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Wound healing potential is initially evaluated using a chorioallantoic membrane (CAM) assay. Alginate gel
containing pristine and polymer-coated magnesium hydroxide nanoparticles (MHNPs) improves the healing
response. PEGylated MHNPs have shown a rapid wound-healing process in Gallus gallus domesticus by
promoting re-epithelialization as compared to pristine MHNPs. No toxicity or inflammation are observed in
the blood, liver, and heart tissues during biochemistry and histopathological examination. Polymer
(polyethylene glycol (PEG) and chitosan) functionalized MHNPs are synthesized using a one-step
hydrothermal process. The average crystallite size determined from X-ray diffraction analysis of the pristine
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MHNPs is ~31.3 nm and upon PEG and chitosan coating it reduces to 23.4 nm and 29.7 nm, respectively.
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1. Introduction

In recent years, pathogens have been treated with metal and metal
oxide NPs, which offer broad-spectrum antibacterial properties.
Metal and metal oxide-based NPs have proven strong antibacterial
potential both in preclinical and clinical therapeutic trials.> The
mode of action of NPs while attacking bacterial and cancerous
cells is different as compared to medicinal drugs. The exact
mechanism adopted by NPs has not yet been elucidated.”> How-
ever, it is assumed that they follow the model of introducing
oxidative stress, localized discharge of metallic cations, immedi-
ate interaction with microbial cell walls, or intracellular disrup-
tion of organelles.*” The suitable choice of polymer increases the
stability, minimizes the aggregation of NPs and improves the
inherent properties of NPs.® Surface modifications of metal oxide
NPs with various natural or synthetic polymers are considered a
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FTIR confirms the presence of functional groups indicating the successful functionalization of the polymers.

tuning factor for sorption behaviors, redox reactions, changing
surface chemistry, and controlling band gaps.”*® PEG and chit-
osan are FDA-approved polymers and widely used in many
biomedical applications. The conjugation of PEG with NPs is
associated with the presence of a chemically active OH group at its
linear ends and diverse functional groups at the surface of the
NPs.""* PEG coating suppresses the immune response by an
opsonization process and in this way the retention time or blood
circulation time of a drug or NPs in a biological system
increases.” Chitosan is the second most abundant polymer after
cellulose.’® The protonation ability of chitosan gives a positive
charge on the surface of the NPs'” and can be effective against
microbes that modulate the wound healing process."®"?

Skin is the largest organ that separates the internal body
medium from the external environment. It functions as a first
line of defense between harmful pathogens and internal body
organs. In this way, it maintains the internal bodily home-
ostasis. Wounds appear in the case of serious skin disruption;
chronic wounds can have negative impacts on health and affect
the quality of life.”* Wound healing is a complicated and
ongoing process, completed in a series of phases to restore
the physical integrity of damaged cells.>"** In the case of poor
hygienic conditions, infectious bacteria like Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) settle down at
the wound site and can cause active infection by interfering
with the wound healing process. These bacteria discharge
various endotoxins, i.e. lipopolysaccharides (E. coli) and TSS-1
(S. aureus),”** that can induce fibrin and collagen lysis and
slow down the proliferation of fibroblasts and epithelial cells.>
Bacteria consume more oxygen and nutrients at the expense

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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of newly formed tissues, which degrades growth factors. This
situation leads to tissue anoxia and thus healing of wounds is
further delayed.*® Therefore, applying a strong antibacterial
agent on the wound bed which can inhibit the growth of
bacteria without damaging the healthy cells is necessary to
accelerate the natural healing process of the body.*”

Although nanoparticles have shown promising results in
wound healing trials, toxicity, in vivo efficacy, scalability, and
regularity approval from the FDA are major issues that need to
be resolved for advanced research.*® Magnesium hydroxide is
bio-safe. The FDA has recommended Mg(OH), as a GRAS
(generally recognized as safe) ingredient and pH control agent
in food and nutritional supplements.?* MHNPs are biocompa-
tible and included in many pharmaceutical products due to
their antibacterial action.>®*" The growth inhibition of both G*
and G~ bacterial strains is reported by exposing them to
MHNPs. The strong antimicrobial and biofilm inhibition
actions are associated with the ability of MHNPs to produce a
highly localized alkaline environment. Such an environment
lowers the production of adenosine triphosphate molecules by
consuming local H', which results in an energy deficit and
consequently limits the microbial cellular metabolism.?*** The
small size of NPs improves the cell internalization process and
consequently favors antimicrobial action.*® Halbus et al
reported that the bactericidal properties of MHNPs are found
in inverse relation to the particle size.” The MHNPs accelerate
the recovery of wounds by preventing bed sores during the
healing process.>® Firstly, the process involves the anti-
inflammatory action of Mg>" ions. Secondly, the pro-
angiogenic action of MgO in speeding up the healing process
is linked with the expression of vascular endothelial growth
(VEGF), which triggers angiogenesis, increases the number of
blood vessels, and carries more nutrients to the wounded
area.”® Thirdly, differentiation and proliferation of endothelial
cells are stimulated. It increases the production of IL-12
secreted by neutrophils, which reduces the duration of
reepithelization.?” Lastly, the strong antibacterial action of
MHNPs towards pyogenic pathogens can increase the chroni-
city of wounds, making it a good wound-healing agent. Colloi-
dal instability, early biodegradation, and aggregation of
MHNPs limit their effectiveness; in the case of PEGylation,
the PEG molecule remains over the surfaces of the NPs without
entering into the core structure and thus can enhance the shelf
life of the NPs,*®?? and in this way, potential biological applica-
tions of MHNPs can be optimized.

In the present work, pristine, PEG, and chitosan-functionalized
MHNPs are synthesized using a one-step hydrothermal process. The
pristine and polymer-coated nano-systems are characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), Fourier-
transform infrared (FTIR) spectroscopy, photoluminescence
spectroscopy, ultraviolet-visible spectroscopy (UV-vis spectroscopy)
and dynamic light scattering (DLS). The wound healing potential of
the pristine and surface-functionalized MHNPs is evaluated using
CAM assay and in vivo (G. domesticus). To further understand the
process, the antimicrobial response is evaluated on bacterial stains
and biofilm inhibition.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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2. Experimental section
2.1 Chemicals

The magnesium salt (magnesium nitrate hexahydrate (Mg(NO3),-
6H,0; DAEJUNG, Korea 98%)), PEG-6000 (DAEJUNG, Korea),
chitosan (Icon Chemicals, Germany 90%), and NaOH pellets (Icon
Chemicals, Germany 98%) were utilized as received.

2.2 Synthesis of magnesium hydroxide NPs

MHNPs were synthesized by applying a one-step hydrothermal
route. The experimental details were as follows: 0.5 M salt
(Mg(NO3),-6H,0) solution and 1 M base (NaOH) solution were
prepared separately in 100 mL distilled water. Then the base
solution was added to the salt solution very slowly (drop-wise)
under vigorous magnetic stirring. To increase the homogeneity,
the final mixture was sonicated for 30 min. Afterwards, the
uniform mixture was put into Teflon-lined autoclaves and placed
into an oven for 16 h at 180 °C. Then the reaction mixture was
centrifuged to obtain the precipitates and washed in triplicate
with distilled water to eliminate any by-products. The precipitates
were placed in the oven overnight at 80 °C and then the dried
precipitates were ground to powder form. Similarly, 0.1 g of PEG
and chitosan were added separately to the reaction mixture and
stirred for 30 min more before putting the salt solution into the
Teflon-lined autoclave for hydrothermal treatment.*’

2.3 Characterization tools

For structure analysis of bare and polymer functionalized
MHNPs, XRD (D8 Advance-Bruker) in the 260 range of 20 to
60° was used. Grain morphology was studied by SEM (NOVA
NanoSEM). Surface chemistry was evaluated by FTIR (Agilent
Technologies, Cary 630 FTIR). Energy band and optical behavior
were determined by UV-vis spectrophotometer and PL spectra. The
thermal stability of the pristine, PEGylated, and chitosan functio-
nalized MHNPs was studied using the differential scanning calori-
metry-thermogravimetric analysis (DSC-TGA) standard module
using SDT Q600 V20.9 Build 20 under N,. Dynamic light scattering
(DLS) was performed to determine the hydrodynamic size of the
NPs using Zetasizer Ver. 7.11 Serial Number: MAL 1127001 (Malvern
Inc). The students’ t-test was applied to analyze the data statistically.

2.4 Antibacterial and biofilm inhibition assessment

The Kirby Bauer disk diffusion susceptibility protocol was
employed to study the antibacterial activity of the nanomaterials
for S. aureus and E. coli bacteria.*’ Experiments for both anti-
bacterial action and biofilm inhibition percentage were per-
formed by following the protocols previously reported.*

2.5 Hemolysis percentage assessment

After written consent and taking ethical permission from uni-
versity’s ethical committee, 10 mL of human blood samples
were taken from healthy donors in citrated or heparinized
tubes (3.8% sodium citrate or lithium heparin).”®* Then a
mixture of 3 mL blood cells and 15 mL polystyrene was
centrifuged for 5 min. For pH stability, the viscous pellets were
washed in triplicate with a 5 mL sterile solution of isotonic
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phosphate buffer saline (PBS), maintained at 4 °C for 1 h. In
this way, the cells were washed and then suspended in chilled
and sterile PBS having a final volume of 20 mL. The suspension
was kept in ice and diluted with sterile PBS to 7.068 x 10° cells
per mL. Three sets of 20 mL solutions of MHNPs, PEG-coated
MHNPs, and chitosan-coated MHNPs were formed. Triton
X-100 and PBS were the positive and negative controls, respec-
tively. The remaining 180 pL diluted blood cell suspension was
kept aseptically in a 2 mL tube. The nanomaterial concentration
was kept at 250 pmol L™'. The sample holding tubes were
incubated for 30 min at 37 °C with a shaking speed of 80 rpm.
Then the tubes were put in wet ice for 5 min and again
centrifuged for 5 min. The samples were carefully collected
and placed into a 1.5 mL tube where they were diluted with
900 pL of sterile and chilled PBS. Finally, all the tubes were kept
in wet ice.** For validation, three replicates were performed for
each nanomaterial sample. Absorbance at wavelength 576 nm
was determined by Bausch and Lomb Spectronic 1001 spectro-
meter using a quartz cuvette. A hemocytometer (Fisher ultra
plane, Neubauer ruling) was used to count the cells. The
percentage of hemolysis was determined by using eqn (1):

% Hemolysis =
Sample absorbance — Negative control absorbance 100
Positive control absorbance — Negative control absorbance ’
1)

2.6 Wound healing properties

2.6.1 CAM assay. The wound healing potential of pristine,
PEG, and chitosan-coated MHNPs was evaluated using a CAM assay.
Commercial alginate gel was composited with NPs by dipping the
gel in a 200 mg suspension of NPs for 15 min. Fertilized eggs
(chickens) were purchased from a local poultry farm; all the eggs
were thoroughly cleaned with distilled water and ethanol. Then they
were placed in an incubator at 37 °C in a humid environment. After
a week, 1.5 square inch shells from each egg were detached by a
sterile surgical cutter. Then the cut part of the egg shells was covered
with the composite gel. The gels were removed on the 15" day to
observe the ongoing growth of the chicks and photographs were
taken. Control eggs were pasted with alginate gel only.*®

2.6.2 Swelling properties. The swelling properties of algi-
nate gel and alginate gel impregnated with MHNPs were
studied by immersing the gels in a 3 M brine solution for
different durations. The weight differences of the gels; wet gel
(Wwer) and dry gel (Wqa,y) were obtained after 15 min, 30 min,
1h,2h,3h,4h,5h, and 24 h. The swelling percentage was
determined using eqn (2).*°

Wwet - Wdry

% Swelling = 7%
dry

% 100. ()

2.6.3 In vivo wound healing study. The wound healing
potential of the pristine, PEGylated, and chitosan-
functionalized MHNPs was also studied by applying an open
excision type cut/wound on the peritoneal side of G. domesticus.
Fifteen-day-old healthy chickens (female) were taken from the
local poultry farm. The birds were put in the disinfected cage
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under a suitable temperature of 25 + 3 °C for a couple of days
and were fed properly to acclimatize them to the laboratory
environment, then they were divided into groups as given in
Table 1. Each group contains three animals. The birds were
anesthetized with inter-breast injection for a short time by the
mixture of ketamine (20 mg kg™ ') live weight and xylazine
(2 mg kg ').*” After removing/shaving feathers from the exci-
sion point, the skin of each bird was cleaned with spirit; a
25 mm long (linear) cut/wound was given to the birds on the
peritoneal side to the depth of loose subcutaneous tissues with a
sterile surgical blade.*® In control-1 the wounds were treated
daily with Vetericyne Plus®, a commonly available antimicrobial
poultry care spray, whereas control-2 were not given any treat-
ment and their wounds were observed to heal naturally. The
wounds of groups A, B, and C were sprayed daily with the
suspension of 10 g L' pristine, PEG, and chitosan-coated
MHNPs, respectively.*>>° All the birds were handled gently to
minimize the stress; the appearances and healing of the wounds
were photographed regularly for 9 d both in the morning and
evening. The healing rate was calculated using eqn (3):

A
Wound area = A_t x 100 (3)

o

Here, A, is the area of the wound on the day of operation and A,
is the area on a specified day.>"*>

3. Results and discussion
3.1 Synthesized material analysis

XRD is used as a characterization technique for the structural
analysis of the synthesized nanomaterials. XRD patterns of
pristine and polymer-functionalized MHNPs are shown in
Fig. 1.

The formation of single-phase MHNPs is confirmed by XRD
with pdf # 01-074-2220 showing the hexagonal structure and
belonging to the space group P3m1. Four diffraction peaks are
observed at positions 32.8° 38°, 50.8°, and 58.6° which corre-
spond to the (100), (101), (102), and (110) planes respectively in
bare MHNPs. The PEG and chitosan functionalized MHNP pat-
terns have identical behavior; however, the peaks at 38° and 50.8°
are minutely shifted towards a lower angle, which may be
attributed to the attachment of organic polymer during the
reaction, subsequently changing the nanoparticle characteristics.
The polymer coating has also shown effects on the structural
parameters, which varied as compared to bare MHNPs (Table 2).
Debye-Scherrer’s relation is used to determine the crystallite size

Table 1 Grouping of chicks with their average weight and wound healing
agent

Group Avg. weight (g) Wound healing agent

Control-1 292 £ 5 Vetericyne plus®™, poultry care spray
Control-2 313 £ 4 Natural healing

A 295 £ 2 MHNPs

B 305 £ 2 PEG-MHNPs

C 307 £ 2 Chitosan-MHNPs

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 1 XRD patterns of bare and polymer functionalized MHNPs.

(eqn (4)).

KA
- pcost 4)

The crystallite size of MHNPs is 31.3 nm which is slightly
reduced to 29.7 nm in the case of chitosan-coated MHNPs;
however, PEG functionalized MHNPs have a much-reduced
crystallite size (23.4 nm) and the distinct behavior of crystallite
aggregation is observed during the growth process. This variable
behavior may be associated with the charge of organic polymers
as PEG is a neutral to negatively charged open-branched polymer
and chitosan has a positive charge owing to the residual amino
groups. This diversity in charge of polymers can certainly dictate
crystal growth. Furthermore, these organic moieties can affect
the morphology, shape, and size distribution of NPs. The lattice
dimensions and cell volume remain almost the same for the
three materials while the lattice strain and dislocation densities
vary significantly for PEG and chitosan-coated MHNPs.

Texture coefficient (T.C.) is used to determine favorable
planes in which the crystalline material shows a preferred
tendency to grow. The T.C. is calculated by eqn (5).

(2)

T.C.=
<N) S 1(hkd) /1o (k)

)

If the T.C. is less than unity (T.C. < 1), the growth direction
will be random, and a value more than 1 represents the
preferred growth direction of crystals. The plane having the
highest value of T.C. indicates the favored direction for
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crystallite growth.>® The MHNPs have the maximum value of
T.C. for the (110) plane, indicating the thermo-dynamical
possibility of crystalline growth along this direction. Whereas,
when MHNPs are composited with PEG and chitosan, the
favorable growth direction changes to (100) (Table 3).

It is believed that during the hydrothermal reaction, water
molecules gradually decompose into solvated H' (hydrogen
cations) and OH ™~ (hydroxide anions) under heating and pressure.
The increase in temperature plays a vital role in the degree of
water dissociation. At room temperature, the magnesium nitrate
hexahydrate is not affected too much by the water; however, when
the solution is exposed to high temperature and pressure, the
magnesium salt is decomposed into Mg”* cations and reacts with
OH ™, leading to the formation of Mg(OH),. The detailed analysis
of the mentioned chemical reactions shows that MgOH" ions, Le.
hydroxo-complexes of Mg?", contribute to the growth proceeding
during the formation of magnesium hydroxide nanocrystals.>*

Fig. 2(a) and (b) present the morphology and grain size of
the MHNPs, the low and high magnification micrographs of
MHNPs show spherical, hexagon, and rectangular-like grains
with a mean size of 74 £ 17 nm (Fig. 2c). In the case of
PEGylation of MHNPs, the shape of the grains is not much
varied as compared to the pristine MHNPs (Fig. 2d and e),
whereas grain size is determined as 72 + 16 nm (Fig. 2f). Fig. 2
shows micrographs of chitosan-coated MHNPs where the mean
size is reduced to 55 + 13 nm (Fig. 2i). The ¢-test shows that the
grain sizes of MHNPs and PEG-MHNPs are not statistically
different with p = 0.1007 whereas the gain size of chitosan-
MHNPs is statistically different than bare MHNPs (p < 0.0001).
The grain size reduction is owing to the surface functionaliza-
tion of MHNPs, where the polymer has controlled the coales-
cence of particles, and the composite formation of MHNPs with
chitosan has lessened the atomic attachment during the grain
growth process.”> XRD results also confirmed the decrease in
crystallite size when PEG and chitosan are coated on MHNPs.

The absorption bands are shown at 289 nm, 285 nm, and
290 nm in the ultraviolet region for MHNPs, PEG-MHNPs, and
chitosan-MHNPs, respectively (Fig. 3a). The blue shift in the
wavelength from 320 nm to 285 nm in the functionalized
MHNPs may be attributed to the attachment of polymer mole-
cules, i.e. PEG and chitosan with MHNP crystals.”® The slight
variations and appearance of absorption peaks in the band-gap
correspond to the band-to-band transition.>” Fig. 3b shows
Tauc’s plots, which indicate that the band gap of MHNPs is
3 eV and varied with PEG and chitosan-coated NPs as 2.86 eV
and 2.94 eV, respectively. Further optical properties investiga-
tion by PL shows two emission peaks at 434 nm and 455 nm in
all the cases, i.e. bare and polymer-coated MHNPs using an

Table 2 Effect of organic polymers on different structural parameters of MHNPs

Unit cell parameters MHNPs

PEG-MHNPs Chitosan-MHNPs

31.3 nm

a=3.149A, c=4772 A
473 x 107* m®

1.23 x 103

Crystallite size

Lattice cell dimensions
Unit cell volume
Lattice strain

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

23.4 nm
a=3.148A,c=4771 A
472 x 107 m?

1.77 x 1073

29.7 nm
a=3.149A,c=4.772 A
4.73 x 107 m®

1.31 x 103
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Table 3 Texture coefficients of MHNPs, PEG, and chitosan-coated MHNPs

Texture coefficient

Position (26) Planes MHNPs PEG-MHNPs Chitosan-MHNPs
32.8° 100 0.926 1.480 1.535
38° 011 0.927 0.810 0.840
50.8° 012 0.874 0.879 0.780
58.6° 110 1.262 0.829 0.842

excitation wavelength of 400 nm (Fig. 3c). The emission bands
are at the border of the ultraviolet and visible regions and can
be attributed to the violet emission. The emission peaks can be
attributed to the transition of different Mg>* and O*>~ states in
the magnesium hydroxide’s electronic structure.”® Within the
band gap region of the MHNP crystals, the defect states are
expected due to the oxygen vacancies.

FTIR spectra are recorded in the range from 650 cm™ " to
4000 cm ™. In the case of pristine MHNPs, the bands at
652 cm ' and 854 cm ' wavenumbers are attributed to the
metal-oxygen bonding. The band at 1422 cm ' indicates the
symmetrical-asymmetrical vibrations of the carboxylate O—C—0O
functional group and 1492 cm ™" shows the stretching modes of
-OH. Additionally, two bands at 2938 cm™" and 3685 cm™" wave
numbers correspond to the out-of-plane bending of C-H and
stretching mode of O-H, respectively. It is well established that
MgO surfaces when exposed to the atmosphere readily absorb H,O
and CO, molecules, which results in the formation of MHNPs and
the emergence of other functional groups in the FTIR spectrum. In
PEGylated MHNPs, there are new bands observed at 1105 cm ™Y,

1
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1342 em ™', and 1607 cm™" which belong to C-O-H, C-H, and
C=0 bonds, respectively.”® Whereas in the case of chitosan-coated
NPs, C-O-C and C—O0 bonds are observed at 1046 cm™' and
1572 cm™ ! wave numbers. The emergence of new bonds confirms
the attachment of organic polymers on the surface of the NPs.®
Fig. 4b represents the hydrodynamic sizes of the pristine and
polymer-coated MHNPs. In the case of polymer coating, i.e. PEG
and chitosan, the average grain size increases as compared to
pristine MHNPs. Introducing hydrophilic polymers like PEG and
chitosan over the NPs tends to increase the material’s hydrody-
namic size in liquid due to the formation of hydrated layers, which
are linked with the long-chain structure of the polymers.®* The
charged surface of polymer functionalized NPs induces an electro-
static repulsion that helps to limit the further aggregation of NPs
and ensure their suspension stability.®> Therefore, DLS analysis
can also confirm the presence of the PEG and chitosan over
the MHNPs with the availability of a large number of molecules.
The difference in grain size between SEM and hydrodynamic size
from DLS can be attributed to the presence of organic molecules
i.e. PEG and chitosan on the surface of the MHNPs. The increase
in the hydrodynamic size of the bare MHNPs is linked with mild
aggregation in the solvent and can be overcome by longer ultra-
sonication time before DLS measurements.

The TGA curves indicate that weight loss for all three nano-
systems occurs in different phases (Fig. 4c). Thermal decom-
position of the NPs is started soon after the temperature rises;
the first weight loss phase is observed below 100 °C, and there
is only a 3% weight (inset Fig. 4c) change in the temperature
range from 37 to 42 °C, which indicates good water and structural
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Fig. 2 SEM micrographs at different magnifications and corresponding size distribution histograms:®® (a)—(c) MHNPs, (d)-(f) PEG functionalized MHNPs,

(g9)—(i) chitosan coated MHNPs.
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retaining ability that can play a crucial role in the antibacterial
activity of the bare and functionalized MHNPs by prolonging the
interaction with the cell wall of bacteria.®® For bare MHNPs, the
weight loss continues until 300 °C gradually up to 12%. Afterward,
18% weight loss is observed abruptly from 300 °C indicating the
removal of absorbed water and decomposition of chemical bonds
followed by 8% loss from 600 °C. In the case of PEGylation, there is
a gradual weight loss of 20% until 300 °C, and then a further 30%
loss is witnessed until 400 °C. In the end, a 12% gradual decrease
happened until 750 °C. The chitosan-coated NPs have the least
decomposition until 300 °C i.e. 8% followed by the decomposition
of the MHNPs until 400 °C (32%). Afterward, there is a gradual
decrease of 7-8% until the final temperature, ie. 1000 °C. The
residual masses of Mg(OH),, PEG - Mg(OH),, and chitosan—Mg(OH),
determined from TGA are 58%, 35%, and 46%, respectively. The first
derivative weight loss temperatures are also determined for all
the materials and it is observed that this temperature is higher in
the case of PEG functionalized MHNPs (367 °C) than bare and
chitosan conjugated NPs, that is 321 °C and 316 °C, respectively
(Fig. 4d). This also indicates the higher stability of PEG-coated
MHNPs than bare and functionalized counterparts.

3.2 Antibacterial activity and biofilm inhibition

Before studying the wound healing potential of MHNPs and any
potential effects of PEG and chitosan coatings on these

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

properties, it is quite important to evaluate the antibacterial
response of all three nano-formulations, as the wounded area is
a more exposed and vulnerable site for pathogens to settle
down and grow.®* Therefore, the antibacterial action of MHNPs
against E. coli and S. aureus bacterial strains was studied. The
zones of inhibition of the bacterial strains against the nano-
materials are expressed in Table 4 and shown in Fig. 5, which
represents that MHNPs have a good antibacterial response and
this potential is enhanced by surface functionalization. It is
observed that PEG-modified MHNPs perform significantly bet-
ter against S. aureus (p = 0.001) whereas E. coli is more affected
by chitosan-coated MHNPs (p = 0.002) (Table 4). Uneven
bacterial growth is present in both bacterial strains due to
the deployment of biofilms in some regions of the Petri plates.
The MHNPs with a size less than 70 nm showed better
antibacterial action;’ firstly, smaller-size MHNPs offer better
cellular internalization where they interact with bacterial DNA
and other organelles, and secondly, they adsorbed with the
bacterial cell wall and release Mg®" ions from the hydroxide
structure, which damaged the cell wall.®>®® Although the pre-
cise bactericidal or bacteriostatic mechanism of MHNPs has
not yet been elucidated, generally the antibacterial response of
NPs is explained by one of these three suggested models;
generation of reactive oxygen species, release of metallic ions,
and introduction of nonoxidative stress mechanisms.®” The

New J. Chem., 2024, 48,17396-17410 | 17401
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MHNPs.

generation of ROS needs O, as a precursor but MHNPs have
shown an antibacterial response even in anaerobic conditions,
indicating that the high concentration of OH ' ions can
directly damage the cell wall due to electrostatic van der Waals
interaction.>® The ability of MHNP penetration in the cell
membrane and protein leakage of S. aureus is elevated by
increasing the concentration of MHNPs. On attaching to the
bacterial surface, MHNPs bind themselves with the cell wall,
and the penetrated NPs reduce the metabolic activities by
inhibiting protein synthesis.” The bound NPs disintegrate the
cell wall structure and cause bacterial death by leakage of
cellular contents i.e. leakage of nucleic acid.®® The cell walls
of E. coli and S. aureus are composed of a crossed-linked
network of peptidoglycan, which is vulnerable to mechanical
ruptures, and once this happens, bacteria cannot repair these
injuries.®® This cell wall disintegration can be linked with the

Table 4 The zone of inhibition of E. coli and S. aureus for bare and
polymer-coated magnesium hydroxide NPs

Sample E. coli (ZOI) mm S. aureus (ZOI) mm
Ciprofloxacin (control) 30+1 26 + 1
MHNPs 12 +£1 11+1
PEG-MHNPs 15+ 2 18+1
Chitosan-MHNPs 21 £2 14 £3

17402 | New J. Chem., 2024, 48,17396-17410

PEG - Mg(OH),

O

+

O
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g -

Fig. 5 Zone of inhibition for Mg(OH),-based nanomaterials of (a) E. coli,
and (b) S. aureus.

alkaline nature of MHNPs with a localized pH value of x10.
This causes the disturbance of bacterial cellular homeostasis.”®
The alkaline adaptability of E. coli and S. aureus decreases by
increasing the pH value. In the literature, optimum growth of
E. coli is recorded from weak acidic conditions to neutral (pH
5.6 to 7.0) at 37 °C”" and E. coli remained resistant up to pH 8
whereas above pH 8, inhibition of E. coli growth increased (55%
at pH 10). Likewise, the growth of S. aureus is inhibited 82% at
PH ~ 10 compared to the optimum conditions (pH 6-7) at 30
to 37 °C.

The antibacterial action of MHNPs also lies in their unique
hygroscopic nature. This property is enhanced by modifying the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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surfaces of MHNPs with hygroscopic polymers like PEG and
chitosan as evidenced by Table 4 where the inhibition zones are
increased when MHNPs are coated with PEG and chitosan.
Both PEG and chitosan have an excellent ability to retain
The conjugation of these polymers with MHNPs
increases the adsorption of water molecules on the surface of
the MHNPs and forms a very thin moist meniscus due to
capillary action. Thus, the MHNPs remain in contact with the
bacteria and damage the bacterial membrane, hence, causing
cellular destruction.”*’* PEG and chitosan coatings introduce
slightly negative and positive charges respectively on the sur-
face of MHNPs. PEG-coated NPs can develop strong electro-
static interaction with S. aureus as compared to E. coli and
that’s why PEG-MHNPs have performed well against G rather
than G~ bacteria; conversely, due to the appearance of positive
charge, chitosan-coated MHNPs are more effective against
E. coli than S. aureus. This electrostatic attraction prolongs
the attachment of polymer-coated NPs with bacterial cells and
allows invasion from multiple bacterial sites, which reduces the
chances to develop resistance against these nanomaterials,
consequently causing cell death.

The biofilm inhibition potential of the NPs was also studied
for E. coli and S. aureus bacterial strains. Biofilms are three-
dimensional, heterogeneous biopolymer colonial structures of
planktonic microorganisms organized on an extracellular poly-
meric matrix or solid surfaces.”” This form of bacteria is stable,
stress-resistant, and shows great resilience against unfavorable
environmental conditions like temperature, drying out, UV
exposure, desiccation, and starvation.”® The formation of a
biofilm is due to the development of interconnected complex
biochemical aggregation of lipids, proteins, polysaccharides,
nucleic acids, and glycol-peptides through maturation, coloni-
zation, and adhesion of bacterial cells. In this way, bacterial life
organization resembles a multicellular organism and the pro-
duction of super antigen protein makes it difficult to combat
bacteria with traditional antibiotics.”” The results have shown
that PEG and chitosan coatings have increased the inhibition
potential of MHNPs for both E. coli and S. aureus biofilms and
from the two polymers, chitosan-coated MHNPs are more
effective against E. coli and S. aureus-based biofilms (p <
0.0001) (Table 5). The biofilm formation can be controlled by
limiting the surface colonization of bacteria.”® The biochemical
interaction of NPs with biofilms is a step-wise process; (i)
introduction of NPs on the biofilm’s surface,”® attachment of
NPs to the biofilm’s surface, and (iii) penetration of NPs into
the biofilms, implemented by physicochemical interaction of

water.”?
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NPs, extracellular polymeric matrix and environmental condi-
tions. The surface charge induced due to polymer coating,®
initially, develops electrostatic attraction with S. aureus and
E. coli and then migrates into the biofilm by diffusion at a
different rate. The diffusion rate depends on the size of NPs
and the pore size of the biofilm,*" and smaller-sized NPs diffuse
faster; moreover, organic molecules from PEG and chitosan
disperse more easily into the biofilm matrix.*” This shows that
the biofilm inhibition ability of MHNPs is improved by surface
coating with PEG and chitosan; however, chitosan coating
functions slightly better as compared to PEG. The bacterial
growth is correlated with the number of microorganisms in the
population and the rate of change with respect to time. The
optical density (OD) method determines the portion of the light
passing through the bacterial suspension. More scattering of
light indicates the presence of more bacteria and vice versa.®® It
is observed that chitosan-coated MHNPs have statistically sig-
nificant loss of optical density (less scattering), indicating
inhibition of bacteria more efficiently.

3.3 Hemolytic activity

To evaluate the potential applicability as a therapeutic agent
against complex diseases or in medical implants, it is necessary
to test their hemocompatibility before recommending their
administration in vivo.** Hemolytic activity is one of the most
fundamental tests that explains the interaction of NPs with
blood components; it is an obvious finding of the destruction of
RBCs measured by spectroscopic analysis, which causes the
discharge of hemoglobin in the body fluids. According to the
classification made by the American Society for Testing and
Materials (ASTM F 756-00, 2000), materials are categorized into
three groups: hemolytic (>5% hemolysis), hemolytic (2-5%
hemolysis) and non-hemolytic (<2% hemolysis).** Higher
hemolytic activity may cause fatal pathological situations.
Therefore, determining the in vitro and in vivo biocompatibility
of NPs is a necessary part of preclinical studies. The percentage
hemolysis provides the potential of the drug to rupture the cell
membrane of erythrocytes®® and, consequently, indicates cyto-
toxicity of the injected nanomaterials. The hemolytic activity of
pristine and surface-coated MHNPs is given in Table 6. It has
been noticed that the percentage hemolysis of MHNPs is
reduced when combined with organic polymers ie. from
2.83% to 0.48% and 0.19% for PEG and chitosan, respectively.
This indicates higher biocompatibility of polymer surface func-
tionalized MHNPs. Chen et al. showed that the size of the
NPs is a major contributor to their uptake efficiency, toxic

Table 5 Optical density (OD) and percentage biofilm inhibition of S. aureus and E. coli for MHNPs and polymer-coated MHNPs

Optical density

Inhibition (%)

Samples OD control (PBS) OD S. aureus OD E. coli S. aureus E. coli

Positive control (Ciprofloxacin) 0.207 £ 0.001 0.013 & 0.002 0.011 & 0.002 93.7 £0.3 94.7 £ 0.3
MHNPs 0.207 & 0.001 0.13 £ 0.02 0.12 £ 0.02 372 £1.2 42.0 £ 2.5
PEG-MHNPs 0.207 £+ 0.001 0.10 £ 0.01 0.11 £ 0.01 51.7 + 2.7° 46.8 + 1.3¢
Chitosan-MHNPs 0.207 £+ 0.001 0.080 + 0.01¢ 0.070 £ 0.01¢ 61.4 £+ 1.1° 66.2 £ 0.5°

“ Significant. ? Very significant. ¢ Extremely significant.
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Table 6 Hemolysis measurements of bare MHNPs, PEG, and chitosan-
coated MHNPs

Materials Sample absorbance  Hemolysis (%)
Positive control (Triton X-100) 1.06 + 0.00 96.41 + 0.00
Negative control (PBS) 0.038 £ 0.001 0

MHNPs 0.067 £ 0.003 2.83 + 0.12
PEG-MHNPs 0.043 + 0.005¢ 0.48 + 0.02”
Chitosan-MHNPs 0.040 £ 0.002” 0.19 + 0.06”

“ Very significant. ? Extremely significant.

distribution in the bloodstream, and translocation to different
organs as compared to shape, structure, and surface functio-
nalization. This is also consistent with our findings as crystal-
lite size decreases with the introduction of polymers during the
synthesis phase of MHNPs.

3.4 Wound healing analysis

3.4.1 CAM assay. The chorioallantoic membrane®® is the
chick’s first respiratory organ formed on the incubation’s
fourth day. The CAM protects the embryo and helps it to
respirate and regulate its metabolism.”® The CAM assay/model
has been used as an alternative in vivo model and follows the 3R
principle (reduction, replacement, and refinement) in animal
experiments. The wound healing investigation using the CAM
assay shows that controls have no significant changes and eggs
remain in their initial stage as evident from Fig. 6a and b,
whereas NPs (MHNPs, PEG-MHNPs, chitosan-MHNPs) incorpo-
rated alginate gels present proper ongoing growth of the chicks
in all cases (Fig. 6(c)—(e)). In the case of NPs modified gels, the
formation of blood vessels is prominent, and the heartbeat of
the chick was observed to be normal and the yolks are
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Fig. 7 Swelling behavior of NP-modified alginate gel for 24 h (control =
alginate gel only). *Significant, ***extremely significant.

completely changed into living bodies (chick). Magnesium
hydroxide-based nanomaterials form some sort of scaffold over
the cut part of the eggs that stops the evaporation of the
internal fluid, which helps in maintaining homeostasis and
continues the growth; consequently, the intentional wound can
be healed. These results suggested that the presence of the
magnesium hydroxide NPs in the alginate gel can enhance the
wound healing potential of the gel. This is a very unique study
and no such study is reported in the literature where NPs
modified alginate gels have been studied.

Keeping the wound bed moist and clean is the most impor-
tant condition that promotes the healing process, especially in
the case of open wounds.?® The hygroscopic nature of MHNPs

Fig. 6 Wound healing using CAM assay; (a) C1 = Alginate gel, (b) C2 = No alginate gel, (c) 1K1 = MHNPs, (d) 1K2 = PEG-coated MHNPs, (e) 1K3 = chitosan

coated MHNPs.
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Fig. 8 Photographic analysis of wound healing on the 1%, 3, 5™ 7" and 9'" day after incision on G. domesticus.

can be useful in absorbing wound exudates and keeping the
wound bed clean, which is usually achieved by ointments. The
antibacterial potential of magnesium hydroxide can addition-
ally safeguard the wound from airborne infectious bacteria.®”
The swelling behavior of bare and polymer-coated magnesium
hydroxide NPs incorporated into the gel is also observed by
investigating their ability to absorb water content. It can be
observed from Fig. 7 that the swelling behavior of the alginate
gel is affected by the addition of NPs. Alginate gel has a higher
swelling percentage and this is reduced by the addition of NPs
on the gel. From three composite gels, the gel incorporated
with the pristine MHNPs has the lowest swelling percentage,
whereas, in the case of polymer coatings, i.e. PEG and chitosan,
the swelling percentage is increased indicating the role of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

polymer over the surface of the MHNPs. Alginate gel containing
PEGylated MHNPs swelled relatively more over time (p <
0.0001) than the chitosan-functionalized MHNP modified gel.
The swelling saturation in the gels is observed for up to 5 h, and
afterward remains the same for 24 h.

3.4.2 Would healing on G. domesticus. Wound healing is a
complicated and continuous process, completed in different
phases (hemostasis, inflammation, cell proliferation, and
maturation), which are sequential and overlapped.®* The wound
healing is observed by creating an open type of wound on Gallus
gallus domesticus for 9 d. Different groups of animals as men-
tioned in Table 1 show distinct effects on the healing rate (Fig. 8
and 9a). Fig. 8 shows a pictorial representation of the healing
process at different stages with respect to time (Day 1 to day 9). It
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can be seen that 99% of the wound is healed by Vetericyne Plus®™
and no scarring indication over the wounded area. Bare
and chitosan-coated MHNPs have shown a slower healing pro-
cess until day 9. Minute scarring can still be visualized on the
wounds in the case of bare and chitosan-functionalized MHNPs.
However, the healing response of PEG-coated MHNPs is very
significant and the appearance of the skin looks good with

Vetericyne Plus®
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Mg(OH),

Heart Tissues

Liver Tissues
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negligible scarring whereas the natural recovery of the wound
is very slow and the state of the skin does not look good.
Although the wound is closed, a scar is quite prominent over
the wound bed indicating the ongoing skin remodeling phase.®®

Fig. 9a indicates the percentage of wound healing based on
the changes that occurred in the wounds as compared to the
state of the wounds on the first day. PEGylated MHNPs and
chitosan-coated MHNPs have shown promising potential to
close and heal wounds as compared to pristine MHNPs. The
wound healing % for bare MHNPs is 41.83 + 0.17%, 52.44 +
0.9%, 64.56 & 1.78%, and 84.77 + 1.26% for the 3™, 57 7% and
9™ day, respectively, whereas, in the case of polymer coating,
the healing rate is increased significantly for PEGylated
MHNPs, and it is 63.93 + 1.06%, 70.62 £+ 1.7%, 83.49 =+
1.27% and 96.04 £ 0.89% and 64.65 £+ 0.91%, 80.03 + 1.63%,
81.60 + 0.43% and 89.76 £ 0.2% for chitosan-coated MHNPs.
MHNPs are currently used as antacids that can be useful for
avoiding bed sores during the healing phase. However, the role
of Mg (trace element) in wound healing is still not well
defined.® Pollack has discussed that trace elements like Mg
can be useful in the wound-healing process.’® Pastorfide et al.
found that the application of MHNPs ointment on the wounds
of obstetrical patients is very safe and accelerates wound
healing.”* Lange et al. explained that Mg cations can promote
wound healing due to their ability to promote P1 integrin-
mediated adhesion of dermal fibronectin and migration of
keratinocytes to different extracellular matrix proteins.’* Chit-
osan is a naturally bioactive polymer; the ability of protonation
of amino groups with the polysaccharide network of chitosan
enabled its solubility in an acidic medium, whereas depolymer-
ization of chitosan into N-acetyl-p-glucosamine gradually trig-
gers the fibroblast proliferation, helps in orderly deposition of
collagen and initiates the synthesis of hyaluronic acid at the
wound bed. The positively charged chitosan-coated MHNPs
might have aggregated with the negatively charged erythro-
cytes, platelets, and fibrinogen, and this electrostatic inter-
action facilitates blood hemostasis.>' As we have discussed in
the earlier section the coating of chitosan has increased the

Fig. 10 Histopathological micrographs of heart and liver tissues of G. domesticus treated with MHNPs.
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antibacterial response of MHNPs, and therefore enhanced
antibacterial potential might have inhibited the growth of
bacteria over the wound bed, prevented inflammation and
infection, and also increased the healing process (Fig. 9b).
Chen et al. showed that the nontoxic nature of PEG promotes
reepithelization when open wounds are treated with PEGylated
systems. The appearance of a scar on the skin is very common
during the wound healing phase; although the collagen com-
position of the scar cells is similar to the cells it replaces, there
is a difference in the fiber composition of the protein. The scar
tissues are affected by the fibrinolysis and fibrinogenesis
balance. In normal healthy tissues collagen fibers obtain ran-
domly formed basket weave structures while in fibrosis, fibers
cross-link and align themselves in one particular direction.”® As
PEG decreases the toxicity and increases the retention time of
NPs,*° the wounds treated with PEGylated MHNPs show
improved healing and the skin regenerates its normal texture
(Fig. 8) and shows that it has the potential to heal the wounds.
Less inflammation and negligible scarring are due to the
antibacterial response and better tissue adhesion ability of
PEGylated MHNPs. Our results suggest that the MHNPs coated
with bioactive, nontoxic, and biodegradable polymers like PEG
and chitosan can be included in wound healing ointments.

3.5 Toxico-patho-biochemistry examination

To investigate any toxicity induced by the magnesium hydro-
xide NPs in the case of absorption into the bloodstream, the
complete hematological examination and blood serum bio-
chemistry profile of Gallus gallus domesticus were evaluated.
The values of red blood cells, white blood cells, hemoglobin,
and platelet count are normal in all groups with negligible
variations (Table S1, ESIt). Blood and serum biochemistry
analysis (Table S2, ESIT) indicates that blood glucose, uric acid,
blood urea, serum triglyceride, and serum cholesterol are
normal. However, there is a minute increase in the alanine
aminotransferase,*®> which is also known as serum glutamic-
pyruvic transaminase (SGPT), of those chicks that are treated
with pristine and polymer-coated MHNPs that indicates a slight
variation in the liver functioning which is not considered
malfunctioning, high-density lipoprotein (HDL) value, and
histopathology shows that the liver is functioning normally.
So there are no toxic effects and major variations observed in
the blood and serum of chicks.®* All the readings are statisti-
cally analyzed by two-way ANOVA followed by Tukey’s test and
significance is accepted at p < 0.05.

Fig. 10 also indicates that there are no residual toxic effects
seen on the heart tissues of the chicks. All the cardiac myocytes
are normal, inflammation and necrosis are not seen and there
is no sign of fatty change and cellular atypia. Similarly, the
livers of all the chicks are normal and functioning well,
hepatocytes are normal and are surrounded by a central vein
and there is no indication of fat deposition or inflammation in
the liver tissues. Liver parenchymal changes and high vascu-
larity are not observed, which ruled out the possibility of tumor
formation.”® These results have shown that MHNPs in the
pristine state and particularly coated with PEG and chitosan

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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induced no intoxication on the organs and can be recom-
mended for use in wound healing recipes for fast recovery.

4. Conclusion

Surface-modified MHNPs, particularly PEG, have accelerated the
healing of skin wounds of Gallus gallus domesticus. No toxic effects
were observed in blood and serum composition. Histopathologi-
cal examination of the liver and heart has also confirmed the
normal state of these organs. The size reduction due to polymer
coating helped the cellular internalization and increased the
stability at lower temperatures which enhanced the antibacterial
action against bacterial strains. The biofilm inhibition potential of
chitosan functionalized magnesium hydroxide NPs was 66.10%
and 61.36% against E. coli and S. aureus, respectively. These
findings indicate that surface-modified MHNPs, specifically PEGy-
lated NPs, are safe to use in the case of minor dermal injuries/cuts
of birds and can be extended to treat mammalian skins.
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