shown in 
Fig. 6B with the control group having the highest number 
of inflammatory cells indicating possibilities of excessive 
inflammation in animals not treated with any formula-
tion as well as rats treated with formulation F3.

4  Discussion
The scanning electron microscopic image proved that 
stable liposomes were formed. Liposomes were spheri-
cally shaped with smooth surface and homogenous size 
distribution of a mixed population of uni-lamellar small- 
and medium-sized vesicles [27, 28]. Liposomes were 

Fig. 6 Histomorphometrical values for surgical wounds showing the number microvessels in granulation tissue (A), number of inflammatory cells 
in the tissue percentage (B), thickness of the central region between the dermis and epidermis (C), re‑epithelization rates (D), percentage occupied 
by collagen in granulation tissue (E)
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5–10  µm in size. The loaded liposome size distribution 
is vital to its performance in terms of drug delivery as it 
influences its stability, encapsulation efficiency, and drug 
release [29]. The percentage encapsulation efficiency of 
the developed curcumin-loaded liposome formulation 
was 99.934 ± 1.85% (mean ± S.D, n = 3). The high per-
centage of drug-loaded content buttresses that fact that 
the liposomes are stable and that the drug molecule cur-
cumin was well loaded in the vesicular dispersions. High 
encapsulation efficiency suggests good stability and also 
indicates negligible leakage of the curcumin from the 
liposomes.

In a study by Liu et al., biodegradable liposomes con-
taining Madecassoside were formulated, and it was 
proven that the higher the encapsulation efficiency of the 
formulation, the higher the drug release and hence per-
meability of the drug at the target site [30]. In regard to 
permeability (flux), liposomes improved the solubility 
and permeability of curcumin at the wound site. Infusion 
into hydrogel polymer matrices conferred a sustained 
release system because though we desire high perme-
ability of curcumin at the wound site, it should not be so 
high as to attain a toxic level systemically [31]. Flux is the 
process of flow of a substance through a surface (perme-
able barrier). Liposomal size distribution, encapsulation 
efficacy, morphology, lipid composition, and preparation 
technique directly affect the flux.

A larger phospholipid/drug (curcumin) ratio means 
more surface area at the bilipid layer for the accommo-
dation of the lipophilic curcumin. This also means that 
a higher amount of drug is available for membrane per-
meation during in vitro release. Figure  3A shows the 
amount of curcumin released that permeated the mem-
brane (51.229  µg/cm2/h). The maximum drug released 
was obtained in two hours with phosphate buffer and 
cremophor as the diffusion medium. The sustained 
release of the drug may also be due to the synergistic 
lipophilic behaviour of the phospholipid and curcumin. 
The slope of the plot of amount of drug released in µg/
cm2 against time in hours was 51.229 µg/cm2/h which is 
high as a result of high encapsulation efficiency 99.934%. 
The regression coefficient  (R2) indicates the drug release 
model if it is close to unity (1). Based on the data the cur-
cumin release followed Higuchi model of release kinetics 
as R2 = 0.8027 (Fig. 2B) [31]. This means that the release 
of the curcumin from liposomes involved both dissolu-
tion and diffusion mechanisms [32].

The pH of all the formulations is shown in Table  2, 
with all formulations having the pH 5.80 slightly above 
the skin’s pH of 5.5–5.7 indicating that the formula-
tions are dermatologically safe for use. A pH below 6.0 is 
found to be ideal as it creates an environment to enhance 
wound healing. An alkaline pH in the wound bed would 

contribute to creating an unsuitable environment for 
healing by encouraging the growth of pathogenic bac-
teria. In contrast, an acidic wound bed will stunt patho-
genic bacteria growth and keep the wound bed and 
microenvironment healthy towards the expected heal-
ing progression. The skin irritancy test showed that the 
hydrogels were tolerable to the skin, and no sign of ery-
thema and oedema was observed showing the safety of 
all the formulations. Swelling index can be explained as 
the amount of water taken up by the swelling hydrogel at 
specific environmental conditions (37◦C, 9.8 m/s2). The 
rate and degree of hydrogel swelling are vital parameters 
which control the release patterns of solvents and drugs 
from polymeric networks. Therefore, the precise account 
of hydrogel behaviour as well as mathematical descrip-
tion of equilibrium swelling is affected by fluid uptake (in 
this case curcumin-loaded liposomes), de-sorption, or 
release. F1 showed the lowest swelling index followed by 
F2. This reflected on the in vivo wound healing investiga-
tion, as healing was improved in F1 and F2 due to lower 
swelling ratios which allowed for facilitated release of the 
drug molecules from the hydrogel matrixes and hence 
more efficient delivery of curcumin at the wound site and 
faster wound healing [33].

For formulations F1–F3, Spindle 2.0 (Brookfield 
Rheometer) was used to determine the dynamic viscos-
ity at shear rate 20–100 rpm. F1 had the highest viscosity 
at 526 ± 2.97 Pas in Table 2. This can be attributed to the 
fact that lysine, which mildly tends to breakdown hydro-
gel polymer chains by forming reversible imine bonds to 
give poly-l-lysine, was absent. It was observed that the 
higher the shear rate, the lower the dynamic viscosity for 
all formulations suggesting that the formulations are eas-
ily spreadable on dermal application. Hydrogels were sta-
ble all through days 1–30 at room temperature. Over the 
period of 30 days, no formulation ingredient interaction 
was observed as the appearance, texture, and bio-adhe-
siveness remained intact [34].

Surgical wounds are often a therapeutic problem as 
acute wounds, if exposed to infection they have the pos-
sibility of becoming chronic. Curcumin interferes favour-
ably with pharmacological, biochemical, and cellular 
events that take place in the inflammatory and prolifera-
tive stages of wound healing. Curcumin acts by recruit-
ing macrophages into translucent fatty tissues, and thus, 
cytokines production is vital for inflammatory response. 
Curcumin subsequently reduces inflammation by the 
activation of the signal pathway linked with associated 
light chain enhancers of activated B cells. Curcumin acts 
as an antioxidant scavenger by scavenging reductive–oxi-
dative species [35].

Lysine, which was incorporated in to the hydrogel base, 
can improve wound healing, at the onset of a wound, as 
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it becomes more active at the site of a wound and helps 
speed up the repair process. Lysine itself may also act as 
a binding agent, thereby increasing the number of new 
cells at a wound and promoting the formation of new 
blood vessels. Lysine is necessary for the formation of 
collagen, which acts as a scaffold and helps support and 
give structure to skin and bones. Collagen is another vital 
component for wound healing. The production of colla-
gen in the wound bed by proliferating fibroblasts signifies 
the next phase allowing the wound edges to contract and 
wound closure. Usually, this stage may last for a mini-
mum of 5 days to a maximum of 3 weeks during which 
time inflammation is totally resolved and re-epitheliza-
tion occurs [36].

In the present study, we investigated the effect of a 
synergistic combination of collagen, lysine, and cur-
cumin on the wound healing in animal models (rats). 
Formulation one (F1) is composed of curcumin-loaded 
liposomes infused in hydrogel, while formulation two 
(F2) is curcumin-loaded liposomes in lysine–collagen 
hydrogel, formulation three (F3) lysine–collagen embed-
ded in hydrogel, and control (no treatment on the wound 
of the animal models). Wound contraction and re-epi-
thelization were most rapid in F1 and F2 with no scar-
ring at all. This could be due to the presence of curcumin 
which serves as a powerful wound healing facilitator. F3 
and control showed much slower contraction and poor 
re-epithelization as scarring occurred in both cases. Der-
mal wound healing consists of four overlapping stages, 
namely haemostasis, inflammation, proliferation, and 
remodelling. The three latter phases primarily determine 
whether the wound heals normally or whether an abnor-
mal healing process will lead to the excessive production 
of extracellular proteins and to fibrosis (scarring) [37].

Scar overgrowth is controlled by the inflammation in 
the reticular dermis, with accumulation of inflammatory 
cells and fibroblasts to the scar area. In addition, neo-
vascularization and the formation of collagen fibres are 
highly active. The constant presence of αSMA-positive 
contracting myofibroblasts is typical for scar formation. 
Fibroblasts and myofibroblasts, stimulated by several 
growth factors such as TGFβ, platelet-derived growth 
factor (PDGF), and insulin-like growth factor (IGF), pro-
duce high amounts of collagen and other extracellular 
matrix components, thereby accelerating the formation 
of abundant fibrotic tissue in pathological scars. Collagen 
synthesis is estimated to be sevenfold higher in hyper-
trophic scars compared with normal skin. Curcumin 
interferes to facilitate wound healing at every phase in 
the absence of curcumin in formulation F3, and control is 
reflected in the rate and quality of tissue regeneration at 
the wound site [38].

In a healthy skin, there are five layers of the epidermis 
and two layers of the dermis. This forms a barrier to pro-
tect the body from the surrounding environment. In the 
process of wound healing, complex processes that involve 
inflammation, epithelization, angiogenesis, granulation 
tissue formation, deposition of interstitial matrix, and 
biochemical events are carried out by keratinocytes, 
fibroblast, inflammatory cells, and endothelial cells. The 
regeneration of the epidermis, matured granulation tis-
sue, and lower infiltration of inflammatory cells was 
observed in groups treated with formulations F1 and F2 
and control. In Fig.  5C, the arrow pointing to the spot 
marked x shows the completely regenerated epidermal 
layer, while spot z shows the matured granulation tissue. 
Spot y shows an abnormal tissue for F3 with deformed 
epidermal layer and dermis indicating poor wound heal-
ing and a lack of regeneration of the epidermal and der-
mal layers [39].

The formulation-treated rats F1–F3 all showed re-epi-
thelization rates above 70%, with those containing cur-
cumin (F1 and F2) being significantly higher than the 
other groups. Thus, the optimal formulation, which facili-
tated re-epithelization, contained curcumin, lysine, and 
collagen (F2). They showed the highest re-epithelization 
rates. The number of infiltrated inflammatory cells, how-
ever, was significantly higher in the control than any of the 
groups. Rat groups treated with formulations F1–F3 con-
tained more collagen tissues and less inflammatory cells 
compared with the control. The formulations containing 
curcumin gave more rapid tissue regeneration and less 
inflammation. This was primarily because the curcumin 
interferes progressively with the cellular events that take 
place in the inflammatory and proliferative stages of 
wound healing and hence its importance in skin regen-
eration and wound healing. Curcumin also demonstrates 
anti-inflammatory properties by blocking the TLR4 and 
NF-KB pathways [38]. Lysine facilitates the formation of 
collagen which is vital for wound healing, and other com-
pounds similar to lysine such as proline and hydroxypro-
line are amino acid components of collagen. In a study by 
Aydin et  al., wounds were inflicted at the back of three 
groups of Sprague Dawley rats and then each group was 
treated with proline, topically and intra-peritoneally, 
while the last group served as the control. Although it 
was confirmed that proline had some positive effects on 
wound healing, systemic administration of proline yielded 
more viable results with regard to enhanced wound heal-
ing than topical administration of the compound [39].

In another study by de Aquino et al., 10% Methyl-(2R, 
4R)-trans-4-hydroxy-L-proline gel was formulated and 
used to treat wounds induced on mice. It was observed 
that while collagen deposition increased on days 7 and 
12, only 58% wound reduction was observed by day 
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12 suggesting that the effect of hydroxy-L-proline in 
enhancing wound contraction may not be as pronounced 
as that of lysine in this current study [40]. Collagen is also 
known to increase the tensile strength of the tissue dur-
ing healing at the wound area [39]. The presence of col-
lagen in formulation F2, and F3, is evident by fact that 
the percentage of collagen in the granulation tissue was 
higher for these formulations when compared with the 
control. The number of microvessels in the granulation 
tissue and the thickness of the central region of the epi-
dermis to dermis indicate the depth of structural wound 
healing taking place as formation of microvessels is nec-
essary for vascular function at the wound site. Formula-
tions F1–F3 showed higher numbers of microvessels and 
more thickness of the central region of the epidermis and 
the dermis compared to the control [40–42].

5  Conclusion
The liposome-in-hydrogel formulation F2 had highest 
number of microvessels per  mm2 of granulation tissue 
(4.1 vessel/mm2), thickness of the central region from the 
epidermis to the dermis (22.5 mm). It also has the high-
est re-epithelization rate (80%) and percentage collagen 
occupied in granulation tissue (81%). The in vivo wound 
healing evaluation showed that F2 had the highest per-
centage wound contraction at 79.25% by day three post-
surgical operation with 100% wound contraction by day 
seven with no scar confirming its superior performance 
to the other formulations. Complete regeneration of the 
epidermal layer was achieved showing the matured gran-
ulation tissue as evidence of healthy wound healing. This 
highlights and establishes the wound healing enhancing 
capabilities of the curcumin-loaded liposome in lysine–
collagen hydrogel (F2) in surgical wounds, providing an 
viable and affordable formulation for filling the gap of a 
pertinent need for an ideal formulation for dressing sur-
gical wounds, and also serves as evidence of a contribu-
tion to knowledge. This formulated novel dermal delivery 
system shows great potential as wound dressing for surgi-
cal wounds resulting from elective or emergency surgery 
and can serve as a prototype for future development as a 
pharmaceutically marketable formulation for clinical use.
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