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ARTICLE INFO ABSTRACT

Keywords: This paper describes a promising candidate molecule, investigates the pattern of scaffold composition which
Bone arises and assesses the effect of the agent on its mechanical properties.

Collagen

Methods: Scaffold samples were fabricated using a commercial extrusion bioprinter equipped with a pneumatic

?:inc:lllccirlf::alhos hate printhead fitted with a 21G conical nozzle. The Pore Printability Index, and the area and perimeter of the pore
Raman phosp within the grid patterns were quantified using ImageJ software (NIH, USA). Mechanical properties of scaffolds
Cytotoxicity were assessed using atomic force microscopy. The phase composition and crystal structures were analyzed using

X-ray diffraction and Raman mapping. Morphologies of human gingival fibroblastic cells were examined using
scanning electron microscopy. Lactobacillus biofilms were generated for cytolysin peptide cleavage. A rabbit
bone defect model with scaffold implantations was used to provide histologic specimens for measuring per-
centages of bone trabeculae, collagen fibers and inflammatory cells along with granulation tissue. The Primeway
Total RNA Extraction Kit was used for RNA extraction.

Results: All bioink formulations demonstrated successful printing of 3D grid and solid square patterned scaffolds
achieving Pr values exceeding 0.9. ¢.1 %,K21 group showed the highest elastic modulus. XRD revealed a pattern
producing around 90 % p-tricalcium phosphate displaying two peaks at 20 angles. 0.1 % K21 and .1 ,CHX did
not alter scaffold’s pore size and porosity. ¢,1 %,K21 group exhibited highest ratio (62.5 + 6.1 0), significantly
surpassing control. Surface morphologies of cells were also well retained. TEM image shows a sequence of
structural changes in fibroblastic cell structure when exposed to K21. 0.1 % K21 proved to be critical in
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completely eradicating the biofilm. ¢ K21 group closed the openings of wound areas completely. Correlation
coefficient of gene expression levels demonstrates sample variations and recurring instances among groupings.
Conclusion: 3D-printing technologies with ¢.1 K21 represent a significant advancement over conventional
regenerative medicine techniques for bone-related treatments.

1. Introduction

3D printing, which is also referred to as rapid prototyping (RP) or
additive manufacturing (AM), is the process of meticulously assembling
layers of material to create a structure [1]. In medicine and dentistry, 3D
printing has numerous clinical applications. Digital light processing
(DLP), selective laser sintering (SLS), fused deposition modelling (FDM),
and stereolithography (SLA) are among the most prevalent methods of
3D printing in dentistry. 3D printing’s pivotal role lies in synthesizing
customized scaffolds for bone regeneration [2]. Tissue engineering
scaffolds aim to provide a conducive microenvironment for targeted
cells, and the contemporary trend involves crafting tailored scaffolds
with predetermined shapes, structures, and functions for optimal tissue
regeneration [3]. Among various methodologies, 3D printing stands out,
as its macro-microstructure effectively emulates the multi-scale archi-
tecture found in human body tissues [4]. Moreover, scaffolds that are
generated using specific 3D printing techniques are exceptional delivery
vehicles for molecules, facilitating the localised and sustained release of
medications and/or biomolecules [5,6].

The periodontium consists of both soft and hard tissues, with alve-
olar bone playing a crucial role in tooth formation and tooth support in
both maxilla and mandible. Alveolar bone forms during tooth eruption
to establish osseous attachments to the periodontal ligament and dis-
appears upon tooth loss [7]. Periodontal disease leads to localized bone
loss regulated by systemic and local factors, primarily through bone
resorption, eventually causing attachment loss and tooth loss. The bone
loss induced by periodontitis manifests as osseous defects, either
singularly or in various combinations [7]. Periodontal regenerative
therapy is a dependable procedure when executed effectively. Never-
theless, its success is contingent upon a comprehensive analysis of
etiological and contributing factors, cautious case selection, and an ac-
curate diagnosis [8]. In periodontal disease, gram-negative anaerobic
bacteria in dental plaque, such as Aggregatibacter actino-
mycetemcomitans and Porphyromonas gingivalis, are the primary con-
tributors to oral health decline. These bacteria release toxins that
directly damage periodontal tissues and initiate an inflammatory
response. This inflammation triggers the release of cytokines, which
activate osteoclasts—cells responsible for bone resorption. Under-
standing this interaction between bacterial pathogens, inflammation,
and bone resorption is key to comprehending the progression of peri-
odontal disease [9].

Tricalcium phosphate (TCP, Ca3(P04)2), also known as calcium
phosphate or tribasic calcium phosphate, exhibits three crystalline
forms: alpha (o), beta (B), and gamma (y) [10-13]. Composed of calcium
ions (Ca 2+) and orthophosphate (PO4 3-), TCP closely resembles the
hydroxyapatite structure (Ca;o(PO4)6(0OH),) yet has a different stoi-
chiometry in its formula. Beta tricalcium phosphate exhibits a rhom-
bohedral shape, while o and d-tricalcium phosphate possess monoclinic
and hexagonal structures, respectively. All polymorphs of tricalcium
phosphate feature complex structures, consisting of tetrahedral phos-
phate connections with oxygen and calcium ions [14]. With regard to an
active agent in this study, a Quaternary Ammonium Silane, (QAS),
compound, codenamed K21, is a class of contact-killing biocidal poly-
mer, that falls under the umbrella of quaternary ammonium compounds.
Quaternary ammonium compounds are a category of biocides; this class
of polymers depends on the covalent bonding of antimicrobial func-
tional groups to the surface of the substance. K21 is a novel biomaterial
of that type synthesised via a sol-gel technique, demonstrating a wide
range of antibacterial properties and minimal cytotoxicity [15].
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The action mode of QAS against bacterial cells entails the rupture of
lipid bilayer membranes that comprise both the bacterial cytoplasmic
membrane and the outer membrane of Gram-negative bacteria. The
potent antimicrobial efficacy of QAS arises from its -C18H37 lipophilic
alkyl chain, which penetrates bacterial cell membranes inflicting dam-
age, and its positively charged nitrogen atoms, which are drawn to
bacterial membranes containing negatively charged lipid moieties such
as cardiolipin and phosphatidylglycerol [16]. The mechanism of K21
activity at the molecular level entails a positively charged quaternary
nitrogen interacting with phospholipid acids in the membrane, while the
hydrophobic tail infiltrates the hydrophilic core of the membrane.
Exposure to K21 elevates surface pressure and induces a transition of the
membrane from a liquid to a liquid crystalline state, leading to the
creation of voids in the cell membranes, which results in membrane
damage and cellular leakage. The most significant biocidal action is
observed in quaternary ammonium compounds (QAS) with carbon
chains of 10-12 atoms; deviations in chain length from this range reduce
antibacterial efficacy. Research indicates that the optimal biocidal effi-
cacy of quaternary ammonium compounds (QAS) against Gram-positive
bacteria occurs with carbon chains of 12-14, but for Gram-negative
bacteria, it is most effective with carbon chains of 14-16 *°.

Furthermore, QAS exhibits anti-inflammatory properties and pro-
motes wound healing. Macrophages are a subset of mononuclear cells
within the innate immune system that engulf bacteria and release pro-
inflammatory and antimicrobial mediators. The M1 phenotype gener-
ates proinflammatory cytokines [IL-1, IL-6, (TNF)-a], whereas the M2
phenotype encompasses anti-inflammatory chemicals. M1 cells partici-
pate in initial reactions, while M2 cells are engaged in later inflamma-
tory and tissue remodelling phases [17]. 0.5 % K21 significantly
improves wound-healing activity, resulting in no observable wound area
at 24 h compared to the control [18]. QAS provides an innovative
biomaterial for the repair and regeneration of dental tissues. Conse-
quently, the quest may be being completed for an agent that displays
antibacterial and osteoblastic activities in a new heterogenous scaffold.
Characterisation of the pattern of composition with the incorporated
agent and its impact on the mechanical properties of this scaffold would
be of great interest. Therefore, the null hypotheses tested were: (i) no
antibacterial activities of the new composite scaffolds are observed, (ii)
there is an absence of any incidence of osteoblastic activities promoted
by the new composite scaffolds, and (iii) there are no observed me-
chanical property changes of the composite scaffold as determined by
performing standard characterization procedures.

2. Materials and methods

The Institutional Research Ethical Committee approved the project
(4.12/JCM-285/2024).

2.1. Bioink preparation

The bioink used in this study was commercially available, Cellink
Bone (CELLINK, Sweden), and was composed of nano fibrillated cellu-
lose, alginate, and tricalcium phosphate particles. Three groups of bio-
ink were prepared. Cellink Bone mixed with 10 % (v/v) distilled water
served as control group and those mixed with 10 % (v/v) 9.1 K21 or 10
% (v/Vv) 0.1 %CHX (CHX) served as antimicrobial groups.

For each group, 100 pL of distilled water, CHX, or K21 solution was
added to 900 pL of Cellink Bone. The mixture was homogenised using a
syringe-to-syringe mixing method to ensure uniform distribution of
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components and transferred into a 3 mL bioprinting cartridge
(CELLINK).

2.2. A3D printing of scaffolds

The scaffolds were fabricated using a commercial extrusion bio-
printer (Cellink BioX, CELLINK) equipped with a pneumatic printhead
and fitted with a 21G conical nozzle. The bioprinting process was per-
formed under sterile conditions using optimized printing pressure
(13-15 kPa) and speed (10-15 mm/s). The prepared bioinks were bio-
printed as 3D grid or solid pattern scaffolds with three stacked layers to
create structures with overall dimensions of 1.5 cm x 1.5 cm x 0.5 cm.
For the solid scaffolds, a rectilinear infill pattern was used, wherein the
infill pattern for layer 2 was designed to be at right angle to the orien-
tation in layers 1 and 3. Following bioprinting, the scaffolds were
immersed in a calcium-based ionic crosslinking solution (CELLINK
Crosslinking Agent) for 2 min to stabilize the hydrogel matrix. The
scaffolds were then washed with sterile phosphate-buffered saline (PBS)
to remove excess crosslinking agent. After washing, the scaffolds were
freeze-dried using a lyophilizer for 48 h to remove moisture and enhance
their structural stability.

To assess the shape fidelity of the 3D printed structures, the Pore
Printability Index (Pr), pore area and perimeter of the pore within the
grid patterns were quantified using ImageJ software (NIH, USA) as
previously described [19]. The Pr was calculated based on Equation (1).
A Pr value greater than 0.8 was considered indicative of excellent shape
fidelity.

(Perimeter of the pores)?

(Area of the pores x 16) [1]

2.3. Atomic force microscopy (AFM)

To evaluate the mechanical properties of the scaffolds, Atomic Force
Microscopy (AFM) was employed (n = 5 specimens per group unless
specified otherwise) in Tapping Mode (Multimode/AFM, NanoScope IV,
Bruker Instruments) utilising a silicon nitride probe (NP-S, Bruker) with
a nominal tip radius of 10 nm, operating at a resonance frequency of
18-24 KHz and a spring constant of 0.06-0.12 N/m. The oscillating
probe in Tapping Mode maps the topography of the scaffolds, with the
cantilever’s oscillation amplitude changing with sample surface topog-
raphy. Load relaxation tests were conducted in which the peak
displacement was maintained while the load was measured. In-
dentations were conducted at the identical sample location, permitting
adequate time for the specimens to recuperate. The hardness value of the
specimens i.e. the elastic modulus and hardness values were obtained
and calculated for the mean value. The final values were determined by
using means and dividing by standard deviations (SD) to the means and
multiplying the results by 100 so they could be later subjected to sta-
tistical analysis.

2.4. Xray diffraction analysis (XRD)

The phase compositions and crystal structures of the synthesised
scaffolds were examined via X-ray diffraction (XRD: GNR, APD 2000,
PRO) throughout a 26 range of 20-60° with a radiation wavelength of
1.54 A. The crystalline phases of hydroxyapatite and beta-tricalcium
phosphate were validated using JCPDS cards No. 09-0432 and No.
09-0169, respectively.

2.5. Porosity analysis (PA)

The porosity of the scaffolds was assessed utilising the liquid
displacement method. Small discs were excised from the scaffolds and
measured for weight. Each scaffold disc, after being weighed, was sub-
merged in a predetermined volume of ethanol (V1) for 1 h within a
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falcon tube. The amount of ethanol containing the sample after 1 h was
noted as (V2). Upon the extraction of the sample, the residual volume of
ethanol was quantified as (V3). The porosity was subsequently deter-
mined using the following equation:

Porosity (%) =V1 — V3V2 — V3 x 100%

2.6. Raman imaging and mapping

Raman imaging and mapping were conducted with two distinct
Raman spectrometers.

2.6.1. Raman mapping

Raman spectra were obtained using a DXR Raman Microscope
(Thermo Scientific, Waltham, MA, USA), which employed a 780-nm
laser with an output of 13 mW to collect and capture clear signals
from both the mineral and organic compounds found within the scaf-
folds. The spectra obtained were recorded with reference to the 200-
2600cm-1 range with a spectral resolution of 4 cm™! and a 25-pinhole
aperture. For data collection, an exposure time of 6 s was set, with 10
times repetition, using a 10x objective. The microscope was equipped
with a 0.8-megapixel CCD Camera (Sentech, Ebina, Kanagawa, Japan).
During the mapping process, 875 measurements were taken with a 25
pm step size, using a 10x objective and autofocus at each point, due to
the variations in sample size.

2.6.2. Raman imaging

Raman imaging and depth profiles were obtained utilising the
inVia™ Confocal Raman Microscope (Renishaw, UK), which is outfitted
with a Newton 970 EMCCD detection camera (Andor, Belfast, Northern
Ireland, UK) and a 20x long-distance objective (Olympus Plan N NA =
0.25, Olympus, Shinjuku, Tokyo, Japan). Data collection utilised a 633
nm He-Ne laser (RL633 HeNe Laser, Renishaw, Wotton-under-Edge,
Gloucestershire, UK) with a maximum power of 25 mW at the sample.

2.7. Scanning electron microscopy (SEM) and transmission electron
microscopy of fibroblastic cells

The morphology and size of the printed scaffolds were analyzed via
scanning electron microscopy (Auriga Compact, Zeiss, Germany) at an
accelerating voltage of 10 kV. The specimens underwent sputter-coating
with gold for 10 s at a vacuum pressure of 80 mTorr.

The human gingival fibroblasts (ATCC; HGF, PCS-201-018, ATCC,
USA) were cultured at 37 + 2 °C in a humidified environment (5 %
CO2). Upon attaining 60-80 % confluency, cells were detached from the
flask surface utilising 0.05 % trypsin. Cells were centrifuged for 12 min
and subsequently inoculated into flasks at 8 °C, after which experi-
mental scaffolds were added for 24 h. The cell morphologies on the
scaffolds were analyzed using a high-resolution field emission scanning
electron microscope (Auriga Compact, Zeiss, Germany) at an acceler-
ating voltage of 10 kV. Before conducting scanning electron microscopy
(SEM) tests, all specimens underwent sputter-coating with palladium ion
sputtering (EMACE600, Leica, Germany). The scaffolds were then sta-
bilised using a 4 % glutaraldehyde solution in PBS for 4 h at ambient
temperature.

The ¢.1 K21 solution was administered to grow cells for 48 h. The
cells were examined via high-resolution transmission electron micro-
scopy (JEOL 3010 TEM, JEOL USA, Peabody, MA) at an accelerating
voltage of 200 kV at various time intervals (1 h, 6 h, 12 h, 24 h, 36 h, and
48 h).

2.8. Cytolysins
2.8.1. Preparation of acyl-homoserine lactones (AHLs) to enhance E

faecalis virulence
The acyl-homoserine lactones employed in this study were N-
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Butyryl-pi-homoserine lactone (Sigma-Aldrich, Merck KGaA, MY), N-
Hexanoyl- L.-homoserine lactone (Sigma-Aldrich, Merck KGaA, MY), and
N-Octanoyl-i-homoserine lactone (Sigma-Aldrich, Merck KGaA, MY).
The biofilms were generated with E. faecalis (#29212, ATCC Manassas,
VI) inside 24-well polystyrene plates (Sarstedt AG & Co. KG, Niimbrecht,
DE).

The utilised AHLs were of short acyl chain length. The short-chain
group comprised C4-HSL, OC4-HSL, C6-HSL, OC6-HSL, and C8-HSL.
All AHLs were diluted to a concentration of 1 mg/mL and kept at
—20 °C. Before each experiment, intermediate dilutions of the stock
solutions were produced in sterile water to create mixtures of the indi-
vidual short-chain AHLs, achieving a total concentration of 20 pM for
each AHL.

Biofilms were cultivated on the bottoms of 24-well polystyrene plates
(Sarstedt AG & Co. KG, Niimbrecht, DE). To do this, each well was filled
with 1.7 mL of BHI broth, followed by the addition of 200 pL of the OD-
adjusted E. faecalis (#29212, ATCC Manassas, VI) suspension to each
well. One hundred microlitres of the short- or long-chain AHL mixtures
were subsequently added to the respective wells, resulting in a working
concentration of 1 pM for each individual AHL in the mixture (aceto-
nitrile fractions ranging from 0.1 to 0.5 % v/v). After biofilm incubation,
the culture medium were aspirated, and the biofilms were rinsed three
times with a phosphate-buffered saline (PBS) solution. All wells were
subsequently stained for 20 min in 2 mL of a 0.04 % crystal violet (CV)
solution (Sigma-Aldrich). Following staining, the surplus dye was
extracted using aspiration, and the biofilms were subsequently rinsed
three times with PBS. The dyed biofilms were homogenised in 2 mL of
33 % acetic acid, and the incorporated CV in the biomass was quantified
at 595 nm.

2.8.2. Cytolysin peptide cleavage

Recombinant Cytolysin A protease was produced and subsequently
purified (data not presented). The peptide solution was thawed and
incubated with 100 pL of CylA (0.1 mg/mL) overnight at room tem-
perature. The peptide solution was acidified with 2 % trifluoroacetic
acid (TFA), centrifuged at 4500 xg for 10 min, filtered through a 0.45 ym
PVDF syringe filter, and then purified using HPLC. The employed
treatments included ¢ K21 scaffold, 1 % K21 solution, o1 ¢ CHX
scaffold, 1 % CHX solution, and control groups.

2.9. Antibacterial activity

2.9.1. Biofilm preparation

Porphyromonas gingivalis was utilised in Brain Heart Infusion (BHI)
broth sourced from Difco Laboratories, Detroit, MI, USA, for biofilm
formation. The bacterial suspension was calibrated to a 1.5 McFarland
turbidity standard. The bacteria were first cultivated on blood agar
plates in anaerobic conditions at 37 °C for 20 h. The bacteria were
subsequently inoculated into BHI broth enriched with 8 % sucrose (pH
7.4) and varying doses of xylitol (0-2 %), followed by incubation at
37 °C for 48 h. Following incubation, the bacterial cells were harvested
via centrifugation at 4000 rpm for 15 min, and the cell pellets were
rinsed three times with phosphate-buffered saline (PBS, 0.01 M, pH 7.2).
The cells were subsequently resuspended in 100 ml of growth medium
and calibrated to a McFarland standard number 3, corresponding to a
concentration of 10° cells/mL. Utilising sterilised syringes, 5 ml of the
BHI broth and bacterial inoculum mixture were employed to fill the
canals, which were subsequently cultured for three days to facilitate
biofilm formation. After this interval, permitting bacterial growth for an
additional seven days.

2.10. Establishment of rabbit bone defect model and scaffold implantation
2.10.1. Preoperative preparation

An experimental study was designed incorporating 27 (2-month-old)
rabbits of either gender, weighing 1-2 kg, which were habituated to soft
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food for a minimum of seven days before surgery. Rabbits were divided
into 3 main groups of 9 each. The experimental groups comprised of.

- Group A (Surgical defect was created, 3D-Collagen bone mesh was
placed in the defect, and sutured)

- Group B (Surgical defect was created, and 3D-Collagen bone mesh
with 0.1 % k21 was placed in the defect and then sutured)

- Group C (Surgical defect was created and 3D-Collagen bone mesh
with chlorhexidine was placed in the defect and then sutured).

Surgical equipment and gauze were sterilised using an autoclave.
Buprenorphine at a dosage of 0.02-0.03 mg/kg was subcutaneously
delivered to each animal in the scapular region, utilising a 25-gauge
needle and a suitably sized syringe for analgesia. The operation table
was sanitised using 70 % (vol/vol) ethanol. Xylazine at a dosage of 5-9
mg/kg and Ketamine at 30-35 mg/kg were injected intramuscularly for
induction. Xylazine was administered first, followed by a period of
approximately 1-2 min before administering Ketamine. The injections
were performed on the quadriceps of each side using a 25-gauge needle
and a suitably sized syringe. The profundity of anaesthesia was
confirmed by the absence of reflexive response to toe pinching.

2.10.2. Operative procedure

Each animal was placed on an operating table in the dorsal position,
its mouth was opened with the help of custom-made elevators, and the
right maxilla was exposed by retracting the upper lip adjacent to the
anterior diastema (between incisors and premolars). An incision was
made using a scalpel with a no. 15 blade at the distal gingival margin of
right maxillary incisor on the alveolar ridge in an anterior to posterior
manner. The flap was elevated with the periosteal elevator to expose the
periosteum on buccal side of the incision. The sloped curve of the incisor
was visible and functioned as a landmark for the creation of the defect. A
surgical tungsten carbide bur with round head (head size-2 mm length
44 mm) on slow speed motor was used to create a partial thickness
defect (2 x 2 mm) in bone. Continuous irrigation with saline was pro-
vided during the procedure. The bur was centered on the intended area
and root of the incisor along with periodontal ligament was secured for
continuous provision of regenerating cells. The scaffold was placed in
the defect and the incision was approximated using 4-0 surgical silk
sutures.

2.10.3. Postoperative care

The incision was cleaned with the warm saline to remove blood. 0.5
mg/kg of 0.25 % bupivacaine was administered intradermally along the
incision site with a 25-gauge needle and appropriately sized syringe.
When the animal had maintained the sternal recumbency, it was
returned to animal housing. A postoperative analgesia regimen was
administered (0.02-0.03 mg/kg buprenorphine subcutaneously every
12 h for 48 h. Rabbits were fed on regular rabbit chow soaked in water
and mixed with apple sauce.

2.10.4. Euthanasia and 3D graft/bone collection

At day 14, day 21 and day 28, the animals were euthanized in a
chloroform chamber, and then a maxillary dissection was performed for
histological evaluation [20].

2.10.5. Histological staining and evaluation

For histologic examination, specimens were decalcified for 4-5 days
and coronal sections of 5 pm were cut and stained with haematoxylin
and eosin. The following parameters were studied in these histological
sections to evaluate healing and regeneration.

2.10.6. Measuring percentage of bone trabeculae

Histomorphometric analysis was conducted for each histological
section. The entire defect area (2 x 2 mm) at the power of (4x10 = 40x)
was analyzed to calculate the percentage of bone trabeculae within it,
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rather than just selected fields. The "mean value was taken at this
magnification for analysis of the entire defect. 3 sections on the same
slide were analyzed per animal. The proportion of the area occupied by
bone trabeculae was assessed utilising ImageJ, version 1.54g. The
average value was recorded at a magnification of 40X. The subsequent
data analysis was predicated on the mean % computed for each group
[21].

1. The number of inflammatory cells: Inflammatory cells (neutro-
phils and macrophages) were observed in the haematoxylin and
eosin-stained sections under the microscope at 40X and 100X.
Scoring was done as follows (Aydinyurt et al., 2020);

L. Score 0 = No inflammatory cell
II. Score 1 = 1-5 inflammatory cells
III. Score 2 = 6-9 inflammatory cells
IV. Score 3 = 10< inflammatory cells

. Collagen fiber bundles arrangement: Collagen fiber bundles from
were evaluated for their organization. Scoring was done according to
the following criteria [22].

L. Disrupted = 0
II. Organized =1
. Amount of granulation tissue [20]
I. Absent-0
II. Scanty-1
III. Moderate —2
IV. Profound —3

2.10.7. Cell culture and biocompatibility evaluation of scaffolds

The 3T3 cells (ATCC CRL-658) (passage 5-7) were cultured in 60 mm
cell culture dishes with a seeding density of 0.6 x 107 cells per dish using
complete DMEM media (10 % FBS and 1 % Penicillin-Streptomycin).
The cells were incubated in a 37 °C, 5 % CO, humidified atmosphere
for 24 h. The cells were then treated with K21 at 0.00025 % (13.58 nM)
in a mixture of ethanol and DMEM medium and were incubated for
another 24 h. The cells were harvested at the density of 1 x 107 cells.

2.11. RNA extraction

The Primeway Total RNA Extraction Kit was used for RNA extrac-
tion, and the steps were performed following the manufacturer’s in-
structions. The cell lysis was initiated by using the mixture of TR buffer
(700 pL) and 2-Mercaptoethanol (7 uL) per 1 x 107 cells. The cells were
homogenised by using a 20-gauge needle fitted with 1 mL RNase-free
syringe. The lysate was passed through the needle at least five times
or until homogenous. The homogenised cell lysate was transferred into
the PrimeWay Filter Column fitted in a new collection tube, and the
contents were centrifuged at 12,000 xg for 1 min. The flow-through was
collected while the PrimeWay Filter Column was discarded. Absolute
ethanol (300 pL) was added to the flow-through and the contents were
mixed by pipetting. The contents were transferred into a PrimeWay RNA
Column placed in a new collecting tube. The samples were centrifuged at
12,000xg for 1 min. The effluent was disposed of. Seven hundred
microlitres of wash buffer R1 was added to the PrimWay RNA Column,
and the mixture was centrifuged at 12,000 xg for 1 min. The effluent was
disposed of. Five microlitres of DNase 1 solution (2 U/pL) and 45 pL of
DNase 1 buffer were introduced into the centre of the column. The
column was incubated for 15 min at ambient temperature. Five hundred
microlitres of wash buffer R1 were added to the column, and the mixture
was centrifuged at 12,000xg for 1 min. The effluent was disposed of.
Five hundred microlitres of wash buffer R2 were added to the column,
and the mixture was centrifuged at 12,000 xg for 1 min. The effluent was
disposed of. The column underwent centrifugation at 12,000xg for 2
min to desiccate the membrane. RNase-free water (80 pL) was intro-
duced to the column, and the mixture was incubated for 2 min at
ambient temperature. The samples were centrifuged at 12,000xg for 2
min to extract the total RNA.
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3. Results

Fig. 1 illustrates the schematic depiction of the experiments con-
ducted in this study.

3.1. Fabrication of 3D printed composite scaffolds

All three bioink formulations for control (Cellink Bone with distilled
water), and antimicrobial groups (Cellink Bone with K21 or CHX)
demonstrated successful printing of 3D grid and solid square patterned
scaffolds. The printed structures maintained the designed geometry
(Fig. 2A and B, Supplementary Video SV1, SV2). The Pore Printability
Index (Pr), a measure of shape fidelity, was quantified for the 3D grid
patterned scaffolds (Fig. 2C). All three bioinks achieved Pr values
exceeding 0.9, indicating excellent shape fidelity and the capability of
the printer to reproduce the desired pore architecture. This indicates
that the bioinks, regardless of the presence or type of antimicrobial
compounds were capable of consistently reproducing the architecture.

3.2. Atomic Force Microscopy

Table 1 represents the elastic modulus (GPa), hardness (GPa),
compressive strength (MPa) with measured porosity (%) of scaffolds of
all experimental groups. It was observed that the ¢ 1 ¢,K21 group showed
the highest elastic modulus at 1.98+-0.09 GPa, the highest compressive
strength at 1.41+-0.05 Mpa and the highest measured porosity at 86+-
2.3 %. Additionally, data reveals that o1 ¢,CHX group has the highest
hardness at 2.3+-0.4 GPa.

3.3. XRD analysis

Fig. 3 depicts the XRD pattern for the scaffolds (n = 5) at ambient
temperature. For pictorial representation, patterns are discernible solely
between the 8-62° range on the 20 scale. All samples were phase-
identified across a complete range from 5 to 80°.The findings revealed
a pattern producing around 90 % TCP with p-tricalcium phosphate.
p-tricalcium phosphate, indicated by the red arrow, displays two sig-
nificant peaks at 20 angles of 27.25° and 29.27°. Phosphate planes were
found in all samples at (211) and (112) (ICDD card No. 00-004-0829).

3.4. Porosity analysis

The surfaces of these scaffolds (Table 1) exhibit a morphology of
homogenous structure containing spherical pores. The addition of an-
timicrobials ¢.1 4,K21 and ¢.1 o, CHX did not significantly alter the scaf-
fold’s pore size and porosity. However, the scaffold geometry of 0.1 %
antimicrobial K21 appears to be more consistent and has a thicker strut
thickness, while the control and the ¢ 1 4,CHX scaffolds appeared to have
scaffold geometry consisting of randomized arrangements and thinner
strut thicknesses. Note that this analysis also shows that the scaffold
with ¢.1 9%K21 achieved scaffold macrostructure and geometry homo-
geneity across all surfaces.

3.5. Raman imaging/mapping

Fig. 4 represents micro-Raman spectra obtained from the phosphate
vibrational modes (v; PO3") found on the scaffolds across all experi-
mental groups; ¢.1 %K21, ¢.1 %CHX, and control. The relative distribu-
tion of the primary elements of calcium and phosphorus of control and
experimental groups indicated the measurement position whereby the
main components of the scaffolds represented crystalline hydroxyapa-
tite in highly ordered crystalline structures which are appear highly
mineralized based on the data for the groups. Similarly, the spectra of
scaffolds were primarily characterized by the two main Raman-active
vibrational modes of PO3~ at 960 cm '. The symmetric v; P-O
stretching band was observed at 960 crn’l, while the asymmetric v3 P-O
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Fig. 1. Schematic representation of experimental evaluation of 3D printed scaffolds study.
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Fig. 2. 3D printed scaffolds and shape fidelity. Representative 3D design and images of 3D printed (A) grid and (B) solid square patterned scaffolds fabricated using
the three bioinks - control (Cellink Bone with distilled water), Cellink Bone with K21, and Cellink Bone with chlorhexidine (CHX). (C) Quantification of pore

printability index (Pr) for the scaffolds. Data are presented as mean + standard deviation (n = 4).

stretching band appeared at 1045 cm ™! (red arrow). At 960 cm ™! peak, demonstrated moderate peak intensity, suggesting some improvement
the ¢.1 K21 group exhibits the highest intensity of the v; PO3~ peak, in mineralization quality, but not to the same extent as the K21 group.
indicating a greater degree of crystallinity and mineralization as The control group showed the lowest peak intensity, reflecting miner-
compared to the other groups. In contrast, the ¢ ¢CHX group alization. In addition, the supporting microscopy images further

563



S.A. Daood et al.

Table 1
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Summary of data acquired for the mechanical property assessment of scaffold samples. The elastic modulus, hardness, and compressive strength of 3D-printed designs
(p < 0.05) are shown as mean =+ standard deviation for all mechanical attributes. Values denoted by distinct letters and numerals exhibit significant differences (p <

0.05).
Groups Elastic Modulus (GPa) Hardness (GPa) Compressive Strength (MPa) Measured Porosity (%)
Ct 1.1 +£0.07 A 21+08a 0.92 £ 0.03 A 83 +4.45%
0.1 %CHX 0.9 +£0.04 A 23+04a 0.9 £0.06 A 84 £6.25
0.1 o6K21 1.98 + 0.09 B 22+06b 1.41 +0.05 0 86 + 2.3 ¢
p < 0.05.
0
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Fig. 3. The XRD figure illustrates the XRD pattern for the scaffolds at room temperature. For pictorial representation, patterns are discernible solely between the
8-62° range on the 20 scale. All samples were phase-identified across the whole range of patterns from 5 to 80°.The findings revealed a pattern producing around 90

% TCP with f-tricalcium phosphate.
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Fig. 4. Representative Raman Spectra of scaffold samples (.1 %K21, 9.1 CHX, and control) showing phosphate vibrational mode (960 cm ™). The relative dis-
tribution of the primary elements of calcium and phosphorus of control and experimental groups indicated the measurement position whereby the main components
of the scaffolds represented crystalline hydroxyapatite in highly ordered crystalline structures which are highly mineralized based on the groups. Similarly, the
spectra of scaffolds were primarily characterized by the two main Raman-active vibrational modes of PO}~ at 960 cm™.

corroborate these findings, as the ¢.1 4,K21 sample showed a denser and
more uniform surface, as compared to .1 %CHX and control groups,
highlighting their potential as effective mineralization agents.

Table 2 displays the intensity of v1P043f (960 ecm™1) and V1CO%_

(1071 cm’l), as well as the v;CO%~/v,PO3 ™ ratio, which elucidates the
quality and composition of crystals in the presence of K21 and CHX. The
carbonate-to-phosphate ratio was calculated based on the relevant
vibrational intensities and multiplied by 1000 to facilitate
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Table 2
Table of Raman intensities V1CO3 2-/V1PO4 3- ratio multiplied by 1000,
calculated on three spectra of mean clusters for each sample.

Groups v1PO3™ (960 cm™!) Mean v1C03™/y1PO3 ™ ratio 1071/960 * 1000
Control 498 + 6.5 A 49.3 + 4.34
01%CHX 501 +£11.1A 53.4 + 4.7 A
0.1 K21 463 +3.9B 62.5 + 6.1 0
p < 0.001.

interpretation, given the differences in intensity ranges. Statistical
analysis was performed using one-way ANOVA with significance set at p
< 0.001. The control and ¢.1 %CHX groups showed similar v1PO3~
values (498 + 6.5 A and 501 =+ 11.1 A, respectively), reflecting rela-
tively stable phosphate intensities. However, the o1 K21 group
demonstrated a significantly lower v;PO3  intensity (463 + 3.9 B),
which may indicate a reorganization or modification of the phosphate
structure. The 0.1 % K21 group exhibited the highest ratio (62.5 + 6.1
0), significantly surpassing the Control (49.3 + 4.3 1) and CHX (53.4 +
4.7 \) groups.

3.6. SEM and transmission electron microscopy of fibroblastic cells

The SEM morphology of printed scaffolds, both with K21 and CHX, at
2K magnifications is illustrated in Fig. 5. All scaffolds demonstrated
evenly orientated channels and pores with micrometre resolution. The
comparison of (Fig. 5B) ¢.1 ,CHX and (Fig. 5C) ¢.1 %,K21 top-view images
of the scaffolds demonstrated that their shapes were well preserved with
minimal morphological alterations. Surface morphologies were also
well retained, and showed little evidence of significant structural rear-
rangement, as seen with the control groups (Fig. 5A).

In addition, the TEM image shows a sequence of structural changes in
the fibroblastic cell structure (Fig. 6A) when exposed to the K21 mole-
cule over time. Initially, the representative fibroblast shows no visible
disruption or interaction with the external agent. The cell structure then
begins to show localized changes as the K21 molecules are ingested in
the first hour. The molecule then appears fragmented after 6 h, indi-
cating K21 dispersion. The molecule is further degraded, after 36 h with

control.2.0kv. 56 mm’ X "50.0k; ‘SEMIL) 1.00pm

:(};%CH)( 20K 5.6 vitn x 50,0k (SEHL)
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effective breakdown and clearance of the K21 molecule seen after 48 h.
The in vitro study was also conducted to investigate the viability of fi-
broblasts on the scaffolds using SEM (Fig. 6B-E). The SEM analysis
revealed cell adhesion, growth and proliferation of fibroblasts on the
scaffolds in both (Fig. 6C) 0.1 % chlorhexidine and (Fig. 6D) g1 ¢,K21
groups, indicating the division of the living cells as compared to the
control groups (Fig. 6A and B).

3.7. Cytolysin peptide cleavage

Biofilm virulence was significantly enhanced (Fig. 7) in the presence
of AHLs (p < 0.05). However, this virulence was substantially reduced
(p < 0.05) when exposed to ¢.1 4,K21 scaffolds, particularly at concen-
trations similar to those of ¢.3 o,CHX. Notably, a 0.1 % concentration of
K21 proved to be critical in completely eradicating the biofilm. Early
evaluation of biofilm formation within the first four to 6 h revealed a 0 %
optical density (OD) in 1 % solution K21-treated samples, indicating its
rapid and effective action against biofilms.

3.8. Antibacterial evaluation

Fig. 8 illustrates fluorescence microscopy images representing the
viability of Porphyromonas gingivalis in biofilms subjected to three
treatments (Fig. 8B): control, ¢.1 %CHX, and o1 9K21. In the control
group, the biofilm primarily exhibits dense green fluorescence clusters
with minimal red regions, indicating a high proportion of live bacterial
cells and only a few dead cells. Biofilms treated with ¢ 1 o,CHX scaffolds
display a mixed fluorescence pattern, with both green and red areas
visible. The increased red fluorescence compared to the control suggests
a notable reduction in the number of live bacteria. Finally, biofilms
treated with ¢.; K21 predominantly exhibit red fluorescence, signi-
fying a high proportion of dead bacteria. The percentage of dead bac-
terial cells for each group are provided in the image table (Fig. 8A)
compared by one-way ANOVA. The quantity of living bacteria in single
species biofilms diminished dramatically with 0.1 % K21 scaffolds (p <
0.05).

Fig. 5. Figure shows representative SEM images of scaffolds from each experimental group, labelled into groups of (A) control; (B) ¢.1 4K21; (C) 0.1 o,CHX. All
scaffolds demonstrated evenly orientated channels and pores with micrometre resolution.
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Fig. 6. (A) The TEM image shows a sequence of structural changes in the biofilm when exposed to the K21 molecule over time. (B-E) Illustrates scanning electron
images representing the viability of fibroblasts on the scaffolds subjected to three different groups: (B-C) control, (D) 0.1 % chlorhexidine and (E) ¢.1 ,K21.
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3.9. Bone defect model and scaffold implantation

For the in vivo experiment the animal defect model (Fig. 9a-d), was
used to assess osteogenic potential of the scaffold. On day (Fig. 9 e-j) 14

(Fig. 9 k-p), day 21 and (Fig. 9 g-w) day 28, the animals were euthanized
in chloroform chamber, a maxillary dissection was performed for his-
tological evaluation. Specimens were decalcified for 4-5 days, then
coronal sections of 5 pm were cut and stained with haematoxylin and
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Live Percentage (%) Dead Percentage (%)
Control 97.4+3.2 A 26104 a
0.1%CHX 23.3+49B 76.7+0.9 b
0.1%K21 39455 C 96.1t1.1c

control

0.1%CHX

Percentage of Live and Dead Bacteria

0.1%K21 *

Fig. 8. Figure illustrates fluorescence microscopy images representing the viability of Porphyromonas gingivalis in biofilms subjected to three treatments: control,
0.1 %CHX, and ¢.; 4K21. In the control group, the biofilm primarily exhibits dense green fluorescence clusters with minimal red regions. Biofilms treated with ¢
% CHX scaffolds display a mixed fluorescence pattern, with both green and red areas visible. In contrast, biofilms treated with ¢ 1 K21 predominantly exhibit red

fluorescence, signifying a high proportion of dead bacteria.

eosin. The parameters studied included the percentage of bone trabec-
ulae, the number of inflammatory cells, collagen fiber bundles
arrangement and amount of granulation tissue to evaluate healing and
regeneration (Table 3).

At the 14th day, the bone formation had been initialized in every
group. The defect in the experimental control group was filled with
fibrinous connective tissue with very limited osseous fragments (8.66 %)
(Fig. 9e). The entrance of wound area shows partial coverage of the
defect with newly formed bone (Fig. Sh), which is forming in multiple
loci in the wound area. Inflammation is severe showing a score of three
(Fig. 9h). Large globular areas where multiple nidus of inflammatory
cells are present having acute and chronic cells with a profound gran-
ulation tissue are seen (Fig. 9¢). The collagen fibers are abundant, but
their arrangement is disrupted (Table 4). The defects in the experimental
0.1 %K21 scaffold group are filled with fibrinous connective tissue
with newly formed bone which is not sufficient at this time but is
significantly increased as compared to the control group (26.33 %)
(Fig. 9f). The entrance of wound area shows almost complete
coverage of defect with newly formed bone or osteoid. The new
bone formation in the wound defect (Fig. 9i) is forming in multiple
loci in the wound area. Inflammation is moderate showing a score
of two (Fig. 9i), A nidus of inflammatory cells is also present having
both acute and chronic cells located within a moderate granulation
tissue (Fig. 9e). The collagen fibers are abundant and well organized.
The defect in the experimental ¢,1 oCHX group is filled with fibrinous
connective tissue with a very limited newly formed bone (16.67 %)
(Fig. 9g). The entrance of wound area is not yet completely covered. The
new bone formation in the wound defect is (Fig. 9j) forming in multiple
loci in the wound area. Inflammation is moderate showing a score of two
(Fig. 9b), and there is substantial granulation tissue. The collagen fibers
are abundant and well organized (Table 4).

At the 21st day, there is active bone formation in every group. The
opening of the defects in the experimental control group has been
partially filled with new bone (41.48 %) and completely filled by bone
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like tissue (osteoid) (Fig. 9k). The new bone formation in the wound
defects (Fig. 9n) is active in the central defect area, covered by freshly
formed trabeculae. Mild inflammation is present with a score of one. The
collagen fibers are less as almost half of the area has been filled with new
trabeculae and there is organized arrangement of these fibers, with
granulation tissue being scanty. The new bone formation in the exper-
imental ¢.1 9K21 group has closed the openings of the wound areas
completely. The newly formed bone has not yet filled the central area of
the wound completely but there is significant increase as compared to
the controls (59.67 %) (Fig. 91). The trabeculae formation in the defect
(Fig. 90) is in multiple layers in an organized way determined by the
orientation of collagen fibers. Inflammation is mild showing a score of
one. The collagen fibers are abundant and well organized, and the
granulation tissue is scanty (Table 5).

The opening defects in the experimental ¢.; ,CHX group has also
been filled completely with the newly formed bone. However, the
newly formed bone has not filled the central area of the wound
completely (51.33 %) (Fig. 9p). The collagen fibers are moderate
and well organized. Inflammation is mild showing a score of, and
the granulation tissue is scanty (Table 4). On the 28th day, the
majority of tissue has been completely filled with substantial
trabecular bone, which is accompanied by adipose tissue. A thick
bone covering is present at the surface area in all groups, the only
difference is in experimental control group where the bone per-
centage is 91 % (Fig. 9g-t) as inflammatory cells and collagen fibers
are absent; Fig. 9r, u ¢.1 4,K21 group; Fig. 9s, w ¢.1 o,CHX.

3.10. Genomics

3.10.1. Gene expression distribution

Boxplots illustrate the distribution of gene expression levels (Table 6)
and FPKM across many samples to compare gene expression levels under
differing situations. For biological replicates, the final FPKM will
represent the mean value (Figs. 10-11).
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28 days

100X

Fig. 9. (a—d) Macrophotographs (from left to right) of surgical wound created, and wound defect was filled with the therapeutic agent, wound area sutured, and
maxilla was dissected showing the 3D bone mesh filled area. (e-j) Microphotographs of bone tissue at Day 14, haematoxylin and eosin (H&E)-stained: (e, h) control,
(f, 1) 0.1 %CHX, and (j, m) ¢.1 %K21. Red arrow - surgical wound opening. Yellow arrow — bone trabeculae/Osteoid, and black arrow - inflammatory cells. (k—p)
Microphotographs of bone tissue at Day 21, haematoxylin and eosin (H&E)-stained: (k, n) control, (1, 0) 9.1 «CHX, and (m, p) ¢.1 «K21. Yellow arrow — bone
trabeculae/Osteoid, and black arrow — inflammatory cells. (qg-w) Microphotographs of bone tissue at Day 28, haematoxylin and eosin (H&E)-stained: (q, t) control, (r,
) 0.1 %CHX, and (s, w) ¢.1 %K21. Yellow arrow — bone trabeculae, and black arrow — Adipose tissue. At the 28th Day, most of the tissue has been filled with

prosperous trabecular bone and accompanied by adipose tissues.

Table 3

Comparison of percentage of bone trabeculae (mean) amongst groups. At the
28th Day, most of the tissue has been filled with prosperous trabecular bone and
accompanied by adipose tissues. A thick bony covering is present at the surface
area in all groups, with the only difference being in experimental A group where
the bone percentage is 91 % (Fig. 11a) (Table 4). Inflammatory cells and
collagen fibers are absent.

Table 4

Pair wise comparison of percentage of bone trabeculae. Pair wise comparison
has shown a significant difference between Group A and B at day 14 while there
was no significant difference at day 21 and then again there was statistically
significant difference between group A and B similarly in group A and C in
percentage of the trabecular bone in surgically created wound, at the end of the
experiment similarly.

Percentage of bone Control 0.1 K21 0.1 %CHX p-

trabeculae value

Day 14 8+0.26 2633+ 16.67 + 0.043*
0.25 0.11

Day 21 41 +£0.12 59.67 + 51.33 + 0.092
0.75 0.15

Day 28 91 + 0.1 100 100 0.001*

*p-value <0.05 is considered statistically significant.

3.10.2. Library construction, quality control and sequencing

Total RNA was extracted from control and K21-treated samples and
subjected to integrity assessment using 1 % TAE agarose gel electro-
phoresis. As illustrated in Fig. 10A, strong and distinct bands corre-
sponding to 28S (~4.7 kb) and 18S (~1.9 kb) ribosomal RNA were
observed, with no signs of degradation, confirming high RNA quality
across all samples. RNA purity and concentration metrics were evalu-
ated using Nanodrop and Bioanalyzer systems and are detailed in
Table 6. All samples showed 0OD260/280 ratios close to 2.1 and RNA
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Groups Groups p-value
Day 14 Control 0.1 %K21 0.036*
0.1 %CHX 0.324
0.K21 0.1 %CHX 0.260
Day 21 Control 0.1 %K21 0.08
0.1 %CHX 0.358
0.K21 0.1 %CHX 0.493
Day 28 Control 0.1 %K21 0.001*
0.1 %CHX 0.001*
0.K21 0.1 %CHX 0.100

*p-value <0.05 is considered statistically significant.

integrity numbers (RIN) above 8.5, indicating minimal contamination
and degradation, and ensuring suitability for downstream RNA
sequencing.

Strand-specific mRNA libraries were prepared as shown in Fig. 10B.
Poly-T oligo-conjugated magnetic beads were used to isolate poly-
adenylated transcripts, which were then fragmented enzymatically.
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Table 5

Pearson Chi-Square test for association of inflammatory response. The associa-
tion between inflammatory response and groups was analyzed by the Chi-Square
test. According to the results of the tests, there was a significant association
between inflammatory response and groups on day 14 and 21, while statistics
were not computed on day 28 because of the constant values. The amount of
granulation tissue and collagen fibers orientation had constant values on day 21
and 28 while a significant difference was found at day 14 between groups.

The number of inflammatory cells Value df p-value
Day 14 9 2 0.011*
Day 21 9 2 0.018*

*p-value <0.05 is considered statistically significant.

First-strand cDNA synthesis was performed using random hexamer
primers, followed by second-strand synthesis incorporating deoxyur-
idine triphosphates (dUTPs) to ensure strand specificity by blocking
amplification of the second strand during PCR. After end-repair, A-
tailing, adapter ligation, and size selection, the libraries were PCR-
amplified and validated using Qubit fluorometry, real-time PCR, and a
Bioanalyzer before sequencing on an Illumina platform.

3.10.3. Gene expression distribution

Gene expression levels were quantified using the normalisation
method of FPKM (fragments per kilobase of transcript per million
mapped reads). Fig. 10C shows boxplots of log2(FPKM + 1) values for
each sample, with controls (CTRL1-3) displayed in red and K21-treated
samples (K21_1-3) in turquoise. The boxplots demonstrate consistent
distributions and similar medians across all biological replicates, con-
firming high data quality and effective normalisation. Sample-to-sample
correlations are presented in Fig. 10D, which shows a Pearson correla-
tion heatmap (R? values). High intra-group correlation coefficients (R?
> 0.97) and distinct inter-group differences confirm the reproducibility
and biological divergence induced by K21 treatment.

3.10.4. Differential gene expression and statistical criteria

Differential gene expression analysis was conducted to identify genes
altered in response to K21 treatment. Genes with a log, fold change
(logoFC) > +1 and adjusted p-value (padj) < 0.05 were classified as
significantly upregulated, while those with logoFC < —1 and padj <0.05
were considered downregulated. A total of 801 differentially expressed
genes (DEGs) were identified, including 412 upregulated and 389
downregulated transcripts. These results are summarised in Fig. 10E,
which presents a bar chart of DEG counts across regulation categories.

Fig. 11a visualises the overall distribution of DEGs as a volcano plot,
with the x-axis representing logo,FC and the y-axis repre-
senting—log;o(padj). Red and green dots denote significantly upregu-
lated and downregulated genes, respectively, while grey dots represent
genes without statistically significant change. The widespread

Table 6
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distribution of DEGs along both axes reflects a substantial and biologi-
cally meaningful transcriptional response to K21.

Table 7 provides a curated list of DEGs relevant to osteogenesis and
inflammation to highlight key regulators. Upregulated genes include
RUNX2, BMP2, COL1A1, SPP1, and ALPL, all well-established osteogenic
markers. In contrast, IL6, TNF, CXCL8, MMP9, and NFKBIA were
significantly downregulated, suggesting a shift toward anti-
inflammatory signalling. These transcriptional changes are consistent
with the pro-regenerative and immunomodulatory properties observed
in histological and functional assays.

3.10.5. Gene Ontology (GO) enrichment analysis

Gene Ontology (GO) enrichment analysis was performed to assess
the functional significance of DEGs. Fig. 11B presents a bar plot of the
top 30 enriched GO terms, categorised into biological processes (BP),
cellular components (CC), and molecular functions (MF). Terms such as
“ossification,” “extracellular matrix organisation,” and “bone develop-
ment” were prominent within the BP category. Enriched CC terms
included “collagen-containing extracellular matrix” and “basement
membrane,” while MF terms featured “calcium ion binding” and
“extracellular matrix structural constituent.”

Fig. 11E provides a bubble plot representation of GO enrichment
results. The x-axis indicates the gene ratio (number of DEGs associated
with each term divided by the total number of DEGs), bubble size cor-
responds to DEG count, and bubble colour denotes statistical signifi-
cance (padj). Enriching osteogenesis- and matrix-related terms provides
transcriptomic evidence supporting the histologically observed bone
regeneration.

3.10.6. KEGG pathway enrichment analysis

Pathway enrichment analysis using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database revealed major biological pathways
modulated by K21 treatment. Fig. 11C displays a bar chart of the top
enriched pathways, with significant representation of “ECM-receptor
interaction,” “TGF-beta signalling,” and “HIF-1 signalling”, all of which
are essential for osteoblast differentiation, angiogenesis, and extracel-
lular matrix remodelling. Also enriched were “cytokine-cytokine re-
ceptor interaction,” “complement and coagulation cascades,” and
“neutrophil extracellular trap formation,” pointing to a role for K21 in
regulating immune responses and inflammation.

Fig. 11F presents the KEGG pathway data as a bubble plot. The x-axis
represents gene ratio, bubble size denotes the number of DEGs involved,
and bubble colour encodes statistical significance. These pathway en-
richments align with the DEG profile shown in Table 7, reinforcing the
conclusion that K21 simultaneously promotes bone regeneration and
dampens inflammatory signalling through well-established molecular
mechanisms.

RNA Quantification Report; *rRNA Ratio for eukaryotes [28s/18s], plants [25s/18s], prokaryotes [23s/16s] Note: RNA is in nuclease-free water.

Nanodrop (water as blank)

RNA Lab Chip Results

No.  Sample Organism 0D260/ 0D260/ Conc. (ng/ rRNA RIN  Initial Conc. Dilution Final Conc. Vol Total Amount
Name 280 230 pL) Ratio* (ng/uL) Factor (ng/uL) (pL) (pg)

1 Cl Mus 2.149 2.283 1478.10 1.6 9.2 101.0 10 1010.00 45 45.45
musculus

2 C3 Mus 2.151 2.255 1733.40 1.7 8.9 109.0 12 1259.60 45 56.68
musculus

3 C5 Mus 2.212 1.976 911.92 1.9 9.3 127.0 9 1158.14 45 52.12
musculus

4 3T31 Mus 2.183 1.613 668.48 1.6 8.6 112.0 7 748.70 45 33.69
musculus

5 3T33 Mus 2.166 2.266 620.80 1.6 8.9 112.0 6 695.30 45 31.29
musculus

6 3T35 Mus 2.184 2.144 719.48 1.7 8.6 119.0 7 856.18 45 38.53
musculus
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‘ ‘ Agarose Quantification

Aliquots of 1l RNA (6 - 12x dilution) were run on 1% 1X TAE agarose gel at 100 V for 60 min.
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Fig. 10. (A) Library construction, quality assurance, and sequencing. Messenger RNA was isolated from total RNA utilising poly-T oligo-conjugated magnetic beads.
Following fragmentation, the initial strand of cDNA was synthesised utilising random hexamer primers, succeeded by the synthesis of the second strand of cDNA
employing dTTP for a non-strand specific library. The non-strand specific library was prepared following end repair, A-tailing, adapter ligation, size selection,
amplification, and purification. The library was analyzed using Qubit and real-time PCR for quantification, and a bioanalyzer for size distribution assessment.
Quantified libraries will be aggregated and sequenced on Illumina platforms, based on optimal library concentration and data volume. (B) Workflow for non-
directional library building. (C) Box plot illustrating the dispersion of gene expression samples. The X axis denotes the sample name, while the Y axis signifies
log2 (FPKM+1). The parameters of the box plots are specified, including maximum, upper quartile, median, lower quartile, and minimum. (D) Inter-sample cor-
relation heat map R% Square of the Pearson correlation coefficient (R). Histogram of Differential Gene Number Statistics for Difference Comparison. Blue and grey
denote the up-regulated and down-regulated differential genes, respectively, while the column numbers reflect the quantity of differential genes.

4. Discussion

In most tissue engineering applications, scaffolds are designed to
provide structural support and also to mimic natural extracellular ma-
trix, the latter making them suitable for delivering drugs or growth
factors while they serve as structural scaffolds that are eventually
replaced with new tissue [23]. Scaffolds for osteogenesis should mimic
the morphology, structure, and function of bone to optimize tissue
integration. However, the architecture of bone is highly complex, with
cortical bone being compact and 3-12 % porous, featuring voids like the
100-200 pm Haversian canals; while trabecular bone exhibits 50-90 %
porosity with pores around 1 mm. Variations in porosity, mechanical
properties, mineral density, and biological factors and patient-specific
differences (age, nutrition, health) pose challenges in fabricating scaf-
folds for specific repair needs. Hence, the critical goal in addressing the
complexity of bone tissue is to ensure the rapid replacement of the bone
substitute with newly formed mature bone [24]. While the scaffold’s
composition will dictate its biocompatibility, the porosity, or the
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percentage of void space in a solid, play a key role if they can allow
proper cell penetration, migration, nutrient diffusion, proliferation,
vascularization as well as bone ingrowth. From a macroscopic
perspective, factors such as overall architecture, pore morphology,
interconnectivity, and pore size distribution play distinct roles in facil-
itating bone ingrowth. The adsorption and retention of proteins within
the material’s microporosities will determine subsequent cell adhesion
from a microscopic standpoint [25].

In one study, elevated porosity did not influence cell attachment but
led to increased cell proliferation, as the pore space enhanced the
transport of oxygen and nutrients; conversely, lower porosity exhibited
heightened alkaline phosphatase activity and greater osteocalcin
expression, resulting in diminished proliferation and augmented osteo-
genesis [26]. Unlike traditional methods for creating porosity, our
3D-printed scaffold offers enhanced design control, resulting in mark-
edly improved mechanical qualities. Total porosity, pore dimensions,
pore size distribution, and pore morphology are essential in harmonising
the physical and biological characteristics of scaffolds to facilitate
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Fig. 11. (A) Differential Gene Volcano Map. The abscissa in the figure represents log2FoldChange, while the ordinate denotes -log10padj or -logl0Opvalue; the blue
dashed line signifies the threshold for differential gene screening criteria. (B) Histogram of Gene Ontology (GO) enrichment analysis. The abscissa in the image
represents the GO Term, while the ordinate indicates the amount of importance of enrichment for the GO Term, denoted as -log10(padj). (C) Various colours signify
distinct functional categories. Histogram of KEGG enrichment analysis. The abscissa represents the KEGG pathway, whereas the ordinate denotes the significant level
of pathway enrichment. (D) Differentially expressed gene clustering heatmap. The comprehensive outcomes of the FPKM cluster analysis were derived using the log2
(FPKM+1) value. The red colour signifies samples with elevated expression levels, whereas the green colour denotes low expression levels. The colour gradient from
red to green signifies that log2 (FPKM+1) values range from high to low. Enrichment Analysis Scatter Plot for Gene Ontology (E). The abscissa of the graph represents
the ratio of the differential gene count to the overall number of differential genes associated with the GO Term, while the ordinate denotes the GO Term itself. KEGG
enrichment scatter plot (F). The abscissa on the graph represents the ratio of differential genes within the KEGG pathway to the overall number of differential genes,
while the ordinate denotes the KEGG pathway.

Table 7
Key differentially expressed genes.

Gene Symbol Gene Name Log2 Fold Change Adjusted p-value (padj) Regulation Biological Function

COL1A1 Collagen type 1 alpha 1 chain 3.2 0.0005 upregulated Collagen synthesis

RUNX2 Runt-related transcription factor 2 2.8 0.0008 unregulated Osteoblast differentiation
SPP1 Secreted phosphoprotein 1 2.5 0.001 upregulated Bone matrix protein (Osteopontin)
BMP2 Bone morphogenic protein 2 2.3 0.0012 upregulated Osteogenic growth factor
ALPL Alkaline phosphatase, liver/bone/kidney 2.0 0.0015 upregulated Bone mineralization enzyme
1L6 Interleukin 6 -2.1 0.002 downregulated Prof-inflammatory cytokine
TNF-o Tumour necrosis factor alfa —2.4 0.0018 downregulated Inflammation mediator
MMP9 Matrix metallopeptidase 9 -2.6 0.0016 downregulated ECM degradation enzyme
CXCL8 C-X-C motif chemokine ligand 8 (IL-8) -2.8 0.0011 downregulated Neutrophil chemotaxis
NFKBIA NF-kappa-B inhibitor alpha -3.0 0.0009 downregulated NF- kB pathway inhibitor

effective tissue regeneration. The ¢.; K21 group had the greatest
porosity and a most uniform surface shape. Scaffolds with a high uni-
formity of pore size facilitate rapid colonisation, given that the pores are
adequately large; conversely, a heterogeneous pore size distribution can

enable cell colonisation, although an increased proportion of smaller
pores may impede the diffusion of nutrients, oxygen, and cellular waste.
Efficient regulation of fluid flow through the scaffold, governed by pore
interconnectivity and permeability, is crucial for enabling adequate cell
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infiltration. Moreover, optimising pore morphology can further improve
cell infiltration, facilitating uniform colonisation throughout the scaf-
fold [22].

The Raman spectra results provide an insight into the structural
quality of the scaffolds in presence of K21 and chlorhexidine by exam-
ination of the intensities of v1PO‘3f (960 cm’l) and V1CO§’ (1045 cm™ 1)
peaks along with their calculated ratios. The vibrational band at 960
cm ™! represents the symmetric stretching of phosphate ions lattice,
serving as a key marker of its structural stability. In this study, the
control and ¢.; CHX groups demonstrated comparable v1PO3~ in-
tensities (498 £+ 6.5 and 501 =+ 11.1, respectively), suggesting a stable
and well-formed phosphate phase. However, the significantly lower
intensity observed in the g3 K21 group (463 + 3.9) suggests subtle
modifications in the hydroxyapatite structure. Conversely, the carbon-
ate peak at 1045 cm ™! (v1CO3 ") was significantly higher in the ¢ 1 ¢,K21
group (61.3 £+ 5.9 b) compared to the control (33.1 £+ 2.5 a) and CHX
groups (55.4 + 8.1 a). This increase leads to a higher v1C03~/v1PO3~
ratio (62.5 + 6.1 0), indicating a positive effect of K21 on the hy-
droxyapatite scaffold. Carbonate substitution into the hydroxyapatite
lattice has been associated with improved bioactivity and resorption
potential, key factors for bone regeneration [27,28]. In addition, the
stable phosphate vibration at 960 cm ™! and the enhanced ratio observed
in the ¢.1 %K21 group suggests that the calcium phosphate scaffold re-
mains structurally stable while potentially enhancing its regenerative
capacity. The calcium-based scaffolds are widely understood for their
ability to serve as osteoconductive materials, providing a suitable tem-
plate for bone cell adhesion, proliferation and mineral deposition [29].
In animal models, similar modifications in hydroxyapatite structure
have demonstrated increased bone regeneration potential, particularly
when the scaffold supports carbonate incorporation and maintains
structural stability [30]. The Raman and XRD findings for the ¢ 1 ¢,K21
group align with these observations, as the scaffold appears to accept
carbonate incorporation without compromising the phosphate struc-
ture, thereby maintaining the lattice stability of hydroxyapatite which is
important for its success as a biomaterial in bone tissue engineering.
Additionally, the increased v1CO%~/viPO} ratio further suggests levels
of maturity and bioactivity, which could enhance the integration of the
scaffold within the bone microenvironment, so accelerating healing and
regeneration processes [31,32]. The XRD data show a changed, more
aligned extracellular matrix that supports mineralization in the presence
of K21, antimicrobials, and p-tricalcium phosphate. The diffraction
peaks of calcium, suggest it may enhance the mineralization potential of
the scaffold, presenting a duality; on one hand, the presence of calcium
phosphates can facilitate bone and dental tissue regeneration. These
scaffolds will be highly pertinent following the integration of antimi-
crobial compounds, such as K21 platform chemistry, to offer protection
against infections post-surgical implantation.

K21 exhibits a potent antibacterial effect as demonstrated by its
ability to significantly reduce bacterial viability and disrupt biofilm
structure [33]. The molecule interacts with the biofilm matrix, breaking
down its cohesive structure and leading to the death of embedded bac-
terial cells [34]. In fluorescence microscopy, K21-treated biofilms pre-
dominantly display red fluorescence, indicating a high proportion of
dead bacteria. This suggests that K21 not only inhibits bacterial growth
but also effectively penetrates and dismantles biofilms, which are
notoriously resistant to conventional antimicrobial agents like CHX.
Such activity makes K21 a promising candidate for combating
biofilm-associated infections, particularly in periodontal disease. The
reduction of biofilm is critical for bone regeneration, especially in con-
ditions like periodontitis, where biofilm-associated bacteria trigger host
immune system, leading to chronic inflammation and excessive osteo-
clastic activity, resulting in bone resorption and bone loss [35]. By
eradicating the biofilm, K21 reduces the bacterial load, minimize
inflammation, preventing the release of virulence factors (e.g., proteases
and toxins) that degrade bone tissue and inhibit osteogenesis. In the
absence of biofilms, osteoblasts can proliferate and deposit new bone
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matrix. Additionally, reduced inflammation supports the differentiation
and activity of osteoblasts. The removal of biofilm will enhance the
availability of growth factors, nutrients, and oxygen, essential for tissue
repair and regeneration [36]. In addition, when cytolysins are added to
the biofilm assays, increased antibacterial activity is observed. That may
promote the formation of quorum within the microenvironment of the
bacterial cell aggregates. However, the virulence was substantially
reduced (p < 0.05) when exposed to .1 %,K21 scaffold, particularly at
concentrations like that of ¢.1 o,CHX. Ongoing efforts are necessary to
delineate how the cytolysin compromises target cells and to identify the
specific mechanism or mechanisms by which the cytolysin induces
toxicity across diverse infection systems. Further studies are needed to
evaluate the long-term effects and potential cytotoxicity of K21.

From the in vivo experimental results of percentages of bone
trabeculae, the control groups showed limited bone formation (8.66 %).
The inflammation score was three and the collagen fibers were disrupted
which suggests slower regeneration and a lower initial healing response.
0.1 %K21 and ¢.1 o, CHX scaffolds had improved bone formation (26.33 %
and 16.67 % respectively) compared to the control groups. Both groups
displayed well-organized collagen and moderate inflammation with a
score of two. The percentage of bone trabeculae in both groups on day
28 were superior to group A (Table 4). The findings demonstrated that
the scaffolds with 0.1 % chlorhexidine and in particular ¢.; ¢K21 had
little inflammation and a higher percentage of bone trabecular within a
well-structured tissue. The proinflammatory cytokines may have been
essential in mediating the creation of inflammatory cells, thereby
facilitating wound healing and offering protection at both local and
systemic levels. The figure indicates that on day 14, the 0.1 % chlor-
hexidine and ¢.; K21 groups exhibited reduced inflammation levels
relative to the control group. The anti-inflammatory features may be due
to acceleration in wound healing under their influence of a reduction in
the inflammatory response [17]. The control group displayed substan-
tial granulation tissue but with disrupted collagen fibers indicating
inefficient remodelling. The efficient incorporation of silane into the
collagen matrix generates new bonding arrangements, namely C-Si-O,
Si-O-Si, and Si-O-C bonds, which trigger the polycondensation of
silanol groups and the cross-linking of ~OH groups in collagen fibres.
The proinflammatory cytokines likely played a crucial role in facilitating
the formation of inflammatory cells, thereby aiding in wound healing
and offering protection at both local and systemic levels. The figure
indicates that on day 14, the 0.1 % chlorhexidine and ¢.1 %,K21 groups
exhibited reduced inflammation levels relative to the control group
[37]. Like any animal model however, the one used here has certain
limitations that may impede the accurate investigation of immune re-
sponses and inflammatory mechanisms. Certain biological analysis
methods, such as those detecting antibodies, are deficient. Specific genes
implicated in critical inflammatory pathways require more evaluation,
indicating that certain molecular tasks may be performed by distantly
related or entirely unrelated effectors. The advancement of
single-cell-omics methodologies has, however, enabled the mitigation of
certain shortcomings, facilitating our model for investigating inflam-
mation in relation to normal physiopathology [38,39].

The utilisation of organofunctional silanes, characterised by
extended hydrocarbon chains, in K21 scaffolds would improve surface
hydrophobicity by modifying the surface energy of the scaffolds.
Increased surface energy would thus enhance the wettability of the
demineralised dentin surface and promote superior attachment [40].
Organofunctional silanes work as water scavengers, reacting with water
molecules to hydrolyse the alkoxy groups attached to the silanes, thus
converting them into alcohol molecules [41]. The integration of hy-
drophobic quaternary ammonium salts within the scaffold led to the
development of a more hydrophobic substrate leading to superior
encapsulation of collagen fibrils, augmented mechanical characteristics
of the scaffold, and enhanced mechanical endurance. The scaffold me-
chanical properties is typically designed to match the elastic modulus of
human cancellous bone (0.1-2 GPa) or cortical bone (15-20 GPa). This
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alignment will ensure mechanical compatibility with the host tissue,
enabling proper load transfer and reducing the risk of mechanically
induced complications, such as stress shielding or implant-related
osteopenia.

The actin-based microfilament system is a crucial component of the
cytoskeleton in human gingival fibroblasts, playing a pivotal role in cell
adhesion and mobility. During the inflammation and proliferation stages
of wound healing, effectively managing the inflammatory response is
essential to protect fibroblasts from inflammatory agents [35]. This
protection facilitates the transition from the proliferation phase to the
remodelling stage, leading to increased collagen fiber deposition and
improved tissue repair, which were as observed in o1 ¢K21 scaffolds.
This suggests that the regenerated tissue demonstrated enhanced effi-
cacy through its capacity to eradicate pathogens, facilitate collagen fibre
deposition, and diminish inflammation [35]. The fibroblastic cell
structure showed biocompatibility to the K21 molecules as seen being
ingested in the first hour. The molecule showed effective breakdown and
clearance which confirmed the positive activity of the cells.

The levels of all differently expressed genes in the comparison group
were aggregated to form the differential gene set. Hierarchical clustering
was employed to group the FPKM values of samples and standardise the
rows using Z-scores. The samples exhibiting analogous expression pat-
terns in the heat map were aggregated. The hue in each grid represented
not the gene expression value, but the value derived from normalising
the expression data rows (often ranging from —2 to 2). Consequently,
the colours in the heat map can only be compared horizontally (the
expression of the same gene across various samples), but not vertically
(the same sample). There exist both inter-group clustering and inter-
sample clustering. The final report illustrates the clustering of sam-
ples. The findings underscore the importance of balancing inflamma-
tion, promoting collagen organization, and reducing granulation tissue
for optimal bone regeneration. The ¢.; K21 scaffolds consistent supe-
riority in those respects highlights the potential of targeted interventions
to enhance healing outcomes.

Bone reconstruction requires materials with properties closely
aligned to the native bone’s structure and physical characteristics, such
as elastic modulus and internal porosity. However, most currently
available bone substitutes exhibit challenges, including limited or un-
predictable resorption times, shaping difficulties, and inadequate in-
ternal porosity. These limitations are further hampered by suboptimal
effectiveness in bone tissue regeneration in clinical cases involving
insufficient supporting bone around defects, and possible presences of
osteo metabolic diseases, or diabetes. Synthetic scaffolds have the po-
tential to address many of these limitations by creating a microenvi-
ronment mimicking native bone, while avoiding triggering significant
inflammatory response yet providing structural rigidity to withstand
external stresses like native bone tissue. In this regard, 3D-printing
technologies [42] with K21 additions represent a significant advance-
ment compared with conventional regenerative surgical techniques for
bone-related treatments.

5. Conclusion

Within the limits of the study, 3D-printing technologies with ¢
%K21 represent a significant advancement over conventional regener-
ative medicine techniques for bone-related treatments.
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