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Abstract
There is a need for friendly and affordable wound dressing materials capable of uptaking and releasing active clinical 
agents. Proper combinations of materials that could quickly release antibiotics at the beginning, then slow and controlled 
release with time would make excellent materials for wound care management. In this study, cotton handwoven fabric 
hydroxyapatite (derived from coralline skeletons) polylactic acid composites were developed. The developed composites 
were characterized in terms of their physical and mechanical properties. Also, the in vitro drug release profiles for the 
developed composites were established. Bacteria efficacy of natural antimicrobial agents loaded composites against 
gram-positive bacteria Staphylococcus aureus (S. aureus) was also studied. The results suggested that the hand-weaving 
method has the potential to control the porosity of the fabric for different applications. Woven fabric with 1 mm pore 
sizes is suggested to have better particle uptake properties and moderate mechanical and physical properties suitable 
for wound dressing applications. Particle embedment capacity (w/w %) seemed to increase as the fabric pore sizes 
increases. On the other hand fabric with 1 mm pore sizes uptakes the highest amount of particles (0.174 g). A combina-
tion of coralline derived hydroxyapatite particles with cotton fabric suggested controlling the drug release rate by 30% 
compared with the fabric without the particles, appropriate for prolonged drug release applications. The released drug 
and natural antimicrobial agents from the developed composites suggested inhibiting microbial growth in which honey 
performed close to a clinical antibiotic. It was recommended to conduct an in vivo study for the developed composite.
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1 Introduction

Wound healing involves a complex cascade of events 
until the skin is completely restored. The human body 
is naturally designed to coordinate this process through 
immune systems, hormones, and different cells by stimu-
lating self-tissue regeneration and healing [1]. However, 
this process is slow and if compromised by either age or 
other health complications such as diseases, it may lead 
to chronic wounds [2]. Different wound treatments are 
available depending on the types of wounds but the most 
common medical treatment is through the application of 

wound dressing. Low-cost textile materials such as cot-
ton cellulose fibrous have been commonly used for wound 
dressing management. However, they tend to stick on the 
wound bed and cause pain during change of dressing. 
They can also cause skin maceration and microbial growth 
on the wound. Different strategies have been proposed 
to improve cotton as wound dressing materials such as 
surface functionalization [3–5] or combination with other 
materials to make composites [1, 6]. These modifications 
are suggested to improve drug loading and delivery 
capacity, controlled drug release rate, maintain a moist 
environment around the wound, and enhance comfort.
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In our last work [1] we showed that composite materials 
from cotton fabric and polylactic acid suggested having 
improved properties such as antibiotic delivery, mechani-
cal strength, and an enhanced healing process while pre-
venting bacterial infection. The reviewed literature shows 
that cotton fabric coated with different materials such as 
hydrocolloids [7], hydrogels [8, 9], chitosan [7, 10], or silver 
nanoparticles [5] displays an improved wound dressing 
property. Proper combinations of biodegradable materi-
als that could quick-release antibiotics at the beginning 
then slow and controlled release with time, would make 
excellent material for wound care management. Water 
uptake of cellulose fibres is also believed to be improved 
when the surface modification is done on the fibres. This 
avoids wound dehydration, which may lead to materi-
als anchored on the wound surface and cause pain and 
removal of newly regenerated tissue on the wound during 
change of dressing.

The use and application of extracts with antimicrobial 
activity from natural materials have been used for wound 
care management by either incorporating them into the 
wound dressing materials or directly on the wound site. 
Essential oils have been reported to inhibit the growth 
of E. coli when incorporated into cellulose-based wound 
dressing materials [11]. It has been suggested that the 
incorporation of a small amount of essential oil like 1% 
can inhibit the growth of E. coli. Honey has been used for 
centuries in wound healing and management. With very 
effective clinical options available in the market for wound 
management, honey may still be considered for healing 
certain wounds. Honey has a unique acidic pH balance 
that promotes healing and the osmotic effects, which 
together with the presence of hydrogen peroxide sug-
gested imparting antimicrobial effects [12]. Studies show 
that honey provides better healing of burn wounds and 
infected post-surgery wounds than many conventional 
options [13]. Curcumin has been studied as a potential 
antimicrobial agent for wound care management. Pra-
manik and co-workers reported that curcumin loaded in 
blended film displayed markedly enhanced wound heal-
ing and strong bactericidal activity against a gram-positive 
strain [14]. The combination of honey and turmeric in the 
treatment of wounds is not well studied. The demand for 
wound dressing materials capable of releasing antimi-
crobial and other compounds that would enhance the 
wound-healing process in a controlled manner is increas-
ing. A clinical study on the use of honey-coated bandages 
for the treatment of malignant wounds is reported to 
have a similar effect to silver nanoparticle-coated band-
ages [15].

Coralline-hydroxyapatites derived from marine skel-
etons have been used in tissue engineering applications. 
The unique architecture of coralline skeletons and their 

interconnected porous structure potential for drug uptake 
and release have attracted researchers and clinicians on 
the use of these materials for biomedical applications 
[16–18]. Developing wound dressing materials using 
coralline hydroxyapatite as one of the components will 
enhance the controlled release of an antimicrobial agent 
and therefore prevent bacterial infection for certain 
wounds that normally take time to heal. Cotton cellulose 
fibrous is limited in its capacity to uptake drug and the 
release rate is fast and difficult to control. To enhance con-
trolled release, cotton fibrous materials have been coated 
with a degradable polymer to slowly release the drug and 
the results are promising. The drawback of this approach is 
the thick layer of polymer you have to use for prolonged-
release which results in it taking a long time after the 
bust release before the therapeutic drug concentration is 
released. This is because polymer has to degrade to the 
point where the drug on the surface of the cotton fibre 
can diffuse towards the polymer surfaces [19]. During this 
time wounds could potentially be infected because there 
is only a small concentration of antibiotics being released. 
The ideal approach would be loading drugs into micro-
particles that could be embedded into cotton cellulose 
fibrous and covered with a thin film of degradable poly-
mer. This would ensure the controlled release at all times 
when the wound is dressed with this material.

To the best of our knowledge, there is very little infor-
mation in the literature regarding this approach. The 
research is focused on developing cotton woven fabric—
coralline hydroxyapatite polylactic acid polymer compos-
ites as a drug carrier for wound dressing materials. Also, 
the developed materials were tested for the uptake and 
release of the natural antimicrobial agents such as honey 
and curcumin in comparison with clinical antibiotics 
against Staphylococcus aureus.

2  Materials and methods

2.1  Materials

The Upendo Honey Company in Tanzania supplied 
organic bee honey (Colour—dark colour; pH = 3.76 ± 0.1; 
sugar content = 74.5  g/100  g; hydroxymethyl furfural 
(HMF) = 25.4 mg/kg) originally from KIbondo, Kigoma, 
Tanzania, processed, and commercially packed. Curcumin 
was bought from the local market. Streptomycin sulfate 
(potency: ≥ 720 I.U. per mg (dried basis) and amoxicil-
lin (potency: ≥ 90 μg per mg), were bought from Sigma 
Kenya. The 21st Century Textile Company in Tanzania 
kindly donated the cotton yarns. Coralline skeletons 
were obtained from coral reefs in Pemba’s coast, Zanzi-
bar. Polylactic acid (PLA) 3052D (specific gravity = 1.24, 
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Tg = 55–60 °C, MP = 200 °C) with Mw = 75,000 g/mol, was 
obtained from Nature Works LLC Australia. Bacteria media, 
Mueller–Hinton Agar and Chloroform with a ≥ 99% assay 
were bought from local suppliers. Bacteria strain Staphy-
lococcus aureus ATCC 25923 was used in the experiment. 
All chemicals used were analytical grade.

2.2  Handweaving technique

Cotton yarns of count 30 tex were used to develop a 
woven fabric without modification. A hand-weaving 
machine from a local handweaver, the Bantu Kikoi Shop 
located in Dar es Salaam developed the fabric. During 
the weaving process, the yarns in the longitudinal direc-
tion which acted as the warp yarns were inserted on the 
beam followed by the yarns in the horizontal direction 
which served as the weft yarns. The weaving process was 
designed to control the porosity of the fabric and for this 
case 0.5 mm pore size fabric of 1.5 m length and 60 cm 
wide was developed. The other pore sizes, 1  mm and 
1.5 mm were developed from 0.5 mm pore size fabric by 
pulling out yarns in the weft direction.

2.3  Coral conversion and embedment into fabric

2.3.1  Coral conversion: Mechano‑chemical technique

Coral skeletons were crushed then cleaned with 2% 
(v/v) NaClO, dried in an oven at 100  °C overnight and 
then ground in an aluminium oxide ball mill for 3 h, then 
sieved and stored at room temperature. Mechano-chem-
ical conversion of coralline to hydroxyapatite (HAp) was 
carried out as described in [20]. Coral skeletons contain 
more than 99%  CaCO3 which can easily be converted into 
hydroxyapatite. Briefly, the required amount of  NH3H2PO4, 
to obtain stoichiometric HAp was dissolved in 25 ml of 
distilled water and then added slowly (dropwise), to 3 g 
of milled coral powder suspended in a cleaned flask with 
150 ml distilled water at 80 °C on a temperature controlled 
hot plate with a magnetic stirrer. The stirring rate was 
200 rpm and the temperature was kept at 80 °C for 24 h. 
Samples were taken from the beginning of the reaction 
after every 30 min for 2.5 h for FTIR analysis. After conver-
sion samples were calcined at 700 °C for 2 h.

2.3.2  Fourier transform infrared spectroscopy (FTIR)

The conversion of coral to hydroxyapatite was monitored 
and confirmed with FTIR. FTIR spectra were collected using 
a Bruker, Vector 22 FTIR Spectrometer (Bruker Corporation, 
Massachusetts, USA) in the range 4000–400 cm−1. Samples 
were ground in a mortar and thoroughly mixed with dried 

KBr (FTIR Grade). For the analyses, 3 mg was ground with 
300 mg of KBr and pressed into a pellet (Carver press).

2.4  Antibiotic susceptibility

2.4.1  Media preparation

A solid agar medium for Staphylococcus aureus (S. aureus) 
was prepared by thoroughly dissolving 38  g of Muel-
ler–Hinton Agar powder in 1 L of distilled water on a hot 
plate assisted with frequent stirring until the medium was 
completely dissolved. The solution was then autoclaved to 
sterilize (121 °C, liquid cycle) and cooled at room tempera-
ture. Then the cooled Mueller–Hinton Agar was poured 
into sterile Petri dishes on a horizontal level surface to give 
uniform depth. After the agar was solidified, the plates 
were stored at 4 °C.

2.4.2  Bacterial strains and disc assay study

S. aureus (ATCC 25923) was cultured overnight in a Tryptic 
Soy Broth (TSB) medium in a shaking incubator at 37 °C 
under anaerobic conditions. This was then diluted 1:100 
into TSB and used in the disc assay experiments. Then 
1.5 mL of the cell suspensions were inoculated into disc 
plates with solid agar. Triplicate samples of disc plates for 
each honey-turmeric ratios were used in the experiments. 
Cotton fabric samples were padded into honey-turmeric 
ratios while the control was padded into Streptomycin 
sulfate solution. Honey used in this experiment was not 
diluted but used directly. The dosage ratio was based on 
the 15 mL of honey, which has been described in [21] as 
the initial dosage for wound treatment. Its physico-chem-
ical properties mentioned in 2.1 are consistent with tropi-
cal honey standards [22]. Then the padded samples were 
placed on top of the medium. The plates were sealed with 
sterile breathable film and incubated at 37 °C for 24 h.

2.4.3  Embedment of HAp into woven cotton fabric

The embedment was done by mixing 6  g of coralline 
hydroxyapatite powder in 20 ml of HCL to make 30 g/cm3 
concentration of ceramic in HCL. Then each 1 ml of a sus-
pension was mixed with 10 ml of ethanol to make a nano 
solution thus the concentration of each solution contained 
0.3 g of hydroxyapatite. After obtaining the solution, the 
sterile fabric samples (sterilized in autoclave (121 °C, liquid 
cycle) and cooled at room temperature) were then soaked 
for 1 h to allow the embedment of the hydroxyapatite. 
Then the fabric samples were dried at room temperature 
for 24 h.
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2.5  In‑vitro drug loading and release 
from HAp‑embedded cotton fabric

For the drug dissolution study, HAp particles were loaded 
with 10% (w/w) amoxicillin in a Rotary evaporator (60 °C at 
60 rpm with maximum vacuum and 10 °C cooling temper-
ature) and then dried in an oven at 60 °C overnight before 
being embedded into cotton fabric samples of 6 cm × 5 cm 
as described in 2.3.3. The drug loading efficiency to HAp 
particle has been reported in our previous publication [17]. 
All samples were thinly coated with a biodegradable pol-
ymer (Polylactic acid) in polylactic acid-chloroform solu-
tions with different concentrations (0.01 g/mL, 0.03 g/mL 
and 0.06 g/mL) by using a dip coat technique and then 
samples were put in Petri dishes to dry in a fume cabinet 
for 24 h. Drug dissolution was studied under SINK condi-
tion in a PBS (0.1 M, pH 7.4) at 37 ± 0.1 °C in a temperature-
controlled oil bath shaker running at a constant speed of 
100 rpm. 2 ml of each sample was taken every day for a 
consecutive 14 days and the release concentration was 
monitored by UV–vis double beam spectrophotometer. On 
the other hand apart from clinical antibiotic, other natural 
antimicrobial agents (honey and turmeric) were loaded 
into the developed fabric at different ratios to establish 
their efficacy against bacteria.

2.6  Mechanical properties of HAp embedded cotton 
fabric

Tensile testing of the cotton fabric embedded with HAp 
was performed in a universal tensile testing machine 
(Instron 5566, Series IX Automated Materials System 
8.25.00) with a crosshead speed of 100 mm/min and the 
load cell of 10 kN according to Tanzania Standards (TZS 
22:1979). A total of five specimens for each sample were 
tested with a gauge length of 100 mm and a width of 
50 mm. Deformation was followed with Blue Hill 3 soft-
ware version 3.41.

3  Results and discussions

3.1  Fabric physical properties

The obtained woven fabric was characterized in terms of 
its physical properties based on the ASTM D5446-08(2013) 
standard and presented in Table 1. Figure 1 shows the fab-
ric with different pore sizes before and after bleaching. It 
was observed that fabrics have a similar number of warps 
but different number of wefts. This is consistent with fabric 
density, which decreases as the pore size increases. The dif-
ference in weft and warp numbers also indicates the ani-
sotropic behaviour of these fabrics in terms of mechanical 

strength. These properties are consistent with the fabric 
pore size.

3.2  FTIR of the converted coral

Figure 2 displays IR shifts of HAp derived coral from the 
mechano-chemical method under basic condition. The 
results suggest that HAp obtained from this technique has 
FTIR shifts consistent with the ones reported in the litera-
ture [23]. The characteristic bands of the functional groups 
of HAp are seen in Fig. 2. Characteristic vibrations of  PO4 
tetrahedral such as  v1,  v4, and  v3 occurred at 962 cm−1, 
559 cm−1, and 1021 cm−1 respectively. The absorption 
maximum of  CO3 group at 854 cm−1 and 1444 cm−1 can 
also suggest AB-type  PO4 and OH group’s substitution in 
the structure of HAp. The spectra also suggested that the 
conversion starts immediately after the ammonium hydro-
gen phosphate is mixed with the coral. It was previously 
suggested the reaction mechanism can be classified as the 
solid-state topotactic ion-exchange reaction mechanism 
[24].

3.3  HAp particle embedment capacity of cotton 
fabric and the effect in mechanical properties

Particle uptake capacity of cotton fabric in this study is 
of importance because it correlates with the drug load-
ing capacity. The effect of mechanical properties with 
respect to the amount of particles loaded is presented 
in Fig. 3. Most of the particles were expected to stick on 
the surface of the fabric and with respect to pore size 
fabric with 1 mm pore size up took most of HAp particles 
followed by fabrics with 1.5 mm and 0.5 mm pore sizes 

Table 1  Physical properties of oven cotton fabric

Fabric properties Sample of fabric of different pore 
sizes

0.5 mm 1 mm 1.5 mm

Warp space (mm) 0.5 0.5 0.5
Weft space (mm) 0.5 1 1.5
Warp density (1/cm) 14 14 14
Weft density (1/cm) 11 8 6
Number of warps 420 420 420
Number of wefts 318 228 168
Warp crimp 0.14 0.09 0.06
Weft crimp 0.18 0.12 0.1
Fabric thickness (mm) 0.544 0.542 0.486
Warp cover factor 0.27 0.27 0.27
Weft cover factor 0.216 0.157 0.118
Fabric cover factor 0.397 0.384 0.356
Fabric weight (g/m2) 84.54 71.32 63
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respectively. Fabrics with pore sizes larger than 0.5 mm 
are suggested that their yarns are far apart enough for 
the particles to embed around the individual yarns. 
On the other hand fabric with 0.5 mm and less would 
be more accessible on the sides of the fabric and not 
around the individual yarns, hence fewer particles were 
embedded.

On the mechanical properties, the results suggested 
that the tensile strength of the fabric decreases with 
the increase of the amount of particles embedded. It 
is envisaged that particles penetrate and make a small 
separation of single fibres within the yarn and increase 
the yarn twist, which weakens the mechanical strength 
of the fabric. The particles seem to lower the mechanical 
strength of fabrics between 31 and 44%. However, the 
resulting products have enough strength to be useful in 
the area of less load-bearing applications such as wound 
dressing. In considering the weight of fabric with respect 
to the weight of particle loaded, uptake capacities are 
shown to be 15%, 23% and 27% for fabrics with pore 
size 0.5 mm, 1 mm and 1.5 mm respectively, see Fig. 4. 
In drug loading the amount of particle loaded would be 
of more interest than the percentage loading capacity. 
Therefore, in the in vitro drug dissolution study, a fabric 
with a 1 mm pore size was used.

Percentage elongation of the fabrics after particle 
embedment seemed to increase by 167%, 133% and 
130% for fabric with pore size 0.5 mm, 1 mm, and 1.5 mm 
respectively, see Fig. 5. This trend is consistent with the 
percentage particle loading capacity of these fabrics 
(Fig. 4), the lower the percentage loading the higher 
the percentage elongation of the respective fabric. This 
could be described as the effect of nanoparticle interfer-
ence with the fibre bundle (yarns) in which particles get 
in between single fibres and improve how much fibre 
can slide on top of another fibre.

Fig. 1  a Fabric with different 
pore sizes and b bleached 
fabric

Fig. 2  FTIR spectra showing coral conversion under basic condition

Fig. 3  Embedment capacity (Weight) with respect to pore size and 
the effect of HAp nanoparticles to fabric mechanical properties. 
Error bars are mean standard deviation (SD) of five experimental 
data
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3.4  In‑vitro study of drug dissolution from HAp 
loaded cotton fabric‑PLA composites

Figure 6 shows the release profiles of cotton fabric biocer-
amic polymer composites of a 1 mm pore size coated with 
different polymer concentrations. It has to be noted that 
only samples loaded with clinical antibiotic drug were 
used in this study. Samples loaded with natural antimicro-
bial agent were subjected to he disc assay study, reported 
in Sect. 3.5. The pore size was chosen based on the high-
est amount of HAp uptake by the fabrics. Since the drug 
was loaded into the particles the higher the amount of 
particles the higher the amount of drug was loaded into 
the fabric. It is believed that the drug not only loaded into 
meso and nano pores of the HAp particles but also the 

whole surface of the particles are coated with the drug 
with similar mechanisms reported in the literature [25, 26]. 
The release profiles revealed that the amount of polymer 
added a control mechanism on the drug release rate. Natu-
rally, HAp derived from coralline skeletons has the ability 
to control the release rate due to the presence of meso and 
nanopores [18].

Practically, there are several factors that could influence 
the drug release from these materials such as the type of 
drug (hydrophilic, hydrophobic, small or big molecules 
etc.), conditions during drug dissolution (ionic, acidic, 
basic, temperature etc.), preparation method, geometry 
of the drug-releasing materials, to mention just a few. 
Generally, the release of drugs from most of the materi-
als is mainly by diffusion, driven by other factors such as 
biodegradability rate (in case of biodegradable materi-
als), drug solubility behaviour together with other factors 
mentioned earlier on [27]. In concluding, in this study one 
assumption was made, that the drug particles or rather 
HAp particles loaded with the drug are dispersed ran-
domly throughout the fabric and the probability of finding 
the particle at any point in the fabric surface is constant 
at all positions. The release profiles showed that the drug 
release from the composites took place in three stages. In 
the beginning drug adjacent to the polymer layer or on 
the surface diffuses into the release medium—a stage typ-
ically known as “the initial burst”. The magnitude depends 
entirely on the amount of drug present in this area. This 
stage took place from time zero to one day. Then slowly 
polymer degradation starts to take place leading to the 
formation of pores on the polymer layer, which paves the 
way for fluid transport for drug dissolution beneath the 
polymer layer and on the fabric. At this stage, drug release 

Fig. 4  Loading capacity (% w/w) with respect to fabric pore size. 
Error bars are mean standard deviation (SD) of five experimental 
data

Fig. 5  Effect of HAp particles on percentage elongation of the 
woven fabric. Error bars are mean standard deviation (SD) of five 
experimental data

Fig. 6  Release profiles of 1 mm pore size cotton fabric loaded with 
drug-HAp and coated with three different PLA concentrations. Error 
bars are mean standard deviation (SD) of triplicate experimental 
data
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is by diffusion through these pores, which also control the 
mass transfer. This stage took place between 2 days and 
10 days. After this stage, more pores would cumulatively 
grow and coalesce, allowing PBS to penetrate the matrix 
and hydrolyse it more. At this stage, there might be a sec-
ondary burst as the polymer layer opens up due to degra-
dation. Then the drug will progressively be released until 
complete degradation of the polymer layers. The release 
study was conducted in only 2 weeks, a time that is not 
enough to see a complete degradation of the matrix.

The release rate for fabric coated with 0.01 g/mL poly-
mer looks to be the highest compared with other fabric 
with thicker PLA layers. In our previous study [1], loading 
drug directly to the fabric resulted in the fast release rate 
and within 5 days more than 80% of the drug was released. 
For prolonged period release applications, combination 
of fabric with hydroxyapatite derived coralline skeletons 
seemed to control the release and improve the release 
time for wide clinical applications.

3.5  Bacterial efficacy for natural antimicrobial 
agent from the developed fabric composites

Honey and turmeric have been used as natural antimi-
crobial agents for different applications. Figures 7 and 8 
represent a photograph of disc assay results and the inhi-
bition area from the disc assay experiment respectively. 
Honey and turmeric were experimented with in different 

ratios and their effect against pathogens was compared 
to the clinical antibiotic. It was revealed that honey could 
inhibit microbial growth to a large extent and could be 
used for clinical treatment of wounds. On the other hand, 
when combining honey and turmeric the effect towards 
bacteria is not positive. This could be due to the different 
actions these materials have towards bacteria. The ability 
to inhibit bacterial growth for turmeric is almost half that 
of the honey.

Fig. 7  Photograph of the disc 
assay results showing the 
inhibition area on a selected 
set of petri dishes used for 
the experiment. STD stands 
for “standard” loaded fabric 
sample with clinical drug used 
for comparison

Fig. 8  Bacterial inhibition area for honey:turmeric ratios. Error bars 
are mean standard deviation (SD) of duplicate experimental data
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4  Conclusions and recommendations

Coralline skeletons have the unique architectures that 
can be used for different clinical applications such as tis-
sue engineering and drug delivery. These skeletons were 
successfully converted to calcium phosphate materials 
(HAp) through the mechano-chemical technique and used 
as a drug carrier. The hand-weaving process was used to 
develop cotton fabric. This method provides opportunities 
to specifically customize the fabric porosities for different 
clinical applications. The fabrics made from this process 
displayed good physical and mechanical properties suit-
able for drug release wound dressing materials. It was 
revealed that fabric embedded with coralline derived 
hydroxyapatite have mechanical strength 25–44% lower 
than the neat fabric but enough for the intended appli-
cations. On the other hand, HAp in the fabric improved 
drug release control, which improves drug bioavail-
ability and efficacy. Biodegradable polymer coatings on 
the HAp loaded cotton fabrics suggested to control the 
drug release rate. The polymer coating thickness can be 
controlled to tailor different release kinetics. The devel-
oped fabrics have also displayed the ability to uptake and 
release honey and turmeric, enough to inhibit microbial 
growth. The results suggested that honey and turmeric 
could be loaded or coated to the developed fabric for 
wound dressing applications. Based on the findings it is 
recommended an in vivo study of the developed drug 
delivery composites. This will reveal a good picture of the 
drug delivery kinetics, important information for clinical 
studies.
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