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A B S T R A C T

Aims and Objectives: To examine if a novel antimicrobial silane K21 can alter macrophage

polarisation and affect fibroblast proliferation by deciphering the molecular pathways for

programmed healing using a combined in vitro and in vivo (animal) burn model.

Materials and Methods: An injectable silane-based antimicrobial aimed to modulate macro-

phage polarisation was manufactured. Experimental analysis included colorimetric cell

migration assays on gingival fibroblasts, macrophage phagocytosis characterisation,

immunofluorescence staining, triacylglycerol accumulation within macrophages by LCMS,

cellular metabolic/proliferation assays, macrophage exposure quantification with mor-

phology assessment using FE-SEM, Raman spectral analysis, RNA isolation for relative

gene expression and animal studymodel to morphometrically andmicroscopically analyse

partial thickness burn wound healing under QAS/K21.

Results: M1 and M2 polarisation both appeared exaggerated under QAS/K21 treatment. The

wounds treated with K21 had depicted accelerated healing as compared to control (P < .05)

in dorsal skin of rabbits. Relative gene expression results demonstrate reduced cytokine

and anti-inflammatory response under the influence of K21. While M1 expression, TG
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accumulation, and associated characterisations demonstrate the programmed inflamma-

tory potential of K21.

Conclusion: the antimicrobial and reparative efficacy of K21 silane aids in programmed

inflammation for enhanced tissue healing and repair.

� 2024 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

Biomaterials, when introduced inside biological bodies,

induce immune responses with macrophages getting polar-

ised into various subsets that influence the biological behav-

iour of cells.1 The environmental signals determine

macrophage polarisation in different directions, leading to

pro and anti-inflammatory subtypes. Therefore, in frontline

research, the polarisation of macrophages has become an

important and most sought topic.2 Previous studies have

shown M1macrophage polarisation, required for early repair,

may get inhibited if the process persists for longer term.3

There is a release of several anti-inflammatory factors which

include IL10, IL4 and TGF-b that promote differentiation of

precursor cells.4 This is the remarkable phenotypic plasticity

conveniently describing a continuum of macrophage pheno-

types due to its polar values.5,6 In this paper, we focus on the

ways of biochemically induced M1 and M2 polarisation of

macrophages against a known antimicrobial biomaterial for

the purpose of wound repair and healing.

Quaternary ammonium salts are a type of positively

charged surfactants7 that exhibit electrokinetic effects at the

boundary between a solid and liquid. This effect occurs due

to the existence of hydrophilic and lipophilic groups inside

the surfactant molecules. These compounds have a higher

concentration of electric charge inversion, which effectively

works as a potent antibacterial agent against micro colonies

of bacteria with negatively charged surfaces. This indicates

that they possess a very potent capacity to penetrate (Figure 1)

because of their high electric charge inversion, which sup-

presses the van der Waals forces (electrostatic shielding

effect) of the cell.4 The hydrocarbon tail of the cationic

amphiphilic substance inserts into the hydrophobic interior

of the cell membrane, resulting in charged interactions.

Despite the presence of hydrophobicity resulting from qua-

ternisation, the molecule exhibits enhanced water solubility.

The surfactant feature of this substance enables the creation

of a protective layer on a surface, resulting in the production

of an antimicrobial film and aiding in the prevention of bio-

film formation.8

Raman spectroscopy is a sensitive and essential method

for analysing biological material. It is non-invasive and

requires minimum sample preparation.9,10 Raman spectros-

copy is less susceptible to interference from water absorption

compared to other spectroscopic techniques,11 enabling more

accurate observations at greater depths. Additionally, it has

the capability to determine functional polarisation of macro-

phages. This study aimed to assess the efficacy of combining

Raman spectroscopy with multivariate statistical analysis,

namely principal component analysis (PCA), in reliably
distinguishing between M1 and M2 macrophage phenotypes

in vitro. The objective of the study was to investigate if K21

can alter macrophage polarisation and affect fibroblast prolif-

eration by deciphering the molecular pathways for pro-

grammed healing using a combined in vitro and in vivo

(animal) burn model. The null hypothesis examined was that

K21 solution would not alter macrophage polarisation and

promote the healing of burn wounds. In addition, K21 solu-

tion will not affect the fibroblast proliferation hence assisting

in the treatment of inflammation.
Materials andmethods

Development of quaternary ammonium solution (QAS)

In this in vitro and in vivo laboratory research, we developed

an injectable silane-based12 antimicrobial with antibacterial

characteristics (Figure 1-Supplemental Figure 1). This investi-

gation used a novel antibacterial substance called Quaternary

Ammonium Silane (QAS; KHG FiteBac Technology, Marietta,

GA, USA). QAS/K21 has a functional terminal-OH group that

can initiate reactions with other -OH groups.13

The sol gel method was used to make the QAS (K21) silane

solution. This was done by properly diluting the K21 (QAS

(k21); KHG FiteBac Technology, Marietta, GA, USA) organosi-

lane in 100% absolute ethanol. The target pH was within the

acidic range (5-6.5). The QAS/K21 solution was diluted with

ethanol to create test solutions with concentrations of 0.46%

and 1% of QAS/K21. These were then utilised to carry out sev-

eral stages of research trials. Following the determination of

the outcomes for the K21 solution at a concentration of

0.46%, the animal models were then subjected to a single con-

centration.

In-vitro cell migration test of K21 in human primary gingival
fibroblasts cells

Human primary gingival fibroblasts (PGF) were isolated from

the jaw of a 65-year-old Caucasian male obtained from ATCC

(HGF, PCS-201−018, ATCC, USA).

Media and culture conditions
To initiate an experiment, a working frozen culture was

thawed at approximately 37°C and grown in tissue culture

flasks with fibroblast basal medium containing 2% fetal

bovine serum, 7.5 mM L-glutamine, 5 ng/mL FGF, 50 mg/mL

ascorbic acid, 1 mg/mL hydrocortisone hemi succinate, 5 mg/

mL insulin and antibiotics/antimycotic (Growth Medium or

GM); GM did not contain phenol red. The cells were incubated

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 –The K21molecule belongs to a class of positively charged surfactants that exhibit an electrokinetic phenomenon

when in contact with a solid-liquid interface. This phenomenon occurs due to the existence of hydrophilic and lipophilic

groups inside the surfactant molecules. K21 can be injected into the wound area for sufficient absorption. This general repre-

sentation is of macrophage polarisation via a process through whichmacrophages obtain distinctive functional features as a

response to certain stimuli from their niche. This process has a critical impact in tissue repair andmaintenance of tissue

homeostasis. The chemical possesses well-documented properties for eradicating germs and disintegrating biofilms in per-

sistent wounds. Inset K21 bottle.
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at 37 § 2°C in a humidified atmosphere (5% CO2). After reach-

ing 60 to 80% confluency, cells were dislodged from the flask

surface using 0.05% trypsin. Cells were centrifugated for

12 min and seeded into flasks (8°C). Cell migration was mea-

sured using the QCMTM 24-well colorimetric cell migration

assay (Millipore catalogue number ECM 508, EMD, Rockville,

MD, USA).

Test procedure

Negative controls. Growth Control (GC): Untreated GM.

Solvent Control (SC): Ethanol (100%) was used to prepare

the test item dosing formulation solvent control.

Preparation of cells. On the day of treatment, the number of

cells were counted using trypan blue exclusion and a cell sus-

pension of approximately 0.5 £ 106 cells/mL were prepared in

growth medium. For the migration and proliferation assay,

the inserts (upper chambers) were seeded with 300 mL of cells
(approximately 1.5 £ 105 cells/insert) and placed in a 24-well

migration and XTT plate (lower chambers) respectively.

Preparation of test item dilutions. On the day of treatment, a

test item stock solution was freshly prepared by accurately

measuring the appropriate amount of test item and adding

the appropriate amount of ethanol.

Treatment. For the migration assay, each treatment diluted

in growth medium was added to the lower chambers of the

migration plate in duplicates (500 mL per well). For the prolif-

eration and XTT assay, each treatment diluted in growth

medium and added to the cells in duplicate (500 mL per well).

The plates were covered and incubated at 37 § 2°C in a

humidified atmosphere containing 5% CO2 for 24 h.

Assay analysis. For migration analysis, the extracted dye (100

mL per well) was transferred into a clean 96-well plate. The

plate was read at 560 nm using a spectrophotometer. For cell
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proliferation assay, the cell proliferation kit (XTT) and phena-

zine methosulfate (PMS) was handled in a darkened room

with gold lighting. Any bubbles in the clear 96-well plate were

removed prior to spectrophotometry.
Cell Line

The human peripheral blood mononuclear cell line, SC (CRL-

9855 #LOT: 61834527), was acquired from ATCC.
Analysis of Macrophage Phagocytosis
The cells were immobilised using 3% glutaraldehyde for 24

hrs and then washed with phosphate buffer. They were later

fixed using 1% osmium tetraoxide (1 hr) at a temperature of 4°
C. Subsequently, the cells underwent further rinsing with dis-

tilled water and were then stained with a 1% solution of ura-

nyl acetate for 1 hour. The cells underwent successive

dehydration by being exposed to ethanol at concentrations of

50%, 80%, 90%, and 100%. Following this, the cells were sub-

jected to ethanol solutions containing epoxy resin at a con-

centration of 66.7%. Subsequently, the cells were immersed

in resin for a duration of 24 hrs (70°C) to prepare them for sec-

tioning using an ultramicrotome. The sections were exam-

ined using a voltage of 100 kV (JEOL 3010 TEM, JEOL USA,

Peabody, MA, USA).
Data Preprocessing and Spectral Analysis: The Raman Affect

The cultured macrophages were attached to the cover slips

and activated with LPS. They were then placed in a desiccator

for 24 hrs to remove moisture. The Raman spectra (ULWD)

were collected using the Renishaw RM-2 Raman microscope

equipped with an Olympus (BH-2) 20 objective lens. The

specimens were subjected to stimulation using a 785 nm

diode laser, with a laser power setting of 5 mW, covering a

wavelength range of 200 cm-1 to 3200 cm-1. The ultimate spec-

trum was generated by merging 40 photos and applying base-

line correction using a fifth-degree polynomial function

within the Origin Pro 2024b software.
Macrophage Polarisation and Activation for Exposure to QAS/
K21
The SC human peripheral blood mononuclear cell line (CRL-

9855 #LOT: 61834527) was acquired from ATCC (PCS-800-011).

To achieve a concentration of 2 £ 105 cells per flask, the cells

were enumerated and cultivated using Iscove’s Modified

Dulbecco’s Media (IMDM; ATCC, Lot:63331110-Manassas/VA).

The solution was supplemented using 10% FBS, 0.1 mM hypo-

xanthine and added with 0.05 mM 2-mercaptoethanol and

0.016 mM thymidine. After 2 days, the cells were subjected to

phosphate buffered saline rinsing (PBS). The cells were har-

vested at a concentration of 1.5 £ 104 cells/cm2 for further

Raman experiments.
K21 Exposure
For the antimicrobial exposure, DMEM was utilised, with the

addition of 0.1 ml administered gradually for subsequent

tests.
Macrophage Exosomes

The quantification of macrophage exosomes was performed

using microBCA protein assay Kit (Beyotime, China). The

morphology was evaluated on uranyl acetate, UO2(CH3COO)2,

stained grids and imaged using 100 kV voltage (JEOL 3010

TEM, JEOL USA, Peabody, MA, USA). Exosome structures were

identified at 300 nm scale utilising the TEM.
Immunofluorescence Staining

CD 206 (mannose receptor) (Catalog # PA5-46994; Thermo-

Fisher Scientific, USA) was employed for immunofluores-

cence staining to assess M2 polarisation. Following a 24-hour

incubation period, the cells were immobilised using a 4%

paraformaldehyde solution for 15 minutes (24°C). The cells

were subsequently cultured with rabbit anti-CD206 antibod-

ies (1:200) for an extended period (4°C). Following a 24-hour

period, the cells underwent saline rinses and were then

stained with goat anti-rabbit AlexaFluor594-conjugated anti-

body (1:200, Abcam, USA) in a dark room for 1 hour. Following

an additional five-minute washing step, the nucleus was

stained with DAPI for a duration of 10 minutes. Ten images

for each specimen were then captured using a confocal laser

scanning microscope (Olympus FV1200) with illumination

provided by a 484 nm laser and then analysed using bioimage

software version 2.0, developed in Malm€o, Sweden.
Scanning Electron Microscopy

The morphologies of macrophage cells were studied using a

high-resolution field emission scanning electron microscope

(Auriga Compact, Zeiss, Germany) with an accelerating volt-

age of 10 kV. Before conducting any scanning electron

microscopy (SEM) investigations, all specimens underwent a

process of sputter-coating with Pd ion sputtering (EMACE600,

Leica, Germany). Two dentin discs were utilised to cultivate

cells for a duration of 24 hrs. Following this, the discs were

fixed utilising a 4% glutaraldehyde solution in PBS for a period

of 4 hrs at room temperature.
Morphometric and Microscopic Analysis of Partial Thickness
Burn Wound Healing

This study was a 3-month experimental animal trial. This

study was conducted and approved at the Animal House and

Oral Biology Department of Akhtar Saeed Medical and Dental

College in Lahore and the ARRIVE guidelines were followed

for animal usage.14 A total of twenty-one male rabbits, with

weights ranging from 750 to 1000 g, were utilised for the pur-

pose of this investigation. Rabbits that were both diseased

and female were not included. The Institutional Review Board

of Akhtar Saeed Medical and Dental College, Lahore, Pakistan,

accepted the experiment (IRB #: M-23/148/- Oral Biology).

Next, the animals were measured for weight and then ren-

dered unconscious by administering an intramuscular injec-

tion of 75 mg/kg ketamine (Troy Laboratories, Glendenning,

Australia) and 15mg/kg xylazine (Troy Laboratories, Glenden-

ning, Australia).
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The dorsal skin was shaved with clippers and additionally,

the small hair was removed by applying a commercial hair

removal cream (VEETTM; Reckitt Benckiser, NSW, Australia)

as per guidelines. Thermal burns were produced with the

help of a heating device manufactured for this purpose

(Fig 6). Two wounds were created on the upper back on both

sides of the midline, with 8 cm from the central point of each

wound.

In the control group no treatment was applied while in the

experimental group, 0.46% K21 (2 mL) was dropped on the

wound area with the help of a dropper every day, and the

movement of the animal was restricted for 5-10 min for suffi-

cient absorption. For morphometric analysis, images of the

wound were captured by the camera of iPhone 15 Pro Max

(48MP) on days 1, 8, 11, 14, 18, and 21. The wound area was

measured using ImageJ, version 1.54g. The mean value was

taken at the magnification of 5X. The data was presented as

means§ SD and subjected to independent samples t-test,

keeping the confidence interval at (95%) and significance level

at (≤ 0.05). analysis was performed using SPSS software, ver-

sion 27 (IBM, Armonk, NY, USA). For histological analysis, ani-

mals were sacrificed on days 14, 18, and 21, and full-thickness

skin was harvested from the previously injured area, samples

were fixed with 10% formaldehyde and then processed and

sectioned 3-5 mm using a Leica microtome. The sections were

stained with hematoxylin and eosin stain and the histological

images were captured using a Nikon E200 microscope and

camera. The following variables were observed and analysed:

1. The epithelial thickness over the injury site was evaluated

on a scale of 1 to 4.[1 (0-2 cell layers), 2 (3-5 cell layers), 3

(6-10 cell layers), and 4 (> 10 cell layers)].

2. Rete ridges were evaluated based on presence (1) and

absence (0).

3. The inflammatory reaction near the injury site in the epi-

dermis and dermis tissue was based on the inflammatory

cell number [Mild (< 10 inflammatory cells), Moderate (10-

50 inflammatory cells), (Severe (>50 inflammatory cells)]15.

The slides were immersed in xylene and ethanol to

remove any impurities before being placed in Bouin’s solution

at a temperature of 60°C for a duration of 45 minutes for

Masson’s trichrome staining. Masson trichome stain (Cyto-

plasm − red, Muscle − red, Collagen − green, and Nuclei −
dark brown). The newly formed collagen fibres were evalu-

ated based on the orientation (vertical-0, horizontal-1).

Triacylglycerol Accumulation within Macrophages:
Generation of M1 and M2 states to Evaluate Triacylglycerol

M1 and M2 states in macrophage cells were stimulated by uti-

lising ultrapure lipopolysaccharides (LPS; InVivogen) and

20 ng/mL interferon-y (IFNg; Pepro Tech) for M1 polarisation,

and 20 ng/mL IL-4 (Pepro Tech) for M2 polarisation, in differ-

entiation medium for a duration of 24 hrs. The LCMS/MS

analysis was conducted using a 4000 Qtrap mass spectrome-

ter (AB Sciex) equipped with an Agilent 1290 series HPL Canda

ZORBAX eclipse plus C18 column (2.1 £ 100 mm x 1.8 mm, Agi-

lent). The column temperature was maintained at 60°C.
Cell Preparation and RNA Extraction for Real Time RT-PCR

A total of 10,000 cells were placed in each well of a 96-well

plate and incubated for 24 hrs. The medium was then with-

drawn and replaced with an adequate concentration of HOCl.

The total RNA was isolated using TRIzol (GIBCO/BRL Life

Technologies) and then purified using the RNase-Free DNase

Set and RNeasy Mini kit (Qiagen, Valencia, CA). The genes

exhibiting differential expression were compared across all

groups by utilising the GeneChip IVT labelling kit to bio label

cDNA transcribed to cRNA. A total of fifteen micrograms of

cRNA, which were labelled, were subjected to hybridisation

on an Affymetrix Mouse Genome 430 2.0 Array at a tempera-

ture of 45°C for a duration of 16 hrs. Following the washing

process using the GeneChip Fluidics Station 450, the arrays

were scanned using a GeneChip 3000 scanner. Intensity val-

ues were then retrieved from the CEL file using Array Assist

software (Stratagene, La Jolla, CA). The process involved the

reverse transcription of the whole RNA using MuLV reverse

transcriptase primers. The SYBR Green PCR Kit from Applied

Biosystems in Carlsbad, CA was utilised for quantitative real-

time RT-PCR analysis. The measurement of fluorescence in

real-time was performed using an ABI PRISM 7700 Sequence

Detector manufactured by Applied Biosystems.
Results

The human primary gingival fibroblasts (PGF) results are

summarised in Table 1, Fig 2 and Fig 3. After 24 hrs of treat-

ment, K21 increased the migration of PGF cells when com-

pared with the concurrent SC (Fig 2 and Fig 3). The mean

absorbance at 560 nm (A560) for the SC was 0.651, and the

mean A560 for K21 ranged from 0.964 to 0.755 (Table 1). (Sup-

plement Fig 1). The increase in migration following K21 treat-

ment was dose-dependent, with 6.25 and 12.5 mg/mL showing

A560 values greater than the SC (Fig 2). The mean A560 for

the SC was 0.651, and the mean A560 for K21 ranged from

0.829 to 0.397 (Table 1). K21 decreased PGF proliferation in a

dose-dependent manner confirming appropriate treatment

up to a cytotoxic concentration; the cytotoxicity was more

pronounced with K21 lot AP10-069. The proliferation (mean

A450) of the SC was 0.647, the mean A450 of K21 lot AP-6- 061

ranged from 0.634 to 0.460, and the mean A450 of K21 lot

AP10-069 ranged from 0.626 to 0.118 (Table 1).

Raman spectroscopy was used using a spectral range of

700-1800 cm-1. The mean spectra exhibited significant Raman

peaks at 1035 cm-1, 1577 cm-1, 1662 cm-1, 860 cm-1, 1127 cm-1,

1305 cm-1, 1442 cm-1, and 1658 cm-1 (Fig 4A-B). The evaluation

conducted for each Raman band seen during the transition

from M1 to M2 was based on already published material. The

frequency of 1035 cm-1 corresponds to the stretching of the

C-C bond, which is associated with the lipid signatures seen

at 1442 cm-1 (representing the deformation of CH2CH3) as

shown in Figure 5. Furthermore, the presence of nucleic acid

and amino acid fingerprint area was indicated by 1577 cm-1

and 860 cm-1 wavenumbers respectively, exhibiting several

noteworthy alterations (Fig 4B). The mean Raman spectra at

1662 cm-1 and 1658 cm-1 corresponded to the lipid and colla-

gen areas of the macrophage assessment, which included



Table 1 – Summary of Cell Migration and Proliferation Tests in Human Primary Gingival Fibroblasts

Treatment ID Concentration (mg/mL) Cell Migration % Cell Proliferation %

N1 N2 Mean SD N1 N2 Mean SD

Growth Control GC 0 1.515 1.147 1.331 0.260 0.679 0.654 0.666 0.017

Solvent Control SC 0 0.896 0.405 0.651 0.347 0.624 0.669 0.647 0.032

K21 lot AP-6-061 X1 1.56 0.732 0.920 0.826 0.133 0.658 0.610 0.634 0.034

X2 3.13 0.819 0.793 0.806 0.018 0.623 0.602 0.613 0.015

X3 6.26 0.837 0.673 0.755 0.116 0.629 0.623 0.626 0.004

X4 12.5 1.032 0.895 0.964 0.097 0.605 0.589 0.597 0.011

X5 25.0 0.958 0.831 0.895 0.090 0.448 0.472 0.460 0.017

K21 lot AP10-069 Y1 1.56 0.333 0.461 0.397 0.091 0.612 0.640 0.626 0.020

Y2 3.12 0.621 0.619 0.620 0.001 0.607 0.624 0.616 0.012

Y3 6.25 0.733 0.628 0.681 0.074 0.618 0.630 0.624 0.008

Y4 12.5 1.059 0.598 0.829 0.326 0.532 0.506 0.519 0.018

Y5 25.0 0.764 0.424 0.594 0.240 0.139 0.097 0.118 0.029
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characteristic protein markers. The mean Raman spectra of

the M0, M1, and M2 macrophages displayed slight variations

in the strength of different peaks. When comparing the aver-

age spectra of M1 and M2 profiles, no shifts in the positions of

the peaks and no significant alterations in the intensities of

the peaks were observed. The spectrums depicted the average

of 100 separate recordings acquired from the macrophage
Fig. 2 –The ability of two lots of K21 to influence the migration of

this study. Ethanol was included as the solvent Control (SC) and

lot AP-6-061 was evaluated at 25.0, 12.5, 6.26, and 1.56 mg/mL. A

cells when compared with the concurrent SC. (A-H) Representati

images were quantitatively analysed. (I-K) The light microscope

after K21 treatment.
subgroups in each specimen, revealing notable alterations.

The main component analysis of the Raman data for all mac-

rophage subset phenotypes supported the results that char-

acterised the phenotypes and characteristic polarisation, as

well as the representative biochemical variations between

the cell groups (Fig 4C). The positive data showed a rise in the

Raman signals, while negative loadings suggested a drop in
human primary gingival fibroblasts (PGF) was evaluated in

undiluted GMwas included as the Growth Control (GC)3. K21

fter 24 hrs of treatment, K21 increased themigration of PGF

ve pictures of the fibroblastic proliferation are shown as the

merged image is to show the proportion of proliferating cells



Fig. 3 – (A) Photograph of stained inserts showing cells that migrated through the membranes. (B-F) Photomicrographs of

stained cells that migrated through the membranes following K21 treatment. (G) K21 Lot AP-6-061 - migration and prolifera-

tion of human primary gingival fibroblasts following 24-hour treatment, (H) K21 Lot AP10-069 - Migration and proliferation of

human primary gingival fibroblasts following 24-hour treatment. (I-J) Fibroblastic growth amongst K21 treated specimens.
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the M1 state (Fig 4D), which ultimately led to the transition to

the M2 state. The scores reflected the spread of samples in

perpendicular directions (data not shown).

As shown in Figure 5A-C, TEM revealed rounded morphol-

ogy of the exosomes within K21 groups (arrow) enabling the

clustering and tethering with K21 groups (0.46%-0.1%). There

was upregulation of autophagy markers (Fig 5D) CD206 in

macrophages treated with K21 (Fig 5E-F) groups compared

with the control group (Fig 5D). The highest concentration of

markers occurred at the concentration of 0.46% K21 groups.

Immunofluorescent staining also confirmed higher expres-

sion of CD206 in K21 treated groups (Supplement Fig 2) com-

pared with the control groups. The scanning electron images

revealed the M2 shaped macrophages while the control mac-

rophage appeared spherical (Fig S1C). The TEM images

showed uptake of K21 within the macrophages (Supplement

Fig 2A, D, E) with normal functioning cell organelles (Supple-

ment Fig 2F). The M0-macrophages were observed to be small

and ovoid cells (Fig 5G-I) which were devoid of any cyto-

plasmic extensions. Some of the cells appeared to have a fusi-

form morphology. Most of the M1 macrophages had a

fusiform shape with elongations present within cytoplasmic

bodies and extensions visible on the cell surface. M2 cells

appeared to have a mix of different morphologies with fusi-

form and elongated bodies and massive cytoplasmic exten-

sion (Fig 5K-L). Both poles appeared exaggerated.
After thermal burn damage, there was a significant swell-

ing which caused the wounds to appear uniformly white

(Fig 6). No blister was noticed and the demarcation between

the wound region and the normal skin was distinct, indicat-

ing a deep partial-thickness burn. The burn wound located on

the left side of the animal was subjected to K21 treatment,

while the opposite side was maintained as the control side.

On the first day following the burn, swelling persisted, with

formation of a small scab noted in the vicinity of the wound.

By day 3, the whole area of the burnt skin was completely

covered with a firm layer of crust. On day 8, the scab was

detached with visible signs of healing and contraction by day

11. By the 14th day, the area continued to decrease in size,

while maintaining a layer of skin. By day 21, the wound area

in the control group was modest, but complete epithelialisa-

tion had not occurred. In contrast, the K21-treated group had

completed complete healing by this time (Fig 6). There were

statistical differences (p<0.05) in the rate of wound area con-

traction between day 8 and day 21 (Supplementary Table 1

and Fig 6).

The histological analysis performed on day 18 showed

incomplete wound coverage with absence of hair follicles

within the K21 groups. The newly formed rete ridges were

densely packed and present within the papillary layer. There

were horizontally oriented collagen fibres present in the der-

mis, with mild inflammatory response in presence of



Fig. 4 – (A-B) Macrophage polarisation states were evaluated using Raman spectroscopy within the spectral range of 700 to

1800 per cm. The average spectra showed appreciable Raman peaks corresponding to 1035 per cm, 1577 per cm, 1662 per cm,

860 per cm, 1127 per cm, 1305 per cm, 1442 per cm, and 1658 per cm. The average Raman spectra of 1662 per cm and 1658 per

cm represented the lipid and collagen regions of the (D) macrophage evaluation, a collection that consisted of typical protein

markers. The mean spectra exhibited significant Raman peaks at 1035 per cm, 1577 per cm, 1662 per cm, 860 per cm, 1127

per cm, 1305 per cm, 1442 per cm, and 1658 per cm. The presence of nucleic acid and amino acid fingerprint area was indi-

cated by the wavenumbers 1577 per cm and 860 per cm, respectively, exhibiting several noteworthy alterations (B). The posi-

tive data showed a rise in the Raman signals, while negative loadings suggested a drop in the M1 state (D).
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neutrophils and lymphocytes. In Masson trichome stained

sections, the collagen fibres appeared mature in K21 group

and were horizontally oriented inside the dermis (yellow

arrows), representing healthy tissue healing. The control

groups revealed incomplete wound coverage, loosely packed

vertically oriented collagen fibres, and a severe acute inflam-

matory response with dominant neutrophils cells present

inside the dermis and the epidermis (Fig 6) (Table 2). The col-

lagen fibres appeared vertically oriented and less organised

within the dermis (yellow asterisk) with greater amount of

granulation tissue (Fig 7).

On day 21, keratinised squamous epithelial (6-10 layers)

layers with newly developed rete ridges, densely packed hori-

zontally oriented collagen fibres were observed in K21 groups

(p<0.05). The collagen fibres were horizontally oriented, con-

densed and well organised. The wound areas had not

completely healed within the control group and rete ridges

were absent, with loosely packed horizontally oriented colla-

gen fibres and moderate inflammatory response in presence

of neutrophils (Fig 6) (Table 2). The collagen fibres were mixed

(vertical as well as horizontal) with disorganisation and
granulation tissue beneath the wound surface (yellow asterisk)

(Fig 7). Pathological fibrosis was not present in any of the

specimens as rabbits had great regenerative capabilities but

accumulation of granulation tissue with less oriented colla-

gen fibres in the control group lead to delayed healing. For

incisional wound morphometry and histology, the wound

was 3 cm in length. On day 3 after the incision, the wound

contraction was apparent with healing in the K21-treated

group (black arrow) while the wound was wide open in the

control group. On the 11th day, the area was filled with thick

epidermis with a gap in the incisional margins within the

control groups. Therefore, complete healing was achieved in

the K21 treated group. After day 11, epithelial defects were

filled (>6 layers) (black arrow) in K21 groups, with vertically

oriented collagen fibres that were condensed, well organised,

and exhibiting mild inflammatory reaction. The epithelial

defects had not been filled (black arrow) and there was severe

inflammatory reaction present at the incision site within the

control groups (Supplementary Fig 3).

Supplementary Fig 4A represents the heatmap of genes

(rows) and sample (column). The colour and intensity of the



Fig. 5 –Transmission electronmicroscopy (TEM) revealed roundedmorphology of the exosomes within K21 groups (arrow in

A, B) enabling the clustering and tethering and release peaking with K21 groups (0.46%-0.1%). There was an upregulation of

autophagy markers CD206 inmacrophages treated with 0.46% and 1% K21 (E-F) groups compared with control group (D).

After 24 hrs of cell culture and K21 exposure, FESEMwas performed to observe changes in cell morphology. The M0-macro-

phages were observed to be small and ovoid cells (G-I) which were devoid of any cytoplasmic extensions. Some of the cells

appeared to have a fusiformmorphology. Themajority of the M1macrophages also appeared fusiformwith elongations

within cytoplasmic bodies and extensions appearing on the cellular surface. M2 cells appeared to have amix of different

morphologies with fusiform and elongated bodies andmassive cytoplasmic extension (K-L). Both poles appeared exagger-

ated.
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tiles represent changes (not absolute values) of gene expres-

sion. Supplementary Fig 4A heatmap represents the hierar-

chical clustering of the inflammation related genes species in

the control, K21 and LPS groups, colored by abundance inten-

sity; the identified inflammation related genes are repre-

sented by each line on the graph. The scale ranging from -4 to

+4 is color-coded from blue to red, indicating decreasing to

increasing levels of abundance, respectively. This colour

scheme represents lower cytokines and an anti-inflammatory

state. Supplementary Fig 4B depicts the differential gene

expression, namely the volcano plot of RNA-seq/DNA-seq

expression data before and after differentiation. The graph

uses colored dots to represent genes that exhibit differential

expressions with an absolute log fold change of more than 1

and a p-value less than 0.05. Black dots, on the other hand,

indicate genes that do not match these requirements. The

horizontal line represents a significant value of p<0.05 (K21

versus LPS) that has been adjusted using the Bonferroni cor-

rection. The dashed vertical lines define the minimum fold-
change for the genes that are expressed with the greatest dif-

ference. The top 29 GO functional categories for each most-

differentially-expressed gene set (either upregulated or

downregulated) following treatment are listed on both sides.

Supplementary Fig 4C displays the differential gene

expression using a volcano plot, which shows the changes in

RNA-seq/DNA-seq expression data before and after differen-

tiation. The graph displays colored dots to represent genes

that exhibit differential expression with an absolute value of

the logarithm of the fold change more than 1 and a p-value

less than 0.05. Conversely, black dots indicate genes that do

not match these requirements. The horizontal line represents

a significant value of p0.05 (LPS vs control) that has been

adjusted using the Bonferroni method. The dashed vertical

lines define the minimum fold-change for the genes that are

expressed with the greatest difference. The top 29 GO func-

tional categories are displayed for each most-differentially-

expressed gene set, indicating whether they are upregulated

or downregulated. Gene Ontology (GO) term enrichment is a



Fig. 6 –Healing of thermally induced skin burns. After the injury, severe edema was observed, resulting in uniformwhite

wounds. No blisters were observed and the edges between the wound area and the normal skin were clear, depicting it was a

deep partial-thickness burn. Black arrows represent the K21-treated area. Photomicrographs (H&E staining) of thermally

induced skin burn on day 18. Wound area (black arrow), collagen fibres (yellow arrows), and inflammatory cells (yellow

asterisks). There was the closure of the wound area with the formation of rete ridges in the papillary layer, densely packed,

horizontally oriented collagen fibres were present in the dermis andmild inflammatory response within all K21-treated

specimens. In the control group, there was incomplete wound coverage, loosely packed vertically oriented collagen fibres,

and severe acute inflammatory responses with neutrophils as dominant cells were present in the dermis and the epidermis.

On day 21, in the K21-treated group, there was complete wound coverage with keratinised squamous epithelial (6-10 layers)

(black arrow) with newly developed rete ridges and densely packed horizontally oriented collagen. A thin layer of epidermis

was formed at the wound area. The dermis was filled with plenty of fibroblasts and blood vessels, showing well-developed

granulation tissue in the control group.
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method used to analyse collections of genes by utilising the

Gene Ontology categorisation system. This approach catego-

ries genes into predetermined groups based on their func-

tional features. The result of the study usually consists of a

list of GO keywords, arranged in order, with each phrase

being linked to a corresponding p-value. Supplementary Fig 5

displays the results of the Gene Ontology (GO) enrichment

analysis using KEGG pathways for a dataset consisting of 29

genes associated with inflammation. KEGG pathways are

sorted based on their fold enrichment levels. The processes

with the highest significance are indicated in red, while the

processes with lower significance are indicated in green

based on the log10 (FDR) values. The graph displays larger

dots to represent a higher quantity of genes that are related

to the top 50 pathways linked to 29 inflammatory genes. The

first two routes are crucial for gene activity, as seen in Supple-

mentary Table 2.

Figure 8A displays a Venn diagram illustrating the quan-

tity of genes identified in five distinct pathways. Every set
symbolises a distinct phase of growth or progress. The num-

bers in each intersection indicate the count of genes that

have been identified with at least one read (gene tag) in these

separate sets (intersections). The topic is the interplay

between cytokines and cytokine receptors, specifically in the

context of the colour green. The topic is the relationship

between cytokines and the inflammatory response pathway.

Pink: Themedical term for pertussis. The yellow colour repre-

sents the route of cytokine generation. Orange: route of sig-

naling controlled by cytokines (K21). Protein-protein

interactions (PPIs) are precise physical contacts that occur

between two or more protein molecules because of biochemi-

cal activities driven by interactions including electrostatic

forces, hydrogen bonding, and the hydrophobic effect. Pro-

tein-protein interaction is crucial for predicting the function

of a target protein and the capacity of compounds to act as

drugs. The ensuing phenotypic functions are achieved by a

series of interactions between genes and proteins. An investi-

gation of the protein-protein interaction (PPI) network was



Table 2 – Histomorphometry analysis of burn wound comparing control and K-21 treated group on different days.

Day 14 (p-value) Day 18 (p-value) Day 21 (p-value)

Epithelial thickness 4.5 4.5 0.000*

Rete ridges - - 0.014*

Collagen fibres - - 0.014*

Inflammatory reaction 0.000* 0.000* 0.000*

Blank cells represent constant value, so no statistics were computed
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conducted using the STRING database, focusing on differen-

tially expressed genes. The 29 genes that showed differential

expression were included into the STRING database for analy-

sis of protein-protein interactions (PPI), resulting in the gener-

ation of a PPI network. The plug-in MCODE in Cytoscape was

used to analyse the three main clusters of subnetworks. The

nodes within each cluster were then entered into the STRING

database to produce the protein-protein interaction (PPI) sub-

networks (Fig 8B-C) (K21).

An exact observation wasmade of M1macrophages exhib-

iting significant and elevated quantities of TGs, in line with

the findings of the current research. There was a notable vari-

ation in the TG profiles of M1 and M2 groups. The triacylgly-

cerols, present in K21 treated M2 macrophages, were mostly

saturated, with over 75% of them being totally saturated.

They did not contain any double bonds in the fatty acyl

chains. Conversely, all groups observed in M1 macrophages

had a greater percentage of TGs containing unsaturated fatty

acids (double bonds) (Supplementary Fig 6 A).
Fig. 7 –Photomicrographs (Masson trichome staining) of thermal

oriented in the dermis (yellow arrows), they were mature and re

at day 18, while in the control group, vertically oriented collagen

were less organised, and a greater amount of granulation tissue

packed horizontally oriented collagen fibres were present. In the

collagen fibres in deep tissue while plenty of fibroblasts and bloo

present in the superficial layer. Original magnification 40x to 400
Discussion

Cytotoxic analysis against gingival fibroblastic cells is per-

formed to determine the effect on specific cell line. Of note,

the in vitro test conducted may have overestimated the cyto-

toxic effect of the K21 material used. The effects were seen

with minimal concentration of K21 antimicrobial used

against the higher concentration of eluates. K21 antimicrobial

induced migration in human primary gingival fibroblasts at

the minimal concentration used. The increase in fibroblast

migration following K21 treatment was dose-dependent, with

6.25 and 12.5 mg/mL showing A560 values greater than the SC

(Fig 2-3). The cytotoxic analysis was performed against fibro-

blasts because of the original site of these cells (gingiva) and

their possible proximity in clinical conditions. In addition,

ISO further recommends the use of fibroblasts as a test cell

line for cytotoxicity.16 The findings reported herein for fibro-

blast viability suggest that K21 tested with a specific concen-

tration did not present cytotoxicity. Cytotoxicity occurred
ly induced skin burn. The collagen fibres were horizontally

presented healthy tissue healing, within all K21 specimens

fibres were present in the dermis (yellow asterisk), they

was present. On day 21, in the K21-treated group, densely

control group, the dermis was filled with vertically oriented

d vessels, showing well-developed granulation tissue were

x as indicated.



Fig 8 – (A) Venn diagram showing the number of genes detected in five different pathways. Each set represents a stage of

development. (B) Nine major pathways related to 29 inflammatory genes analysed by KEGG, Go and ppi. GO:0006954 inflam-

matory response (C) The protein-protein interaction (PPI) network analysis of differentially expressed genes using STRING

database.
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only at concentrations a few times higher than what is neces-

sary to obtain antibacterial effects. The cytotoxicity effect of

the quats or quaternary ammonium may be due to the strong

positive cationic charge. However, the fact is imperative that

its mechanism of binding to cell walls causing the disruption

via direct interaction is much less toxic in mammalian cells

when compared to bacteria.17 This may primarily be since

the mammalian cells may phagocytise the antimicrobial and

degrade them via lysosomal function to a degree where the

toxicity is reduced.18 This may be the reason why, even after

using K21 concentrations, the reduction of fibroblast cell via-

bility even for the highest concentration of the antimicrobial

associated with their presence on the surface and/or their

leaching was still small. Supplementary Fig 2 shows the effect

of K21 on CD206 expression in macrophages, there was a sig-

nificant increase in 0.46% K21. This result is consistent with

the role of CD206 as a specific marker for M2 macrophage

phenotype.19 Immunofluorescence staining also confirmed

the higher expression of CD206 in K21 treated macrophages

compared with the control (Supplementary Fig 2). Moreover,

the SEM images revealed the wider elongation and spindle

shape of M2 macrophages while the morphology of control

specimens remained spherical. These results hint towards

the macrophage M0 to M2 polarisation potential of K21
treated specimens. The elongations were more observed with

M1 and M2 profiles with M2 profiles demonstrating heteroge-

neity with cytoplasmic extensions which can be variably of

different shapes.20 Based on the images, the evaluation of M2

profiling maybe difficult and the period used may not be suffi-

cient to show major morphological changes, although LPS

was used to trigger active profiles initiating a cascade secret-

ing proinflammatory cytokines with bactericidal/tumoricidal

activities.21 The results also are a strong indication towards

the alleviation of M1 polarisation and mitigated the inflam-

matory phenotype of LPS-induced M1 macrophages. K21 has

a virus-like surface structure mimicking virus surface topol-

ogy22 which can facilitate its endocytosis and a possible inter-

nalisation in immune cells.16 Silica based particles are

biocompatible and can show a higher rate of endocytosis

being captured in macrophage lysosomes. These K21 mole-

cules can then be degraded by the lysosomal enzymes. K21

molecules can be cytocompatibility to macrophages within

which can robustly induce autophagy which inadvertently

promotes M2 polarisation, reducing pro-inflammatory prop-

erties of M1 macrophages.23 Moreover, the expression of CD

206 were characteristic hallmarks of M1 and M2 macro-

phages, which is also related to macrophage related IL-10

release in previous study of Daood et al.24
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Similarly, the distribution and presence of exosomes

showed no clear difference between the control and K21

treated macrophage cells. The size of these exosomes corre-

sponds to the internal exosomes present within the K21 and

control untreated specimens.25 The TEM images taken fur-

ther confirm the presence of donut-shaped exosomes sub-

jected to the same separation procedure. Determining these

exosome concentrations is technically challenging as it is

imperative to detect and count the smallest possible exo-

somes and include them in the measurements. To further

evaluate and confirm the identity of the isolated exosomes,

and determine their concentration, additional analysis

including high sensitivity fluorescence-based flow cytometry

is underway.

The Raman spectra observed from M1 macrophages discov-

ered decreased intensities of nucleic acid bands at 1557 cm-1

and 1162 cm-1. This is primarily because of specific proteins of

the phenotype due to the involvement of cell RNA.26 Proteins

bands around 1035 cm-1 increased specifying M1 differentiation

with 1577 cm-1 decreasing the moment the shift is towards M2

phenotype. There is a clear indication that a change or reduc-

tion in RNA/DNA levels dominated proceedings of biochemical

changes while the differentiation happened for bothM1 andM2

phenotype.27 This makes the joint analysis of Raman spectros-

copy important for discrimination of biological specimens such

as macrophage cells. In addition, after exposure to K21, the

exposure led to brought significant changes amongst lipids and

amino acids peaks further confirming that inflammation and

lipid signaling are intertwined modulators of homeostasis and

immunity.28 Venosa et a l29 reported a strong relationship of

accumulation of phospholipids within macrophages that pro-

mote M2 polarisation. As per our current study, the phospho-

lipid peaks appeared higher (p<0.05). Although the spectral

differences noted between M1 and M2 were small, the Raman

bands used to profile M1 and M2 profiles did show a statically

significant separation between the two phenotypes.

Significant disparities in wound healing rates were seen

from the first day to the eleventh day after surgery with

infected burn wounds. The H & E staining technique was

used to assess the inflammation and proliferation of the deep

partial-thickness burn.30 On the 11th day, the K21-treated

skin tissue exhibited a morphology like that of healthy rats’

skin tissue. In conclusion, the findings demonstrated that the

burn sites treated with K21 had little inflammation, full re-

epithelialisation, and a well-structured tissue. Wound heal-

ing, particularly in the case of burns, is a complex process.

The presence of proinflammatory cytokines can stimulate

the production of inflammatory cells, which in turn promote

wound healing and provide protection at both the local and

systemic levels. According to the figure, it can be observed

that on day 11, the K21 groups had decreased levels of inflam-

mation. This might be attributed to the anti-inflammatory

properties that decrease the inflammatory reaction of

wounds and accelerate the process of healing.31 The healing

process is enhanced when the collagen fibres in the K21 fibres

are aligned horizontally, as indicated by the fibre orientation

codes (vertical-1, mixed-2, horizontal-3). When comparing

the collagen deposition in the normal tissue, there is no sign

of excessive collagen fibre stacking, indicating a healthy state

(data not shown).
The divergent reactions are probably a result of the pheno-

typic variability exhibited by the macrophages.32 Somewhat

unexpectedly, there was an increase in total TG levels of sin-

gle bond saturated ones within M2 macrophages. In addition,

there was a marked increase of unsaturated double bond tria-

cylglycerol in M1 macrophage response. It is already estab-

lished that various forms of lipid metabolism and pathways

are rewired and programmed between macrophage polarisa-

tion states24 which is consistent with our results in the cur-

rent study, and towards sphingolipid synthesis.33 The

authors accept that the in vitro model tested for macrophage

polarisation is an oversimplification of the current under-

standing of the phenotypes compared within the tissue resi-

dent macrophages in vivo. Nonetheless, it still presents a

pivotal conceptual framework to understand the process and

the effect of K21.

Furthermore, the heightened occurrence of TGs was a sig-

nificant necessity for the inflammatory actions of macro-

phages, namely in the generation of PGE2. The variations

between M1 and M2 fatty acid oxidation, which are more pro-

nounced in M2,34 may be discussed in detail. Lipid-rich

regions exist inside the plasma membrane of mammalian

cells and play a crucial role in signal transduction.35 The pres-

ence of these lipid-rich regions induces heightened cellular

responses, which are indicative of M2 responses. These

responses are dependent on elevated levels of saturated tri-

glycerides, which are necessary for lipid raft-associated

receptor-mediated signal transduction.

In this investigation, we examined the impact of K21, a

quaternary ammonium silane, on the gene expression profile

associated with inflammation in mouse macrophages incited

by LPSEc. Our analysis illuminated that LPSEc stimulation

precipitated an extensive upregulation of pro-inflammatory

markers, notably interleukins (e.g., IL-1a, IL-1b, IL-6, IL-17b,

IL-33), CXC chemokines (e.g., Cxcl-1, Cxcl-9, Cxcl-13), chemo-

kine receptors (e.g., Cxcr-1, Cxcr-2, Cxcr-4, Cxcr-5), and com-

ponents of the complement system (e.g., C1s, C1qa, C2, C4a,

C6), delineating a broad activation of inflammatory pathways.

However, our findings indicated that K21 treatment markedly

reversed this upregulation, attenuating the inflammatory

response. This modulation of gene expression by K21 under-

scores its potential utility in mitigating inflammatory

responses, which is pivotal in bacterial infections where

excessive inflammation can lead to significant tissue dam-

age.

The noteworthy aspect of K21 mechanism, evident from

its downregulation of chemokines and their receptors, sug-

gests a strategic curtailing of immune cell recruitment and

activation, which are seminal in orchestrating the inflamma-

tory response. Additionally, the modulation of complement

system components by K21 further accentuates its potential

in alleviating complement-mediated exacerbation of inflam-

mation, a critical factor in the pathogenesis of various inflam-

matory diseases. Thus, the comprehensive modulation of the

inflammatory milieu by K-21, spanning across cytokines, che-

mokines, and complement system components, highlights its

multifaceted therapeutic potential.

The component of the cytoskeleton of most human gingi-

val fibroblasts is directly concerned to the issue of adhesion

and cellular mobility is the actin-based microfilament
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system.36 The results may reflect the effects of ambient varia-

bles and laboratory-specific techniques that are difficult to

eradicate. These factors can complicate study findings and

hinder the ability to apply them to humans. Histological alter-

ations were assessed to determine the quality of wound heal-

ing with haematoxylin and eosin and Masson. During the

stages of inflammation and proliferation, it is crucial to

reduce the intensity of the inflammatory response and

increase the expression of repair factors. Efficient manage-

ment of inflammation helps protect fibroblasts from inflam-

matory substances, which speeds up the shift of wound

healing from the proliferation stage to the remodeling stage37

with a greater amount of collagen fibres, which were

observed in the regenerated K21 exposed specimens when

examined at a high magnification using Masson imaging.

This indicates that the regenerating tissue exhibited

improved effectiveness in mending. This is due to their ability

to effectively eliminate germs, promote the deposition of col-

lagen fibres, and reduce inflammation. The successful incor-

poration of silane within the collagen matrix generates new

bonding arrangements in terms of C−Si−O, Si−O−Si and Si

−O−C bonding triggering the polycondensation of silanol

groups and cross-linking of -OH groups present in collagen

fibres.38

As with all animal models, it evidently presents some

drawbacks that may hinder proper study of the immune

response and inflammatory processes. Some biological analy-

sis tools are, for example, lacking, such as antibodies. Certain

genes involved in important inflammatory pathways need to

be evaluated more, suggesting that some molecular functions

are exerted by distantly related, or even unrelated effectors.

The development of single-cell -omics approaches have,

however, allowed to circumvent some of these disadvan-

tages, making ourmodel to study inflammation in connection

to normal physiopathology.39,40
Conclusion

In summary, our work demonstrates the effectiveness of K21

antimicrobial in both killing microorganisms and promoting

tissue healing and repair, providing evidence for its potential

in enhancing the healing process. Thematerial is biocompati-

ble and is presently employed in formulations authorised by

the US Food and Drug Administration for disinfecting coronal

dental cavities. These formulations include a 2% k21 antimi-

crobial cavity cleaner, Fitebac, and an aqueous ethanol solu-

tion. Further investigation via clinical trials is necessary to

determine the effectiveness of this treatment in promoting

efficient wound regeneration and healing.
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