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Abstract

Background. Phyto-reduction using Senna alata methanol leaf extract for nanoparticle (NP) biosynthesis
is of great importance for the production of value-added nanomaterial with antimicrobial potential.

Objectives. The aim of this study was to investigate the biosynthesis of zinc oxide nanoparticles (ZnONPs)
using crude methanol leaf extract of S. alata (SaZnONPs), antimicrobial efficacy of this extract, optimization
of its production parameters, and its application in cold cream formulation.

Material and methods. Phytosynthesized SaZnONPs were characterized using UV-Vis absorption spec-
troscopy, Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogra-
vimetric analysis (TGA), dynamic light scattering (DLS), X-ray diffraction (XRD) analysis, and energy-di-
spersive X-ray (EDX) spectroscopy. The antimicrobial activity of SaZnONPs and the formulated cold cream
was evaluated.

Results. The SaZnONPs surface plasmon resonance (SPR) was 400 nm. Functional groups such as alkenes,
alkynes and alkyl aryl ether were present. The SEM image showed NPs 7.10 nm in size and with a needle-
-like shape. The TGA values show the formations of stable ZnONPs, while the DLS showed the particle dia-
meter average of 89.7 nm and 855.4 nm with 0.595 polydispersity index. The EDX analysis confirmed the
formation of pure ZnONPs, and the crystallinity was confirmed with XRD analysis. Twenty-four hours of in-
cubation and production at pH13 was optimal for NPs synthesis. The SaZnONPs and the formulated cold cre-
am have antimicrobial properties against some pathogenic bacteria and Pichia sp. (16.00 mm) and Tricho-
phyton interdigitale (11.00 mm).

Conclusions. Senna alata was able to serve as a stabilizing and capping agent for SaZnONPs biosynthesis.
The SaZnONPs had good antimicrobial potential and can be used in cold cream formulation.

Key words: antibacterial, zinc oxide nanoparticles, Senna alata, cold cream formulation, Pichia species
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Introduction

The problem of drug resistance has been a serious chal-
lenge to the wellbeing of the world population, which ne-
cessitates the search for new drugs with high antimicrobial
potency to combat the existing resistant microorganisms.
Nanotechnology has proven to be one of the most valuable
means of synthesizing antimicrobial agents with a broad
spectrum of activity. Noble metals such as silver, gold, zinc,
copper, and iron are bio-converted by microbial and plant
metabolites for nanoparticle (NP) synthesis; the NPs are
widely used in drug delivery systems. Nanoparticle syn-
thesis is an important field in nanotechnology as a result
of material properties based on size.!

Zinc oxide nanoparticles (ZnONPs) have received
considerable attention due to their unique antibacterial,
antifungal and UV filtering properties, and high catalytic
and photochemical activities, which are not observed at
bulk phase.2~* Specifically, ZnONPs have a tremendous
potential in biological applications like biological sens-
ing, biological labelling, gene delivery, drug delivery, and
nano-medicines due to their antibacterial, antifungal,
anti-diabetic, anti-inflammatory, wound-healing, anti-
oxidant, and optical properties.>®

Zinc oxide nanoparticles can be synthesized using direct
precipitation, homogeneous precipitation, solvothermal, so-
nochemical, reverse micelles, sol-gel, hydrothermal, thermal
decomposition, and microwave irradiation methods.” Apple-
rot et al. reported that ZnONDPs exhibited stronger inhibitory
activity against pathogenic microorganisms than chemically
synthesized NPs.® The antibacterial potential of ZnONPs
against some clinical pathogens has been reported.’

Green method of ZnONPs biosynthesis is gaining impor-
tance due to its simplicity, eco-friendliness, broad antimi-
crobial efficiency, and environmental control of chemical
toxicity.!%!! There is an increasing interest in the biosynthe-
sis of metal NPs using plants as bio-reducing and capping
agents based on their suitability for large scale production
of NPs. Nanoparticles produced using plants are character-
ized by better stability and diversity in shape and size com-
pared to the NPs produced using other organisms.!2

Among the wide range of medicinal plants are members
of the genus Senna. Senna alata is an ornamental shrub
which is mostly used as antimicrobial agent.'>!* The plant
has been used for treating a wide variety of infections and
diseases.!>1® Senna alata has been reported to contain
phytochemicals which are responsible for their biologi-
cal actions against various pathogens. This has made it
an important plant in various fields of relevance.!*16

Biosynthesis of ZnONPs using different plants such as Aloe
vera extract, Citrus aurantifolia extract, Plectranthus am-
boinicus, orange juice, Ocimum basilicum L. var. urpurascens,
and Parthenium hysterophorus L. has been reported./’-2!

The antibacterial efficacy of the biosynthesized
ZnONPs using ethanol extract of Murraya koenigii against
some bacteria has been reported.?? This research aimed

at examining the phytosynthesis of ZnONPs using crude
methanol leaf extract of S. alata, as well as at optimization
of production parameters, antimicrobial efficacy and ap-
plication of the ZnONPs in cold cream formulation.

Material and methods

Plant collection and extraction

Fresh leaves of S. alata were collected from the prem-
ises of the University of Ibadan, Nigeria. The leaves were
cleaned with running tap water and rinsed with distilled
water to remove debris and contaminants. The leaves were
air-dried at room temperature, chopped into small pieces,
milled, poured into a macerating jar, and methanol was
added and filled to the brim. The solvent was then stirred
with the solute using a sterilized glass rod and this was re-
peated every 8 h during a cycle which lasted for 72 h. After
72 h of extraction, the extract was decanted and filtered us-
ing a Whatman'’s filter paper (No. 1), and then concentrated
using a rotary evaporator under reduced pressure and low
temperature.

Collection of test cultures

Typed strains (Pseudomonas aerogenosa (ATCC 27853),
Staphylococcus aureus (ATCC 29213), Bacillus sp., Esch-
erichia coli (ATCC 11775), and E. coli (ATCC 35218)) and
clinical strains (5 strains of Multi Drug Resistant Staphy-
lococci (MRS) and fungi (Candida albicans, Candida
krusei, Candida tropicalis, Trichophyton sp., Aspergillus
niger, and Penicillium sp.)) were obtained from the De-
partment of Microbiology of the University of Ibadan.

Photosynthesis of zinc oxide
nanoparticles

The ZnONPs was biosynthesized using methanol leaf
extract of S. alata. The plant extract was added to 10 mM
zinc acetate solution in ratio of 1:50. The mixture was in-
cubated for 24 h to facilitate the formation of NPs. Aque-
ous leaf extract and zinc acetate solution were used as
controls throughout the experiments. Change in the color
of the solution indicated the presence of ZnONPs. The
NPs were dried at 60°C to obtain a pale white powder.

Characterization of nanoparticles

Visual observation and UV-Vis spectra analysis

The gradual color change of the mixture in the test bottle
was visually observed and noted. The formation and stabil-
ity of the NPs was monitored by measuring the absorbance
using UV-Vis spectrophotometry (UV-Vis spectrophotom-
eter; Ocean Optics, Winter Park, USA). The optical property
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of the NPs was determined using ultraviolet and visible ab-
sorption spectroscopy in the range of 200—800 nm at a reso-
lution of 1 nm. The UV-Vis spectra were recorded at 24—72 h.

Fourier-transform infrared spectroscopy analysis

The functional group and composition of the ZnOPS
synthesized using crude methanol leaf extract of S. alata
(SaZnONPs) was determined using Fourier-transform
infrared spectroscopy (FTIR) spectroscopy (Shimadzu,
Kyoto, Japan). Two milligrams of the SaZnONPs was
ground with KBr salt at 25°C and pressed into a mold to
form a pellet. The spectra were recorded at a wave range
of 500-4000 cm™! and at a resolution of 4 cm™.

Scanning electron microscopy analysis

The size and shape of the SaZnONPs were determined
using scanning electron microscopy (SEM). Thin films
of dried SaZnONPs were gold-coated using a coater
(Model No. JFC-1600; JEOL, Akishima, Japan). The im-
ages of SaZnONPs were obtained in a SEM (Zeiss EVO-
MA 10; Carl Zeiss AG, Oberkochen, Germany). Details
regarding applied voltage, magnification and size of the
contents of the images were also implanted on the images.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was done on the
dried SaZnONPs in SDT 2960 device (TA Instruments,
New Castle, USA). The samples were heated in open alumi-
na pans from 40°C to 600°C, under an oxidant atmosphere
(Oy), flux of 50 mL/min and a heating rate of 10°C/min.
The estimation of the zinc content in SaZnONPs was
done using the residue at 600°C.

Dynamic light scattering

Particle size distribution and average size of SaZnONPs
was determined using PSI Online Diameter-Measuring
Particle Size Analyzer (DFMC, Dandong, China). Liquid
sample before centrifugation was diluted 10 times using
deionized water and transferred to cuvette, and analy-
sis was performed using dynamic light scattering (DLS)
(Malvern Zetasizer Nano Z500; Malvern Panalytical,
Malvern, UK). The sample holder temperature was main-
tained at 25°C.

Energy-dispersive X-ray spectroscopy

The elemental analysis of SaZnONPs was determined us-
ing an energy-dispersive X-ray (EDX) spectroscopy. The
dried SaZnONPs powder was used for the analysis and pure
ZnO was used as standard. The EDX analysis software from
Oxford Instruments (Abingdon, UK) was used. All measure-
ments were performed at an accelerated voltage of 10 kV.

X-ray diffraction analysis of SaZnNPs

The purity and crystalline structure of the SaZnONPs was
determined using X-ray diffraction (XRD) analysis. X-ray dif-
fraction patterns were obtained in a Siemens Kristalloflex dif-
fractometer (Siemens AG, Munich, Germany) using nickel-
filtered Cu-Ka radiation from 4° to 70° (20 angle).

Determination of antimicrobial potential
of the SaZnONPs

The antibacterial and antifungal potential of the
SaZnONPs was determined using agar well diffusion meth-
0d.2 The isolates were cultured overnight in peptone water
and 18 hour-old culture of the isolate was seeded on Muel-
ler—Hinton agar (Lab M Ltd., Heywood, UK) plates. Uniform
wells of 7 mm were cut on the dried agar plate and the wells
were filled with 20 pL of the SaZnONPs. Zinc acetate solu-
tion, methanol extract of S. alata leaves, dimethyl sulfoxide
(DMSO), streptomycin, and fungusol (miconazole nitrate
BP 2%; Afrab Chem Ltd, Lagos, Nigeria) were used as con-
trols. The inoculated plates were incubated at 37°C for 24 h
for bacteria and at 28°C for 72 h for fungi. Diameters of clear
zones of inhibition (ZOI) around the wells were measured in
millimeters. Diameters greater than 1 mm were considered
positive after subtracting the original diameter of the cork
borer (7 mm) from the final reading.

Minimum inhibitory concentration determination
of the SaZnONPs

To determine the minimum inhibitory concentration
(MIC) of the SaZnONPs, wells were bored on inoculated
agar plates. The wells were filled with 20 pL of different
concentration (10-100%) of the SaZnONPs. The plates
were incubated appropriately at 37°C for 24 h for bacte-
ria and at 28°C for 72 h for fungi. The zones of inhibition
were then observed and recorded. The lowest concentra-
tion of the SaZnONPs that completely inhibited the growth
of the test microorganism was taken as the MIC of the NPs.

Optimization of production conditions for SaZnONPs
phytosynthesis

The production parameters such as incubation time (2—
72 h), different concentration of zinc acetate (1-20 mM)
and the leaves extract (0.2—-0.8 mL), incubation tempera-
ture (28-45°C) and pH (4-13) for NP biosynthesis was
optimized. UV-visible spectra of and the FTIR of the bio-
synthesized SaZnONPs were evaluated.

Formulation of SaZnONPs cold cream
The cold cream formulation was done by first prepar-

ing the oil phase and aqueous phase. To prepare the base,
the oil phase was prepared by adding beeswax (10 g) to
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liquid paraffin (30 g) and the mixture was placed in a wa-
ter bath (90°C). For the aqueous phase preparation, borax
(0.5 g) was dissolved in distilled water (9.5 mL) and heated
up to 50°C. The SaZnONPs was dissolved in the aqueous
phase to form a mixture. The cold cream SaZnONPs was
formulated by slowly adding the oil phase to the aqueous
phase with continuous stirring until it become semisolid.
The control cold cream was formulated without the addi-
tion of SaZnONPs. The formulated samples were kept for
further analysis.

Determination of pH and the viscosity of the of the
formulated cream

The pH of the formulated cold creams was measured
using direct immersion of the electrode of pH meter into
formulated creams. The viscosity of the formulated cold
cream samples at different shear rates was done using
a Brookfield viscometer DV-II+ pro (Brookfield Engineer-
ing Laboratories, Middleboro, USA) with spindle No. S—64
at 20 rpm at 25°C, and the analysis was done in duplicate.

Determination of the antimicrobial activity of the cold
cream

The antimicrobial potential of the formulated cold
cream samples was evaluated using agar well diffusion
method. The test pathogens were spread on Mueller agar
using sterile cotton swabs. Wells were bored in the inocu-
lated agar plates and the formulated cream samples were
introduced into the wells. Formulated cream samples
without the NPs, zinc acetate solution, streptomycin, and
fungusol were used as controls. The plates were incubat-
ed and the diameters of clear zones of inhibition (ZOI)
around the wells were recorded in millimeters.

Results and discussion

The visual observation of the ZnONPs synthesized us-
ing the crude methanol extract of S. alata after 24 h in-
cubation is shown in Fig. 1A—C. The mixture turned pale
brown after 24 h of incubation, indicating the formation
of SaZnONPs.

The UV-Vis absorption spectrum of SaZnONPs is shown
in Fig. 2. The absorption spectrum was recorded for the
NPs in the range of 200-800 nm. The surface plasmon
resonance (SPR) peak was observed at 400 nm after 24 h.

The absorption spectrum of SaZnONPs 400 nm may be
ascribed to the nanometric size effect of the synthesized
ZnO, which is characteristic of hexagonal ZnONPs.?* The
SPR peak of 370 nm has been reported by different re-
searchers.?12>26 This absorption peak shows evidently the
monodispersion of the SaZnONPs formed. The sharp and
prominent absorption band may arise due to the transi-
tions from a valence band to conduction band.

Fig. 1. Visual observation of photosynthesized SaZnONPs. A. Senna alata
crude methanol leaf extract. B. Zinc acetate. C. Biosynthesized ZnONPs
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Fig. 2. UV-Vis spectra of photosynthesized SaZnONPs

The spectra of the biosynthesized SaZnONPs charac-
terized using FTIR are shown in Fig. 3. Twelve peaks were
observed — from 3,852.04 cm™! to 464.73 cm™!. The FTIR
spectrum showed a broad peak at 3,444.43 cm™!, which corre-
sponds to the stretching vibrations of hydroxyl OH band. The
peak at 2,075.73 cm™! indicates an alkyne C=C bending vibra-
tion. The peaks at 1,643.73 cm™ and 1,633.71 cm™! showed
the stretching vibrations of cyclic and conjugated alkenes
(C=C) group. Furthermore, the peaks at 3,852.04 cm™ and
1,416.09 cm™! indicate the presence of alcohol (O—H) group.
The peak at 1,650.78 cm™! indicates the presence of phos-
phine (X=C=Y) groups. The band at 1,011.78 cm™ corre-
sponds to the bending vibration of the alkyl aryl ether (C-O),
while the peak at 569.06 cm™! shows the presence of an al-
kyl halides (C—X) group. Finally, the band at 464.73 ¢cm™,
651.76 cm™! and 716.56 cm™! corresponds to the stretching
of Zn-O compound.

The FTIR results show the possible plant biomolecules
involved in the NP biosynthesis and as functioning capping
agents. It also shows that the biosynthesized SaZnONPs
were surrounded by proteins and other metabolites.?”
Based on the FTIR spectra, it can be stated that the pres-
ence of these functional groups suggests that the biological
molecules play an important role in the biosynthesis of NPs,
and could possibly perform dual functions of formation and
stabilization of SaZnONPs in an aqueous medium.
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Fig. 3. FTIR spectra of SaZnONPs

The SEM image of SaZnONPs is presented in Fig. 4.
It shows needle-like shape NPs with 10.3 nm in diameter.

Fig. 4. SEM image of SaZnONPs

The SEM images of the crystals showed some non-uni-
form distribution in the form of a needle-like structure
without agglomeration. The boundaries between single
crystallites were visible. Agglomerates were composed
of several individual nano-sized crystals.

The TGA of SaZnONPs is showed in Fig. 5. The TGA
profile showed a continuous weight loss with 2 quasi-
sharp changes occurring at 234.02°C and 473.75°C, fol-
lowed by a nearly constant plateau. The annealing above
473.75°C seems to guarantee the formation of stable
SaZnONPs. After heating to 234.02°C, the excess water
seems to be driven off and the material initiates organic
carbon decomposition. The material continues to de-
compose. Oxidation of the catalyst particles is seen after
473.75°C, leading to dramatic mass changes with a resid-
ual mass of 4.95% at 846.87°C.

2000 1500 1000 450

[em™]

The TGA showed a two-stage weight loss, which in-
dicates the decomposition and vaporization of various
functional groups at different temperatures. The large
weight loss may be attributed to the breakdown of the
organic carbon coordinated with ZnONPs in extract-zinc
acetate hybrid. Oxidation of the catalyst particles is seen
after 473.75°C, leading to dramatic mass changes with
a residual mass of 4.95% at 846.87°C. This report differs
from the observation of Ramesh et al,*” who observed
thermal dehydration at 165°C and 318°C respectively,
with an endothermic peak at 390°C during the decompo-
sition of zinc nitrate to ZnO.
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Fig. 5. The results of TGA of SaZnONPs
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The TGA shows the interaction between the NPs and
the stabilizer. Singh et al.28 reported that the TGA of NPs
and of capping agents not only provides information
about the stability of NPs, but can also evaluate the yield
of NPs in the final product.

Figure 6 shows the average particle size, size distribution,
and polydispersity index (PDI) of SaZnONPs using DLS
measurement. It shows average particle sizes of 412.0 nm
and 155.2 nm with a polydispersity index of 0.481.

The hydrodynamic diameter, which uses the diffusion
coefficient of the SaZnONPs colloids and the autocorre-
lation function measured with DLS techniques, showed

the size and distribution of the NPs. The large average di-
ameter of 549.2 nm can be attributed to the aggregation
of the NPs over time. This is in line with the work of Chit-
sazi et al., who observed that there was an increase in the
average diameter of synthesized NPs with an increase in
reaction time.?

The EDX spectrum of the biosynthesized SaZnONPs is
shown in Fig. 7. The spectrum of the optimized sample
confirmed the presence of zinc and oxygen in the powder.
Consequentially, there are no other elements except zinc,
thereby sustaining the pure chemical form of the formed
ZnONPs.

N
o

-
(9))

intensity [%)
=)

(4}

size distribution by intensity
25 R R : ................. .. ............

.........................................
....................................................
...................................................
......................................

T

size [nm]

100 1000 10000

B record 29: sample SAM Zn |

Fig. 6. DLS showing the particle size distribution of SaZnONPs
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Fig. 7. EDX spectra of SaZnONPs
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Figure 8 shows the results of XRD analysis of the
SaZnONPs. It was observed that the 7 reflection peaks of 26
degree with corresponding Miller indices (hkl) showed
values at 15.32° (002), 37.39° (110), 40.58° (002), 42.15°
(101), 43.09° (101), 44.18° (002), and 46.99 (101), which are
matched with the Crystallography Open Database (COD;
http://www.crystallography.net/cod) in MATCH! Phase
Identification (https://www.crystalimpact.com/match)
from Powder Diffraction software.

The EDX spectrum of SaZnONPs sample confirmed
the presence of zinc in the powder. The EDX clearly

I rel.

showed the purity of biosynthesized metal NPs and of the
SaZnONPs.30

The antifungal potential and MIC of the SaZnONPs
against pathogenic fungi is shown in Table 1. The
SaZnONPs presented activity only against Pichia sp. and
T. interdigitale with a zone of 16 mm and 11 mm, respec-
tively, while the remaining fungi strain were resistant. The
activity of the SaZnONPs against Pichia sp. and T. inter-
digitale was up to 10%, showing that the 2 organisms are
highly susceptible to SaZnONPs.
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Fig. 8. XRD pattern of SaZnONPs
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Table 1. Antifungal activity and MIC of SaZnONPs against some pathogenic fungi

Antibacterial activity [mm]

SaZnONPs zinc acetate solution

Test bacteria

C. albicans A
C. albicans B
C. albicans C
Rhizopus sp.
Pichia sp.

C. tropicalis
C. krusei

T interdigitale

fun

N NN~ 0O B~ O O N

gusol

j/u
- AA(o\o/J/I pu,m

36.

MIC for SaZnONPs [%)]

zone of inhibition [mm]

o0 [ w0 [ o | 50 | 3
16 16 14 12 10 8
11 15 14 12 8 8

SaZnONPs - zinc oxide nanoparticles biosynthesized using crude methanol leaf extract of Senna alata; MIC — minimum inhibitory concentration.
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The antibacterial activity and MIC of the SaZnONPs
against pathogenic bacteria is shown in Table 2. The
SaZnONPs presented activity against S. aureus D E. coli
35218, S. saprophyticus B and S. epidermidis C with zone
of inhibition of 9 mm, 5 mm and 2 mm, respectively. The
SaZnONPs had a low activity (1.00 mm) against S. aureus
D at 10% concentration, while there was no activity re-
corded against it for S. saprophyticus B and S. epidermidis
C beyond the full 100% concentration of the SaZnONPs.

The SaZnONPs showed activity against only 2 of the fun-
gi species. Rajiv et al. observed that plant pathogenic fungi
were susceptible to ZnONPs.?! The susceptibility of test-
ed fungi pathogens can be attributed to the nature of the
particles, i.e., their nanoscale structure.®® The SaZnONPs
showed activity against different species of Staphylococ-
cus and against E. coli 3521. Gunalan et al.!° observed that
ZnONPs were active against S. aureus, while Ambika and
Sundrarajan?* recorded antibacterial activity against S. au-
reus and E. coli. Gunalan et al. revealed that the nanosize
of NPs enables the permeability of bacteria cell membrane
and gives access to the organelles of the cell.!?

The MIC of the NPs against both the fungi and bacte-
ria pathogens showed a continuous decrease in activity
along with the reduction in the concentration of the NPs
used. This showed that the activity of the NPs depends on
its concentration. This is in accordance with the report
of Dubey et al.*? and Oboh and Abulu®* who stated that an-
timicrobial activity is a function of the concentration of the
active ingredient that is in contact with the organism.

Optimization of conditions of different production
parameters on the biosynthesis of ZnONPs was inves-
tigated. Figure 9A shows the UV-Vis spectra during op-

timization of incubation time (2-72 h) on the biosyn-
thesis of SaZnONPs. The optimum incubation time for
the biosynthesis was recorded at 24 h. The SPR shows
a high sharp peak after 24 h of synthesis at a wavelength
of 400 nm.

Figure 9B shows the UV-Vis spectra during optimiza-
tion of SaZnONPs biosynthesis at different molar con-
centration of zinc acetate; 10 mM supported the opti-
mum SaZnONPs biosynthesis. The SPR showed a sharp
peak at 400 nm for 10 mM zinc acetate molar concen-
tration. Broad peaks were observed for other concentra-
tions at 500 nm.

Figure 10A shows the UV-Vis spectra during optimiza-
tion of different incubation temperature (4—45°C) for the
biosynthesis of SaZnONPs. The temperature of 4°C sup-
ported optimum SaZnONPs production and the SPR was
recorded at 600 nm.

Figure 10B shows the UV-Vis spectra for optimiza-
tion of SaZnONPs biosynthesized using different volume
of the extract (0.2—-0.8 mL). 0.8 mL of the extract support-
ed optimum SaZnONPs biosynthesis. The SPR showed
peaks was at 450 nm.

Figure 11 shows the UV-Vis spectra for optimization
of pH (4-13) for biosynthesis of SaZnONPs. pH 13 sup-
ported optimum biosynthesis with SRP at 450 nm.

It is well known that the morphology and size of metal
NPs produced from a metallic precursor in a solution de-
pend on various reaction conditions, such as the concen-
tration of metal ion, ratio of metallic salt/reducing agent,
time, temperature, and pH.?* The optimization of condi-
tions for SaZnONPs synthesis in this study indicated the
effect of the different parameters — time, temperature,

Table 2. Antibacterial activity and MIC of SaZnONPs against some pathogenic bacteria

Antibacterial activity [mm]

MIC for SaZnONPs [%)]

S.aureus A

S.aureus B = =
S.aureus C - -
S.aureus D 9 =
S.aureus 29213 - -
E.coli35218 5 4
E.coli11775 - -
P aeruginosa 27853 - -
C. freundii - -
S. typhi 14028 - -
B. cereus - -
S. saprophyticus A - -
S. saprophyticus B 2 -
S. epidermidis A - -
S. epidermidis B - -
S. epidermidis C 2 2

Test bacteria S ONE Zone of inhibition [mm]
azn S zinc acetate solution streptomycm m“--
5

8.00
950 - = - = = -
12550 - - - - - -
1200 9 10 8 8 5 1
7.00 - - - - - -
7.00 5 = = = = =
6.50 - - - - - -
7.00 = = = = = =
8.00 - - - - - -
7.00 - - - = =
750 - - - - - -
850 - - - - - -
8.00 2 - - - - -
8.00 - - - - - -
8.00 - - - - - -
6.50 2 - - - - -
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Fig. 11. UV-Vis spectra of the SaZnONPs biosynthesized at different pH

concentrations of zinc salt and extract, and pH on the
NPs phytosynthesis. The effect of time is a significant
factor that affects production of SaZnONPs. The SPR
was recorded after 24 h which is a period considered
being enough for the maximal production of SaZnONPs.
This finding was in contrast with the report of Raliya and

Tarafdar,?® where it was observed that the biosynthesis
of ZnONPs was optimal after 72 h of incubation. The
incubation temperature of 4°C showed the highest plas-
mon peak of the biosynthesis of SaZnONPs while the SPR
was observed using 10 mM of zinc acetate. Different vol-
ume of S. alata leaf extracts were used for the synthesis
of SaZnONPs, and 0.8 mL of the extract was most suitable.
These results also indicate that basic pH had the highest
peak during SaZnONPs biosynthesis. A sharp peak was
recorded at pH 12. pH affects the amount of NPs produc-
tion and their stability, which is a critical factor in the con-
trol of the size and morphology of NPs.*

Figures 12-15 show shows the FTIR spectra of the
different optimized conditions for the biosynthesis
of SaZnONPs. Five troughs corresponding to the hy-
droxyl O—H stretching bonds, alkynes and amides were
prominent in all the spectra.

The FTIR spectra under different optimization con-
ditions showed that the peaks around 3,400 cm™' and
1,600 cm™!, which corresponds to the O—H stretch and
C=C stretch, were constant under all conditions. This
shows that under different optimization conditions, there
are large amounts of compounds that can actively chelate
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SaZnONPs

A. Zinc acetate
(1.0 mM)

1012 04cm-1

1435 93cm-1

2079 01cm-1

715 11 emo

1634 17 cm-1

1322 11243

B. Zinc acetate
(5.0 mM)

—
1012 SRem

-
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RERPR-FE- s ]

3443 4%cm 1
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1636.35cm 1

951 &3cm-1

141818 cm-1

D. Zinc acetate
(20.0 mM)

488.FTem-1
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Fig. 12. FTIR spectra of SaZnONPs biosynthesized under optimized concentration of zinc acetate: A) 0.1 mM zinc acetate; B) 5.0 mM zinc acetate; C) 15.0 mM
zinc acetate; and D) 20.0 mM zinc acetate
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and reduce the NPs, which is confirmed in the finger-
print regions of the latter end of the spectrum. The effect
of different parameters could have inhibited the activity
of some of the components of the plant extract, as seen
in the absence of some functional groups under different

SaZnONPs

A. Biosynthesized
at 4°C

3437 65cm-1

B. Biosynthesized
at 28°C

transmittance [%)]

3435.70cm-1

C. Biosynthesized
at 45°C

3437 02cm-1

2113 15cm-1

2078.25cm-1

conditions. The biological entities act as capping and sta-
bilizing agents in the synthesis process. Good examples
are the phytochemicals like flavonoids, phenolics, terpe-
noids, and cofactors, which act mainly as reducing and
stabilizing agents during synthesis.

1434.4

L
1407 14cm-1 705 15cm-1

951 95cm-1

I
10147 7em-1
1642 86Cm-1

461 62cm-1
9571 77cm-1

E66.61cm-1

1417 40cm-1 45521cm-1

1012.33cm-1

711.00cm-1

1634 38cm-1

1019
1412.5

20T 3. 84cm—1

T12.589cm-1

‘]
4‘000 3500 3000 2500

2000 1500 1000 450

wavenumber [cm~1]

Fig. 13. FTIR spectra of SaZnONPs biosynthesized under optimized temperature: A) 4°C; B) 28°C; and C) 45°C
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SaZnONPs

A, Extract to zinc acetate ratio
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Fig. 14. FTIR spectra of SaZnONPs biosynthesized under optimized extract to zinc acetate ratio: A) 1:100; B) 3:100; and C) 4:100
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Fig. 15. FTIR spectra of SaZnONPs biosynthesized under optimized pH: A) pH 4; B) pH 7; C) pH 10; and D) pH 13
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Table 3 shows the viscosity and pH measurement
of the cold cream incorporated with 1% SaZnONPs (C1)
and cold cream combined with 2% SaZnONPs (C2). The
viscosity was reported in a unit of centipoises (cps) and
torque. The apparent viscosity and torque were shown
in relation to the revolutions per minute (rpm or shear
stress) for the formulations. The viscosity for the C1
and C2 formulated cold cream samples were 14,400 cps
and 12,240 cps at 50 rpm and 8,080 cps and 6,920 cps
at 100 rpm, respectively.

The pH of the cream base was 5.64, while the pH of the
C1 and C2 samples were 8.16 and 7.56. There was an in-
crease in pH when 1% and 2% SaZnONPs was incorpo-
rated into the cream base.

Table 4 shows the antibacterial and antifungal activity
of cold cream incorporated with SaZnONPs against the
test pathogen. Only 1 strain of S. aureus was susceptible

Table 3. Viscosity and pH values of the different cream formulations

Viscosity

Sample code 50 RPM 100 RPM

al 14,400 18.05 8,080 202

Q2 12,240 153 6,920 173

c3 - - 7,560 -

Cream base - - 3,160 - 5.64

C1 - cold cream incorporated with 1% SaZnONPs;
C2 - cold cream incorporated with 2% SaZnONPs;
C3 - cold cream incorporated with 2% zinc acetate.

to the formulated cream with a 3.0 mm zone of inhibi-
tion. The cream showed activity against 25% (2) of the
fungal pathogens — Pichia sp. (2.0 mm) and 7. interdigi-
tale (5.0 mm).

The pH of the human skin typically ranges from 4.5
to 6.0, and 5.5 is considered to be the average pH of the
skin.®® Therefore, the formulations intended for appli-
cation to the skin should have pH close to this range.
In this study, all the cream formulations were close to
the pH of the skin. The cream formulations also showed
proper viscosity, which is needed for good cream-based
formulations.

Conclusions

Senna alata methanol leaf extract was a good bio-
reducing, stabilizing and capping agent for zinc acetate
in the phytosynthesis of SaZnONPs. The biosynthesized
NPs exhibited good antibacterial and antifungal activ-
ity against some of the test pathogens. The SaZnONPs
formulated cream has good viscosity and pH and appre-
ciable antimicrobial efficiency against a few of the test
bacteria and fungi.
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Table 4. Antibacterial and antifungal activity of SaAgNPs-incorporated cold cream formulation

Test bacteria Antibacterial activity of SaZnONPs cold cream

Antifungal activity of SaZnONPs cold cream

Test fungi

[mm]

S.aureus A 3.0

S.aureus B =
S.aureus C -
S.aureus D =
S.aureus 29213 -
E.coli35218 =
E.coli11775 -
P.aeruginosa 27853 -
C. freundii -
S. typhi 14028 =

O OV o N O L1 hdWw N

B. cereus -
12 S.saprophyticus A -
13 S.saprophyticus B -
14 S.epidermidis A =
15 S.epidermidis B -
16 S. epidermidis C -
17 S.typhi 14028 -

18  B.cereus -

[mm]
1 C albicans A -
C. albicans B =
C.albicans C -
Rhizopus sp. -
Pichia sp. 20
C. tropicalis -

C. krusei -

co N O AW N

T interdigitale 5.0

S/N = sample number.
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Abstract

Background. Ibuprofen is used both for acute and chronic disorders, such as ankylosing spondylitis, oste-
oarthritis and rheumatoid arthritis; however, ibuprofen causes gastrointestinal disturbances. Therefore, it
would be desirable to design it as a sustained-release preparation.

Objectives. To design ibuprofen microbeads using polymers obtained from Xanthosoma sagittifolium
starch and Dillenia indica mucilage to provide sustained-release delivery of ibuprofen.

Material and methods. The polymers were extracted using standard methods and characterized by their
material, physicochemical, elemental, and rheological profiles. Microbeads loaded with ibuprofen were
prepared using the ionotropic gelation method utilizing blends of the polymers and sodium alginate.
The microbeads were evaluated using particle shape, particle size, swelling index, entrapment efficiency,
and release assays.

Results. The results showed that the polymers have distinct material and physicochemical properties uni-
que to their botanical sources. The microbeads were spherical and free-flowing, and they rolled without
friction. The swelling properties ranged from 47.62 +2.74% to 79.49 £3.66%. The particle size of the
microbeads ranged from 88.14 +68.57 um to 214.90 +66.95 um, while the encapsulation efficiencies
ranged from 20.67 +4.66% to 83.61 +6.35%. The dissolution times suggested that the concentration
of the natural polymers in the bead formulation could be used to modulate the dissolution properties.
Generally, formulations containing the mucilage yielded higher dissolution times than those containing
the starch. The kinetics of drug release from the microbeads containing the polymer blends generally
fitted the Korsmeyer—Peppas model. The highest similarity was found between formulations (6 and D4
with 2 of 81.07.

Conclusions. The microbeads prepared with polymers obtained from Xanthosoma and Dillenia showed
acceptable physicochemical properties, dependent upon polymer type, blend and concentration.

Key words: polymers, sodium alginate, ibuprofen microbeads, Xanthoxylum sagittifolium starch, Dillenia
indica mucilage



22

T.0. Ajala, B.0. Silva. Natural polymers for ibuprofen microbeads

Introduction

The oral route of drug administration constitutes
the most convenient and preferred means of drug de-
livery into the systemic circulation. This is due to the
ease of administration, the higher patient acceptance,
adherence and compliance to medication, and the cost-
effective manufacturing process.! Tablets and capsules
are the most common oral dosage forms and are mostly
prepared for immediate release, which enables rapid
absorption.? Nonetheless, drugs with a low therapeutic
index are prone to eliciting adverse effects because
of fluctuating drug levels. In addition, drugs with a short
half-life need to be frequently administered, which
affects patient adherence and overall compliance to the
treatment regimen.

The production of polymeric gel beads is a novel ap-
proach for achieving the controlled release of many
therapeutic agents.® Microbeads are free-flowing and roll
without friction, thus ensuring a dust-free environment
during processing, in addition to a constant release rate
for active agents embedded in the core.® Beads are dis-
crete, spherical microcapsules that serve as a solid sub-
strate; the drug is coated on this substrate or encapsulated
within the core. Microbeads provide sustained-release
properties and more uniform distribution of drugs within
the gastrointestinal tract and enhance drug bioavailabil-
ity. They are also called microspheres and described as
carrier-linked drug delivery systems, in which particle
size ranges from 1 um to 1000 um and the active drug
is embedded in the core and coated at the outer layers
with polymers. Microspheres can be described as struc-
tures made up of a continuous phase of 1 or more mis-
cible polymers in which drug particles are dispersed at the
molecular or macroscopic level. Microspheres constitute
an important part of particulate drug delivery systems
by virtue of their small size and efficient carrier capac-
ity. Thus, drugs embedded in the microsphere matrix are
released at a slow, constant and controlled rate; therefore,
they are capable of being used for targeted delivery. The
size, surface charge and surface hydrophilicity of micro-
spheres have all been found to be important in determin-
ing the fate of the particles in vivo.* The use of small and
round microbeads of the same size nullifies the disadvan-
tages that are encountered with powders and granules.

Ibuprofen is widely known as a first-line non-steroidal
anti-inflammatory drug (NSAID) for rheumatoid arthri-
tis and chronic arthropathies. It also has an analgesic
property and a mild antipyretic action. It acts mainly by
inhibiting prostaglandin synthesis, reducing the produc-
tion of pro-inflammatory cytokines such as interleukin
1B (IL-1P) and tumor necrosis factor a (TNF-a). It in-
hibits the lipoxygenase pathway, leading to a decrease in
the production of leukotrienes by the leukocytes and the
synovial cells. Furthermore, it masks the T cells, there-
by suppressing the production of rheumatoid factors.

It is more active than indomethacin, naproxen and other
NSAIDs. This drug is indicated for the relief of mild to
moderate pain and inflammation in conditions such as
dysmenorrhea, migraine, and postoperative and dental
pain. In these disorders, an immediately available dose
is required. Ibuprofen is also used in chronic disorders
— such as ankylosing spondylitis, osteoarthritis and
rheumatoid arthritis — for which a sustained release is
desirable. The most frequent adverse effect occurring
with ibuprofen is gastrointestinal disturbance; peptic
ulceration, gastrointestinal bleeding, nausea, dyspep-
sia, dizziness, and unexplained rash have also been re-
ported.® Low single-dose administration of ibuprofen
and its short half-life in plasma (about 1.8—2.0 h) make it
a very good candidate for the formulation of controlled-
release, multiple-unit dosage forms.

Dillenia indica L. is a large evergreen shrub native to
southeastern Asia, India, Bangladesh, and Sri Lanka.” The
common English name is elephant apple or Indian cat-
mon. Its characteristic fruits are large, round and greenish
yellow, have many seeds and are edible.” The fruit pulp is
bitter-sour and is used in curries, jams and jellies in India.
It is often mixed with coconut and spices to make chut-
neys. The leaf, bark and fruit of this plant are tradition-
ally used as medicine in different forms for their thera-
peutic value, such as their antidiabetic, antioxidant and
antimicrobial properties.®° The mucilage of the fruit is
used to wash hair and has a conditioning effect.!® There
is potential to exploit the usefulness of Dillenia mucilage
in microbead formulation, thus harnessing its potential
as a pharmaceutical drug carrier. Cocoyam (Xanthosoma
sagittifolium L. Schott) contains between 22% and 40%
of starch, which is an essential component of food, pro-
viding about 60-70% of the daily caloric intake of hu-
mans.!! Cocoyam starches are used as fillers in biode-
gradable plastics, as well as in aerosols because of their
small size.!? Despite the usefulness of cocoyam starch, it
has remained largely underutilized, especially in different
industrial applications.

The focus of the study, therefore, was to develop ibupro-
fen as microbeads using polymers obtained from Dillenia
indica and Xanthoxylum sagittifolium. It is hoped that
the ibuprofen microbeads will enable the administration
of the drug as a controlled-release oral preparation which
will protect the gastric mucous membrane from drug irri-
tation, mask its unpleasant taste, avoid premature release
in the gastrointestinal tract, reduce the frequency of ad-
ministration, enhance patient compliance, minimize total
drug quantity, improve bioavailability, prevent fluctuation
in drug levels, and reduce the incidence of gastrointesti-
nal disturbances. The use of natural polymers obtained
from renewable resources will also aid in the development
of local industries if those materials are eventually found
to be acceptable. In the present study, therefore, an ibu-
profen microbead was designed using polymers obtained
from Dillenia indica and Xanthoxylum sagittifolium.
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Material and methods

Material

The materials used were: sodium alginate (Carl Roth
GmbH & Co, Karlsruhe, Germany), calcium acetate (Alfa
Aesar GmbH & Co, Karlsruhe, Germany); potassium di-
hydrogen phosphate (Lab Tech Chemicals, Windsor, Aus-
tralia), disodium hydrogen dodecahydrate (Hopkin and
Williams, Essex, UK), sodium hydroxide pellets (Lab Tech
Chemicals), xylene (BDH Chemicals Ltd., Poole, UK), and
ibuprofen (Fidson Healthcare Plc, Ota, Nigeria). All other
reagents were of analytical grade. The tubers of Xantho-
soma sagittifolium (cocoyam) were procured from a lo-
cal market in Ibadan, in the southwestern part of Nigeria,
while the Dillenia indica fruits were obtained from the
botanical garden of the University of Ibadan, Nigeria.

Extraction and purification of polymers

Preparation of Xanthosoma starch

The Xanthosoma starch was extracted from mature tubers
according to an established procedure. The cocoyam tubers
were peeled, cut into pieces, washed, weighed (10.0 kg), and
soaked in distilled water containing sodium metabisulfite for
24 h to encourage softening. The mass was then reduced to
a fine pulp through wet milling using a milling machine (GEC
Machines Ltd., Blackheath, UK). The fine pulp was passed
through a muslin cloth to remove all debris and fibers, result-
ing in a milky liquid. This liquid was washed several times
with distilled water and sieved through a 250-micrometer
mesh sieve. The washing was continued until the superna-
tant no longer tested positive in an acidity test. The starch
was dried at 50°C for 18 h. The dried starch was powdered
in a laboratory mill, passed through a 125-micrometer mesh
sieve, and weighed before being packaged in an airtight con-
tainer and stored at room temperature.

Preparation of Dillenia mucilage'?

Fruits of Dillenia indica were cut open and the inner
part containing the mucilaginous material was scooped
out and soaked for 24 h in chloroform water. It was
strained through a muslin cloth to remove extraneous
materials and then precipitated using ethanol (96% v/v).
The precipitated mucilage was filtered and washed with
diethyl ether before being dried at 50°C for 48 h. It was
pulverized and kept in airtight containers.

Determination of particle size for polymers

The particle sizes were measured using an optical mi-
croscope fitted with a camera and Motic MC 1000 com-
puter software (Motic China Group Co. Ltd., Xiamen,
China). One hundred particles were measured and the
mean size was calculated.

Determination of particle density

The particle densities were determined using a pycnometer
with xylene as the displacement fluid. An empty 50-milliliter
pycnometer was weighed (W), then filled with xylene; the
excess fluid was wiped off and the full bottle was weighed
(W4). The difference between W, and W was recorded as
W,. A two-gram sample was weighed (W3) and transferred
into the full pycnometer. The excess solvent was wiped off
and the bottle was weighed again (W,). The particle density
(pt) in g/cm? was then calculated using Equation 1:

W, * W,

particle density = E A AT AT (1)

Determination of ash content

A porcelain crucible was washed and dried in an oven.
It was then allowed to cool in a desiccator before being
weighed. The dried polymer material was weighed into the
empty crucible. The material was ignited over a low flame in
the fume cupboard to char the organic matter. The crucible
was then placed in a muffle furnace maintained at 600°C for 6 h.
On removal from the furnace, the crucible was transferred
into a desiccator, cooled and weighed immediately. The per-
centage of ash content was calculated using Equation 2:

(weight of crucible +ash) — (weight of empty crucible) x 100
ash content (%) = . (2)
sample weight

Crude fat analysis

Each thimble was loaded with about 3 g of the starch
sample and plugged with cotton wool.'* The thimbles
were dried and then inserted into a Soxtec™ HT device
(Foss, Hilleroed, Denmark) and extracted for 15 min in
the “boiling” position, then for 45 min in the “rising” posi-
tion. The solvent was then evaporated and the cups were
released and dried at 100°C for 30 min. After this, the
cups were cooled in a desiccator and weighed. The same
procedure was repeated for the mucilage and the fat con-
tent was calculated using Equation 3,

(W, -W,)

x 100 (3)

fat content (%) =
where W3 = the weight of the cup with the extracted fat
W, = the weight of the empty cup
W, = the weight of the sample.

Determination of crude protein content

The dried starch sample (1 g) was weighed into a di-
gestion tube and 15 mL of concentrated sulfuric acid
was added to it. Seven Kjeldahl catalyst tablets were
added into the tube which was pre-set at 410°C. It was
then digested for 45 min until there was a clear solution.
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The tube was placed in the distillation unit and 50 mL
of 40% sodium hydroxide solution was dispersed into it.
The digest was distilled into 25 mL of 4% boric acid for
5 min. The distillate was titrated against 0.47 M hydro-
chloric acid until a grey color was obtained.

% crude protein = % total nitrogen x conversion factor (4.)

Determination of swelling index

The starch or mucilage was transferred to a 100-milli-
liter cylinder (V1), 90 mL of distilled water was added,
and the slurry was shaken for 5 min and then topped up
to 100 mL. The suspension was allowed to stand for 24 h
and the sedimentation volume (V2) was measured. The
swelling index was calculated using Equation 5:

V
1 5
v 100 ( )

1

Swelling index =

Solubility

Starch/mucilage (1 g) was weighed (W) into a 150-milliliter
conical flask. Distilled water (15 mL) was added and the mix-
ture shaken for 5 min, then placed into a heated water bath
and kept at 80°C for 40 min with constant stirring. The starch
slurry was then transferred into a pre-weighed centrifuge
tube (W1); 7.5 mL of distilled water was added and the slurry
centrifuged at 2,200 rpm for 20 min. The supernatant was
carefully decanted into a tarred dish (W2) and dried at 100°C
to a constant weight (W3), then it was cooled in a desiccator.
The solubility was calculated using Equation 6:

(W, -W;)
Solubility (%) = 2W . % 100 (6)

Water absorption capacity

To each 1-gram sample, 15 mL of distilled water was
added in a weighed 25-milliliter centrifuge tube. The tube
was agitated in a vortex mixer for 2 min and centrifuged at
4,000 rpm for 20 min. It was then decanted and the clear
supernatant discarded. The residue was weighed (W1).
The adhering droplets of water were removed by drying
the residue at 60°C to a constant weight (W2). The wa-
ter absorption capacity (WAC) was then calculated as the
weight of water bound by 100 g of dry powder.

Fourier-transform infrared spectroscopy

The Fourier-transform infrared (FTIR) spectra were
recorded on the polymer samples prepared in potassium
bromide (KBr) discs using an FTIR system (Spectrum BX
273; PerkinElmer, Waltham, USA). The scanning range
was 350-4400 ¢ .

Preformulation studies

Preformulation studies were carried out in order to
optimize the formulation and physicochemical proper-
ties of the microbeads. Several formulation trials were
carried out using varying concentrations (5%, 7.5% and
10% w/v) of the extracted polymers alone. The polymers
alone did not form discrete beads, and the few which did
form could not retain their integrity outside the chelating
agents. Thus, various polymer blends consisting of differ-
ent ratios of natural polymers and sodium alginate were
used, as shown in Table 4.

Preparation of microbeads

Ibuprofen microbeads were prepared from the hot
gel blend (90°C) of natural polymer and sodium algi-
nate using the ionotropic gelation method.!® The natural
polymer and sodium alginate were blended in order to
obtain a total polymer concentration of 2% w/v at ra-
tios of 1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and 4:1. An appropriate
quantity of the drug (1 g) was added, such that the ratio
of total polymer to drug was 2:1. The resulting disper-
sion was extruded using a syringe with a 0.90-millimeter
needle at a dropping rate of 2 mL/min into a calcium
acetate solution (10% w/v) maintained under agitation
at 300 rpm using a magnetic stirrer (Talboys Laboratory
Stirrer Model No. 102; Troemner, Thorofare, USA). The
formed beads were allowed to cure for 30 min and were
then left standing for another 30 min. The beads were
collected by decanting, washed repeatedly with distilled
water, and then dried for 24 h in a hot-air oven (Gallen-
kamp BS 250 Oven; Riley Industries Ltd, West Midlands
UK) at 40°C.

Size and morphology of beads

The particle sizes of the microbeads were determined
using the optical microscopy method. The particle sizes
of 100 prepared microbeads were determined with optical
microscopy using a light microscope (Leitz Laborlux II;
Leica Microsystems, Wetzlar, Germany). The shape of the
beads was also determined using light microscopy.

Swellability of beads

In order to determine the swellability, 100 mg of mi-
crobeads was soaked in 20 mL of phosphate buffer
(pH 6.8) for 3 h. The microbeads were then removed
and excess buffer was wiped away using a dry filter pa-
per; the final weight of microbeads was determined.
The swollen microbeads were handled carefully in or-
der to avoid any loss of mass due to erosion. The ex-
periment was repeated after 6 h and 24 h. Swellability
— otherwise known as the swelling index — was com-
puted using Equation 7,
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swelling index (%) = % x 100 (7)

where C is the weight gain and I is the initial weight
of the microbeads.

Entrapment efficiency

The ibuprofen microbeads (50 mg) were accurately
weighed and crushed in a glass mortar and suspended in
10 mL of phosphate buffer (pH 6.8) with intermittent stir-
ring. After 24 h, the solution was filtered. The filtrate was
appropriately diluted using phosphate buffer (pH 6.8) and
analyzed spectrophotometrically at 225 nm with a UV/VIS
spectrophotometer (LAMBDA 12; Perkin Elmer GmbH,
Rodgau, Germany). The drug entrapment efficiency (E) was
calculated as in Equation 8,

0 = A
E(%) = T 100 (8)

where A and T are the actual and theoretical contents
of ibuprofen, respectively.

Drug release study

The drug release behavior of the microbeads was evalu-
ated in 900 mL of phosphate buffer (pH 6.8) maintained
at 37 £0.5°C using the paddle method (USP XXI), rotated
at 100 rpm. Samples (10 mL) were withdrawn at differ-
ent time intervals and replaced with an equal amount
of fresh medium. The amount of ibuprofen released was
determined at a wavelength of 225 nm using a UV/visible
spectrophotometer (LAMBDA 12). Measurements were
done in triplicate.

Modeling of release profile

Data obtained from in vitro release studies were used
in various kinetic equations to determine the kinetics and
mechanism of drug release from the microbeads. The results
of the drug release for the formulation was fitted to zero order,
first order, Higuchi, Hixson—Crowell, Korsemeyer—Peppas,
and Hopfenberg equations.’®* The model of best fit was
identified by comparing the values of correlation coefficients.

Data presentation and analysis

The experiments were conducted in triplicate and the
mean determined. Statistical analysis was carried out us-
ing analysis of variance in GraphPad Prism v. 4.0 (Graph-
Pad Software Inc., San Diego, USA) to compare the differ-
ences between formulations. The similarity factor (f,) was
used to determine whether formulations prepared using
the extracted polymers were similar to those prepared us-
ing the standard polymer sodium alginate. A p-value <0.05
was considered statistically significant.

Results and discussion

Material and physicochemical properties
of the polymers

The material and physicochemical properties of Xan-
thosoma sagittifolium starch and Dillenia indica muci-
lage are presented in Table 1. It includes values for pH,
moisture content, solubility, water absorption capacity,
swelling index, crude protein, fat, ash and carbohydrate
contents, density values, and flow parameters. There were
distinct differences between the starch and mucilage,
though both polymers had low values of water absorption
capacity. Generally, low values of this parameter indi-
cate a compact structure of polymers.?° In this study, the
starch was found to be more compact than the mucilage.
The starch also had low levels (<1%) of protein fat and ash
content, which implies high purity as a high ash content
would imply the presence of sand. The content of these
proximate parameters usually vary with the botanical
source of the starch: for the mucilage, which is gummy,
the protein and fat content were >1% and the ash content
was also very low. Generally, gums and mucilage have ni-
trogenous compounds, hence the protein. The starch had
a higher carbohydrate content than the mucilage. The
carbohydrate content is higher than any other proximate
parameter, illustrating that they are true polysaccharides.

The pH of the starch was higher than that of the muci-
lage, but within the acceptable range for excipients used
in oral formulations. It is not expected that the pH should
be acidic, hence in terms of PH, the polymers were ac-
ceptable. The moisture content of the mucilage was high-
er than that of the starch, but both were within the accept-
able range to keep an excipient free of microbial growth
and deterioration. The maximum water content pre-
scribed for safe storage of starch is 13%w/w, while phar-
macopoeial limit for natural gums and mucilage is <15.0%;
the moisture in a material should be moderate to prevent
enzymatic activation of the degradation processes.?!

Table 1. Material and physicochemical properties of Xanthosoma
sagittifolium starch and Dillenia indica mucilage

Xanthosoma sagittifolium| Dillenia indica

LIRS starch mucilage
pH 6.471 £0.281 4.120 £0.181
Moisture content [%)] 6.011 £0.005 7.271 +£0.010
Solubility [%] 1.851 £0.07 2462 £0.101
Water absorption capacity [%)] 823 +0.25 567 £2.12
Swelling index [%)] 1172 £0.112 272.741 £0.211
Crude protein [%] 0.470 +0.001 4.841+0.002
Fat [%] 0401 +0.004 3402 +£0.021
Ash [%] 0.498 +£0.022 0461 +0.003
Carbohydrate [%] 91.23£1.03 89.56 £0.17
Particle density [g/mL] 1.257 £0.004 1.358 £0.023
Particle size [um] 16.870 £8.08 47372 £5.26
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The moisture content of the natural polymers used in this
study was within the pharmacopoeial limits, testifying
to their quality. The mucilage was more soluble than the
starch, but the starch was better at binding water. The mu-
cilage was bulkier and had denser particles than the starch,
while the tapped density for the starch was higher, indi-
cating an improved packing property over the mucilage.
The mucilage has significantly larger particles (p < 0.05).

The functional group bands of the natural polymers ob-
tained from FTIR spectra are presented in Table 2. The
characteristic functional groups are reflected from the
peaks of absorbance. The different classes of functional
groups present in the polymers imply that they are com-
plex polysaccharides.

Viscosity of polymer blends

The viscosity of polymer blends is presented in Table 3.
Dillenia had higher viscosity (52.00 +0.01 cP) than Xan-
thosoma (14.00 +0.06 cP) at the same concentration,
but the viscosity of alginate (532.00 +14.00 cP) was sig-
nificantly higher (p < 0.05) than of each of the polymers.
Generally, Dillenia/alginate blends yielded significantly
higher viscosities (p < 0.05).

Physicochemical properties
of the microbeads

The freshly prepared microbeads were spherical in shape,
as shown in Fig. 1. Those prepared using Xanthosoma algi-
nate blends (C1 and C4) were whitish in color, while those
prepared using Dillenia/alginate blends were light brown
in color. The photomicrographs of the dried microbeads

Table 2. Antibacterial activity and MIC of SaZnONPs against some
pathogenic bacteria

Wave number

[cm-1] Class Assignment
Xanthosoma

604 alkynes RCH

880 aromatics, amines C-H out of plane

894 alkenes R2C=CH2
1172 alkyl halides R-F
1306 carboxylic acid esters C-O stretch
2950 alkanes CH2 CH3
3040 aromatics Ar-H

Dillenia

772 aromatics C-H out of plane
1095 alcohols C-Osstretch
1451 alkanes CH2 CH3
1541 miscellaneous N-H out of plane
2705 aldehydes RCHO C-H
3353 carboxylic acids dimer OH
3447 amines N-H stretch

Table 3. The composition and viscosity of polymer blends used for the
formulation of ibuprofen-loaded microbeads (mean +SD, n = 3)

Microbead : :
Polymers Polymer formulation Viscosity
ratio code [cP]
1 Alginate 1:0 Al 532.00 +4.00
2 Xanthosoma/alginate 1:1 al 666.67 +15.28
3 Xanthosoma/alginate 1:2 2 76333 £15.28
4 Xanthosoma/alginate 1:3 a 826.67 £24.17
5 Xanthosoma/alginate 1:4 C4 896.00 +4.57
6  Xanthosoma/alginate 21 5 520.00 +4.00
7 Xanthosoma/alginate 31 (€5) 470.00 £17.32
8  Xanthosoma/alginate 41 c7 372.00 +4.00
9  Xanthosoma/alginate 1:0 c8 14.00 +£0.06
10 Dillenia/alginate 1:1 D1 3883.33 +76.38
1 Dillenia/alginate 1:2 D2 4029.33 £8.33
12 Dillenia/alginate 13 D3 4516.67 £37.86
13 Dillenia/alginate 1:4 D4 4856.67 £40.42
14 Dillenia/alginate 2:1 D5 2256.00 £4.00
15 Dillenia/alginate 31 D6 2532.00 +4.00
16 Dillenia/alginate 41 D7 2800.00 £62.45
17 Dillenia/alginate 1:0 D8 52.00 +0.01

SD - standard deviation; S/N — sample number.

are presented in Fig. 2. Generally, they were spherical and
had a rough surface, possibly due to the drying procedures.
The bead shape and rough surface are consistent with the
findings of Akin-Ajani et al.?> who used date mucilage
blended with sodium alginate to prepare beads.

The physicochemical properties and dissolution times
of the microbeads are presented in Table 4. The micro-
beads prepared with blends of the polymers and alginate
yielded a higher swelling index than the one from alginate
alone. Microbeads from Xanthosoma/alginate blends re-
sulted in a swelling index ranging between 47.62 +2.74%
and 60.52 +5.02%, while Dillenia/alginate blends yielded
a 51.92 +3.45% to 79.49 +3.66% swelling index. This
shows that Dillenia imparted higher swelling proper-
ties than Xanthosoma. Equal blends of Xanthosoma and
alginate resulted in 50.17 +4.91%, while blends of Dillenia
and alginate (70.32 £2.43%) had significantly higher swell-
ing (p < 0.05). Generally, swelling increased over time, but
the differences were not significant; within 3 h, the beads
would have swollen to about 90% of their capacity.

Bead size is an important parameter in the evaluation
of microbeads, since the size determines where it fits within
the classification.?® All the formulations were within the ac-
ceptable size range for microbeads (1-1000 pum). The size
of the beads prepared using Xanthosomal/alginate blends
was from 88.14 +68.57 um to 189.00 +54.20 um. The sizes
increased as the concentration of alginate increased in the
blends (C1 to C4), which was also true for beads which
contained more Xanthosoma than alginate (C5 to C7). The
particle size for the beads prepared using Dillenia/alginate
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Polymer blends of Xanthosoma sagitifolium starch and sodium alginate Polymer blends of Xanthosoma sagitifolium starch and sodium alginate
inratio 1:1 (C1) inratio 1:4 (C4)

Polymer blends of Dillenia indica and sodium alginate in ratio 1:1 (D1) Polymer blends of Dillenia indica and sodium alginate ratio 1:3 (D3)

Fig. 1. Representative figures of freshly prepared ibuprofen-loaded microbeads using different polymer blends

Table 4. Physicochemical properties and dissolution times of ibuprofen-loaded microbeads prepared with polymer blends

Dissolution times

Formulation Swelling index Mean particle size | Encapsulation efficiency [min]
code [um] [9%]

Al 4441 £2.67 5349 +3.78 178.80 £2.46 57.72 £3.31 94.68 302.96
[@ 50.17 £4.91 59.18 +4.44 88.14 £68.57 5290 £2.77 84.95 271.84
2 4762 £2.74 50.02 £5.23 88.37 £59.74 56.60 £4.24 7774 24877
a 56.54 +4.32 64.22 £3.45 147.20 +46.46 64.86 +£5.43 83.82 268.24
C4 50.02 +£1.89 60.98 +3.08 189.00 +54.20 71.83 £5.63 111.27 356.06
a5 52.70 £3.28 56.96 £7.09 158.23 +62.81 40.00 +3.94 107.18 342.99
c6 4995 +3.57 57.84 £6.78 162.70 £57.46 51.96 £5.22 85.44 27341

Cc7 60.52 £5.02 69.22 £3.45 183.10 £46.55 83.61 £6.35 79.38 254.01

D1 7032 £243 75.09 £5.62 170.70 £50.54 69.51 £5.11 121.36 388.34
D2 5798 £5.12 63.28 £5.32 175.10 £50.06 20.67 +4.66 76.97 246.29
D3 5192 +345 5723 +4.14 17550 £53.88 28.13 £5.39 113.36 362.76
D4 57.36 £3.62 60.24 +5.68 190.00 £66.36 60.82 +7.18 86.70 27744
D5 68.25 +4.55 76.77 £4.65 21490 £66.13 52.39+3.79 97.94 313.39
D6 7949 +3.66 82.83 +5.56 17411 £54.92 64.09 +4.66 128.14 410.05
D7 76.77 £7.09 7821 +£5.64 195.32 £53.06 66.07 £5.35 12578 402.50
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Fig. 2. Photomicrographs of ibuprofen-loaded microbeads containing polymer blends. A1 — Sodium alginate only as polymer. C1-C7 — polymer blends
of Xanthosoma and alginate. D1-D7 — polymer blends of Dillenia indica and alginate

blends was from 170.70 £50.54 um to 214.90 +66.95 um.
The beads were therefore larger than those prepared using
Xanthosoma. The sizes also increased as the concentration
of alginate increased in the blends (D1 to D4), but there
was no particular trend for beads which contained more
Dillenia than alginate (D5 to D7).

The range of encapsulation efficiency (EE) for beads
containing Xanthosoma/alginate blends in increasing
concentrations of alginate (C1 to C4) was from 52.90
+2.77% to 71.83 +5.63%. Xanthosomal/alginate blends
containing increasing amounts of Xanthosoma (C5 to
C7) yielded beads with an EE range from 40.00 +3.94%
to 83.61 +6.35%. Dillenia/alginate blends with increas-
ing concentrations of alginate (D1 to D4) resulted in EE
values ranging from 20.67 +4.66% to 69.1 +5.11%. D1,
which consisted of an equal blend of Dillenia and alginate,
offered the highest EE.

The microbeads from polymer blends with increasing
concentrations of Dillenia (D5 to D7) yielded increas-
ing levels of EE, ranging between 52.39 +3.79% and 66.07
+5.35%. This implies that for microbeads prepared using
starch, the more the alginate, the higher the EE for Xan-
thosomalalginate polymer blends C1-C4. For C5-C7, the
EE increased as the concentration of starch increased.
This implies that the starch and sodium alginate par-
ticles interacted in such a way that the EE of the system
improved. In both directions of blending starch and so-
dium alginate, there was a positive outcome on the EE.
For microbeads prepared using Dillenia and sodium al-
ginate blends, formulation D1 — with an equal concentra-
tion of the polymers — offered the highest EE. As the con-
centration of alginate increased (D1-D4), there seemed
to be no particular pattern in the EE. However, as the
concentration of Dillenia increased in the polymer blend
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(D5-D7), there was a consistent increase in EE. This in-
dicates that an increase in the amount of Dillenia in the
polymer blend favored the encapsulation of ibuprofen.

Drug release properties
of the microbeads

In vitro dissolution has been recognized as an impor-
tant element in drug development. It can also be used
as a substitute for the assessment of bio-equivalence.
The mechanism of drug release is affected by the prop-
erties of the core materials, including solubility, dif-
fusibility and partition coefficient.?* In addition, dif-
fusion-controlled drug release occurs where the drug
molecules are uniformly dispersed within the poly-
mer.?® The release profiles of ibuprofen from the mi-
crobead formulations in Fig. 3 demonstrate a moderate
release over time. Formulation C4 from a Xanthosoma/
alginate blend ratio of 1-4 (i.e., 20% starch), formula
D1 from a Dillenia/alginate blend ratio of 1:1 (50%
mucilage) and formulation Al (100% sodium alginate)
all exhibited a gradual release over time and were con-
sidered to deliver optimum properties in this regard.
In controlled release formulations, it is not desirable
that an initial high rate of drug release — usually referred
to as “burst release” (a situation in which 15% of a drug
is released within the 1% hour) — should occur. This al-
lows for avoiding adverse drug effects and the possibility
of rendering the delivery system ineffective.?° In formu-
lations C4, D1 and Al, the release profiles show that the
embedded drugs were not loosely bound to the surface
of the beads, hence the gradual release.

The dissolution times shown in Table 4 for microbeads
prepared with starch in alginate polymer blends dem-
onstrate that the concentration of the natural polymers
could be used to modulate the dissolution properties
from the microbead formulations. Generally, as alginate
increased in the starch/alginate blends (1:2 to 1:4), the
dissolution times for ibuprofen release increased, show-
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ing that delayed release properties were conferred onto
the formulation. However, equal quantities of starch and
alginate (1:1) did not follow this pattern in the blends, as
its dissolution times resembled a 1:3 ratio. Thus, the rank-
ing of dissolution times among the microbead formula-
tions of starch/alginate blends containing increasing algi-
nate quantity was C4 > C1 > C3 > C> C2.

Formulations C5-C7 contained increasing quantities
of the starch, and the dissolution times from these blends
reduced as the starch concentration increased. This sug-
gests that larger concentrations of the starch may not con-
fer delayed release properties as much as the other con-
centrations. For delayed release properties, formula C4
produced the longest dissolution times — 25% of the drug
was released in nearly 2 h and 80% was released in approx.
6 h; these dissolution times were much longer than those
of formulations prepared using alginate alone. The pres-
ence of starch modified the dissolution times which the
alginate provided to the microbeads.

Generally, formulations containing the mucilage and al-
ginate blends yielded longer dissolution times compared
to those containing the starch. The dissolution times
of microbeads prepared with blends of mucilage and al-
ginate in increasing alginate concentrations (1:1 to 1:4)
were ranked as follows: D1 > D3 > D4 > D2. As with the
starch/alginate blends, a 1:2 ratio produced the shortest
dissolution times. A 1:1 mucilage/alginate blend yielded
the longest dissolution times, whereas with the starch 1:4
was the longest. Formula D1 yielded dissolution times
of over 2 h for a release of 25% and almost 6.5 h for 80%
drug release. The ranking of dissolution times for formu-
lations obtained from mucilage/alginate blends with in-
creasing concentrations of mucilage (2:1 to 4:1 ratios) was
D6 > D7 > D5. This shows that a 3:1 ratio produced mi-
crobeads with the slowest release, thus conferring better
delayed-release properties on the formulations.

In terms of dissolution times, formula D6 containing
a 3:1 mucilage/alginate blend provided optimal values:
25% drug release was achieved in over 2 h, while 80%

©-Al D1 D2 D3 =D4 -=D5 -=-D6 D7

cummulative % drug released

0 100 200 300 400
time [min]

Fig. 3. Dissolution profiles of ibuprofen-loaded microbeads prepared with polymer blends. AT — Sodium alginate only as polymer. C1-C7 — polymer blends
of Xanthosoma and alginate. D1-D7 — polymer blends of Dillenia indica and alginate
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was released after nearly 7 h. These results are compa-
rable to the studies of Odeku et al. on the design of mi-
crobeads using 4 natural gums.?® Their report showed
that the dissolution times of beads containing natural
gums (irvingia, khaya and cissus) were longer at a ratio
of 3:1 for natural gum/alginate blends. In the current
study, Dillenia mucilage seemed to follow the pattern
of 3 of the natural gums.

The kinetics of drug release is important due to its in-
fluence on drug bioavailability, dosage intervals, and the
occurrence of toxicity or unwelcome side effects.>* The
correlation coefficients obtained from fitting the release
data to different kinetic models are presented in Table 5.
The kinetics of drug release from the microbeads con-
taining the polymer blends fitted the Korsmeyer—Pep-
pas (A1, C1, C2, C3, C5, C6, and D1-D7) and Hopfen-
berg (C4 and C7) models using correlation coefficients
(r2 = 0.9902-0.9970).

The Korsmeyer—Peppas model of drug release is use-
ful in describing the release from polymeric systems.
The rate of release for the model is related to the struc-
tural and geometric properties of the drug delivery sys-
tems, in this case with the polymers serving as carriers.
The model also provides a release exponent “n”, which
corresponds to the mechanism of the release. Generally,
in this study, the drug release from the microbeads was
controlled by a combination of diffusion and erosion
mechanisms. The release mechanism using the n-value
for most of the beads corresponds to mass transfer fol-
lowing a non-Fickian anomalous 0.5 < n < 1.0 diffusion.
However, formula C4 yielded an n-value of 1.045 and
Al (made from alginate) of 1.105, which indicates that
the drug release from these microbeads was controlled

by super case II transport, in which a pronounced accel-
eration of drug release from the microbeads occurred
toward the latter stages of release, resulting in a more
rapid relaxation-controlled transport. In addition, the
drug release from formulations C4 and C7, prepared
from Xanthosoma/alginate blends, fit the Hopfenberg
model (r? = 0.9955 and 0.9966, respectively).

The Hopfenberg model describes the release of a drug
from spherical formulations, and the mathematical model
is used for correlating the drug release from a surface-
eroding polymer for as long as the surface remains con-
stant during the degradation process. The physicochemi-
cal properties of the drug and the polymer, as well as the
drug-to-polymer ratio, have been shown to govern the
release of a drug from formulations, which could mean
that the amount of the polymer could be used to modify
the release properties of the microbeads.

Conclusions

The polymers obtained from Xanthosoma sagittifo-
lium and Dillenia indica had different physicochemical
properties, such as particle size, shape and viscosity. The
ibuprofen microbeads were discrete, generally spheri-
cal and with a particle size <250 pm. The bead swelling
depended on the type and concentration of the natural
polymer present in the polymer blend. The entrapment
efficiencies for the beads ranged from 20% to 30% and
the microbeads demonstrated controlled release proper-
ties. Ibuprofen microbeads were successfully formulated
with properties varying according to polymer type and
concentration.

Table 5. Correlation coefficients obtained for ibuprofen microbeads using different mathematical models (n = 3)

Korsmeyer—Peppas

Al Zero order First order Higuchi
code

Al 0.9936 0.9257 0.8344
C1 0.9189 0.9724 0.9662
2 0.8526 0.9788 0.9809
a3 0.9734 09712 0.9351
C4 0.9940 0.9494 0.8566
5 09164 0.9801 0.9678
C6 0.9837 0.9584 09171
c7 0.9467 0.9784 0.9427
D1 0.9947 0.9810 0.8912
D2 0.8454 0.9803 0.9798
D3 0.9182 0.9687 0.9618
D4 0.9782 0.9635 0.9281
D5 0.9550 0.9697 0.9403
Dé 0.9094 0.9704 0.9693
D7 0.9621 0.9785 0.9372

I T il Wit

r
0.9966* 1.105 0.9529 0.9951
0.9918* 0.649 0.9736 0.9743
0.9892* 0.575 0.9720 0.9788
0.9974* 0.772 0.9872 0.9934
0.9945 1.045 0.9679 0.9955%
0.9926% 0.646 0.9700 0.9801
0.9956 0.828 0.9783 0.9924
0.9896 0.718 0.9936 0.9966
0.9970% 0.918 0.9909 0.9965
0.9873* 0.571 0.9759 0.9806
0.9878* 0.652 0.9603 0.9687
0.9960* 0.795 0.9799 0.9887
0.9885* 0.732 0.9742 0.9744
0.9916* 0.636 0.9569 0.9704
0.9902* 0.749 0.9783 0.9789

*Highest correlation coefficient of drug release kinetics.
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Abstract

Background. Co-processing starch with clay nanocomposite has been shown to yield a new class of ma-
terials, potentially with better properties than pristine starch, that could be used as directly compressible
excipients in tablet formulations.

Objectives. In this study, starches from 3 botanical sources, i.e., millet starch from Pennistum glaucum (L)
RBr grains, sorghum starch from Sorghum bicolor L. Moench grains and cocoyam starch from Colocasia
esculenta L. Schott tubers, were co-processed with montmorillonite clay (MMT) and evaluated as a di-
rectly compressible excipient in tramadol tablet formulations. The effects of different starch-to-clay ratios
on the material and drug release properties of the resulting tablets were evaluated.

Material and methods. The starch-clay composites were prepared by heating a dispersion of the starch
in distilled water, then precipitating the dispersion with an equal volume of 95% ethanol. The starch-clay
composites were characterized and used as direct compression excipients for the preparation of tramadol
tablets. The mechanical and drug release properties of the tablets were evaluated.

Results. Co-processing MMT with the starches yielded starch-clay composites with different material and
tablet properties than the pristine starches. The co-processed starch-MMT biocomposites exhibited im-
proved flowability and compressibility over the pristine starches. The mechanical and drug release proper-
ties of tramadol tablets containing starch-clay composites were significantly better than those containing
only pristine starches. The properties of the starch-clay composites were not related to the botanical source
of the starches.

Conclusions. The study showed that starch-clay biocomposites could be used in the controlled release
of tramadol.

Key words: starch, tablets, excipients, biocomposite, dissolution test
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Introduction

In recent years, polymer-clay nanocomposites have
received more attention due to their enhanced physico-
chemical and mechanical properties over the pure poly-
mer systems.!~* Biological nanocomposites have become
a valuable addition to the existing nanocomposite materi-
als that can be used to substitute petroleum-based com-
posite materials in various applications due to their inher-
ent biodegradability, availability and cost-effectiveness.*
Biopolymer-clay nanocomposites are prepared by adding
low amounts of clay to the biopolymer matrix.®

Starch is one of the most abundant natural polymers that
has become highly valuable due to its physical and chemi-
cal properties. However, native starch has poor compac-
tion properties that have limited its application as a di-
rectly compressible excipient in tablet formulation.®’
Co-processing starch with a clay nanocomposite has been
shown to yield a new class of materials with the potential
for more beneficial mechanical properties than the pris-
tine material.%° The synergistic effect of starch and clay
and the strong interfacial interactions (e.g., electrostatic
and hydrogen bonding interaction) between the particles
could improve the mechanical, swelling, water-uptake,
thermal, drug-loading efficiency, and controlled-release
behavior of the pristine biopolymer matrices.® Montmo-
rillonite (MMT) is one of the most commonly used natu-
ral clays that has been successfully applied in the prepa-
ration of nanocomposite systems.!®'* Montmorillonite
is an aluminosilicate clay composed of tetrahedral layers
of silica stacked between the octahedral layers of alu-
mina.'® The isomorphic substitution of AI** for Si%*
in the tetrahedral layer and Mg?* for AI>* in the octahedral
layer results in a net negative surface charge on the clay.
Montmorillonite has a large specific surface area, and ex-
hibits good adsorption, cation exchange and drug load-
ing capacity.!® The individual crystals of MMT clay are
not tightly bound, so water can infiltrate, causing the clay
to swell and increase in volume when it absorbs water.*
Starch-MMT composite films have been shown to pos-
sess higher tensile strength and better water vapor barrier
properties than films from pristine starch, due to the for-
mation of an intercalated nanostructure.®

Recent studies have shown the potential of starches
from different botanical sources to serve as excipients
in tablet formulations.”'”!8 Native starches from millet
(Pennistum glaucum (L) R Br, family Poaceae), sorghum
(Sorghum bicolor L. Moench, family Gramineae) and co-
coyam (Colocasia esculenta (L.) Schott, family Araceae)
have been characterized and used as direct compression
excipients in tramadol tablet formulations.!” One study
revealed that the natural starches exhibited poor flow-
ability and compressibility, which was not suitable for
the preparation of tablets through direct compression.
Therefore, in this study, millet, sorghum and cocoyam
starches have been co-processed with MMT and evaluat-

ed as a directly compressible excipient for the formulation
of tramadol tablets for controlled drug delivery to provide
consistent pain control with reduced dosage frequency
and improved patient compliance.?’ The effect of differ-
ent starch-to-clay ratios on the material and drug release
properties were also evaluated.

Material and methods

Material

The materials used were tramadol hydrochloride
(Banson Pharmaceuticals, Patiala, India), MMT (Sigma-
Aldrich, St. Louis, USA), dicalcium phosphate, poly-
vinylpyrrolidone (K 30), talc, and magnesium stearate
(all from Ipza Pharmaceuticals, Patiala, India). Grains
of millet (Pennisetum glaucum) and sorghum (Sorghum
bicolor), and tubers of cocoyam (Colocasia esculenta)
were obtained from local farmers in Ibadan, Nigeria.
The plant parts were authenticated and starches were
extracted from the relevant plant parts using established
procedures.?! All other reagents used in the trials were
of analytical grade.

Methods

Preparation of starch-clay composites

Starch-clay composites containing millet/sorghum/co-
coyam starch and MMT in ratios of 1:0.5, 1:1, 1:2.5, and 1:5
were prepared by heating a dispersion of the starch in dis-
tilled water for 45 min on a hot plate and adding MMT.
The dispersion was left on the hot plate (100°C) with con-
stant heating and stirring for 4 h. The starch-clay mixture
was allowed to cool to room temperature and was pre-
cipitated with an equal volume of 95% ethanol and stored
at 4°C overnight. The precipitate was filtered and dried
in a hot air oven at 100°C for 5 h. The starch-clay composite
was powdered using a laboratory mill and passed through
a 60-mesh sieve, and then stored in an airtight container.

Characterization of starch-clay composites

Scanning electron microscopy

The surface morphology of the starch-clays composites
was determined using a scanning electron microscope (SEM;
Hitachi Model S 4300 SE/N SEM; Hitachi High Technologies,
Singapore) at an accelerator potential of 10 kV. The samples
were stuck on a specimen holder using a silver plate and then
coated with palladium in a vacuum evaporator.

pH level

The pH of a 1% w/v water dispersion of the starch-clay
composites was determined using a digital pH meter
at 37 +2°C.
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Loss on drying

The starch-clay composites were weighed (W;) and
heated in an oven at 100 +5°C until a constant weight
was achieved. The samples were cooled in a desiccator
and then reweighed (W5). The percentage loss on drying
(% LOD) was calculated using the following formula:

W,
LOD = {Wl - } x 100 (1)

W

Effective pore radius
The effective pore radius was determined using
the method of Goel et al.?? In brief, a micropipette tip
(2mL, transparent) was filled with a starch-clay compos-
ite and weighed (W;). N-hexane, whose surface tension
(y) is 18.4mN/m, was poured dropwise on the bed top un-
til the solvent filtered out at the bottom of the tip. The tip
was reweighed (Wy) and the effective pore radius was cal-
culated using the following equation:
Wi — Wi

= )

Refrp=
Swelling index
The initial bulk volume of the starch-clay composite
in a 100-milliliter stoppered, graduated cylinder was de-
termined. Water was then added in a sufficient quantity
to produce a uniform dispersion. The sediment volume
of the swollen mass was measured after 24 h. The swelling
index was calculated as:

-n
Swellinglndex = 7 x 100 (3)
1

where V;and V, are the volumes of the starch-clay com-
posite before and after hydration, respectively.

Bulk and tapped density

The bulk density and tapped bulk density of the starch-
clay composite was determined in a 250-milliliter mea-
suring cylinder using an automated volumeter (Vardhan
Works Pvt. Ltd, Pune, India). Measurements were made
in triplicate according to the European Pharmacopeia.”

Flowability

The Hausner ratio and Carr index were used to determine
the flowability of the starch-clay composites.?* The flow
rate of the starch-clay composites was determined using
a steel funnel on a Pharmatest flow rate apparatus (Sartori-
us Pharmatest; Apparatebau GmbH, Hainburg, Germany)
with an orifice of 15 mm.

Attenuated total reflectance-Fourier transform
infrared spectroscopy

The starch-clay composites were analyzed using an at-
tenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) spectrophotometer (Alpha; Bruker,

Yokohama, Japan). The samples were scanned in the spec-
tral region from 4,000 cm™! to 400 cm™! using the KBr pellet
method.

Formulation of tramadol hydrochloride tablets

Tramadol hydrochloride tablets were formulated with
the direct compression method according to the formulae
provided in Table 1. Batches (100 g) of each formulation
were prepared by mixing the specified quantity of each in-
gredient in a tumble mixer for 15 min. The blend was lu-
bricated with talc and magnesium stearate, and the mix-
ing was done for an additional 5 min. The tramadol tablets
were compressed using a multi-punch tableting machine
(AK Industries, Nakodar, India) fitted with 6.75-millime-
ter biconcave round die punches.

Table 1. Composition of tramadol tablets

Tramadol 100
Starch-clay composite 120
Polyvinylpyrrolidone (K 30) 25
Talc 25
Magnesium stearate 2.5
Total 250

Tablet properties

Crushing strength

The crushing strength of the tablets was determined us-
ing a hardness tester (Perfit, Coimbatore, India). The force
required to break a tablet was determined diametrically,
and the averages for 6 tablets were calculated.

Friability

The friability of the tablets was measured using a friabi-
lator (Model 902; EI Product, Panchkula, India). Twenty
tablets were weighed and rotated at 25rpm for 4 min.
The tablets were reweighed after the removal of fines, and
the percentage of weight loss was calculated.

Disintegration time

The disintegration time of the tablets was determined us-
ing a United States Pharmacopeia (USP) disintegration ap-
paratus (EI Product) in 900 mL of 0.1 N HCI (pH 1.2, 37°C).

In vitro dissolution studies

The in vitro dissolution time of the tramadol tablets was
determined in 900 mL of 0.1 N HCI (pH 1.2) at 37 +0.5°C
using a USP XXIV dissolution apparatus II (DS 8000;
Lab India, Pune, India) with a paddle stirring rate of 50
rpm. Aliquots (5mL) were withdrawn at predetermined
intervals and replaced with an equal volume of fresh me-
dium. The samples were filtered through a 0.45-microm-
eter membrane filter and analyzed for drug content using
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a double beam ultraviolet—visible (UV/VIS) spectropho-
tometer (Model 2202; Systronics, Ahmedabad, India)
at 272nm. The drug concentration was calculated and
expressed as a cumulative percent of the drug released.

Statistical analysis

Statistical analysis was carried out using analysis of vari-
ance (ANOVA) with GraphPad Prism® v. 4 computer soft-
ware (GraphPad Software Inc. San Diego, USA). Tukey—
Kramer multiple comparison tests were conducted
to compare the effects of the excipients on the mechani-
cal and drug release properties of the tablets. At a 95%
confidence interval (95% CI), p-values less than or equal
to 0.05 were considered significant.
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Results and discussion

Characterization of starch-clay composites

The SEM image of the starch-clay composite shown
in Fig. 1 indicates irregularly shaped particles which dif-
fered from the granular-shaped ones reported for the na-
tive starches.” Studies have reported that 2 types of hy-
brids are formed in starch-MMT composites: intercalated
hybrids and exfoliated hybrids.?® In intercalated hybrids,
the extended polymer chains are present between the clay
layers, resulting in a multilayered structure with polymer/
inorganic layers at a repeated distance of a few nanome-
ters. In exfoliated hybrids, the silicate layers are com-
pletely separated and dispersed in a continuous polymer
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Fig. 1. SEM images of starch-montmorillonite clay composite (1:1) at different magnifications: (A) millet, (B) sorghum and (C) cocoyam
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Table 2. Material properties of the pristine starches and starch-clay composites

Parameter Starch-clay Loss: BiSE0T Swelllng Bull.< Tapped density Carr index Hausner
material composite on drying pore (A density [g/cm3] [%] ratio
[%] radius [%] [g/cm3]
Millet 1:0 6.0+00  4.06+£0.20 1.62 £0.22 11.0+0.0 0.215 £0.002 0.380 £0.001 4342 +0.02 1.76
1.0.5 56+0.1 4074001 236+005 562402 0.559 £0.012 0.718 £0.005 22.15+0.03 1.28
1 52402 407+003 242+007  20.1+02 0.559 +0.000 0.685 +0.003 1842 +0.01 0.96
1:2.5 4.7 £00  4.07 £0.03 2.14 £0.03 9.1 £0.0 0.420 £0.011 0.580 £0.002 27.54 £0.02 0.85
1:5 44401 3854002 2184002 1.340.1 0419 +£0.002 0.559 +£0.000 25.03 +£0.00 0.96
Sorghum 1.0 60+0.1 4074002 209+002 17.1+£03 0.268 +0.001 0.439 +£0.002 38.95 £0.00 1.64
1:0.5 83 +0.1 802+022 239+003 3673+0.2 0.514 £0.002 0.665 £0.011 22.72 £0.01 1.29
1: 74400 798+0.02 231+004 1004 +0.0 0471 £0.009 0.628 £0.015 24.99 £0.02 133
1.2.5 60+00 796+0.14 210£0.09  17.2+02 0.377 £0.003 0.595 +0.003 36.66 £0.01 1.58
1:5 54 +0.1 7.02+0.04  2.09=£0.22 3305 0.353 £0.002 0.565 £0.000 37.47 £0.02 1.60
Cocoyam 1.0 68+0.1 4074003 209+002 172402 0.317 £0.022 0.513 £0.004 3821 +0.01 1.62
1.0.5 74+00 601001 235+001 2200+0.2 0.580 +0.001 0.685 +£0.004 15.40 +£0.02 1.18
1:1 77+00  6.00+002 227 +0.01 56.1 £0.1 0.538 £0.004 0.628 £0.003 14.28 £0.02 117
1:25 78400 533015 215006 9.1+0.0 0.397 £0.021 0.580 +£0.008 31.58 £0.03 146
15 79400 5704003  2.06+0.03 43+0.2 0.377 £0.002 0.538 £0.002 29.99 £0.00 143
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Fig. 2. FTIR spectra of (A) millet, (B) sorghum and (C) cocoyam pristine starch and starch-clay composites: native starch (A), montmorillonite clay (B), 1:0.5
starch-clay composite (C), 1:1 starch-clay composite (D), 1:2.5 starch-clay composite (), and 1:5 starch-clay composite (F)

matrix.?® The SEM suggests that exfoliated hybrids were
formed with the clay completely dispersed in the starch
matrix for a hybrid with completely different properties
from the pristine starch.

The results of the physicochemical and material prop-
erties of the starch-clay composites presented in Table 2
indicate that the biocomposites varied widely in their
properties. The pH of the biocomposites ranged from 5.2
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to 8.3. The pH values generally decreased as the concen-
tration of MMT in the biocomposite increased, except
for the biocomposite containing cocoyam starch, where
the pH increased. This indicates that the co-process-
ing of millet and sorghum starches with MMT resulted
in a more acidic biocomposite, while co-processing with
cocoyam resulted in a more neutral pH. The loss on dry-
ing is used to evaluate the moisture content of pharma-
ceutical powders; the percentage loss on drying decreased
with the concentration of MMT in the biocomposite.
The maximum moisture content prescribed for safe
storage by most starch-producing countries is 13% w/w,
since higher levels of water can lead to microbial spoil-
age and subsequent deterioration in starch quality.?’
The moisture content of all the biocomposites was within
the specified limits for the proper storage of excipients.
The pristine starches contain similar moisture content,
while the biocomposites showed significantly higher
(p < 0.05) moisture content than the pristine starches,
except for the millet-MMT biocomposite, which did not
demonstrate a significant increase in moisture content
with an increase in MMT content.

The effective pore radius ranged from 1.62 to 2.42,
with the values decreasing as the concentration of MMT
in the composite increased, although there were no
significant (p > 0.05) differences between the values.
On the other hand, the swelling index of the starch-
MMT composite at ratios of 1:0.5 and 1:1 were signifi-
cantly (p < 0.001) higher than those of the pristine starch,
while at a starch-to-MMT ratio of 1:2.5 or 1:5, the values
were statistically significant (p < 0.05). There appears
to be a limit to the concentration of MMT in the biocom-
posite mixture that would increase the swelling index
of the composite. The degree of swelling also depended
on the swelling index of the pristine starch, ranked as sor-
ghum > cocoyam > millet. The starch-clay composites
exhibited more wicking action than the pristine starches.
Swelling power is not only a measure of the hydration ca-
pacity of a material, but it is also indicative of the associa-
tive forces in the granules.?8

The bulk and tapped densities of the starch-clay com-
posites were higher than those of the pristine starch, but
they decreased with an increase in the concentration
of MMT in the biocomposites. The Carr index values
and Hausner ratios generally decreased with an increase
in the concentration MMT in the biocomposites. This
indicates that the biocomposite exhibited better flowabil-
ity and compressibility than the pristine starches. How-
ever, all the biocomposites showed Carr indices greater
than 21 except the cocoyam-MMT biocomposite at ratios
of 1:0.5 and 1:1. This indicates that co-processing starch
with MMT improves the flowability and compressibility
of starches, although the starch-clay composite cannot be
said to be free-flowing.

The FTIR-ATR spectroscopy was used to analyze the in-
teraction between the starches and MMT. Representative

120

% drug released

0 50 100 150 200 250 300 350 400
time [min]
Fig. 3. Drug release profile of tramadol tablets containing native millet

starch () and millet starch-clay composites at ratios of 1:0.5 (W),
1:1(@),1:2.5 (@), and 1:5 (A)

spectra for millet (Fig. 3) indicate that the pristine starch
exhibited a broad band at 3600-3200 cm due to OH groups
in the starch molecules, C-H stretching at 2925 c¢cm™,
C=0 stretching at 1640 cm™!, CH, symmetrical stretching
vibration observed at 1370 cm™!, and C-C, C-O, C-O-C,
and C-O-H stretching from 1350 cm™ to 850 cm™.
The peak at 897 cm™! represents the saccharide group
of the starch. On the other hand, the peak at 3619 cm™!
corresponds to the OH stretching vibration in MMT,
the H-O-H bending of H,O is indicated by the peak
at 1633 cm™, and the peak at 1134 cm™! indicates the Si—-O
stretching vibrations, while the peak at 520 cm™! indicates
Si—O bending. The peak at 919 cm™! corresponds to Al-O
vibrations.® The peaks around 3413 cm™, 1650 cm™ and
1081 cm™! show that the band of the starch overlapped
with the bands of silicate, while at 1647 cm™! the vibration
band of silicate is unaffected. The soluble parts of the bio-
polymer containing OH and NH3; may form a hydrogen
bond with MMT and the amide group of starch visible
in the range of 1200-850 cm™ is due to the MMT. The vi-
bration band at 1599 cm™! corresponds to the deformation
vibration of the protonated amine group in the biocom-
posite; this group is shifted towards the lower frequency
value of 1517 cm™ in the biocomposite, which further in-
dicates electrostatic interaction between such groups and
the negatively charged sites in the clay structure. The in-
tensity of these peaks varied largely due to the concentra-
tion of MMT in the composite.

Tablet properties

The crushing strength (CS) and friability (F) provide
measures of tablet strength and weakness, respectively,?
and are a measure of the ability of tablets to withstand
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Table 3. Tablet properties of the pristine starches and starch-clay composites

G |t | R | e | | mor | |
Millet 1:0 33+00 0.48 £0.02 6.88 16.50 £1.02 042 20.0£2.0 57.0+0.5
1:05 3500 049 +0.01 7.14 29.70 £2.00 0.24 50.0+0.0 2400+3.0
1:1 55+0.1 0.26 +0.04 21.15 44.18 £1.80 048 90.5+2.5 1470+1.0
1:2.5 5.0+£0.1 0.38 £0.02 13.16 25.53£1.92 0.52 405 +1.0 146.0 £0.0
1:5 4.5+00 0.37 £0.01 12.16 4237 £1.12 0.29 366+20 120.0+2.0
Sorghum 1:0 3.0+0.1 0.03 +0.00 100.00 16.6 +1.02 6.02 16.0 £1.0 700+2.0
1:0.5 45201 0.15+0.01 30.00 27.03 £1.15 1.11 26.5+2.0 76.5+3.0
1:1 38+0.2 0.27 £0.01 14.07 2663 £1.22 053 46.5+20 1925 +1.0
1:25 43+00 0.33 +0.03 13.03 3048 £1.12 043 485%15 260.0+2.0
1:5 5501 0.54 £0.01 10.19 43.30£1.02 0.24 405 +2.0 147.0 £4.0
Cocoyam 1:0 3301 0.12 £0.01 27.50 19.0 £2.01 145 320£15 110.0+2.0
1:0.5 55+00 0.26 £0.02 21.15 3192 +1.23 0.66 523+10 2150%1.0
1:1 7001 0.37 £0.01 18.92 26.02 £0.92 0.73 50.1£3.0 135.0+2.5
1:25 50+03 0.38 £0.02 13.16 18.80 +£1.62 0.70 395+20 1256 +2.0
1:5 55+00 0.51 +0.01 10.78 16.65 +1.96 0.65 264+10 1700 +1.0

CSFR - crushing strength-to-friability ratio; CSFR/DT — crushing strength-to-friability-to-disintegration ratio.

pressure or stress during handling, packaging, transpor-
tation, and subsequent use. The results (Table 3) showed
that tablets prepared with starch-clay composites gen-
erally exhibited higher crushing strength and friability
than those prepared with pristine starches. The nature
of the starch used for the starch-clay composite did not
have a statistically significant effect (p > 0.05) on the me-
chanical properties of the tablets. All of the tramadol tab-
lets exhibited friability values of less than 1% w/w, which
is within the pharmacopeia standards for compressed
tablets. The CS-to-F ratio (CSFR) was used as a measure
of the mechanical strength of the pharmaceutical tablets:
the higher the CSFR, the stronger the tablet.?’ The values
of CSER for the tramadol tablets indicates that the CSFR
for tramadol tablets containing the pristine starches was
generally higher than those of the starch-clay compos-
ites. This indicates that tablets made from the pristine
starches exhibited more mechanical strength than those
containing the starch-clay composites. The biocompos-
ites containing sorghum starch exhibited the highest me-
chanical strength, while those containing millet starch
exhibited the lowest values. Studies have shown that bio-
composites can be considered a brittle or ductile material
when the composite breaks with or without significant
deformation under stress.? Biocomposites that are brittle
tend to break when subjected to stress without significant
strain, but ductile composites deform before complete
failure and tend to absorb energy before fracture. Thus,
the biocomposites appeared more brittle than the pris-
tine starches.

The disintegration time (DT) is regarded as the time
required for the tablet to break into particles before
dissolution occurs. The disintegration times for tra-

madol tablets containing the starch-clay composite
are significantly (p < 0.05) higher than those contain-
ing the pristine starches except for cocoyam starch-
clay composite at high-MMT ratios (ratios of 1:2.5 and
1:5), where the DT was lower. The strong interfacial
interaction between the particles of the starch and clay
yielded a starch-clay composite with a longer disinte-
gration time. However, there is no clear-cut pattern re-
garding the effects of the clay concentration on the DT
of the tablets. This suggests that the effect of the starch-
MMT biocomposite is probably due to several inter-
acting factors. The crushing strength-to-friability-to-
disintegration ratio (CSFR/DT) was used to evaluate
the balance between crushing strength and disintegra-
tion. A high CSFR/DT ratio indicates a better balance
between the mechanical and disintegration properties
of the tablets.?” The results show that tramadol tablets
containing pristine starch exhibited a better balance
than those containing the starch-clay composite, with
the balance decreasing as the concentration of MMT
in the biocomposite increased.

The amount of tramadol released was plotted over
time; representative plots for the tramadol tablets con-
taining millet starch-clay composites are shown in Fig. 3.
The time for 50% and 80% drug release (t5o and tg, re-
spectively) derived from the plots are shown in Table 3.
The results showed that the dissolutions times ts5y and tg,
generally decreased with an increase in MMT concentra-
tion. The DTs for tablets containing the biocomposites
were significantly (p < 0.01) higher than those contain-
ing the pristine starches. There appears to be no clear-cut
pattern as to which starch will likely form a more rigid
biocomposite that could yield a longer dissolution time.
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Conclusions

The results indicate that the co-processing of MMT
with the 3 tropical starches yielded starch-clay compos-
ites that differed from the pristine starches in both their
material and tablet properties. Co-processing starches
with MMT improved the flowability and compressibility
of the native starches. The mechanical and drug release
properties of the tramadol tablets containing the starch-
clay composites were significantly better than those
containing the pristine starches. There is no clear-cut
pattern on the effects of the clay concentration or botani-
cal properties of the starches. The starches from differ-
ent botanical sources could be useful in the production
of starch-clay composites for a variety of formulations
depending on the mechanical and drug release profiles
desired. The study showed that starch-clay biocomposites
could be used in the controlled release of tramadol.
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Abstract

Background. Skin, the first barrier to pathogens, loses its integrity and function after aninjury. The presence
of an antibacterial dressing at the wound site may prevent bacterial invasion and also improve the healing
process.

Objectives. The current study aimed to fabricate a biomimetic membrane with antibacterial properties for
healing chronic wounds.

Material and methods. The membranes, fabricated through electrospinning, are comprised of poly (ethy-
lene oxide) (PEO) and zinc oxide nanoparticles (Zn0-NPs) as the main biomaterial and antibacterial agent,
respectively. Antibacterial activity, cell attachment and viability were tested to evaluate the biological pro-
perties of the membranes. The optimal cell compatible concentration of Zn0-NPs was determined for fur-
ther studies. In vitro characterization of the membranes was performed to confirm their suitable properties
for wound healing.

Results. The antibacterial PEQ/Zn0-NP membrane containing 2% of nanoparticles showed no cell toxicity,
and human fibroblast cells were able to adhere and proliferate on the scaffold. The in vitro results from
the tensile test, wettability, porosity, and protein adsorption revealed appropriate properties of the mem-
brane as a scaffold for skin tissue engineering.

Conclusions. Synthetic polymers have been widely used for tissue engineering applications. The proper
characteristics of PEO nanofibers, including a high ratio of surface/volume, moderate hydrophilicity and
good mechanical properties, make this polymer interesting for skin regeneration. The results demonstrate
the potential of the antibacterial PEQ/Zn0-NP membrane to be used as an engineered scaffold to improve
the wound healing process.

Key words: zinc oxide, wound healing, antibacterial, electrospun membrane, poly(ethylene oxide)
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Introduction

Skin, the largest and heaviest organ of mammals, pro-
vides a functional barrier to protect the human body from
its surroundings. It protects the underlying tissues against
microbial pathogens. As the primary barrier, it is exposed
to harmful situations, such as chemical, mechanical
and thermal influences, as well as microbial invasions.!
Engineered scaffolds can encourage regeneration in cas-
es of excessive skin loss due to severe dermal wounds.
Significant effort has been made over the last decades
to produce biomimetic substitutes.? Tissue engineering
approaches are promising tools for creating scaffolds that
could mimic the microstructure of the native tissue in or-
der to regenerate it. In the field of skin tissue engineer-
ing, an ideal biomimetic scaffold/substitute should pro-
tect the injured area from infection and prevent fluid loss.
The appropriate mechanical properties of these scaffold/
substitute could also improve the wound healing process.>

Different synthetic and natural polymers are used to fab-
ricate protective scaffolds for wound healing. (Hydro-)
gels, membranes, films, as well as micro- and nanofibers
are the most common scaffolds in skin tissue engineer-
ing.* Among skin substitutes, nanofibers have captured
great attention for use as wound dressings and scaffolds.
Nanofibers provide a topography similar to the native ex-
tracellular matrix (ECM) that encourages cell attachment,
migration and differentiation.> High porosity, large sur-
face area/volume ratio and suitable mechanical properties
make nanofibers interesting for biomedical applications.
Nanofibers can be fabricated with different methods and
techniques such as self-assembly, drawing, phase separa-
tion, and electrospinning. The high surface area of elec-
trospun fibers facilitates cell adhesion as well as gas ex-
change.®

Through the selection of biomaterial and optimiza-
tion of electrospinning process, parameters such as flow
rate, polymer solution concentration, solvent, distance,
and voltage, a wide range of scaffolds that vary in mor-
phology, fiber size and porosity can be obtained.” Most
of the biomaterials used for skin tissue engineering have
been natural-based biopolymers. Although these poly-
mers induce cell adhesion well, they usually have poor
mechanical properties; the electrospinning of these poly-
mers is also challenging. To overcome such drawbacks,
synthetic polymers such as poly(ethylene oxide) (PEO),
polyvinyl alcohol (PVA) and poly(lactide-co-glycolide)
(PLGA) have been blended with natural biopolymers
to enable the production of nanofibrous scaffolds.®?

Poly(ethylene oxide) is a synthetic polymer usually used
as a second component to facilitate the electrospinning
of other polymers such as silk fibroin, chitosan and col-
lagen. Using this spinnable synthetic polymer singly could
provide high mechanical properties and enhance cell
adhesion. It can also limit the use of organic solvents to
improve the biocompatibility of the fibers.!

Zinc oxide is a biologically safe material that has cap-
tured much attention due to its antibacterial properties.
The nanosized forms of this material have a larger surface
area, resulting in a greater impact. The presence of ZnO-
NPs in nanofibers reportedly improves the antibacterial
activity of fibrous membranes.!!?

In the present study, an antibacterial electrospun scaf-
fold composed of PEO fibers and ZnO-NPs was prepared.
In vitro characterization of the electrospun scaffold was
performed to evaluate the biocompatibility and potential
of the nanofibrous membrane to be used as an engineered
scaffold for wound healing and skin tissue engineering
applications. This is the first report of the preparation
and in vitro characterization of PEO/ZnO-NP electros-
pun membranes for skin tissue engineering applications.

Material and methods

Solution preparation

Poly(ethylene oxide) solutions were prepared by dis-
solving PEO (Sigma-Aldrich, St. Louis, USA; CAS
No. 25322-68-3) (average molecular weight: ~900,000)
in 80% acetic acid (Sigma-Aldrich; CAS No. 64-19-7)
at a concentration of 4% w/v. ZnO-NPs were purchased
from US Research Nanomaterials (Houston, USA; Stock
#US3590). Prior to loading, the size distribution and
morphology of the ZnO-NPs were determined using dy-
namic light scattering (DLS) (Horiba Scientific SZ-100
Nanoparticle Analyzer; Horiba, Kyoto, Japan) and scan-
ning electron microscopy (SEM) (§3400 Scanning Elec-
tron Microscope; Hitachi, Tokyo, Japan). After charac-
terization of the nanoparticles, different concentrations
of ZnO-NPs (0.5%, 1%, 2%, 3%, and 4% w/w) were added
to the PEO solution while stirring.

Electrospinning process

Each sample was sonicated for 5 min and loaded
in a 5-mL plastic syringe with an 18-gauge stainless steel
needle. Fibers were collected on a rotating drum collector
at a speed of 700 rpm. The PEO-ZnO solutions were elec-
trospun on an electrospinning device (Model ANSTCO-
N/VI; Asian NanoStructure Technology Company, Teh-
ran, Iran) at a voltage of 22 kV, flow rate of 0.8 mL/h and
needle-to-collector distance of 180 mm. The PEO solution
was electrospun to produce PEO fiber as a control group.

Cross-linking of membranes

The electrospun membranes were dried for 48 h at room
temperature and then cross-linked by exposure to glutaral-
dehyde (Grade I, 25% in H,O; Sigma-Aldrich; CAS No. 111-
30-8) vapor for 12 h. The cross-linked mats were heated
at 80°C for 4 h to remove residual amounts of glutaraldehyde.
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Biological properties
of the electrospun membranes

Evaluation of antibacterial activity

The antibacterial activity of ZnO-NP-containing PEO
scaffolds were studied against gram-negative (Escherichia
coli) and gram-positive (Staphylococcus aureus) bacteria
using the disc diffusion method.’* A Mueller—Hinton (MH)
agar plate was prepared by dissolving 38 g of MH (ibresco,
Tehran, Iran; CAT No. i23118) powder in 1 L of distilled wa-
ter heated with frequent agitation and boiled to completely
dissolve the powder. The prepared liquid medium was ster-
ilized at 120°C for 1 h in the autoclave. The medium was
allowed to cool to room temperature and poured into steril-
ized 9-cm Petri dishes. After cooling overnight, the bacteria
were swabbed across the culture dishes. The scaffolds were
punched into discs with a diameter of 6 mm. The punched
discs were placed on the surface of the culture medium.
The Petri dishes were incubated at 37°C for 24 h. The effec-
tiveness of the antibacterial components was determined by
measuring the inhibition zone, i.e., the area around the disc
where no colonies were formed. The diameters of the inhi-
bition zones were measured using Image] Software v. 1.52v
(National Institutes of Health, Bethesda, USA) and present-
ed in millimeters.

Evaluation of cell viability

Adult human dermal fibroblasts were seeded on elec-
trospun membranes with different concentrations of
the ZnO-NPs (0%, 0.5%, 1%, 2%, 3%, and 4%). After steril-
ization with ethanol 70%, 5 x 103 cells were seeded on each
sample in 96-well plates and incubated at 37°C with 94%
humidity and 5% CO,. Cell viability and proliferation were
monitored at days 1, 3 and 7 using MTT assay. Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco, Waltham,
USA; Mifr. No. Gibco™ 31600083) enriched with 10%
of fetal bovine serum (FBS) (Gibco, Mfr. No. Gibco™
10082139) and 1% penicillin/streptomycin (Gibco, Mfr.
No. Gibco™ 15140122) was used as culture medium.
At each time point, 20 pL of MTT solution (Sigma-Al-
drich; CAS No. 298-93-1) was added to each well. Cell
culture plates were incubated for 3 h; then, the media
was replaced with 200 pL of dimethyl sulfoxide (DMSO)
(Sigma-Aldrich; CAS No. 67-68-5), and the cultures were
incubated for another 30 min.'*!> Finally, the absorbance
of each sample was determined using a BioTek 800™ TS
Absorbance Reader (BioTek Instruments Inc., Winooski,
USA) at 570 nm. Each sample was evaluated in triplicate.

Cell attachment and morphology
Following the determination of the optimal cell-com-

patible concentration of ZnO-NPs, adherence of human
fibroblast cells to the membrane was observed using SEM.

Scaffolds were placed into 48-well plates, and 50 x 10*
cells were seeded onto the membranes and cultured for
2 days. Membranes were washed 3 times with phosphate-
buffered saline (PBS) (Merck Millipore, Burlington, USA;
Millipore Sigma™ 65074L). Then, paraformaldehyde 4%
(Thermo Fisher Scientific, Waltham, USA; MDL No.
MFCDO00133991) was added for 90 min. The samples
were dehydrated in ascending concentrations of ethanol
(60%, 70%, 80%, 90%, and 96%) for 10 min in each. Sam-
ples were sputtered with gold and studied using SEM.

Characterization of the electrospun
membranes

SEM, FESEM and EDS analyses of the electrospun fibers

The morphology and size of PEO nanofibers were deter-
mined with the obtained SEM images. The average diam-
eters of the fibers were determined by measuring random
fibers selected from different fields. Field emission scan-
ning electron microscopy (FESEM) and energy-dispersive
X-ray spectroscopy (EDS) were performed to investigate
the incorporation and dispersion of the ZnO-NPs.

ATR-FTIR analysis

To characterize the final composition of the nanofi-
brous scaffolds, attenuated total reflectance-Fourier trans-
form infrared spectroscopy (ATR-FTIR) analyses were
performed. The spectra were obtained using a Thermo
Fisher Scientific iS10 FTIR spectrophotometer. The reso-
lution and spectral range were 4 cm~! and 4000-400 cm™!,
respectively.

Mechanical properties

The mechanical properties of the membranes were
evaluated with tensile tests using a SANTAM testing ma-
chine (STM-5 Model; SANTAM Co. Ltd., Tehran, Iran).
The tested membranes were 80 x 20 mm in size and had
thicknesses of 0.45-0.59 mm. The testing speed was
1 mm/min for all samples. Stress-strain curves of the sam-
ples obtained from force-extension curves. The average
for 5 samples (n = 5) was measured to determine the me-
chanical properties of each membrane.

Determination of porosity of the scaffolds

The porosity of the electrospun membranes was de-
termined using a method described elsewhere.’® In this
method, dry weights of the scaffolds were recorded, and
then the scaffolds were immersed in absolute ethanol for
1 h. Wet weights were also recorded. Three specimens
were evaluated for each sample and the averages were
reported. The porosity of each sample was determined
through the following equation:
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We - Wy
Dethanol - vscafifold

p (%) = x 100

where (P — porosity, W — swollen scaffold weight, W4 — dry
scaffold weight, Dethanol — ethanol density, Vicagola — volume
of the swollen scaffold).

Wettability of membrane surface

The wettability of the scaffolds was determined by mea-
suring the contact angle at the surface of the electrospun
membranes. The water contact angles of 3 (n = 3) samples
were measured using Image] software and the average
was reported as the contact angle of each membrane.

Protein adsorption

Protein adsorption on membrane surfaces was assessed
with a procedure described by Miguel et al.® The scaffolds
were placed in a 48-well plate. Then, 300 pL of bovine
serum albumin (BSA) (Sigma-Aldrich; CAS No. 9048-
46-8) was added to the surface of the scaffolds, and they
were incubated at 37°C for 0.5 h, 1 h, 2 h, 6 h, and 12 h.
Phosphate-buffered saline was used to wash the non-ad-
herent BSA, and then 300 pL of 2% sodium dodecyl sul-
fate (SDS) (Sigma-Aldrich; CAS No. 151-21-3) was added
to each sample. After overnight incubation, a bicincho-
ninic acid (BCA) kit (DNAbiotech Co., Tehran, Iran; Cat
No.: DB9684-50 mL) was used to investigate the protein
absorption of the membranes.

frequency [%]

0.1 1 10
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Statistical analysis

One-way analysis of variance (ANOVA) with the New-
man-—Keuls post hoc test was performed to evaluate the re-
sults. Statistical comparisons between 2 groups were car-
ried out using the t-test. A p-value lower than 0.05 was
considered a significant change.

Results

Nanoparticles characterization

The results from DLS and SEM analyses revealed the size
distribution, average size and morphology of the ZnO-
NPs. As seen in Fig. 1, the average size of the ZnO-NPs was
74 nm and the size distribution was from 60 nm to 90 nm.
The SEM image confirmed the nanosize of the particles.
Nanoparticles in this range of size can easily be incor-
porated into electrospun fibers as other studies have
reported.t’

SEM, FESEM, and EDS analyses
of electrospun fibers

The diameter of the fibers was determined with SEM
analysis, as shown in Fig. 2. The images show randomly
oriented electrospun PEO fibers with an average diam-
eter of 362.5 nm. The PEO/ZnO-NPs fibers exhibit
a similar morphology with a mean diameter of 315.3 nm
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Fig. 1. SEM image and particle size distribution of zinc oxide nanoparticles measured using dynamic light scattering (DLS) method
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Fig. 2. SEM, FESEM and EDS analyses of the electrospun fibers. A. PEO fibers. B. Cross-linked PEO fibers. C. PEO/ZnO-NPs fibers. D. Cross-linked PEO/ZnO-NPs
fibers. E. FESEM analysis of PEO/ZnO-NPs fibers. F. EDS analysis of PEO/ZnO-NPs fibers

Fig. 3. Antibacterial activity of ZnO-NPs loaded into PEO fibers with different concentrations (0-4% w/w) against (A) E. coli and (B) S. aureus

(Fig. 2A,C). The images also confirmed the suitability
of the crosslinking procedure (Fig. 2B,D). The FESEM
image of ZnO-NP-loaded nanofibers demonstrated
the proper ZnO-NP dispersion inside the PEO fibers
(Fig. 2E). The EDS analysis of PEO/ZnO-NP fibers con-
firmed the presence of zinc and oxygen in the structure
of the incorporated scaffold (Fig. 2F).

Biological properties of the electrospun
membranes

Evaluation of antibacterial activity

Antibacterial properties were characterized with the
disc diffusion method using gram-negative (E. coli) and
gram-positive (S. aureus) bacteria.'® The inhibition zones
(Fig. 3) were measured and presented in Table 1.
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Table 1. Effects of the incorporated ZnO-NPs on the antibacterial properties of the scaffolds

PEO/ZnO-NPs

(1% ZnO-NPs)

PEO/ZnO-NPs
(2% ZnO-NPs)

PEO/ZnO-NPs
(3% ZnO-NPs)

PEO/ZnO-NPs
(4% ZnO-NPs)

Scaffold type PEO PEO/ZNnO-NPs
yP (control) (0.5% ZnO-NPs)
Inhibition zone for E. coli [mm] 0 0.2
Inhibition zone for S. aureus [mm] 0 0

2.16 3.67 4.06 4.09
1.95 3.21 398 4.46

Evaluation of cell viability

The viability of human fibroblast cells was evalu-
ated on day 1, 3 and 7 after cell seeding in the presence
of scaffolds through the MTT assay (Fig. 4). Membranes
containing 0.5%, 1%, 2%, and 3% of ZnO-NP showed no
significant cytotoxicity effect (p > 0.05). Cell viability de-
creased significantly over 7 days for the 4% group com-
pared to the control (p < 0.01). Scaffolds containing 2%
of ZnO-NPs showed the best compatibility compared
to other groups. Therefore, PEO/ZnO-NPs containing 2%
of nanoparticles were selected for further studies.

Cell attachment and morphology

The adhesion and morphology of human fibroblast cells
were analyzed with SEM. Figure 5 shows the attachment
of cells onto the PEO and PEO/ZnO-NP (containing 2%
of nanoparticles) membranes.

Characterization of the electrospun
membranes

ATR-FTIR analysis

The ATR-FTIR spectra of PEO and PEO/ZnO-NPs
electrospun membranes are presented in Fig. 6. The spec-
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Fig. 4. In vitro cytotoxicity and cell viability of the scaffolds. MTT assay results
for adult skin fibroblast proliferation on PEO and PEO/ZnO-NPs fibers and
control. Data is shown as mean +SD (n = 3)

*p < 0.05; **p < 0.01;,**p < 0.001; CT - cell toxicity.
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Fig. 5. SEM micrographs of cell attachment onto (A) PEO fibers and (B) PEO/ZnO-NPs (2%) scaffolds
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trum of the pure PEO (Fig. 6A) shows characteristic peaks
in the regions of 1462 cm™}, 1342 cm™, 1280 cm™}, and
844 cm™! that represent different bonds of CH, in scissor-
ing, wagging, twisting, and rocking forms. The sharp peak
at 2881 cm™! is related to CH stretching, and the smooth
peak at 3464 cm™! shows the presence of the OH group.
Other peaks at 1141 cm™!, 1095 cm™ and 956 cm™! are
related to C-O-C stretching, which are responsible
for the semi-crystalline phase of PEO.? The spectrum
of the PEO/ZnO-NPs (Fig. 6B) displays the characteristic
peaks of ZnO-NPs at 3410 cm™ (OH groups on the sur-
face), 1577 cm™ (Zn hydroxo-acetate complex) and
528 cm™! (Zn—O bond).2°

Mechanical properties

The PEO membranes showed a Young Modulus
of 13.72 £3.11 MPa, whereas cross-linked ones showed
a value of 24.98 +4.26 MPa, which indicated a statistically
significant difference after crosslinking (p < 0.05). Simi-
lar changes were observed for PEO/ZnO-NPs scaffolds,
which were 15.67 +2.96 MPa before crosslinking and
28.15 +4.49 MPa for the cross-linked scaffolds (p < 0.05)
(Fig. 7).

Determination of scaffolds porosity

Porosities of the PEO and PEO/ZnO-NPs scaffolds were
determined using the ethanol displacement method.?!
As seen in Fig. 8, the PEO membranes revealed a poros-
ity of 83.10 +£3.50%. Incorporation of ZnO-NPs slightly
increased the porosity of the membrane to 86.78 +7.42%.
This increase was not statistically significant (p > 0.05).

Wettability of membrane surface
The electrospun PEO and PEO/ZnONP membranes

showed water contact angle values of 41.06 +3.26° and
35.41 +£3.44°, respectively (Fig. 9).

strain

Fig. 7. Mechanical properties of electrospun PEO and PEO/ZnO-NPs (2%)
fibers before and after cross-linking
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Fig. 8. The porosity of electrospun fibers: (A) PEO and (B) PEO/ZnO-NPs (2%)

Protein adsorption

The BCA assessment kit for protein adsorption re-
vealed a time-dependent increase in adsorbed albumin
after 0.5 h, 1 h, 2 h, 6 h, and 24 h of incubation for both
membranes. No statistically significant changes were de-
tected at different times between the 2 groups (p > 0.05).
The results are presented in Fig. 10.

Discussion

When engineered scaffolds are used as skin substitutes
or wound dressings, they are meant to protect the in-
jured site from infection, moisture loss and physical
damage. They are also supposed to support the wound
mechanically. Cell attachment, as a key issue in the heal-
ing process, is affected by the porosity and surface hy-
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Fig. 9. Contact angles of deionized water droplet on (A) PEO and (B) PEO/ZnO-NP (2%) membranes
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Fig. 10. Protein adsorption on the membrane surface. Amount of albumin
absorbed on the surface of scaffolds after 0.5h, 1 h,2h,6h,and 12 h

drophilicity of the substrate.?? A wide range of materials
and various techniques are used to produce such scaf-
folds. In the present study, antibacterial electrospun scaf-
folds were fabricated using PEO as the main supportive
biomaterial and ZnO-NPs as the antibacterial agent.
Poly(ethylene) glycol confers to the membrane good me-
chanical properties, preserves wound moisture and mim-
ics native ECM topography.?*>?* The porous structure
of the PEO and PEO/ZnO-NP scaffolds was designed
to be able to promote the exchange of gas and nutrients,
and to support cell proliferation and migration. Biological
assessments and in vitro characterization of membranes
were performed to evaluate their suitability for skin tissue
engineering.

The results of the SEM analysis and the DLS demon-
strate the nanosize of the particles that make them ideal
for incorporation into electrospun fibers (Fig. 1). Thin-
ner fibers were fabricated by incorporating ZnO-NPs
due to a slight decrease in the viscosity of the solu-
tion (Fig. 2A,C). Scanning electron microscopy images
of the cross-linked scaffolds (Fig. 2B,D) confirm the suit-
able method of crosslinking for PEO and PEO/ZnO-NP
nanofibers. Other studies had previously reported a simi-
lar effect on the diameter of synthetic polymer fibers
when nanoparticles or other agents were added to the so-

lution.® Furthermore, the nanofibers produced in the cur-
rent study have an average diameter comparable to that
of the collagen fibers present in native ECM (60—400 nm).
Son et al. developed ultrafine nanofibrous membranes
by electrospinning PEO dissolved in different types
of solvents.?> The average diameters were close to those
in the current study.

Skin is the first barrier against microorganisms. Micro-
organism invasion could occur during wound healing and
interfere with the healing process. Therefore, antibacte-
rial activity is a significant advantage for a wound dressing
or skin scaffold.?#*” The PEO membrane had no bacte-
ricidal impact. The inhibition zone for E. coli and S. au-
reus increased slightly with increasing ZnO-NPs (Fig. 3).
Therefore, the antibacterial activity of the PEO/ZnO-NPs
could be attributed to the nanoparticles of ZnO. Other
investigations have demonstrated the bactericidal prop-
erties of these nanoparticles when they are incorporated
into other natural or synthetic polymers.'?$2° The great-
est inhibition zone belongs to the PEO/ZnO-NP mem-
brane with 4% w/w of nanoparticles. The MTT assay re-
sults, however, showed cell toxicity effects. The optimum
cell-compatible concentration of ZnO-NPs with no tox-
icity was 2% w/w with inhibition zones of 3.67 mm and
3.21 mm for E. coli and S. aureus, respectively (Table 1).
Other studies have shown the dose-dependent cytotoxic-
ity of ZnO-NPs for human epidermal keratinocytes and
lung epithelial cells.*® Some other studies have shown
the cytotoxicity of these nanoparticles in different cell
types.33? As a result, the PEO membrane comprised
of 2% w/w ZnO-NPs was chosen for further studies.

Interaction between cells and ECM components
is critical for stabilizing the three-dimensional structure
and retrieving tissue function during tissue remodeling
in the wound healing process.®*3* A skin scaffold should
improve cell adhesion, proliferation and migration to en-
hance the wound healing process. Scanning electron mi-
croscopy images revealed the adhesion of human fibro-
blast cells to the PEO/ZnO-NP membrane containing 2%
nanoparticles (Fig. 5). Fibroblast cells are responsible for
the synthesis of collagen and ECM bio-macromolecules
as well as the secretion of adherent proteins such as fibro-
nectin.® Therefore, the cell compatibility of the membrane
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keeps the normal rate of ECM synthesis, which is necessary
for skin regeneration at the wounded site. The attachment
of fibroblast cells revealed the compatibility of the electro-
spun membranes, confirming the results of the cell viabil-
ity test. Cells exhibited normal morphology of fibroblasts
on PEO and PEO/ZnO membranes (Fig. 5).

Skin scaffolds and wound dressings must have ap-
propriate mechanical properties to support the heal-
ing process as well as the structures found in skin layers
such as vessels and nerves.®*® Herein, the mechanical
properties of cross-linked and non-cross-linked electro-
spun scaffolds were evaluated and are presented in Fig. 7.
At first glance, it is clear that cross-linked scaffolds exhib-
it higher mechanical parameters. As expected, the cross-
linking of the membranes significantly improved their
mechanical properties, which are comparable to those
of native skin. The presence of ZnO-NPs increased
the Young modulus. Using wound dressings or scaffolds
with great differences in mechanical properties leads
to side effects caused by the stress-shielding mechanism
during tissue regeneration.’” The excellent mechanical
properties of the produced membranes could be attrib-
uted to the presence of a synthetic polymer (PEO) and
the appropriate crosslinking protocol.® The literature
shows that metal nanoparticles enhance the mechanical
characteristics of polymer nanofibers,3*4°but this was not
significant in the current study due to the low concentra-
tion of ZnO-NPs.

The porosity of scaffolds is crucial to accommodate
cells and facilitate their migration as well as the exchange
of gas and nutrients.!> Incorporating ZnO-NPs increased
the porosity of the membrane, which can be explained
by a lower diameter of PEO/ZnO-NP fibers and wider
spaces between them. Other investigations have previ-
ously revealed that scaffolds with more than 90% poros-
ity could provide the best opportunity for cell migration,
ECM production, and gas and nutrient exchange for skin
regeneration.**2 In the current research, PEO/ZnO-NP
membranes displayed porosity close to 90% (Fig. 8),
which demonstrates the suitability of the membrane for
use in skin tissue engineering applications.

The physicochemical properties of the scaffold sur-
face affect cell adhesion, proliferation and differentia-
tion.”® Wettability is one of the most significant features
of the surface of the material.** Measuring water con-
tact angle determines the surface wettability.*> Accord-
ing to other studies, moderate hydrophilic surfaces with
a water contact angle between 30° and 70° have been
shown to encourage cells to adhere and expand. Surface
hydrophobicity and high hydrophilicity exhibit lower cell
adhesion.®*” In the current study, the electrospun PEO
and PEO/ZnO-NP membranes showed water contact
angle values similar to those of moderate hydrophilic sub-
strates (Fig. 9). Such hydrophilicity could be attributed
to the presence of functional groups such as hydroxyl
groups. The presence of ZnO-NPs in the structure de-

creased the water contact angle (increased hydrophilicity)
due to the presence of hydroxyl groups on its surface.’®
In addition to cell adhesion, hydrophilic biomaterials can
also provide the required moisture during the wound
healing process.?

Body fluids contain large amounts of protein. Skin scaf-
folds and wound dressings are exposed to body fluids
when they are placed at the wounded site, and protein ad-
sorption begins immediately. The biological compatibil-
ity and cell adhesion of the material are directly affected
by protein adsorption. Cells attach to the adsorbed pro-
teins through their integral receptors, which anchor spe-
cific amino acids in the structure of adhesive proteins
such as fibronectin.® Albumin, the most abundant serum
protein, is accumulated at the injured site during the pri-
mary phase of the wound healing process. The absorbed
albumin is then replaced by cell adhesive proteins.>

The current results revealed that albumin absorption
increased with time (Fig. 10). As expected, no statistically
significant changes were observed between PEO and PEO/
ZnO-NP membranes due to their hydrophilic and porous
surfaces. In addition to the moderate hydrophilicity (wa-
ter contact angle measurement), the potential of these
membranes for protein adsorption provides a qualified
substrate for cell attachment, as shown in Fig. 5.

Conclusions

In the current investigation, the electrospinning tech-
nique was employed to fabricate scaffolds composed
of PEO and ZnO-NPs. These membranes were sup-
posed to mimic the native skin ECM in order to improve
the wound healing process. To achieve the optimal con-
centration of incorporated ZnO-NPs, different concen-
trations of these nanoparticles were incorporated into
PEO nanofibers and evaluated with disc diffusion and
cell viability tests. The electrospun PEO containing 2%
of ZnO-NPs exhibited antibacterial activity against E. coli
and S. aureus without any toxicity to human fibroblast
cells. Based on the results, the PEO membrane containing
2% of ZnO-NPs was selected as the most biocompatible
scaffold for further studies.

Evaluation of the physicochemical properties
of the PEO/ZnO-NPs also confirmed the suitability of this
highly porous (86.78 +7.42% porosity) membrane for use
as a skin scaffold. The high porosity of the membrane
facilitates cell migration, nutrients and gas exchange,
and provides adequate space for new ECM formation.
The PEO/ZnO-NP scaffold showed a water contact an-
gle value of 35.41 +3.44°. The moderate hydrophilicity
of the membrane could improve cell adhesion. Young’s
modulus of the cross-linked membrane (28.15 +4.49 MPa)
indicates the appropriate mechanical support that can
protect the wound during tissue remodeling and regen-
eration.
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In conclusion, the PEO electrospun nanofibrous mem-

brane containing 2% of ZnO-NPs showed suitable biologi-
cal, physicochemical and mechanical properties as a skin
scaffold. For further studies, the incorporation of alternative
bioactive agents and molecules, such as vitamins, growth
factors and ECM components, could improve the biologi-
cal properties and enhance the performance of these elec-
trospun membranes in skin tissue engineering.
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