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Abstract:
Introduction: Chronic wounds pose a significant healthcare challenge due to the risk of infection and the limitations
of conventional dressings. Advanced wound care solutions are needed to enhance healing and reduce complications.
This study evaluated the wound healing potential of NIMO-CH, a cellulose hydrogel derived from nipa fronds and
enriched with nipa indigenous microorganisms, particularly Lacticaseibacillus paracasei BCRC-16100.

Methods: 12 male ICR mice with excisional wounds were assigned to three treatment groups: no treatment (negative
control),  NIMO-CH, and DuoDERM with povidone-iodine (positive control).  Wound healing was assessed through
macroscopic observation, histological analysis, and genome sequencing of L. paracasei BCRC-16100 to determine its
potential role in the healing process.

Results:  Both  NIMO-CH  and  DuoDERM  achieved  100%  wound  closure.  NIMO-CH-treated  wounds  exhibited
complete healing with hair regrowth by days 18–20, whereas untreated wounds healed by day 20. Minimal scarring
was observed in both NIMO-CH and DuoDERM groups. Histological analysis revealed comparable healing processes,
including  granulation  tissue  formation  and  moderate  inflammatory  responses,  with  no  significant  differences  in
collagen fiber orientation. Genome sequencing of L. paracasei BCRC-16100 identified the presence of sodA and gsiC
genes, which encode enzymes essential for wound healing.

Conclusion:  The  findings  suggested  NIMO-CH  to  be  an  effective  alternative  for  wound  care,  demonstrating
comparable healing efficacy to DuoDERM while  promoting hair  regrowth and minimal  scarring.  The presence of
beneficial genes in L. paracasei BCRC-16100 further supported its potential role in enhancing the wound healing
process.
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1. INTRODUCTION
Chronic wounds, wounds that can be extremely hard to

heal, remain one of the major challenges in public health,
causing severe pain and difficulties. These continue to be a
silent epidemic, with the occurrence increasing significantly
over  the  past  few  years  [1].  The  prevalence  of  chronic
wounds  worldwide  is  estimated  to  be  between  1.51  and
2.21 cases per 1000 individuals, and these numbers are pro-
jected  to  increase  with  increasing  age  [2].  In  the  United
States, approximately 2% of the entire population is affec-
ted by chronic wounds, and their adverse impact is felt on a
global scale [1].

Moreover, the significant mortality rate associated with
non-healing wounds in the Philippines might be attributed
to  the  inability  of  many  patients  to  afford  costly  medica-
tions. Furthermore, the current wound dressings available
in the market fail to address the multifaceted factors that
contribute to the healing of chronic wounds. If non-healing
wounds are left untreated and not managed properly, they
can  lead  to  serious  medical  issues,  including  infection,
sepsis,  limb  amputation,  severe  cases,  and  even  death.
Hence, there is a pressing need for a more specialized and
innovative  approach  to  the  development  of  wound  care
products.

Currently,  new  approaches  for  treating  wounds  conti-
nue to be highly researched [3].  Among these new appro-
aches  is  the  use  of  cellulose-based  hydrogels,  linear
polysaccharides that form the main component of the cell
walls  of  plants  through  physical  cross-linking,  wherein  a
polymer network can be linked by multiple hydroxyl groups
through hydrogen bonding. Cellulose-based hydrogels have
gained  increasing  attention  because  of  their  unique  pro-
perties and potential applications, including their 3D struc-
ture, high water content, biocompatibility with a low risk of
inducing  acute  or  chronic  inflammation,  low  toxicity,  and
ability to deliver drugs and growth factors, which address
the  shortcomings  of  conventional  dressings  [4].  Thus,
cellulose-based  hydrogels  hold  great  promise  as  versatile
and effective materials for wound healing and are likely to
play an increasingly vital role in modern medicine.

Furthermore, the growing focus on medicinal products
with  natural  ingredients  may  ultimately  provide  a  cost-
effective,  safe,  and  non-invasive  prevention  and  cure  for
these wounds, providing a sustainable and locally sourced
solution to address the limited availability of  wound dres-
sings  in  the  Philippines.  In  a  recent  study  conducted  by
Domingo  et  al.  [5],  a  cellulose  hydrogel  made  from  nipa
fronds was developed and synthesized. To date, there have
been no investigations  on the  use  of  nipa  hydrogel  in  the
medical field. Thus, to comprehensively understand the po-
tential  applications  of  probiotics  integrated  into  the  nipa
hydrogel  in  the  medical  field  and  lay  the  groundwork  for
future  research,  a  thorough  investigation  of  its  ability  to
promote wound healing is essential.

This study aimed to assess wound healing activity in the
wounds of ICR mice treated with a probiotic-based cellulose
hydrogel derived from nipa in terms of wound contraction,
morphoanatomical  assessment,  and  effectiveness  through
qualitative histological assessment.

2. METHODS

2.1.  Genome  Sequencing  and  Promoter  Analysis  of
Lacticaseibacillus Paracasei BCRC-16100

2.1.1. Capillary Sequencing
Genomic  DNA (gDNA)  from BCRC-1600  was  isolated

via  the  Quick-DNA  Fungal/Bacterial  Miniprep  Kit  (Zymo
Research, USA) following the manufacturer’s instructions.
The PCR amplicons were purified with AMPure XP beads
(cat. no. 163881). One microliter of the purified amplicons
was analyzed on a 1% agarose gel and run at 120 V for 45
minutes  alongside  the  Invitrogen  1  kb  Plus  DNA ladder.
Fluorescently  labeled  chain-terminating  ddNTPs  were
utilized for capillary sequencing. The reaction mixture in-
cluded the amplicons, corresponding primers, and the ABI
BigDye® Terminator v3.1 Cycle Sequencing Kit (cat. no.
4337455). The thermal cycler conditions were as follows:
holding  at  4°C  and  96°C  for  1  minute,  followed  by  25
cycles of 96°C for 10 seconds, 50°C for 5 seconds, 62°C
for 4 minutes,  and a final  holding at  4°C.  Ethanol  preci-
pitation  was  used  to  eliminate  unincorporated  ddNTPs,
excess  primers,  and  primer  dimers.  Capillary  electro-
phoresis  was  performed  using  an  ABI  3730xl  DNA  ana-
lyzer with a 50 cm 96-capillary array, POP7 polymer (cat.
no.  4393714),  and  3730xl  data  collection  software  v3.1.
Base  calling  was  performed  via  sequencing  analysis
software  v5.4.

2.1.2. Whole Genome Sequencing
Library  preparation  was  carried  out  via  the  TruSeq

DNA Nano Kit (Illumina, USA), followed by sequencing on
an Illumina MiSeq instrument in a paired-end read format
of  2  ×  150  bp  for  300  cycles  at  the  Philippine  Genome
Cen-ter, Quezon City, Philippines.

2.1.3. Prediction of Promoter Elements
Bioinformatics  tools,  including  BPROM  and  BLAST,

were  employed  to  predict  promoter  elements  involved  in
gene  expression  related  to  the  wound-healing  activity  of
BCRC-16100.  The  upstream  regions  of  these  genes  were
extracted from their  whole-genome sequences  (WGS)  and
analyzed via  the BPROM platform. The analysis  identified
potential –10 and –35 promoter boxes, their positions within
the  submitted  sequences,  and  possible  associated  trans-
cription  factors.

2.2. Production of NIMO-CH

2.2.1.  Production  of  Cellulose  Hydrogel  from  Nipa
Frond

The  isolation  and  purification  of  α-cellulose  from nipa
fronds followed the methodology outlined by Cariaga et al.
[6], whereas hydrogel synthesis was carried out according
to the procedures established by Domingo et al. [5].

2.2.2.  Derivatization  of  Carboxymethyl  (CMC)  from
Cellulose

The  synthesis  of  carboxymethylcellulose  (CMC)  was
performed following the protocol outlined by Asl et al. [7].
Nine grams of α-cellulose powder derived from Nipa fronds
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was  combined  with  30  ml  of  40%  NaOH  and  270  ml  of
isopropanol in a beaker and stirred for 30 minutes at room
temperature.  Subsequently,  10.8  g  of  sodium  monoch-
loroacetate was added, and the mixture was stirred with a
magnetic  hot  plate  stirrer.  The  beaker  was  covered  with
aluminum  foil  and  heated  at  55°C  for  3  hours  while
maintaining constant stirring at 1200 rpm. Afterward, the
mixture was left to stand to allow separation of the upper
and sedimentary phases.  The upper phase was discarded,
and the sedimentary phase was suspended in 70% metha-
nol and neutralized with glacial acetic acid. Following neut-
ralization, the mixture was filtered and washed five times
with  70% ethanol  via  vacuum filtration,  and  then  washed
again  with  absolute  methanol  and  filtered.  The  resulting
CMC was air-dried.

2.2.3.  Loading  of  Lacticaseibacillus  paracasei  into
the Formulated Nipa Hydrogel

A  pure  culture  of  Lacticaseibacillus  paracasei  was
initially inoculated into a 250 mL Erlenmeyer flask contai-
ning  MRS  broth  and  incubated  at  35–37°C  for  48  hours
until turbidity was observed. Following this, the formulation
of  the  CMC  nipa  hydrogel  was  initiated  according  to  the
methodology established. A solution containing 7% NaOH,
12%  urea,  and  81%  distilled  water  was  prepared  in  an
Erlenmeyer  flask  and  precooled  to  -12.6°C.  One  gram  of
carboxymethylcellulose was then added to the solution and
stirred  at  1500  rpm  for  10  minutes.  The  mixture  was
subsequently centrifuged at 8000 rpm for 20 minutes. After
centrifugation, the solution was transferred to a beaker and
neutralized with 10% sulfuric acid. The CMC solutions were
sterilized by autoclaving, and all glassware was sterilized in
a hot air oven at 160°C for 2 hours, followed by 30 minutes
of UV treatment. The carbomer powder was also UV-treated
before use.

To create a sterile environment and promote the exclu-
sive growth of L. paracasei, 50 mL of the CMC solution was
aseptically transferred to a beaker placed on a magnetic hot
plate stirrer. The carbomer powder was gradually added to
the CMC solution with continuous stirring until  a smooth,
homogeneous  mixture  was  obtained.  As  gelation  comm-
enced,  one  drop  of  triethanolamine  was  introduced,  foll-
owed  by  pre-inoculation  of  50  mL  of  MRS  broth  with  L.
paracasei. Once the desired viscosity was reached, the final
solution was transferred to a sterile petri dish and stored at
4°C.

2.3.  Collection,  Care,  and  Acclimatization  of
Experimental Animals

Before animal testing, approval was obtained from the
Institutional  Animal  Care  and  Use  Committee  (IACUC)  of
the university. Once approved, 12 male ICR mice of uniform
age of 9-10 weeks and weighing 25-20g were obtained from
Mariano Marcos State University–Laboratory Animal Care
Facility (MMSU-LACF). Each treatment group consisted of
4 mice, which served as replicates for the study. The mice
were  randomly  assigned  to  the  three  different  treatment
groups to ensure unbiased results.

Most of the available data rely on quantitative measures
rather  than  qualitative  analysis,  utilizing  assessment  cri-

teria, such as histological scoring, wound contraction rate,
and morpho-anatomical evaluation. The rationale behind this
choice is to balance the need for sufficient statistical power
to  determine  differences  between  treatments  within  the
practical  limitations  of  animal  research.

The  ICR  mice  were  housed  individually  in  12x12x10
plastic cages with wire mesh under controlled conditions
of 22–25°C, 55–75% humidity, adequate ventilation, and a
12-hour  light/dark  cycle.  Cages  were  cleaned  biweekly
with soap and water, following the standard operating pro-
cedure for disinfection and cage maintenance at MMSU-
LACF.  Each  mouse  received  approximately  40  grams  of
pellets  as  food,  and  15–20  mL  of  purified  water  was
provided  in  drinking  bottles.

Before the experiment commenced, all the mice were
acclimatized  for  five  days  under  these  controlled  condi-
tions. During this process, the test animals were given free
access to food pellets and water ad libitum. No exclusions
were  made  from  the  experiment  since  all  animals  were
alive and well. Controlled environmental conditions were
maintained  throughout  the  experiment,  as  previously
described. To manage the order of treatments and meas-
urements, the groups were arranged vertically on a four-
tier shelf,  with the negative control group first,  followed
by the  NIMO-CH group,  and the  positive  control  at  last.
This  consistent  order  was  maintained  throughout  the
treatment  and  measurement  process.

2.4.  Excision  of  Wounds  in  ICR  Mice  and  the
Application of Treatments

The wound excision procedure was performed accor-
ding to  the  protocols  established by  Dai  et  al.  and Rhea
and  Dunnwald  [8,  9]  in  their  murine  exceptional  wound
healing  model,  with  all  surgical  interventions  performed
under  sterile  conditions.  The  mice  were  restrained  by
gently grasping the base of their tail with the thumb and
index finger and then placed on a secure surface, such as
a wire cage top or towel. The shoulders of mice were held
using  the  free  hand,  and  the  scruff  of  their  neck  was
grasped near the skull to immobilize it.  A light strain on
the tail from the little finger ensured stability throughout
the process.

Topical  anesthesia  was  applied  via  lidocaine  cream
before each mouse was shaved at the dorsolumbar region
and  sterilized  with  70%  alcohol.  Circular  full-thickness
excision  wounds,  2.5  cm  wide  and  0.2  cm  deep,  were
created by grasping the marked skin with toothed forceps
and  dissecting  it  using  a  surgical  blade  and  pointed
scissors.

The  day  following  the  excisions,  morphoanatomical
changes in the wounds were recorded for assessment. The
mice were then treated as follows: untreated or negative
control  (group  I),  nipa  hydrogel  loaded  with  nipa  indi-
genous microorganisms (group II), and a commercial hyd-
rogel wound dressing, DuoDERM® (ConvaTec) with povi-
done-iodine (group III). Treatments were applied topically
via  a  sterile  cotton-tipped  applicator  and  spread  evenly
from  the  wound  bed  center  outward  to  a  thickness  of  5
mm.
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2.5. Assessment of Wound Healing Activity
For quantitative assessment,  the wounds of  the mice

were measured to assess the healing rate of the wounds.
The area of the wound was measured every two days via a
Vernier caliper, with millimeters (mm) taken as the unit of
measurement.  To  calculate  the  reduction  in  the  wound
area  in  the  study,  the  formula  proposed  by  Zhang  et  al.
[10] was employed:

2.6. Morphoanatomical Assessment of Wounded ICR
Mice

The morphoanatomical assessment of the study encom-
passed  two  data  sheets  on  the  effectiveness  of  different
treatments  by  morphological  assessment  and  histological
examination. For the morphological assessment, the quali-
tative criteria used in the studies by Tabalbag (2012) and
Simpliciano  (2012)  were  adopted  to  determine  the  effec-
tiveness of  the treatments in healing the wounds of  mice.
The  criteria  are  provided  as  follows:  A  (1)  very  red,  very
swollen, and moist; B (2) red, swollen, and moist/presence
of pus; C (3) red, slightly swollen, and moist; D (4) swollen
and moist/dry; E (5) scar formation and dry surface; and F
(6) the presence of hair and complete healing of wounds.

2.7. Histological Assessment of Wounded ICR Mice
The  histological  examination,  on  the  other  hand,  was

performed  and  sent  to  the  Mariano  Marcos  Memorial
Hospital  and  Medical  Center’s  (MMMMH  &  MC)  Depart-
ment  of  Pathology  and  Laboratories  in  Batac  City,  Ilocos
Norte, for analysis. A histological grading criterion adapted
from Sultana et al. [11] was also utilized (Table 1).

Table 1. The histological grading criteria for healing
were established according to the criteria of Sultana
et al [11].

Number Histological Parameter

1 Amount of granulation tissue (profound-1, moderate-2,
scanty-3, absent-4)

2 Inflammatory infiltrate (plenty-1, moderate-2, a few-3)
3 Collagen fiber orientation (vertical-1, mixed-2, horizontal-3)
4 Pattern of collagen (reticular-1, mixed-2, fascicle-3)

2.7.1. Collection of Epidermal Tissue Samples
For the histological assessment, the experimental ani-

mals were sacrificed via cervical dislocation based on the
guidelines  for  the  use  of  cervical  dislocation  for  rodent
euthanasia  by  the  Austin  Institutional  Animal  Care  and
Use  Committee  at  the  University  of  Texas  [12].  First,  a
mouse was restrained in a normal standing position on a
firm  flat  surface,  and  the  base  of  the  tail  was  grasped
firmly with one hand. Then, a sturdy stick-type pen, a rod-
shaped piece of metal, or the thumb and first finger of the
other hand were placed against the back of the neck at the

base of the skull. To perform the dislocation, forward and
downward pressure was quickly applied with the hand or
object restraining the head, while simultaneously exerting
backward  pressure  on  the  base  of  the  tail.  The  effec-
tiveness of 43 dislocations was verified by their ability to
separate  cervical  tissues.  When  the  spinal  cord  was
severed, a 2–4 mm space was palpable between the occi-
pital condyles and the first cervical vertebra. After cervical
dislocation, the marked wound sites of the ICR mice were
collected to evaluate the degree of histological alterations
according to the criteria mentioned. A longitudinal 4 mm
skin  tissue  sample  was  collected  from  the  dorsolumbar
surface of each mouse. The remaining carcasses were then
placed  inside  labeled  plastic  bags  and  transferred  to  a
suitable animal facility for appropriate disposal.

2.7.2.  Preparation  of  Skin  Tissue  Samples  for
Histological Assessment

The preparation of skin tissue samples for histological
assessment involved several key stages. Initially, the tissue
samples were preserved by fixation in 10% neutral buffered
formalin  overnight  at  room  temperature  to  ensure  struc-
tural integrity. Immediately after collection, all skin tissue
samples were sent  to  the Mariano Marcos Memorial  Hos-
pital and Medical Center (MMMH & MC) Pathology Labo-
ratory for further processing and interpretation.

2.7.3. Statistical Analysis of the Data
The  study  employed  a  two-step  approach  to  analyze

data  on  the  effectiveness  and  rate  of  wound  healing  in
mice across different treatment groups. A weighted mean
was first calculated to provide a single, overall average of
the  replicates.  Following  the  weighted  mean,  one-way
ANOVA  was  conducted  to  assess  statistically  significant
differences between the treatment groups.  Then,  results
with  significant  differences  after  ANOVA  analysis  were
tested again for pairwise mean comparison using the least
significant difference (LSD) test to identify which specific
treatment pairs differed from each other.

3. RESULTS

3.1. Genomic Analysis
This  study  involved  promoter  analysis  to  support  the

utilization  of  Lacticaseibacillus  paracasei  BCRC-16100  in
the hydrogel and determine the promoter elements respon-
sible  for  the  expression  of  genes  linked  with  the  wound-
healing  properties  of  L.  paracasei  BCRC-16100.  Fig.  (1)
shows the different transcription frequencies.

The genes sodA and gsiC encode enzymes necessary for
the process of wound healing. The sodA gene is typically a
single-copy gene in most bacteria and is responsible for a
significant portion of superoxide dismutase activity, where-
as  the  gsiC  gene  encodes  glutathione  peroxidase.  Wound
healing occurs in three stages: inflammation, proliferation,
and  maturation.  During  the  initial  phase,  neutrophils  and
macrophages are drawn to  the injured tissue,  where they
produce reactive  oxygen species  (ROS)  that  have  bacteri-
cidal effects on foreign substances in the wound. However,

𝑯𝒆𝒂𝒍𝒊𝒏𝒈 𝒓𝒂𝒕𝒆

=
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑤𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚) − 𝐹𝑖𝑛𝑎𝑙 𝑤𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑜𝑢𝑛𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)
𝑥100 
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Fig. (1). Transcription frequencies found in BCRC-16100 for skin tissue repair.

excessive ROS can damage tissue and hinder the healing
process. Superoxide dismutase and glutathione peroxidase
enzymes help neutralize superoxide anions, a type of ROS
derived  from  molecular  oxygen.  This  reduces  oxidative
stress and creates an environment conducive to cell proli-
feration and migration, ultimately accelerating tissue re-
pair [13-15].

Although these genes are well-documented, a deeper
mechanistic  understanding  of  their  specific  roles  within
the context of wound healing and genome analysis requ-
ires further investigation. The current study focused only
on  the  wound healing  efficacy  of  the  NIMO-CH gel  with
the  incorporation  of  the  L.  paracasei  BCRC-16100,  and
therefore, a more in-depth analysis of sodA and gsiC will
be pursued in subsequent studies.

The  two  genes  also  presented  varying  transcription
frequencies:  7  (lexA,  rpoD,  cysB,  carp,  deoR,  nagC,  and
phoB) for sodA and 4 (rpoD and phoB) for gsiC. The most
dominant transcription factor among the two genes iden-
tified was rpoD, which plays a significant  role in coordi-
nating  the  transcription  of  the  two  genes  necessary  for
skin tissue repair.

3.2. Morphoanatomical Assessment
To  investigate  its  potential  use  for  wound  healing,

NIMO-CH  was  evaluated  in  an  in  vivo  wound  healing
model. The weights of the 12 ICR mice were taken before
wounding and treatment administration via a digital scale.
After  21  days  of  observation,  the  final  weight  of  each
mouse was measured again to test whether weight was a
major factor in the wound healing process of the ICR mice.
Statistical  analysis  revealed no significant  differences in
the mean weights of the experimental animals across the
treatment groups, as can be seen in Table 2.

Excisional wounds inflicted on 12 ICR mice were divided
into three groups of untreated, NIMO-CH treated, and Duo-
DERM hydrogel treated with povidone-iodine, for a period
of  21  days.  Wound  diameter  was  measured  every  2  days,
along with reapplying the treatments. Morphological chan-
ges in the wound bed were observed following the criteria
presented in the methodology section (Tables 3, 4).

Table  2.  The  mean  weight  of  ICR  mice  before  and
after the initiation of wounding and treatment.

Treatment Groups Initial Weight (g) Final Weight (g)

Untreated (-) 32.30 g 34.72
NIMO-CH 25.80 g 28.52

DuoDERM (+) 29.02 g 29.75
Significance ns ns

CV% 13.02 14.24
Note: ns - not significant.

On day  2  of  the  observation  period,  all  the  wounds  in
the different treatment groups were very red, very swollen,
and  moist.  Blood  clots  were  also  observed,  following  the
first stage of wound healing, known as the exudative stage,
which  may  have  occurred  to  prevent  bleeding  and  stop
blood loss [16]. On day 4, only the NIMO-CH and positive
control  groups  presented  with  pus,  whereas  the  negative
control  group still  presented very red and swollen wound
beds.  The  presence  of  pus  is  a  sign  of  the  inflammatory
stage  of  wound  healing.  In  this  stage,  mast  cells  release
granules  filled  with  enzymes,  histamine,  and  other  active
amines  that  are  responsible  for  characteristic  signs  of
inflammation, such as redness, heat, swelling, and pain, and
clear  fluid  around  the  cut,  which  helps  clear  the  wound
[17].

On days 6 to 12, redness and swelling around the wound
bed slightly decreased in the NIMO-CH and positive control
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groups, whereas the negative control group still presented
red,  swollen,  and  moist  surfaces.  Interestingly,  wounds  in
the NIMO-CH group started to dry first, which was followed
by the formation of scars on the fourteenth day. This may be
likely due to the physiological activity of fibroblasts actively
producing  collagen  and  glycosaminoglycans  [18].  These
components  form  the  foundation  of  the  wound  bed,  pro-
moting  stability  and  facilitating  reepithelialization,  which
involves the migration of cells from the wound’s periphery
and adjacent edges. Initially, only a thin superficial layer of
epithelial cells is laid down, but a thicker and more durable
layer of cells bridges the wound over time, resulting in scar
formation.

On  day  16,  both  the  untreated  group  and  the  positive
control group exhibited scar formation. On the eighteenth to
twentieth  days,  the  NIMO-CH  group  presented  hair  and
complete wound healing. On the other hand, the untreated
and positive control groups only exhibited complete wound
healing  by  the  twentieth  day  of  observation.  Final  images

were  taken,  and  only  minimal  scar  pigmentation  was  ob-
served in the NIMO-CH and positive control groups.

Moreover,  to  further  evaluate  the  effectiveness  of
NIMO-CH in terms of quantitative data, the healing rates
of  the  different  treatment  groups  were  also  assessed  by
measuring  the  contraction  of  the  wounds  of  the  experi-
mental animals every two days via a ruler in millimeters.
All  wounds involved a diameter of  2.5 cm and a uniform
depth. The percentage of wound healing was then calcu-
lated via the formula described in the methodology section
(Table 5).

On day 2, no wound closure was observed across any of
the  treatment  groups.  On  the  fourth  day,  the  NIMO-CH
group  presented  the  highest  mean  percentage  of  wound
closure  with  a  12% healing  rate,  followed  by  the  positive
control groups with 8% and 2% wound contraction rates. All
treatment  groups  improved  steadily  over  a  period  of  20
days.

Table 3. Representative pictures of wound progression in ICR mice.

Treatment Groups Observation Period in Days

- 2 4 6 8 10 12 14 16 18 20

Untreated (-) control

NIMO-CH

DuoDERM (+) control

Table 4. Morphological assessment of the wounds of ICR mice.

Treatment Groups
Observation Period in Days

2 4 6 8 10 12 14 16 18 20

Untreated (-) control A A B B C C D E E F
NIMO-CH A B C C C D E E F F

DuoDERM (+) control A B C C C D D E E F
Note: Legend: A (1) Very red, very swollen, and moist, B (2) Red, swollen, and moist/presence of pus, C (3) Red, slightly swollen, and moist, D (4) Swollen and
moist/dry, E (5) Scar formation and dry surface, F (6) Presence of hair and complete healing of the wound.

Table 5. Mean percentage (%) of wound healing within the 20-day observation period.

Treatment Groups Observation Period in Days

- 2 4 6 8 10 12 14 16 18 20
Untreated (-) control 0 2 15 21 60 68 75 80 87 90b

NIMO-CH 0 12 31 47 56 78 86 86 92 100a

DuoDERM (+) control 0 8 31 48 69 78 82 89 94 100a

Note: Legend: * significant at 5% level.
Ns – not significant.
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Interestingly, on day 10, the untreated group exhibited a
greater percentage of healing than did the NIMO-CH group.
This  could  be  due  to  several  factors,  such  as  the  initial
inflammatory response in the untreated wounds progressed
more quickly, leading to a temporary increase in the healing
rate in the untreated group. NIMO-CH, on the other hand,
might  modulate  the  inflammatory  response  differently,
potentially causing a slight delay in re-epithelialization (skin
cell growth) around day 10.

Overall,  the  healing  rates  of  the  NIMO-CH  and  Duo-
DERM treatment  groups  were  almost  parallel  from day  6
onward. By day 20, all the wounds in these two groups had
completely healed. The untreated group, on the other hand,
did  not  reach  complete  healing  by  the  end  of  day  20,
reaching  only  a  90%  wound  contraction  rate.  Statistical
analysis revealed that the healing rate from the fourth day
to  the  eighteenth  day  was  not  significant,  whereas  the
healing rate from the twentieth day was significant at the
5% level. Moreover, the mean values of both the NIMO-CH
and positive control groups were not significantly different
from each other.

Furthermore,  all  the  treatments  resulted  in  increased
wound  healing  rates  in  the  ICR  mice  over  time,  as  evi-
denced by the increasing trend in their mean percentage of
healing. However, it is important to note that the untreated
group did not achieve complete healing by day 20,  unlike
the NIMO-CH and DuoDERM groups (Fig. 2).

3.3. Histological analysis
Monitoring wound progression over time is critical in

studies  focused  on  evaluating  the  efficacy  of  potential
novel therapies, and histological examination of wounds is
a very helpful tool to achieve this goal. Therefore, further
analysis of the histological features of the wounds in ICR
mice was performed after all observations were made. At
the  end of  21  days,  all  the  ICR mice  were  sacrificed  via
cervical  dislocation,  and  their  skin  tissue  samples  were
collected  and  immediately  fixed  using  10%  formalin  in
plastic-sealed containers. All samples were sent to MMMH
and MC for slide preparation and interpretation.

The wound healing assessment data revealed promising
progress across all three treatment groups. In terms of the
amount of granulation tissue, all the treatments resulted in
consistent  and  profound  amounts  of  granulation  tissue,
suggesting robust  tissue regeneration.  Moderate levels  of
inflammatory  infiltration  were  also  observed  across  all
three  treatment  groups  (Table  6,  Fig.  3).

4. DISCUSSION
The  findings  of  this  study  indicated  NIMO-CH  loaded

with Lacticaseibacillus paracasei to have promising poten-
tial as an effective wound-healing treatment. Over a 21-day
observation period,  wound healing progression was moni-
tored  across  three  groups:  untreated,  NIMO-CH-treated,
and DuoDERM hydrogel-treated (positive control).

Fig. (2). The trend of the wound contraction rate among the different treatment groups.
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Table 6. Results of the histological analysis of the different treatment groups.

Treatment Groups Mean Score of Histological Parameter

- Amount of Granulation
Tissue Inflammatory Infiltrate Collagen Fiber

Orientation Pattern of Collagen Total Mean
Score

Untreated (-) control 4
Absent

3
Few

3
Horizontal

3
Fascicle 13

NIMO-CH 4
Absent

3
Few

2
Mixed

2
Mixed 11

DuoDERM (+) control 4
Absent

3
Few

3
Mixed

3
Mixed 13

Significance ns ns ns ns ns
CV % 10.65% 11.76% 22.59% 22.59% 11.58%

Fig. (3). Graphical representation of the mean score results of the histological analysis.

Statistical analysis revealed that the weight of the mice
did  not  significantly  impact  the  wound-healing  process,
thereby  reinforcing  the  internal  validity  of  the  study  and
ruling out weight as a confounding variable. Throughout the
wound  healing  stages,  the  NIMO-CH-treated  group  effec-
tively  progressed,  particularly  in  the  exudative,  inflam-
matory, and re-epithelialization stages. This may be due to
the genes present, particularly the soda and gsiC genes in
L. paracasei,  which are responsible for skin tissue repair.
This finding has been further supported by the observation
that L. paracasei SGL15 significantly increased the growth
of keratinocytes, which are the main cell types involved in
re-epithelialization during wound healing [19]. Compared to
DuoDERM-treated wounds, wounds treated with NIMO-CH
presented  faster  scar  formation  and  complete  healing  by
day 20. Both treatments outperformed the untreated wou-

nds,  which lagged in  terms of  wound closure and healing
rates, achieving only 90% contraction by day 20.

Histological analysis further supported these findings as
all the treatments, including NIMO-CH, promoted the for-
mation of granulation tissue, a critical component in tissue
regeneration.  Granulation  tissue  is  essential  for  restoring
the  skin’s  dermal  layer  and  orchestrating  repair.  This
complex  tissue  houses  various  cell  types,  extracellular
matrix  components,  and  growth  factors  that  orchestrate
repair  and  regeneration  [20].  Thus,  all  three  treatments
promoted healing via the formation of granulation tissue in
the dermis.  This study did not quantitatively compare the
quality,  composition, or maturation of this tissue between
the treatments administered. Future research should inves-
tigate these specific characteristics (e.g., cellularity, vascu-
larity,  collagen  organization)  to  elucidate  potential  differ-
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ences in the healing mechanisms elicited by the NIMO-CH
group compared to the control groups.

Inflammatory infiltration was also observed at moderate
levels in all the treatment groups. The initial stage of wound
healing  triggers  a  cascade  of  immune  responses.  Neutro-
phils,  macrophages,  and  lymphocytes  recruited  from  the
bloodstream by injury signals infiltrate the wound site [21].
These immune cells not only engulf invading pathogens, but
also secrete cytokines and growth factors, promoting tissue
repair and initiating the transition to the proliferation stage.
The  moderate  inflammatory  infiltration  observed  in  all
groups reflected a balanced immune response, as expected
during wound healing.

The collagen fiber orientation, which is crucial for the
strength  and  functionality  of  the  healed  tissue,  showed  a
mixed  pattern  across  the  treatments.  A  well-organized
collagen  fiber  with  a  basic  network  pattern  promotes
stronger  and  more  functional  wound  healing,  whereas
misaligned collagen fibers contribute to scar formation and
reduced tissue function [22]. While the presence of a mixed
collagen  fiber  orientation  observed  in  the  analysis  may
suggest  some  potential  for  intermediate  scarring,  the
presence  of  horizontal  collagen  fibers  in  certain  areas
indicated the possibility of stronger wound repair in other
areas.

CONCLUSION
In conclusion, the findings of this study showed NIMO-

CH to  promote wound closure and healing at  a  rate  com-
parable to the commercially available positive control, Duo
DERM. Specifically, wounds treated with NIMO-CH showed
faster  scar  formation  and  complete  healing  by  day  20,
mirroring the performance of DuoDERM, while the untre-
ated  group  only  reached  90%  closure  by  the  same  time
point. This suggests that NIMO-CH facilitated a more effi-
cient and timely repair process.

The  effectiveness  of  NIMO-CH  can  be  attributed,  at
least in part, to the presence of L. paracasei  and its asso-
ciated genes, sodA and gsiC. These genes encode enzymes
superoxide dismutase and glutathione peroxidase, respec-
tively, which are vital for mitigating oxidative stress during
the inflammatory phase of wound healing. By neutralizing
oxygen,  these  enzymes  create  a  microenvironment  con-
ducive to cell proliferation and migration, which helps the
tissue regenerate. The dominant transcription factor, rpoD,
plays  a  vital  role  in  coordinating  the  expression  of  both
sodA and gsiC, highlighting the intricate regulatory mecha-
nisms  underlying  the  observed  wound-healing  benefits.
Furthermore, the observed increase in keratinocyte growth
associated  with  L.  paracasei  SGL15  provided  additional
mechanistic support for the accelerated re-epithelialization
observed in the NIMO-CH treated group.

Histological analysis corroborated the macroscopic fin-
dings,  revealing  that  NIMO-CH  promoted  robust  granu-
lation tissue formation, a key step in dermal regeneration,
comparable  to  both  the  positive  and  negative  controls.
While  all  treatments  exhibited  moderate  inflammatory
infiltration,  indicating  a  balanced  immune  response,  the
collagen fiber orientation in the NIMO-CH group presented
a mixed pattern. This observation suggested a potential for

intermediate  scarring,  though  the  presence  of  horizontal
fibers  within  this  mixed  pattern  hinted  at  areas  of  poten-
tially stronger wound repair. Further investigation into the
specific arrangement and organization of collagen fibers in
NIMO-CH treated wounds is warranted to fully elucidate its
impact on long-term tissue strength and functionality.

Importantly, statistical analysis revealed no significant
differences  between  NIMO-CH  and  DuoDERM  groups  in
terms  of  both  wound  contraction  rates  and  histological
parameters. This equivalent performance underscored the
potential of NIMO-CH as a viable and effective alternative
to  conventional  wound care  treatments.  Its  ability  to  pro-
mote  timely  wound  closure,  facilitate  scar  formation,  and
modulate  the  inflammatory  response,  all  while  exhibiting
comparable  efficacy  to  standard-of-care  treatment,  posi-
tions NIMO-CH as a promising candidate for future wound
healing  applications.  Further  research,  including  clinical
trials, is necessary to fully evaluate its safety and efficacy in
human patients and optimize its formulation for clinical use.
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