
Ojo et al. Beni-Suef Univ J Basic Appl Sci           (2022) 11:82  
https://doi.org/10.1186/s43088-022-00262-8

RESEARCH

Development and characterization 
of mupirocin encapsulated in animal 
bone-derived hydroxyapatite for management 
of chronic wounds
Olusola Emmanuel Ojo1,2*  , Margaret Okonawan Ilomuanya3, Olatunde Israel Sekunowo1, 
Oluwashina Philips Gbenebor1 and Samson Oluropo Adeosun1,4 

Abstract 

Background: Hydroxyapatite is an important biomedical material used in drug delivery owing to its excellent bio-
activity and biocompatibility. In this study, hydroxyapatite isolated from bovine and caprine bones was capped and 
used as a drug carrier to encapsulate mupirocin as an active pharmaceutical product in hydrogel formulations which 
were utilized in wound healing application using animal model (Wistar Rats).

Results: Characterization of the mupirocin-encapsulated hydroxyapatite using Fourier transform infrared spectros-
copy, and X-ray diffractometer revealed the active presence of mupirocin after encapsulation. The in-vitro drug release 
study revealed that the capped hydroxyapatite obtained from caprine bone loaded with mupirocin gave drug release 
rate of 84.67% of the drug within 75 min while conventional mupirocin ointment had the lowest at 27.04% within the 
same time. The capped hydroxyapatite obtained from bovine bone loaded with mupirocin had the highest encap-
sulation efficiency of 73.67%. However, the animals treated with formulation prepared from capped hydroxyapatite 
obtained from caprine bone loaded with mupirocin had the highest wound closure area of 377.8  mm2, while con-
ventional mupirocin ointment had 231.5  mm2 in 16 days of treatment. All the formulations with mupirocin except 
the ointment showed excellent resistance against Klebsiella pneumonia and Staphylococcus aureus of about 40 mm of 
inhibition zone.

Conclusions: The mupirocin encapsulated in hydroxyapatite extracted from bovine and caprine bones has been 
demonstrated to be more superior to the conventional ointment in the management of chronic wound conditions.
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1  Background
Microparticles and nanoparticles have been progressively 
studied to achieve targeted and sustained drug release [1]. 
However, several particles investigated were discovered 
to be detrimental to human health and the environment 

during usage and production. For instance, permanent 
bluish-gray discoloration of the skin (argyria) or the eyes 
(argyrosis) is experienced when silver nanoparticles are 
used for drug delivery in human beings [2]. Zinc oxide 
nanoparticles are cytotoxic to human cells [3]. Hence, 
it is imperative to tackle the unmanageable side effects 
by carefully selecting a drug carrier like Hydroxyapa-
tite (HAP) that is devoid of the side effects. The HAP 
 (Ca10(PO4)6(OH)2 )  is a bio-ceramic material which is 
a naturally occurring phase of calcium phosphate. It 
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also exists in other phases like α-Tricalcium Phosphate 
(α-Ca3(PO4)2), β-Tricalcium Phosphate (β-Ca3(PO4)2), 
Tetracalcium Phosphate, etc. The HAP is the most excel-
lent of all the CaP phases, as a result of its outstanding 
properties like bioactivity, biocompatibility, non-toxic-
ity, non-inflammatory nature, etc. It comprises of about 
50% by weight of the bone and its chemical and mineral 
phases  are closely related to bones and teeth [4–7]. The 
uses of HAP in biomedical field cannot be overempha-
sized. These vary from bone substitutes, body implants, 
drug delivery [8] for wound healing. Wound is a physi-
cally or thermally induced injury that results in lacera-
tion or rupture of the skin epithelial integrity [9]. Wound 
healing, as a normal, natural, and spontaneous biological 
process in the human body, can be held up by factors like 
diabetes, oxidative stress, and infections. For a wound to 
heal successfully, all the four wound healing phases must 
take place in the proper sequence and time frame. Hemo-
stasis, which is the first phase that closes the wound by 
clotting; inflammation, the second phase comes up as 
primary defense against infections; proliferation phase is 
characterized by development of new tissues, and remod-
eling, which is the last brings about the formation of type 
I collagen and final wound closure [10, 11].

Generally, wounds can be categorized into two namely 
acute and chronic wounds. The former mainly result 
from mechanical, thermal damage, high heat exposure, 
or corrosive chemicals. It takes relatively short period of 
time for them to heal up if aided by appropriate wound 
management [12]. The latter fail to progress through the 
normal stages of healing in a timely manner and usu-
ally remain unhealed after 3  months and become stuck 
in a state of pathologic inflammation [11, 13]. Often, the 
normal skin has a slightly acidic pH within the range of 
4.0–6.3, while chronic wounds generally have an alkaline 
pH, ranging from 7.15 to 8.93. Wounds with an alkaline 
pH have shown retarded rates of healing, while an acidic 
wound bed is an additional benefit that can hasten the 
wound toward healing [14]. The barrier and skin integrity 
loss to skin wounds elicit the exposure of open wounds to 
bacterial colonization and multiplication [15].

There is a loss of balance between collagen produc-
tion and degradation in chronic wounds; there is more 
of degradation [16, 17]. The fluid from chronic wounds 
has an excess of proteases and reactive oxygen species; 
the fluid itself can slow down healing process by inhibit-
ing cell growth, destroying the proteins and growth fac-
tors in the extracellular matrix [18]. When the bioactive 
molecules are incorporated in the drug carriers, they are 
protected from degradation prompted by proteases in the 
wounds, consequently enhancing their therapeutic effec-
tiveness [19]. In the present study, mupirocin (MUP) was 
encapsulated in HAP derived from bovine and caprine 

in topical gel, then used for the management of chronic 
wounds and its wound healing ability was investigated. 
The MUP normally produced via Pseudomonas fluores-
cens is a potent topical antibiotic agent mainly used for 
treatment of primary and secondary skin infections by 
inhibiting the bacterial protein synthesis. It has in  vitro 
activity against a range of gram-positive and some gram-
negative bacteria. The body system converts it to monic 
acid, which is excreted in the urine. It hinders the repro-
duction and growth of bacteria (bacteriostatic) at lower 
concentrations, but kill the bacteria (bactericidal) with 
prolonged exposure, killing up to 99% of susceptible bac-
teria over a 24 h period [20, 21]. The HAP obtained from 
bovine and caprine bones through calcination process, 
capped with moringa seed extract was used to produced 
MUP-HAP hydrogel composite formulations and were 
comparatively used alongside conventional MUP oint-
ment in management of chronic wound. The chronic 
wound condition was simulated by injecting the animal 
used (Wistar Rats) with alloxan monohydrate.

2  Methods
2.1  Materials
Bovine and caprine femur bones used in this study were 
purchased at the Magboro central market in Ogun State, 
Nigeria. The bones were obtained from approximately 
36 months old animals. The other materials used are as 
follows: MUP powder used as the active pharmaceutical 
ingredient (API) (CAS number 12650-69-0 Shaanxi Top 
Pharmaceutical Chemical Co. Limited, Shaanxi, China), 
Conventional  MUP ointment (MUP/O) (Mupiderm) 
(Yash Medicare Pvt Ltd., Gujarat, India), Mueller- Hilton 
Agar (HiMedia Laboratory Pvt. Limited, India), Carbopol 
940 (Hubei New Desheng Materials Technology Co., Ltd, 
Ezhou city, Hubei province, China), Transcutol P® (Gat-
tefosse Sas Saint-Priest Cedex- France), Moringa seed 
extract used as the source of oleic acid, Alloxan mono-
hydrate (98% purity, Sigma-Aldrich, USA), Acetic Acid 
(99.8% purity Sigma-Aldrich, Germany), Methyl para-
ben, propyl paraben (VA-SUDHA Chemicals PVT LTD, 
India). All other chemical reagents and solvents used in 
this study were of analytical grade and were utilized with-
out further purification.

2.2  Bone preparation and calcination
The calcination process was done to remove the organic 
matters present in the bovine bone sample (BBS) and 
caprine bone sample (CBS). The defatted and dried BBS 
and CBS were charged into an electric furnace (Carbon-
ite, England) for calcination at 1000 °C for 2 h. This cal-
cination temperature had been determined by Ojo et al. 
[22] to be appropriate for formation of high-quality HAP. 
The samples were allowed to cool to ambient temperature 
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before removing them from the furnace after which they 
were hammer-milled and then ball-milled.   Before char-
acterization, they were sifted using sieve with 150  µm 
mesh. The raw BBS and CBS were equally milled, and 
their particle sizes were determined alongside the cal-
cined samples using Image J® software.

2.3  Moringa seed oil extraction
The moringa seeds (MOS) were thoroughly washed, 
dried, and divided into two; the first part was processed 
by milling in a 250 W Panasonic kitchen milling machine 
model MX-GX1521, two weeks after harvest. A hun-
dred gram (100 g) was weighed and cold pressed. Twelve 
weeks after harvest, the second portion was milled, 
pressed, and the leftover was weighed and recorded. This 
was repeated five times. The oil yield (x) is calculated 
using Eq. 1.

where
Wa is the weight after  pressing.
Wb is weight before  pressing.

2.4  Wound healing formulation
2.4.1  Capping of natural HAP particles
Ten grams each of HAP derived from bovine bone 
(BHAP) and HAP derived from caprine bone (CHAP) 
were dispensed into a beaker containing 100 mL of dis-
tilled water. Then, 3 mL of MOS was added to the BHAP 
and CHAP as the source of oleic acid used as natural 
capping agent. Magnetic stirrer was used for an hour 
at 1000  rpm for thorough stirring. A hundred millilit-
ers (100  mL) of ethanol was added to each of the solu-
tions, stirred for 5  min then filtered off to remove the 
MOS. This process was repeated five times. At tempera-
ture of 75 °C, the capped BHAP and CHAP were dried in 
an oven for 24 h, then crushed in a laboratory porcelain 
mortar and pestle.

2.4.2  Drug loading of BHAP particles
A hundred milliliters (100 mL) of ethanol were dispensed 
into two beakers and 4 g of MUP was added to each of 
them, 10  g each of capped BHAP and CHAP were dis-
persed into the beakers with MUP-ethanol solution. They 
were stirred at 1000  rpm for 15  min using a magnetic 
stirrer then centrifuged at 4000  rpm for 5  min. It was 
dried without heat to avoid the MUP being crystallized. 
Two milliliters of the supernatant was taken for ultravio-
let–visible spectroscopy (UV–VIS) analysis to determine 
the quantity of free MUP in the ethanol. The encapsula-
tion efficiency (EE) and drug loading capacity (DLC) of 

(1)x =

[

Wb −Wa

Wb

]

∗ 100

the capped BHAP and CHAP were evaluated based on 
this.

2.4.3  Hydrogel formulations
Five hundred milligrams (0.5  g) of Carbopol 940 was 
poured into four beakers each with 50  mL of dis-
tilled water. The contents were stirred in the beakers 
and allowed to swell for one hour. Triethanolamine  
was added and stirred to thicken it and take the pH to 
about 5.5. Small quantity of propyl paraben (0.01 g) and 
methyl paraben (0.02 g) as preservatives; 20 mL of pro-
pylene glycol as a humectant for the wound hydration 
were also added. Predetermined volume (0.6  mL) of 
Transcutol P® was introduced as a penetration enhancer. 
The formulations were thoroughly stirred for homogene-
ity and viscosity test was carried out at 20 rpm immedi-
ately and after repeated 3 months. The results are shown 
in Table 1.

2.4.4  Formulation of MUP‑HAP hydrogel composite
Five grams (5  g) each of MUP-loaded-capped BHAP 
(BMM) and CHAP (CMM) was dispensed into each of 
the previously formulated hydrogel to produce 2%w/v 
MUP formulations, which is the standard concentration 
of MUP in conventional topical dosage form. They were 
made up to 100  mL with distilled water; a spatula was 
used for thorough stirring to have homogeneity. The for-
mulations’ matrices are shown in Table 2.

2.5  Chemical characteristics
2.5.1  Identification of functional groups
The functional groups in the BHAP, CHAP, BMM and 
CMM were determined with Fourier transform infrared 
spectroscopy (FTIR) Agilent Technologies® (USA) FTIR 
analyzer in the range of 4000–650   cm−1. The samples 
were dehydrated by vacuum drying at 45  °C and posi-
tioned over the diamond crystal for the FTIR analysis. 
Twenty scans were recorded for each spectrum.

Table 1 Viscosity of the formulations

Formulation code Viscosity (Mpa) Viscosity 
after 3 
months

BBM 2500 ± 28 2451 ± 26

CMM 2497 ± 25 2446 ± 23

BHAP 2602 ± 23 2563 ± 25

MUP/O 4500 ± 28 –
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2.5.2  Crystallographic analysis of the samples
The crystal structures of the samples were analyzed on an 
EMPYERN XRD-600 Diffractometer (45 kV, 40 mA) with 
a CuKα (λ = 1.54). Radiation over the scanning range (2θ) 
is from 5° to 80° and a step size is of 0.026°.

2.6  Determination of encapsulation efficiency and drug 
loading capacity

The UV–VIS analysis revealed the unencapsulated MUP 
present in the ethanol after the capped BHAP and CHAP 
were loaded with drug. Eqs.  2 and 3 are used to deter-
mine the percentage of drug that successfully entrapped 
into the particles (EE), and the quantity of drug that 1 g of 
the capped BHAP and CHAP particles can encapsulate 
(DLC), respectively [23].

where
α is the Total Drug Loaded.
β is Unencapsulated Drug.
γ is the Total Encapsulated Drug.
ρ is the Total Weight of capped BHAP or CHAP 

Particles.

2.7  Biological characteristics
2.7.1  In vitro drug release study
The release study of MUP from the BMM and CMM 
Hydrogel scaffolds alongside MUP/O  were modified 
in situ glass vial system, a 2.5 mL part of each of the for-
mulations was immersed into 50 mL of phosphate- buff-
ered saline (PBS) (pH 7.4). The samples were incubated 
at 37 ± 0.5  °C and stirred at 100  rpm with a magnetic 
stirrer. Aliquot of each sample (1  mL) was withdrawn 
from the release medium at fixed intervals (0, 5, 15, 30, 
60 and 75  min) and the same amount of fresh solution 
was added back to the release medium to maintain sink 
conditions. Analysis was carried out on the samples 
using an UV spectrophotometer at 250  nm [24]. Based 

(2)EE =

[

α − β

α

]

∗ 100

(3)DLC =

γ

ρ

on the in  vitro drug release studies results obtained, 
the graphs of cumulative percentage of MUP released 
against time; log cumulative percentage of MUP remain-
ing against time; cumulative percentage of MUP released 
against square root of time in hour [25] and log cumula-
tive percentage of MUP released against log time in hour 
[26] were plotted to determine the most suitable kinetic 
release models, that is, zero order, first order, Higuchi 
and Korsmeyer-Peppas models, respectively, and the pos-
sible release mechanism of the formulations [27].

2.7.2  Evaluation of antibacterial activities
The evaluation of antimicrobial activities of MUP/O, 
BMM, CMM, BHAP, CHAP and MUPP (Pure MUP 
powder) were estimated against Staphylococcus aureus, 
Staphylococcus saprophyticus, Escherichia coli, and Kleb-
siella pneumonia by disk diffusion method using Muel-
ler–Hinton Agar as the medium. As recommended, 38 g 
of the Agar was dissolved in 1000 mL of distilled water, 
poured in a bottle and autoclaved for 45 min for steriliza-
tion. A volume of 20 mL was poured into each of the four 
sterile petri dishes (one for each bacterium) in the lami-
nar flow cupboard and the bacteria were introduced to 
the Agar using sterile swab sticks near a flaming burner 
to avoid any form of contamination. Paper disks of 6 mm 
diameter were put on the agar in each of the petri dishes. 
Normal saline was used for dissolution of MUP, while 
acetic acid (AA) was used for MUP/O, BMM, CMM, 
BHAP and CHAP. Ten microliters (10  µL) solution of 
each sample was introduced to each of the paper disks. 
They were incubated for 24 h at 37 °C [28], and a metric 
ruler was used to measure the zones of inhibition in trip-
licate [29].

2.7.3  In‑vivo wound healing study and histology
Thirty (30) male Wistar rats of age 16  weeks were 
supplied by Priceless Pet Animals, Badagry, Lagos, 
Nigeria with weight ranging from 140 to 196  g. They 
were housed at temperature of 28 ± 2  °C and rela-
tive humidity of 75 ± 10%. Each of the rats was kept 
in a semi-transparent polymer cage of dimension 
50 × 36 × 23  cm with 23 × 34  cm  netted opening 
on top for good ventilation. They were allowed to 

Table 2 Formulations’ matrices

Formulations MUP (%w/v) HAP (%w/v) Transcutol 
(%v/v)

Carbopol 
(%w/v)

Propyl paraben 
(%w/v)

Methyl paraben 
(%w/v)

Propelene 
glycol 
(%v/v)

HAP      ------ 10 0.6 0.5 0.01 0.02 20

MUP/O Conventional mupirocin ointment

BMM 2 10 0.6 0.5 0.01 0.02 20

CMM 2 10 0.6 0.5 0.01 0.02 20
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acclimatize for 10  days before the commencement of 
the experiment. All the guidelines approved by Uni-
versity of Lagos College of Medicine’s Health Research 
Ethical Committee (CMUL/ HREC/03/21/829) were 
followed during the experiments. Alloxan monohy-
drate solution at dosage of 150 mg/kg and concentra-
tion of 50 mg/ml saline water were prepared to induce 
Diabetics I in the animals. Their blood sugar was 
determined with Accu-Check® and recorded before 
and after 48 h of induction [30]. The wound incisions 
were made on the dorsum (back of the body) of the 
rats. Methylated spirit was used to clean the wounds, 
while digital vernier caliper was utilized to measure 
the length and width of the wounds using greatest 
length and width method; the values were recorded to 
calculate the wound area. One milliliter (1 mL equiva-
lent to 1.16 ± 0.02 g) of BMM, CMM, BHAP hydrogel 
formulations alongside MUP/O was applied on the 
wounds of the diabetic animals for 16  days at 2  days 
interval and then dressed with gauze and plaster. Apart 
from cleaning and dressing, no formulations were 
applied on the control rats.

The rats were compassionately euthanized after the 
16-day  wound treatment period. The incised wound 
area of each rat was trimmed to include the dermis 
and the hypodermis and kept in sample bottles filled 
with 10% neutral buffered formalin to preserve the tis-
sues. After paraffin embedding, 3–4 μm sections were 
prepared. Representative sections were then stained 
with hematoxylin and eosin (H&E). Light microscopic 
examination for histological profiles was performed on 
individual rat skin sections [24].

3  Results
3.1  Bone calcination
Table  3 shows the percentage weight loss of the BBS 
and CBS after calcination at 1000  °C. This is the 
parameter that reveals the quantity of the organic moi-
ety (collagen) that was ejected out of the bone sam-
ples. The BBS and CBS had 37% and 45.4% percentage 
weight loss, respectively. The morphology of raw BBS 
and CBS look like mass of aggregates that have low 
surface area and show a wide range of particle size and 
shapes with edges and corners as shown in Fig.  1. In 
contrast, the calcined BBS and CBS showed spherical 

shapes which is the alteration of the raw samples 
exhibiting higher surface area with average particle 
size of 8.3 µm and 7.17 µm, respectively.

3.2  Determination MOS extraction yield
Generally, every seed contains 34–45% of oil by weight. 
The moringa seed contains 36.7% and total extraction is 
only possible using n-hexane, whereas only 69% on average 
is possible by cold pressing [31]. During cold pressing, the 
seeds kept for two and twelve weeks after harvest gave oil 
yield of 3.0% and 19.6%, respectively.

3.3  Chemical characteristics
3.3.1  Identification of functional groups
Fourier transform infrared spectroscopy (FTIR) spectra of 
the BMM and CMM samples were analyzed and compared 
with that of BHAP and CHAP as shown in Fig. 2A, B. Both 
the BHAP and CHAP showed the characteristic bands of 
HAP. The main peak of phosphate  (PO4

3−) (v3) in BHAP 
and CHAP is at band 1032 and 1021   cm−1, respectively; 
but there was drastic reduction in their peak intensities 
after drug loading from 7.2 to 56% in BMM and 7.2 to 46% 
transmittance in CHAP. The bands of MUP at 2855–2851, 
2922–2929   cm−1 and oleic acid at 2922–2929 and 2851–
2855  cm−1 were identified in BMM and CMM.

3.3.2  Crystallographic analysis of BMM, CMM, BHAP 
and CHAP

The crystallographic analysis was performed on BMM, 
CMM, BHAP and CHAP. Figure  2C, D show their dif-
fraction patterns. The BHAP and CHAP show the char-
acteristic peaks of a typical HAP. There were some peaks 
in the diffraction patterns of BMM and CMM that did not 
appear in the BHAP and CHAP, respectively. They mainly 
appeared at 2θ =  ~ 6° and 24° after the drug loading.

3.4  Determination of encapsulation efficiency and drug 
loading capacity

The UV–VIS analysis revealed that out of 4  g (α) of the 
MUP loaded to be encapsulated by capped BHAP and 
CHAP, 1.0540 and 1.1373 g of MUP as shown in Table 4 
were found in the 100 mL of the ethanol, respectively. This 
implied that the mass of MUP that was  encapsulated by 
capped BHAP and CHAP was 2.9460 and 2.8627  g (γ), 
respectively. Equations  2 and 3   were used to determine 
the EE and DLC and found to be 73.65% and 295  mg/g, 

Table 3 Percentage weight loss of BBS and CBS after calcination

Temp (oC) Initial weight (g) Post calcination weight (g) Weight loss (g) % Weight loss

Bovine Caprine Bovine Caprine Bovine Caprine Bovine Caprine

1000 500 500 315 273 185 227 37.0 45.4
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also 71.57% and 286  mg/g in capped BHAP and CHAP, 
respectively.

3.4.1  In vitro drug release study
The CMM had the highest drug release rate of 84.67% 
after 75  min while BMM and MUP/O had 77% and 
27.04%, respectively (Fig.  3). The best fitted kinetic 
release model was determined based on the closeness 
coefficient of determination (R2) value to 1 [27]. The 
highest (R2) values for formulations CMM and BMM 
were obtained from Higuchi kinetics and were found to 
be 0.9921 and 0.9911, respectively, while that of MUP/O 
was obtained from zero-order kinetics 0.9739 as shown 
in Fig. 4 and Table 5.

3.4.2  Evaluation of antibacterial activities
The MUP as a topical antibiotic agent from Pseudomonas 
fluorescence has in vitro activities against a range of bac-
teria [20]. Its presence in BMM, CMM, MUP/O and 
MUPP (Pure Mupirocin Powder) made them exhibit an 
excellent activity against the bacteria while the BHAP, 

CHAP and AA (used for dissolution) did not show any 
inhibition zone against any of the bacteria used in this 
study. The BBM, CMM, MUP/O and MUPP all had 
MUP as the API in them thereby creating high inhibition 
zone of about 40  mm against the Klebsiella pneumonia 
and Staphylococcus aureus except for MUP/O, which 
had 32.67 mm against Staphylococcus aureus. Microbial 
plates showing evaluation of antibacterial activity of the 
formulations and the graphical representation of inhibi-
tion of zones against the bacteria is shown in Fig. 5. The 
zone of inhibition was relatively lower against Staphylo-
coccus saprophyticus and Escherichia coli in all formula-
tions as shown in Fig. 5J. The MUPP had the highest zone 
of inhibition of 30.66 and 25.55 mm against Staphylococ-
cus saprophyticus and Escherichia coli, respectively. This 
is followed by BMM and CMM, MUP/O had the least of 
8.83 and 10.33 mm against Staphylococcus saprophyticus 
and Escherichia coli, respectively. It was observed that 
the MUPP had the overall highest inhibition zone against 
each of the four bacteria.

Fig. 1 The scanning electron micrographs of A Raw BBS; B Raw CBS; C Calcined BBS and D Calcined CBS at 1000 °C
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3.4.3  In‑vivo and histological studies
The wounds images of the diabetic animals showing con-
traction as the treatment days elapsed and histological 
photomicrograph are shown pictorially (with different 
magnifications) in Fig. 7 from day 0 to day 16. Also, Fig. 6 
shows that formulation CMM gave the highest wound 
closure area (377.8  mm2) at day 16 of all the formulations 
used for the treatment. This was followed by BMM and 
BHAP with wound closure area of 357.2 and 295   mm2, 
respectively. The control animals and the ones treated 

with MUP/O had the lowest wound closure area of 211.2 
and 231.5  mm2, respectively. The control animals had the 
lowest healing rate and HAP formulation (without API) 
showed a relatively better wound closure rate than the 
control animals.

The histological skin tissue samples were evaluated 
for histomorphometry with the results shown in Fig.  8. 

Fig. 2 FTIR Spectra of A BMM  and BHAP, B CMM and CHAP; and XRD Patterns of C BMM and BHAP D CMM and CHAP

Table 4 Encapsulation efficiency and drug loading capacity of 
the HAP samples

Capped 
HAP 
codes

MUP 
concentration 
in ethanol 
(ug/ml)

MUP 
mass in 
100 ml 
ethanol 
(g)

MUP 
encapsulated 
in HAP (g)

HAP 
encapsulation 
efficiency (%)

HAP drug 
loading 
capacity 
(mg/g)

BHAP 10,540 1.0540 2.9460 73.65 295

CHAP 11,373 1.1373 2.8627 71.57 286

Fig. 3 Percentage of MUP Released from CMM, BMM and MUP/O
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The tissue in control samples shows skin with underly-
ing loose fibro-collagenous stroma (dermis) containing 
sebaceous glands and hair follicles. The stratum fibrosum 
was separated into bands by adipose tissue with high-
est level of inflammatory cells (950  cell/mm2 of field). 
But for the ones treated with ordinary BHAP, it showed 
skin with underlying loose fibro-collagenous stroma 
(dermis), keratotic lesion on the epidermis, with several 

inflammatory cells admixed with increased granulation 
tissue significant with wound healing, distorted seba-
ceous glands and hair follicles were also seen, with the 
inflammatory cells (899 cell/mm2 of field) deep into the 
subcutaneous fat layer. The diabetic animals treated with 
MUP/O, BMM and CMM formulations showed skin with 
underlying loose fibro-collagenous stroma (dermis) con-
taining sebaceous glands and hair follicles. The stratum 

Fig. 4 A Zero Order; B First Order; C Higuchi and D Korsemeyer Peppas Release model of MUP from CMM, BMM and MUP/O

Table 5 Mathematical model for MUP release kinetic data

Formulation code Zero order (R2) First order (R2) Higuchi (R2) Korsemeyes Peppas

(R2) (n) slope

CMM 0.9383 0.9149 0.9921 0.0003 − 0.03

BBM 0.942 0.8856 0.9911 0.00006 − 0.0124

MUP/O 0.9739 0.7637 0.9307 0.0714 0.4479
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fibrosum was separated into bands by adipose tissue; 
this also showed increased granulation tissue significant 
with wound healing and no abnormalities were seen. 
Thickness of the central region of the epidermis to the 

dermis was  comparatively lower in BHAP and CMM. In 
BBM, the percentage occupied by collagen was 69%/mm2 
of field while that of control was 23%/mm2 of field. The 
re-epithalization rate was 94.78% and 42.45% in BMM 
and BHAP samples, respectively. Also, BBM had the low-
est number of inflammatory cell (189  cell/mm2 of field) 
and shortest desquamated epithelial region (2.48 mm).

4  Discussion
These days, HAP has strongly positioned itself to be 
used clinically in form of powders, granules, dense and 
porous blocks, and with various composites, which could 
be attributed to its great biocompatibility and bioactiv-
ity properties [32, 33]. Though the HAP does not have 
any antimicrobial activity against any of the selected bac-
teria, it has been proven to be compatible with MUP in 
hydrogel to combat chronic wound. After the calcination 
process at 1000 °C, the percentage weight loss of the BBS 
and CBS was 37% and 45.4%, respectively. This represents 
the quantity of the organic component expelled from the 
bones which can be said to be more in CBS than in BBS. 

Fig. 5 A–H Microbial plates showing evaluation of antibacterial activity of the formulations against Staphylococcus aureus (SA), Staphylococcus 
saprophyticus (SS), Klebsiella pneumonia (KP) and Escherichia coli (ES) and J The graphical representation of inhibition of zones against the bacteria

Fig. 6 Wound closure area with days in the animals treated with the 
formulations and control
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The irregularity in size and shape of raw BBS and CBS 
morphology and low surface area after milling might be 
due to the presence of collagen binding the particles in 
the raw samples, which would make it tougher and subse-
quently more resistance to milling [22]. The superior sur-
face area of calcined bone samples over the raw could be 
attributed to less energy requirement for their size reduc-
tion after the expulsion of the organic moiety during cal-
cination. The oil yields after pressing the MOS two weeks 
after harvest were 3%, while it was 19.6% after twelve 
weeks. This difference in the yield was due to the fact that 
the seeds might have been denatured while keeping them 
and the protein in the seed solidified and denatured at 
elevated temperature, so that oil was separated from the 
protein [34]. Thus, roasting the seeds can increase the oil 
yield but may, however, decrease the quality and shelf life 
of the oil [35]. The seed storage time before extraction 
affects the oil yield of moringa seed as the yield increased 
with the number of weeks the seeds were kept. However, 
this relationship is not expected to be linear at all time. 
The XRD peaks at 2θ =  ~ 6 and 24°, which correspond to 
that of MUP in BMM and CMM which did not appear 
BHAP and CHAP in the XRD patterns. These intense and 

sharp characteristic peaks in BBM and CMM XRD pat-
terns indicate the active presence and crystalline nature of 
MUP in the samples. Similarly, the FTIR spectra showed 
MUP bands in BMM and CMM; this equally confirms 
that the MUP was still present in them after drug loading. 
The drug release study showed that the drug release rate 
was higher in hydrogels than in ointment (oil based). The 
relatively lower release of MUP from the ointment may be 
either as a result of the ointment base used in the formula-
tion did not permit the drug to diffuse into the dissolution 
media or it could have high affinity toward the MUP drug 
molecule. The data obtained from the kinetic showed that 
the formulations CMM and BMM data fitted better to 
Higuchi kinetics having their  R2 greater than 0.99, while 
MUP/O followed zero-order kinetics. This is an indica-
tion that the drug release from the matrix of CMM and 
BMM was due to diffusion [36].

The MUP/O having low wound closure rate despite 
containing an API and showing antimicrobial activities 
against some selected bacterial. This could be attrib-
uted to low percentage drug release established during 
the drug release study. Its MUP was not encapsulated 
by any drug carrier to be able to efficiently tackle the 

Fig. 7 Wounds images showing contraction as the treatment days elapsed and histological photomicrographs
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advanced complexity of chronic wounds like exces-
sive of proteases [18] and biofilms [15] formation. The 
BHAP formulation showed a relatively better wound 
closure rate than the control animals. This could be 
possibly because hydrogel promotes the epithelization 
and reconstruction of skin tissues on full thickness 
wound as revealed by Ilomuanya et  al. [30]. Also, the 
hydrogel keeps the wounds moist and hydrated which 

enhances the re-epithelialization [37]. As expected, 
the control animals had the lowest wound closure area 
rate because no form of treatment except cleaning and 
dressing was done on their wounds. BHAP had the 
highest viscosity value (2602 ± 23  MPa) of all the pre-
pared formulations as shown in Table  1. This may be 
due to the fact that it did not contain MUP like the 

Fig. 8 Histomorphometry values showing: A Micro vessels in granulation tissues (vessels/mm2 of field), B Numbers of inflammatory cells (cell/mm2 
of field), C Percentages of collagen occupied regions in granulation tissues in granulation tissues (%  mm2 of field) D Re-epithelization rate (%) E 
Desquamated epithelium regions (mm) and F Thicknesses of central regions of granulation tissues from epidermis to dermis (mm); *p < 0.05
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BMM and CMM. The addition of MUP might have led 
to the reduction in their viscosity.

The evaluation of microbial activities revealed that the 
MUPP had the overall highest inhibition zone against 
each of the four bacteria. This was possibly because 
the MUPP was  neither  encapsulated in any drug car-
rier nor  contained in any gelling agents like hydrogel 
which tend to reduce the antimicrobial activity of the API 
slightly. Similarly, it was clear that the BHAP and CHAP 
did not have any antimicrobial activity against any of the 
bacteria used in this study and thus marginally reduced 
the dynamic of the MUP in the formulation. The same 
was applicable in case of MUP/O, which had the petro-
leum and mineral oil as its base composition. The heal-
ing activities of the formulations on the diabetic wound 
were examined more distinctively with histological analy-
sis. The tissue in control samples having highest level of 
inflammatory cells (950  cell/mm2 of field) was because 
nothing was applied on the wound resulting in uncon-
trolled multiplication of bacterial in the wound. Despite 
the accelerated wound closure rate of the ones treated 
with BHAP, which was more than that of MUP/O, Fig. 8b 
shows that the inflammatory cells in BHAP (889  cell/
mm2) were astronomically higher than that of MUP/O 
(199  cell/mm2). This revealed that high wound closure 
rate should not be confused with proper wound healing. 
It is possible for a wound to experience the former with-
out the latter and vice versa. It was only the BMM and 
CMM that were able to achieve the two simultaneously. 
The percentage occupied by collagen in granulation tis-
sue and re-epithelialization rate were higher in formu-
lations with MUP. They also showed lower thickness of 
the central region of the epidermis to the dermis. Their 
excellent results in histomorphometry parameters had 
made them to have significantly higher wound healing 
rate on the animals treated with the formulations than 
others as they contained encapsulated API necessary for 
chronic  wound healing process. The proper analysis of 
the photomicrograph (X100) and histomorphometry 
data shown in Figs. 7 and 8, respectively, revealed that the 
animals treated with BMM seemed to have the best heal-
ing response and the control animals showed the worst.

5  Conclusions
This study explored the use of the HAP isolated from 
bovine and caprine bones to formulate encapsulated 
MUP-HAP hydrogel composite for management of 
chronic wound. The CMM had the highest encapsula-
tion efficiency and drug loading capacity of 73.65% and 
295  mg/g, respectively, and the highest drug release of 
84.67% of MUP in 75  min, while the MUP/O released 
27.04% after same time during in vitro drug release study. 
The CMM and BMM hydrogel formulations showed 

Higuchi kinetic release model, while the MUP/O showed 
zero order. Based on wound closure rate, the BMM and 
CMM proved to be 54.32% and 63.17% better than the 
conventional ointment (MUP/O) in the management 
of chronic wound. The in-vivo study and histomorpho-
metry analysis revealed that the formulations prepared 
from MUP encapsulated in BHAP and CHAP were able 
to achieve high wound closure rate and proper wound 
healing unlike the MUP/O which was without HAP drug 
carrier.
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