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Regenerative endodontic procedures (REPs) which aim to promote root development and pulp tissue
regeneration in necrotic immature teeth, have emerged as a promising therapeutic approach. A critical
determinant of REP success hinges on effective disinfection of the root canal system, which must elimin-
ate microbial contaminants whilst preserving the microenvironment necessary for dental pulp stem cell
tissue regeneration. This study reports on the fabrication of biocompatible 3D printed hydrogel scaffolds
designed for root canal disinfection. The scaffolds incorporate benzyldimethyldodecylammonium chlor-
ide (BDMDAC) a broad-spectrum quaternary ammonium compound characterised by low cytotoxicity
and minimal risk of resistance development. BDMDAC loaded gelatin biomaterial inks were systematically
evaluated for rheology properties, mechanical stability and drug release properties. Scaffolds containing
150 ug mL™* and 250 pug mL™' BDMDAC exhibited excellent antimicrobial efficacy against 5 bacterial
pathogens (including 3 endodontic bacteria-Enterococcus faecalis, Porphyromonas gingivalis, and
Streptococcus mutans). Cytocompatibility assays using primary human dental pulp stem cells (HDPSCs)

Received 19th March 2025, derived from 3 donors confirmed over 70% of cell viability. Furthermore, freeze-dried scaffolds demon-
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strated excellent shelf-life stability for at least six months. Overall, these findings highlight the potential of
3D printed BDMDAC-loaded 3D printed gelatin scaffolds as an effective and cytocompatible platform for
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1. Introduction

Regenerative endodontic procedures (REPs) which aim to
promote root development and pulp tissue regeneration, have
emerged as a promising treatment modality for necrotic imma-
ture teeth. Traumatic injuries or dental disease cause inflam-
mation, pulp necrosis and loss of immature permanent teeth."
Pulp necrosis is a significant issue affecting children and ado-
lescents worldwide.! In order to enable full root growth in per-
manent immature teeth, modern regenerative endodontic pro-
cedures (REPs) can be used to restore the health and function
of damaged or diseased dental pulp."? Endodontic pro-
cedures, as outlined by the American Association of
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Endodontists (AAE) and the European Society of
Endodontology (ESE), follow a systematic, evidence-based
approach beginning with diagnosis through clinical and radio-
graphic evaluation, and the use of local anaesthesia for patient
comfort. In REPs, treatment starts with irrigation—typically
using sodium hypochlorite—followed by placement of an
intracanal medicament such as triple antibiotic paste.>* This
medicament is applied after irrigation and often remains in
the canal for more than seven days, depending on clinical
needs. Once disinfection is achieved, bleeding is induced from
periapical tissues to form a blood clot that serves as a scaffold
for progenitor cell recruitment and pulp-like tissue
regeneration."”

Over the past decade, significant advancements have been
made in biocompatible root canal disinfection including the
characterisation of human dental pulp stem cells (HDPSCs)*>®
and the development of antimicrobial hydrogel scaffolds.” ™"
Whilst these scaffolds have enhanced REP procedures, chal-
lenges remain in eliminating resistant microorganisms and
residual bacteria during disinfection which could disrupt the
HDPSC  microenvironment,  compromising  treatment
outcomes.”>™*
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The persistence of pathogens or residual biofilms in the
root canal space of immature permanent teeth remains a
major obstacle to the success of REPs.">'® A recent systematic
review by Almutairi et al. reported that 79% of failed clinical
cases were attributed to persistent infections,'” underscoring
infection control as the critical determinant of REP success."®
Histological analyses reveals that current disinfection methods
often require antibiotic concentrations that can be cytotoxic
and may affect the bioavailability of growth factors resulting in
impaired tissue regeneration."”>' In response to the limit-
ations of limited efficiency, rising levels of drug resistance and
potential toxicity, recent efforts have focused on developing
alternative antimicrobials agents.”**%?

Quaternary ammonium compounds (QACs) are potent
broad-spectrum biocides with low toxicity and are widely
employed the pharmaceutical and medical applications.”* As
surfactants, QACs possess a hydrophilic head and a hydro-
phobic tail, the length of which influences their antimicrobial
efficacy.”® QACs exhibit broad-spectrum activity and have
demonstrated excellent efficacy for the treatment of dental
carries and periodontitis.*>*® Imazato et al. demonstrated that
5% methacryloyloxydodecylpyridinium bromide (MDPB), a QAC,
significantly inhibits cariogenic microbes such as Actinomycetes
and Candida albicans.”” MDPB is also effective against anaerobic
bacteria, including clinical isolates of Streptococcus mutans,
Streptococcus  sobrinus  SL-1,  Streptococcus — oralis, and
Streptococcus sanguinis, which are in dental pulp infections.”®
Moreover, MDPB outperforms chlorohexidine (CHX) in disinfec-
tion and preventing apical periodontitis.”® Kumar Tiwari et al.
further reported that QACs such as dimethylaminododecyl
methacrylate (DAMDDM) and dimethylaminohexadecyl meth-
acrylate (DMAHDM) are more effective than CHX in eradicating
endodontic bacteria and their biofilms.*°

Disinfection of the root canal with QACs and other antisep-
tics is typically achieved using irrigants or antibiotic pastes.
However, these methods often suffer from limited penetration
into infected tissues and insufficient duration of action to
prevent secondary infections. Additionally, the concentration
required for antimicrobial efficacy can negatively impact
HDPCs survival and function, compromising tissue regener-
ation. To address these limitations, biocompatible drug deliv-
ery systems have been explored to enable controlled and sus-
tained release of antimicrobials, enhancing disinfection
efficacy.”> ™

Gelatin based hydrogels have gained prominence in this
context due to their inherent biocompatibility, ease of modifi-
cation, degradability, and rapid gelation induced by low temp-
erature.> Ribeiro et al. developed photocrosslinkable chlorhex-
idine-loaded methacrylated gelatin (GelMA) hydrogels with
broad spectrum of antimicrobial activity with total inhibition
of biofilms of endodontic pathogens Enterococcus faecalis and
Actinomyces naeslundii.*' In a subsequent study, Ribeiro et al.
have fabricated GelMA hydrogels containing clindamycin- or
metronidazole-laden electrospun poly br-lactide-co-glycolide
(PLGA) fibers. The clindamycin-containing hydrogel systems
demonstrated antimicrobial efficacy against all bacterial
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species tested (Actinomyces naeslundii, Fusobacterium nuclea-
tum, and Enterococcus faecalis) and promoted the formation of
capillary-like networks of endothelial cells in vitro alongside
widespread vascularization and functional blood vessels for-
mation in vivo.**

Primary root canal infections are dominated by Gram-nega-
tive bacteria with at least 10-30 species present per canal.*®
Following treatment, the microbial diversity decreases signifi-
cantly with 1-5 predominantly Gram-positive anaerobes
remaining.***> with Enterococcus faecalis being the species
most frequently associated with cases of endodontic
failure.>* % Although, E. faecalis normally resides in the gas-
trointestinal tract, it can colonize the root canals and dentinal
tubules of infected teeth. It can withstand harsh conditions
such as starvation and alkaline pH, and form resilient
biofilms.**™*' These survival strategies likely contribute to its
persistence despite conventional disinfection methods.*®*?
Consequently any antimicrobial strategy for root canal disin-
fection must be evaluated for its efficacy against E. faecalis.

This study presents the development of 3D-printed hydrogel
scaffolds incorporating varying concentrations of a QACs to
create a biocompatible and antibacterial platform suitable for
REPs. Benzyldimethyldodecylammonium chloride (BDMDAC),
a C12-alkyl QAC previously used in dental adhesives and
denture base resins was selected as the model antimicrobial.*?
BDMDAC was loaded in to gelatin-based formulations at
varying concentration to produce 3D printable biomaterial
inks optimised for rheological performance, enabling ease of
printability, shape fidelity post printing and mechanical stabi-
lity. The release kinetics and concentration profiles for
BDMDAC from the scaffolds were quantified using high per-
formance liquid chromatography (HPLC). To enhance shelf-
life, the printed scaffolds were freeze-dried. The antimicrobial
and antibiofilm efficacy of the scaffolds were studied against
Gram positive methicillin resistant Staphylococcus aureus
(MRSA), Gram negative Pseudomonas aeruginosa and three
prevalent endodontic pathogens: Enterococcus faecalis,
Porphyromonas  gingivalis, and  Streptococcus  mutans.
Cytocompatibility of the most optimised scaffolds were evalu-
ated using primary HDPSCs derived from three donor patients.

2. Materials and methods
2.1 Materials

150 bloom gelatin A from bovine skin, benzyl dimethyl
dodecyl ammonium chloride (BDMDAC), Glutaraldehyde
50 wt% in H,O solution, ethanol, nutrient agar (NA), nutrient
broth (NB), Luria Broth (LB), Luria Agar (LA), tryptic soy broth
(TSB), tryptic soy agar (TSA), menadione (vitamin K3), hemin
from porcine (Sigma-Aldrich), Columbia broth (CB), Columbia
agar (CA) and defibrinated sheep blood (Darwin Biological).

2.2 Gelatin-BDMDAC bioink preparation

A 5% w/w gelatin bioink (GL5) was prepared as follows: 0.25 g
of gelatin was added to 5 g of distilled water at 60 °C and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Nomenclature of gel (GL-) and freeze dried (FGL-) gelatin-
BDMDAC ink composition

BDMDAC concentration

Sample name (ng mL™)
Freeze dried Gel —
FGL5-Q3.9 GL5-Q3.9 3.9
FGL5-Q7.8 GL5-Q7.8 7.81
FGL5-Q15 GL5-Q15 15.6
FGL5-Q31 GL5-Q31 31.2
FGL5-Q62 GL5-Q62 62.5
FGL5-Q125 GL5-Q125 125
FGL5-Q250 GL5-Q250 250
FGL5-Q500 GL5-Q500 500
FGL5-Q1000 GL5-Q1000 1000

stirred at 600 RPM until a homogenous solution was acquired
(1 h). For the BBDAC-loaded gelatin inks (GL5-Q) varying con-
centrations of BBDAC (0.39, 0.781, 0.156, 0.312, 0.625, 0.125,
0.25, 0.5, 1 mg mL™") were added to water preheated at 60 °C
and stirred at 600 RPM for one hour. The inks were loaded
into 3 mL cartridges at room temperature 30 minutes before
printing. FGL5-Q denotes freeze dried scaffolds with varying
BDMDAC concentrations. The synthesis of the various inks
has been shown previously.” The nomenclature and conditions
for all sample types are listed in Table 1.

2.3 3D printing

The structure of the 3D printed scaffolds was designed using 3D
CAD drawing software (Creo Parametric®) to generate stereolitho-
graphy (STL) files and converted to a G-code generator (Slic3r)
which is integrated in Cellink’s operating software (DNA®).
During the slicing process, the layer height, printing speed and
infill percentage were defined. The infill percentage is one of the
most important features for 3D printing as it determines the pore
size by defining the distance between two adjacent filaments. The
3D structures were printed by dual printhead extrusion-based 3D
printer (BIOX6, Cellink®) using a 27G nozzle at 28 °C with a
pressure range between 100-115 kPa and a printing speed of
10 mm s " The final construct was made of twelve 0.2 mm
layers, with an infill percentage of 20% giving a 2.5 mm distance
between each adjacent filament. The scaffold dimensions were 10
x 10 x 2.5 mm. After printing, the scaffolds were crosslinked with
a 0.5% glutaraldehyde solution for 30 minutes on a shaker plate
at 50 rpm. Unreacted glutaraldehyde was removed by washing
scaffolds three times with water for five minutes each. Finally,
scaffolds were sterilized with UV light (265 nm) for 30 minutes
before use. In order to enhance the durability and longevity of
the scaffolds, freeze-drying was employed. Freeze-drying, also
known as lyophilization, is a process wherein the scaffolds are
subjected to low temperatures and reduced atmospheric pressure
to remove moisture content. This dehydration method not only
aids in preventing degradation but also contributes significantly
to extending the shelf life of the scaffolds, ensuring their struc-
tural integrity and functional efficacy over an extended period.**
The scaffolds were frozen at —18 °C and lyophilized for 24 h in a
freeze dryer (Scanvac CoolSafe Touch 110-4, Denmark).

This journal is © The Royal Society of Chemistry 2025
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2.4 Rheological analysis

The rheological properties of the inks were measured using
oscillatory shear experiments in an HTR 502 modular compact
rheometer (Anton Paar, Ostfildern, Germany) equipped with a
40 mm diameter parallel rough plate (top and surface) to mini-
mise slip, and a solvent trap to prevent hydrogel evaporation.
Rheological assays were performed by injecting the hydrogel
directly onto the platform. The rough plate was lowered to a
gap height of 1 mm. Once the upper plate was lowered, the
platform was heated to 40 °C to heal any fractures in the gel.
Excess hydrogel was trimmed, and the sample was allowed to
cool to room temperature (21 °C).

Rheological measurements for all samples were conducted
in triplicate, and the results are presented as the average of the
three tests. A temperature sweep was performed at 0.5% strain
amplitude and a frequency of 1 Hz, cooling the samples from
40 °C to 15 °C at a rate of 1 °C min~". Strain amplitude sweep
tests were conducted to determine the linear viscoelastic
region, within a strain range of 0.1-1000%, at a constant fre-
quency of 1 Hz. Following this, frequency sweep tests were per-
formed at 0.5% strain, with a frequency range from 0.1 to 10
Hz. The complex viscosity (7*) was calculated using the storage
modulus (G') and loss modulus (G”) obtained from the fre-
quency sweep test. All measurements were conducted at room
temperature (21 °C) with a Peltier plate to whiting +0.1 °C.

2.5 Filament collapse test, diffusion rate and printability

The filament collapse test was conducted as reported
previously.”*>*¢ An extruded filament is printed over a stage to
evaluate its collapse by measuring its mid-span deflection. The
stage was designed using Creo Parametric ®. The stage con-
sisted of seven pillars with incremental distances of 1 mm,
ranging from 1 mm to 6 mm. The middle pillars measured 2 x
10 x 6 mm, while the two corner pillars measured 5 x 10 x
6 mm. The design was printed using an Up Mini 2 3D printer
with polylactic acid (PLA) filament. The ink was deposited as a
single filament on top of the platform. A Sony IMX 682 64 MP
1/1.73" camera was used to immediately capture an image of
the deposited filament to identify the initial conditions of the
beam. The pressure, temperature, extrusion velocity, and
nozzle diameter were consistent with the parameters used for
printing the scaffolds. To determine the collapse area factor
(C¢) the following equation was used:*>*748

real area (4,)
: X 100 (1)
theoretical area (A;)

Ct (%) = 100 — (

If the ink is unable to bridge between two pillars due to its
density, the real area would be considered zero, resulting in a
collapse area factor of 100%. If the ink successfully bridges
between two pillars, the actual and theoretical areas will be
identical, and the collapse area factor will be zero.

For the diffusion rate test, scaffolds with two consecutive
layers were printed in a 0-90° pattern, with distances between
adjacent filaments increasing from 1 mm to 5 mm in 1 mm
increments. To prevent time-dependent deformation measure-
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ments, images of the printed scaffolds were taken immediately
after fabrication using a Sony IMX 682 64 MP 1/1.73" camera.
The printing speed, temperature, pressure, and nozzle dia-
meter were consistent with previous settings. To calculate the
diffusion rate (D) and printability (P,), the following
equations were used:*>*7*®

PA; — PA
Dy = ————"T %100 (2)
t
LZ
Pr= (3)
16PA,

where PA; and PA, are theoretical and real area of a pore,
respectively. L is the real perimeter of the pore. The diffusion
rate of the ink without any spreading is 0, while the printabil-
ity would be 1 for a perfect square.

2.6 Morphological features (p-CT) and porosity

The morphological features of the scaffold were analysed by
micro X-ray computed tomography (pu-CT). The gel, freeze-
dried, and re-hydrated samples were scanned with a Zeiss
Xradia Versa 620 X-ray microscope. Two scans were carried out
of each sample, one encompassing the full sample with a voxel
size of 16.8 um (0.4x objective), and one showing just a corner
of the sample in higher resolution (4 pm voxel size, 4x objec-
tive). Both scans were acquired using a source accelerating
voltage of 60 kV at 6.5 W, without a beam filter, exposure times
of 1s per images, and 1601 projection images for the full scan
over 360 degrees. The projection data was reconstructed with
Zeiss proprietary software Scout-and-Scan Reconstructor
version 16.8, using the DeepRecon image improvement option
to reduce image noise and enhance image quality.

All measurements were carried out in the open source,
image analysis software “Fiji”.*® For volume, surface area, and
total porosity quantifications, the 16.8 pm data sets of the
whole gel, freeze-dried, and rehydrated samples were binarized
and measured using the Bone] plugin.>® To measure individ-
ual pores and determine the pore size distribution, individual
pores in the 4 pm data sets of freeze-dried and re-hydrated gels
were segmented using a 3D distance-map based watershed
algorithm from the MorphoLib] plugin.’" Pores open to the
surface, including the large grid structure pores from printing,
were excluded from quantification, which was carried out with
Bone]’s Particle Analyser plugin.’® Visualisation images of the
sample and the segmented pores were created using Drishti
3.2.%

2.7 Swelling ratio of the hydrogel

The swelling performance of the scaffolds was evaluated by
immersing the samples in sterile PBS at 37 °C for 72 hours,
with measurements taken every 6 hours. The swelling rate
(Sw%) was calculated using the following formula®>* :

%

— W,
Sw% = WTd x 100 (4)
d
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where W,, and Wy denote weight at the swollen and dry state.
Excess water was first absorbed with laboratory paper towels.
Measurements were done in triplicate.

2.8 Degradation

To calculate the degradation rate, the samples were immersed
in PBS and incubated at 37 °C. Every 6 hours, up to a total of
72 hours, the scaffolds were removed, and weighed. Any excess
liquid was removed with paper towels. The remaining weight
of the scaffold after degradation was determined using the fol-
lowing equation:>*>*

W() - Wf

Weight remaining (% ) = 100 — { ><100] (5)

0
where W, is the initial weight of the scaffold and W; is the
final weight of the scaffold.

2.9 BDMDAC release

The BDMDAC release from the scaffold was determined by
high-performance liquid chromatography (HPLC) using the
Agilent Technologies 1260 Infinity II System (Radnor, USA)
under isocratic conditions at room temperature and equipped
with a 4.6 x 250 mm ZORBAX SB-C18 analytical column.
Multiple scaffolds were printed and submerged in 1 mL of DI
water at 37 °C for different time durations. Then, each aliquot
was centrifuged at 4000g for 15 minutes, and any undissolved
gelatin-BDMDAC was filtered through the protein concentra-
tor. A mixture of acetonitrile (80% in 0.1% formic acid) and
water (20%) was used as the mobile phase, at a flow rate of
1 mL min~*, with UV detection at 254 nm and an 8 nm band-
width. For the HPLC samples, an injection volume of 50 pL,
handled by a (G7129A) autosampler, was used. The quantifi-
cation of the concentrations was determined by the peak area.

2.10 Antimicrobial assay ( planktonic)

Overnight cultures of methicillin-resistant Staphylococcus
aureus (MRSA) NCTC 13142 Pseudomonas aeruginosa (P. aerugi-
nosa) NCTC 07244, Porphyromonas gingivalis (P. gingivalis)
NCTC 11834 and Enterococcus faecalis (E. faecalis) NCTC 13779
and Streptococcus mutans (S. mutans) NCTC 10449 were pre-
pared by statically incubating MRSA in nutrient broth,
P. aeruginosa, in Luria-Bertani broth (LB) at 37 °C for
24 hours. E. faecalis and P. gingivalis were incubated in tryptic
soy broth (TSB) enriched with hemin (5 mcg mL ") and mena-
dione (1 meg mL™") for 24 and 60 hours, respectively.
S. mutans was incubated in Columbia broth (CB) at 37 °C for
24 hours. The resulting cultures were diluted to a cell concen-
tration of 10° colony forming units per millilitre (CFU mL ™)
using a 0.5 McFarland standard.” 3D printed scaffolds were
inoculated with 1 mL of the diluted cultures and incubated in
a shaking incubator at 37.0 °C for 4 and 24 hours. For
P. gingivalis, samples were incubated in anaerobic conditions.
At each time point, the incubated samples were serially diluted
and plated on NB agar plates (for MRSA), LB agar plates (for
P. aeruginosa), TSB blood agar for P. gingivalis and E. faecalis,

This journal is © The Royal Society of Chemistry 2025
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and Columbia Blood agar using the Miles and Misra method
to determine the CFU of each bacterial suspension.>® The anti-
microbial efficiency of the bioprinted scaffolds was evaluated
based on the reduction in CFU over time. Untreated bacterial
cultures and drug-free scaffolds were used as controls to assess
the antimicrobial efficacy of the test scaffolds.

2.11 Biofilm inhibition assay

For the biofilm inhibition assay, samples were inoculated with
diluted cultures following the same procedure used in the
planktonic assays. The inoculated samples were incubated in a
shaking incubator at 37 °C for 24 hours, with an anaerobic
chamber utilized for P. gingivalis. After incubation, the
samples were gently rinsed with phosphate-buffered saline
(PBS) to remove non-adherent bacteria. Subsequently, the
samples were sonicated for 15 minutes in 1 mL of LB, NB, or
TSB broth to detach and resuspend the biofilms. The bacterial
colony-forming units were then assessed by serially diluting
the bacterial suspension and applying the Miles and Misra
technique on LB, NB, and TSB blood agar plates.>®

2.12 BDMDAC accelerated stability

Accelerated stability testing was conducted to evaluate the
long-term stability of the scaffold over 3 months and 6 months
using accelerated conditions.”” The study was performed at an
accelerated aging temperature of 40 °C, while the ambient
real-time temperature (TRT) was set at 4 °C. A Q10 value of 2
was applied, and the accelerated aging factor (AAF) was calcu-
lated to be approximately 12.13. Based on this factor,
3 months of real-time stability was simulated in 7 days, and
6 months of real-time stability was simulated in 15 days.
Scaffold samples were placed in a stability chamber at 40 °C,
with evaluations conducted at the end of 7 and 15 days to
assess key antimicrobial stability against MRSA, P. aeruginosa,
P. gingivalis, E. faecalis and S. mutans. The antimicrobial
efficacy of both freeze-dried and gel samples was assessed at 4
and 24 hours. For the stability study, only scaffolds containing
the concentration of BDMDAC that achieved the minimum
bactericidal concentration (MBC) at 4 and 24 hours in the
planktonic assays were selected for evaluation. This method
allowed for the efficient prediction of scaffold stability over
extended periods, providing valuable insights within a shor-
tened testing timeframe.

2.13 Cell viability

Human dental pulp stem cells (HDPSCs) used in this study
were isolated from three donors’ wisdom teeth (Leeds Dental
and Skeletal Tissue Bank-DREC approval no. 251121/HA/366).
Cells were cultured in alpha-modified minimum essential
medium (alpha MEM) complete media, supplemented with
20% fetal bovine serum (FBS), 2 mM glutamine, 100 U penicil-
lin/0.1 mg mL™" streptomycin, and incubated at 37 °C, 5%
CO,. The media was changed every 5-7 days and sub-confluent
cells (70-80%) were used in this study between passages 6
and 8.

This journal is © The Royal Society of Chemistry 2025
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Scaffold samples were divided into 4 test groups according
to the concentration of BDMDAC incorporated in each sample,
and one control group. Samples were first sterilised under UV
light for 1 h. Indirect viability assay was carried out by incubat-
ing triplicate samples of each group of the scaffolds in 12 well
plates with cell-free complete culture media, at three different
time points (24 h, 72 h and 1 week). At each time of the time
points, culture media was collected in sterile 1.5 ml Eppendorf
tubes and frozen at —20 C. HDPSCs were seeded in a 96-well
plate at a density of 1 x 10" cell per well and incubated with
corresponding previously collected culture media for 48 hours.
A negative control without cells and a positive control
(untreated cells) were included in each experiment. After the
incubation period, cell proliferation was assessed using an
MTT Cell Proliferation Kit (Roche Applied Science, Penzberg,
Germany). MTT labelling reagent was added to each well fol-
lowed by 4 h incubation of the micro-plate in cell culture incu-
bator at 37 °C and 5% CO,. The formed formazan purple crys-
tals were washed, solubilized in DMSO, solubilisation solution
and incubated overnight to ensure complete solubilisation of
the purple formazan crystals. The spectrophotometric absor-
bance of the samples was measured using a micro-plate
reader, and the absorbance was read at 550 nm. Results were
calculated from three independent experiments. The viability
rates were calculated using the following formula:

VR % = (test OD x 100)/positive control OD (6)

All cell proliferation assay experiments were carried out in 3
biological replicates from 3 different donors. Data were ana-
lysed using GraphPad Prism version 10. The mean values were
compared between groups using two-way ANOVA and Tukey’s
multiple comparison test.

2.14 Statistical analysis

One-way analysis of variance (ANOVA) was used to compare
whether the difference in antimicrobial efficiency and other
measurements between each bioprinted sample was signifi-
cantly different. A value of p < 0.05 was taken as being statisti-
cally significant.

3. Results and discussion

An antimicrobial biomaterial ink for 3D printing must exhibit
effective antimicrobial activity, biocompatibility, and con-
trolled therapeutic release. It should enable smooth extrusion,
retain structural fidelity post printing and be non-cytotoxic to
surrounding tissues. The ink must function as a reservoir for
antimicrobial agents ensuring sustained and controlled
release at therapeutically relevant concentrations.”®®® This
study focuses on optimizing these key parameters for the
application of REPs.

3.1 Rheology

To elucidate the rheological behaviour of gelatin (GL) and
gelatin-BDMDAC (GL-Q) biomaterial inks, a comprehensive

Biomater. Sci,, 2025, 13, 3795-3813 | 3799
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Viscosity as a function of frequency. N = 3.

pre-printing analysis was conducted. Rheological measure-
ments including strain amplitude response, frequency depen-
dence in the linear viscoelastic regime (i.e., small amplitude
oscillatory shear limit), temperature profile, and complex vis-
cosity was measured and the results are presented in Fig. 1 for
the gelatin-BDMDAC inks (GL5-Q125, GL5-Q250, GL5-Q500,
GL5-Q1000).

Amplitude sweep analysis (Fig. 1(A)) was performed at
21 °C over a strain range of 0.1-1000% to measure the visco-
elastic properties. The graph depicts both the storage modulus
(G") and loss modulus (G") as functions of shear strain percen-
tage. For all samples, at low shear strains, G’ > G”, which indi-
cates that the materials exhibit predominantly elastic behav-
iour within the linear viscoelastic region (LVR). As the strain
increases, a critical strain point is reached where G’ starts to
decrease while G" increases, signalling the onset of material
yielding and the transition from a solid-like to a more viscous
behaviour.

Frequency sweep test (Fig. 1(B)) were performed at 21 °C,
with a fixed strain of 0.5%, further confirming the elastic dom-
inance (G’ > G") across the 0.1-10 Hz range for both GL and
GL-Q formulations. For the pure gelatin samples (GL5G’ and
GL5G'), both G’ and G" show a slight frequency dependence,
with moduli increasing gradually with frequency. This behav-
iour suggests a stable gel network with a balance between elas-

3800 | Biomater. Sci, 2025, 13, 3795-3813

ticity and viscosity. The gelatin-BDMDAC formulations (GL5-
Q125G’, GL5-Q250G/, etc.), exhibited an increase both G’ and
G", especially at higher frequencies, indicating BDMDAC
enhances the material’s resistance to deformation under rapid
oscillatory shear (structural integrity).

Thermal stability was assessed via temperature sweeps
(Fig. 1(C)) of the gelatin inks (GL5) and gelatin-BDMDAC for-
mulation inks over a temperature range of 15 °C to 40 °C. For
GL5, G' and G” remain relatively high and stable at lower temp-
eratures, indicating a well-structured, elastic gel network.
However, as the temperature approaches around 26 °C, both
moduli begin to decrease sharply, reflecting the thermal degra-
dation of gelatin. This temperature marks the gel-sol tran-
sition, where the material shifts from a gel-like to a more
fluid-like state.®

Complex viscosity profiles (Fig. 1(D)) indicate shear thin-
ning behaviour where the complex viscosity decreases with
increasing shear rate across all of the gelatin-BDMDAC (GL5-Q)
samples.®®> This behaviour is typical of non-Newtonian
fluids, indicating that the internal structure of the material
becomes less resistant to flow under higher shear conditions
(facilitating printing), likely due to the alignment or break-
down of molecular networks within the material.®">
Moreover, the complex viscosity of the samples shows a clear
dependence on the concentration of GL5-Q. As the GL5-Q con-

This journal is © The Royal Society of Chemistry 2025
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centration increases, there is a corresponding increase in
complex viscosity across all tested frequencies. This suggests
that higher concentrations of GL5-Q lead to a more viscous
solution. The increased viscosity can be attributed to the
enhanced interaction between gelatin and BDMDAC molecules
at higher concentrations, which likely results in a denser and
more entangled network structure. This denser network
increases the resistance to flow, hence the higher viscosity. At
higher GL5-Q concentrations, the viscosity remains relatively
high even at elevated frequencies, indicating a strong, cohesive
network that resists deformation across a broad range of shear
conditions.

3.2 Filament collapse test, diffusion rate and printability

The collapse area factor of gelatin-BDMDAC inks (GL-Q) is
modulated by both BDMDAC concentration and distance value
as shown in Fig. 2. The plot illustrates changes collapse area
factor (%) changes with increasing distance value (mm) for
five different GL5 material variants: GL5, GL5-Q125, GL5-Q250,
GL5-500, and GL5-1000. Overall, most variants exhibit an
increasing trend, where the collapse area factor rises as the
distance increases, suggesting that larger distances (increment
in deformation) lead to more significant collapses. The rate of
increase, however, varies across the series. For instance, GL5-
Q125 shows a gradual rise and even plateaus around the 4 to
5 mm mark, indicating material stability.

In contrast, GL5-500 and GL5-1000 exhibit sharper
increases, implying these materials are more prone to larger
collapses as the distance rises. Notably, the GL5-1000 variant
has one of the highest collapse factors at 5 mm, suggesting it
is more susceptible to structural failure. At 3 mm, all of the
inks demonstrate a higher collapse factor compared to the
control ink (GL5). This is an indication where the material
becomes unstable and more prone to collapse as the concen-
tration of BDMDAC is increased.

The plateau observed in some variants around 5 mm
suggest that certain materials may reach an equilibrium point

50
S  {—=—GL5 —e—GL5-Q125
T 40 -|—*—GL5-Q250 — — GL5-500
€ {— —a6Ls-1000
£ 30 —
© -
g
< 20 —
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Fig. 2 Collapse area factor as a function of distance for all gelatin/
BDMDAC inks.
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where further increases in distance no longer lead to signifi-
cant collapses. The trend correlates with viscosity: higher
BDMDAC concentrations yield increased viscosity, which
enhances resistance to flow and deformation but compromises
flexibility. Consequently, materials with higher concentrations
of BDMDAC (GL5-500 and GL5-1000) more prone to fracture or
collapse under stress, leading to larger collapse areas at higher
distances.*>*748

Lower BDMDAC concentrations, as in GL5-Q125 and GL5-
Q250, result in reduced viscosity (Fig. 1(D)), yielding more
pliable materials that are better able to absorb stress, thereby
exhibiting a reduced collapsing factor. This can explain the
more gradual rise in collapse area factor seen in these
samples, as their lower viscosity allows them to distribute the
applied forces more evenly.

The effect of BDMDAC concentration on filament diffusion
and printability was assessed with eqn (2) and (3). Qualitatively,
the most defined grids at the smallest grid spacing (2 x 2) was
observed for GL5 and GL5-Q125, indicating superior print
resolution. Quantitively, the diffusion rate (defined as the
amount of material spread across a given grid area) served as an
inverse indicator of print precision. A higher diffusion rate gen-
erally causes the material spreads more uncontrollably, which is
detrimental to printing precision. For smaller grid spacings
(e.g, 1 x 1 mm?), all GL5 variants show a high diffusion rate
(~100%), indicating significant spread and reduced precision.
With increased spacing, the diffusion decreases markedly for all
formulations. However, GL5-Q1000 and GL5-Q500 retained a
relatively higher diffusion rate compared to the other variants.
This behaviour reflects the fact that higher viscosity materials
resist flow and deformation more strongly but tend to diffuse
more across smaller, confined spaces.*®

Elevated diffusion rates correlated with reduced printing
fidelity, as uncontrolled spreading leads to blurred or impre-
cise prints. Printability ratio, a metric of how accurately the
material conforms to the intended grid, further illustrates this
trend. As viscosity increases (from GL5-Q125 to GL5-Q1000),
the printability ratio decreases at smaller grid spacings (1 x
1 mm? and 2 x 2 mm?), reflecting the compromised print accu-
racy.*® However at larger spacings (5 x 5 mm?), differences
between formulations diminish, indicating the impact of vis-
cosity on print quality becomes less pronounced at broader
feature scales (Fig. 3).*

3.3 Morphology (micro-CT)

X-ray micro-CT analysis was employed to examine the mor-
phology and porosity of printed, freeze-dried, and re-hydrated
gel samples, providing insights into their structural fidelity
(Fig. 4). The printed gels maintained a high degree of shape
accuracy throughout the process. Freeze-drying resulted in an
average volumetric reduction of approximate 85% reduction in
the overall volume of the printed gels. Notably, this volumetric
shrinkage was accompanied by a nearly threefold increase in
surface area due to the formation of additional porous struc-
tures. Upon re-hydration, the freeze-dried gels recovered
approximately 80% of their original volume (Fig. 5). Despite
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this volume recovery, the surface area remained elevated,
measuring around 65% greater than that of the initially
printed gel (Fig. 5). This suggests a persistent porous architec-
ture post-rehydration.

Micro-CT analysis confirmed the internal porosity remained
clearly detectable through even after the re-hydration process,
highlighting the structural changes induced by freeze-drying
and subsequent water absorption. High-resolution scans
(4 pm voxel size) of a corner section of the printed sample
revealed that freeze-drying significantly increased porosity
(Fig. 6), reaching approximately 88%. This increase is consist-
ent with the formation of a highly porous, interconnected
network as water sublimation leaves behind void spaces.
However, upon re-hydration, porosity was substantially
reduced to around 31%, indicating a partial collapse or re-
swelling of the porous network as water re-entered the
structure.

The total number of pores decreased upon re-hydration,
suggesting that smaller pores may have merged or collapsed as
the gel reabsorbed water. Interestingly, changes in pore size
distribution were not uniform across all samples. Some exhibi-
ted a shift toward smaller pores, likely due to the contraction
of larger voids as the gel matrix rehydrated and partially
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~
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‘;
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regained its original conformation. In contrast, other samples
maintained a similar pore size distribution, suggesting that
factors such as localized variations in gel composition, cross-
linking density, or drying kinetics could influence rehydration
behavior.

This variability in pore structure following re-hydration may
be attributed to sample handling and environmental con-
ditions during preparation. Since hydration levels were not
actively controlled after the initial re-hydration step, it is poss-
ible that partial drying occurred before u-CT scanning, altering
the observed pore structures. Additionally, differences in how
individual samples responded to water absorption may reflect
inherent heterogeneity in the gel network, with some regions
more capable of retaining rehydrated water while others
underwent irreversible structural changes due to the freeze-
drying process.

In REPs, a thorough irrigation (typically by sodium hypo-
chlorite) is essential for disinfecting the root canal by remov-
ing debris, biofilms, and microbial contaminants. Following
rigorous irrigation and drying, commonly achieved with air or
paper points, the BDMDAC-loaded scaffold can be inserted.
This timing ensures minimal microbial contamination and
enables the scaffold to provide sustained antimicrobial activity,

Fig. 6 Top: Representative cross-sectional slice images from high-resolution XCT scans (4 pm voxel size) of one corner of the same sample in
three states— as-printed (left), freeze-dried (middle), and re-hydrated (right). Bottom: 3D renderings of the corresponding datasets. The as-printed
gel exhibits minimal internal porosity (left). In the freeze-dried (middle) and re-hydrated (right) datasets, internal porosity has been segmented, with

individual pores color-coded according to their size.

This journal is © The Royal Society of Chemistry 2025
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N =3.

complementing the initial disinfection and promoting tissue
regeneration.

Compared to conventional injectable systems, 3D printed
scaffolds offer several advantages, including patient-specific
customization, controlled antimicrobial release, and optimized
architecture for improved disinfection and tissue healing. In
this study, grid-patterned scaffolds (10 x 10 x 2.5 mm, 20%
infill) were employed to assess the mechanical, antimicrobial,
and biocompatibility properties. Although these dimensions
are not intended for clinical application, both the BDMDAC
formulation and the 3D printing method are adaptable.
Clinically relevant scaffolds would require a cylindrical or
tapered geometry, with diameters of 0.5-1.5 mm and lengths
of 8-15 mm, tailored to the root canal anatomy. Mechanical
flexibility or compressibility would further support atraumatic
placement.

To facilitate clinical translation, two delivery strategies are
being explored: (1) a gel-based version extrudable via 3D print-
ing for complex or curved canals, and (2) a freeze-dried, pre-
shaped format derived from the gel, providing sterile, shelf-
stable constructs that can be inserted using micro-forceps or
conventional endodontic carriers. Furthermore, advances in

3804 | Bjomater: Sci., 2025,13, 3795-3813

imaging technologies such as CBCT and micro-CT further
support the creation of patient-specific scaffolds, enhancing
precision and therapeutic outcomes in REPs (Fig. 7).

3.2 Swelling and degradation

The swelling behaviour of both gel-based and freeze-dried
scaffolds demonstrates no significant relationship with
increasing BDMDAC concentration. Across all tested formu-
lations, (Table 1) scaffolds with varying BDMDAC concen-
trations (Table 1) exhibit similar swelling profiles. Although
swelling ratios increase over time, the values for different
BDMDAC concentrations remain within standard deviations of
each other, indicating no statistically significant difference
from gelatin-BDMDAC scaffolds to their pure gelatin controls.
In freeze-dried samples, swelling peaks at around 15 hours
and then slightly declines. These findings suggest that the
incorporation of BDMDAC does not markedly influence the
swelling capacity of gelatin-based scaffolds in either hydrated
or freeze-dried form.

The degradation behaviour, measured as the percentage of
weight remaining over time, also shows no significant effect of
BDMDAC concentration. Both the gel-based and freeze-dried

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm00440c

Open Access Article. Published on 15 May 2025. Downloaded on 4/4/2026 5:57:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

A
1.0
—=— GQ1000
- i GQ500
g 0.8 GQ250
o GQ125
£ 0.6
c
k=)
E 0.44
F
g 0.24
c
O
O 0.0

0 10 20 30 40 50 60
Time (h)

View Article Online

Paper
B
1.0
- —=—FGQ1000
—El 0.8- FGQ500
?D —4A—FGQ250
FGQ125
£ 0.6-
[ =
)
= 0.4-
=
o
9 0.24
c
[e]
O 0.0-

0 10 20 30 40 50 60
Time (h)

Fig. 8 Gelatin/BDMDAC release over a 60-hour period measured by high performance liquid chromatography for gel scaffolds (A) and freeze-dried

scaffolds (B). N = 3.

scaffolds, exhibit comparable degradation profiles. The gel
samples show minimal differences in degradation across
BDMDAC concentrations. The degradation profiles exhibit a
maximum weight peaking around 30-40 hours before gradu-
ally decreasing. Similarly, freeze-dried scaffolds show a sharp
initial weight loss in the first 10 hours, followed by stabiliz-
ation and a gradual decline in weight remaining, with little
variation between BDMDAC-modified and unmodified
scaffolds. This may be due to due to the initial leaching of
loosely bound material, after which weight loss stabilises and
carries on at a slower rate. Across all BDMDAC concentrations,
there is no difference in the degradation pattern, indicating
that BDMDAC modification does not compromise the long
term long-term structural stability of the scaffolds (Fig. 8).

3.4 BDMDAC release

The release profiles of BDMDAC from gel and freeze-dried
scaffolds, as measured by HPLC, demonstrate a controlled,
sustained release correlating to the initial concentration.
Scaffolds with higher concentrations of BDMDAC (1000 pg
mL ") exhibit a more pronounced and rapid release over time,
reaching nearly 1 mg mL™" by the 60 hour mark. In contrast,
the lower concentrations (500 pg mL™', 250 pg mL™", and
125 pg mL ") display more gradual release patterns, character-
ised with distinct plateaus. The release rate is slow during the
initial phase, followed by a noticeable acceleration at approxi-
mately 40 h, reaching a plateau shortly after. Although, both
the gel and freeze-dried scaffolds display broadly similar
release profiles, there are potential variations in their release
kinetics. Specifically, freeze-dried scaffolds might may display
a slightly faster initial release, likely due to a more porous
structure or altered diffusion dynamics.®* The overall trends in
both scaffold types indicate a reliable, prolonged release of
BDMDAC, with the highest concentration samples consistently
outperforming the lower ones in terms of total release. Overall,

This journal is © The Royal Society of Chemistry 2025

both scaffold formats allow for reliable and prolonged delivery
of BDMDAC, with higher initial concentrations consistently
generating greater cumulative release (Fig. 9).

3.5 Antimicrobial planktonic assay

The antimicrobial efficacy of the gel and freeze-dried scaffolds
was investigated at 4 and 24 hours against MRSA, Pseudomonas
aeruginosa and three dental pathogens: Porphyromonas gingiva-
lis, Enterococcus faecalis and Streptococcus mutans. Against
MRSA, the lower concentration gel scaffold (GL5-Q7.8) took
24 hours to achieve complete kill, the higher concentration
scaffold (GL5-Q15) achieved complete kill in only 4 h.
Following freeze-drying, only the higher concentrated scaffold
(FGL5-Q15) achieved complete kill at 4 and 24 hours. Against
P. aeruginosa, both GL5-Q250 and FGL5-Q250 displayed similar
efficacy achieving a 2-log reduction at 4 hours and a 5-log
reduction at 24 hours. For P. gingivalis, both GL5-Q31 and
FGL5-Q31 showed comparable performance, with a 1-log
reduction at both time points. In the case of E. faecalis, a
much higher QAC concentration, GL5-Q125 and FGL5-Q125
were required to achieve complete kill at 4 and 24 hours. GL5-
Q62 and FGL5-Q62 performed similarly at 4 hours with a 2-log
reduction, but at 24 hours, the bacteria regrew and only a 1-log
reduction was observed. Lastly, for S. mutans, both GL5-Q125
and FGL5-Q125 achieved the minimum bactericidal concen-
tration (MBC). Notably, while the GL5-Q62 and FGL5-Q62
showed similar effects at 4 hours, the freeze-dried sample
showed an additional 1-log reduction at 24 hours.

In this study, both gel-based and freeze-dried samples dis-
played comparable antimicrobial performance overall.
However, notable pathogen specific differences were observed.
For MRSA, the gel samples outperformed the freeze-dried
ones. At the 4-hour mark, GL5-Q7.8 achieved complete bac-
terial eradication, whereas FGL5-Q7.8 resulted in a 2-log
reduction. By 24 hours, GL5-Q7.8 showed a 1-log reduction,
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Fig. 9 Planktonic inhibition assay of BDMDAC-incorporated gel and freeze-dried scaffolds at 4 hour and 24 hour time points against four bacterial
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while FGL5-Q7.8 exhibited no further reduction. For S. mutans, FGL5-Q62 demonstrated a 1-log reduction compared
P. aeruginosa, P. gingivalis, and E. faecalis, both GL5-Qx and to GL5-Q62 at 24 hours, though both samples behaved simi-
FGL5-Qx performed equally at both time points. However, for larly at the 4-hour mark.
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The precise antimicrobial mechanism by of QACs is not
fully understood, but the prevailing theory suggests a “contact
killing” process. QACs like BDMDAC feature a long, hydro-
phobic chain which enable them to penetrate and disrupt the
bacterial cell membrane. Upon contact, QACs attach to the cell
wall, disrupt and integrate in to the lipid bilayer, compromis-
ing the membrane’s integrity. This leads to leakage of the cel-
lular contents, membrane disintegration, and eventually bac-
terial death (Fig. 10).>°

Gram-positive bacteria are characterized by a porous pepti-
doglycan-rich, loosely packed outer layer making them suscep-
tible to QAC penetration. The polymer chains more easily
penetrate this layer, reaching the cytoplasmic membrane,
causing cellular damage. Conversely, Gram-negative bacteria
possess an additional outer membrane composed of a lipid
bilayer. This extra barrier shields the inner membrane, render-
ing Gram-negative bacteria more resistant to the effects of
QACs.>®

3.7 Antimicrobial biofilm inhibition assay

The biofilm inhibition capacity of different concentrations of
BDMDAC was evaluated for several bacteria species at 24 hours
in both gel-based (GL5) and freeze-dried scaffolds (FGL5). For
MRSA, lower concentrations of BDMDAC (< 7.8 pg mL™") did
not result in significant biofilm inhibition. Complete eradica-
tion was observed at highest concentrations, GL5-Q15 and
GL5-Q31, for both GL5 and FGL5 forms, indicating that these
concentrations are highly effective in inhibiting MRSA biofilms
after 24 hours.

For P. aeruginosa, significant biofilm inhibition was
observed at BDMDAC concentrations of 500 pg mL™"' and
above. Specifically, GL5-Q500 achieved a 5-log reduction and
complete kill for GL5-Q1000 and FGL5-Q1000. Across all lower
concentrations, the gel-based scaffolds (GL5) demonstrated
greater anti-biofilm efficacy compared to their freeze-dried
counterparts (FGL5), with the exception of the highest concen-
tration, where both formats performed equally. The reduced
efficacy in the FGL5 samples could be cue to the higher poro-
sity of these samples which potentially promotes bacterial
colonisation and biofilm formation. The increased porosity
leading to increased bacterial adhesion can potentially lead to
flow obstruction when bacterial load gets high. This accumu-
lation of bacteria can promote the formation of protective
biofilm environments, which limit antimicrobial penetration,
reduce diffusion efficiency, and ultimately lower bacterial era-
dication rates.®® Notably, there was no significant inhibition at
GL5-Q125 and FGL5-Q125.

The antimicrobial effect of BDMDAC on P. gingivalis was
less pronounced compared with the other bacterial species.
For E. faecalis, both the gel-based and freeze-dried forms
demonstrated moderate biofilm inhibition, with GL5-Q62 and
FGL5-Q62 showing significant reductions in biofilm for-
mation. Higher BDMDAC concentrations were more effective,
with GL5-Q125, FGL5-Q125, GL5-Q250 and FGL5-Q250 achiev-
ing complete biofilm inhibition. No significant inhibition was
observed at concentrations up to 62 pg mL™" for both gel and

This journal is © The Royal Society of Chemistry 2025
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freeze-dried forms. Complete kill was observed for higher con-
centration samples, GL5-Q125, FGL5-Q125, GL5-Q250 and
FGL5-Q250. For S. mutans, a 1 log reductions were observed at
GL5-Q62, while no significant inhibition was observed for the
freeze-dried form. For higher concentrations both gel and
freeze-dried forms demonstrated complete kill.

QACs are broad-spectrum, nonspecific antibacterial agents
that primarily disrupt bacterial cell membranes and exhibit
anti-biofilm activity.°® For example, Gaspar et al., suggest that
dequalinium chloride, a type of QAC, diffuses into the cells,
and exerts lytic effect leading to biofilm destruction.®”
Similarly, Joseph et al., reported that water soluble positively
charged ammonium cationic pillararenes inhibit biofilm
assembly without damaging cell membranes.®® Furthermore,
Jung and colleagues have demonstrated that the use of water
soluble amphiphilic quaternary ammonium chitosans not
only kill individual cells but also bind to preformed biofilms,
thereby, increasing the local concentration of antimicrobial
agents.®’

In the root canal environment, E. faecalis exhibits a remark-
able ability to withstand harsh conditions and form biofilms
on the inner surfaces of tooth canals, making it exceptionally
difficult to eliminate.>® These characteristics contribute to its
high prevalence in secondary and persistent endodontic infec-
tions.*® P. gingivalis is a Gram-negative, black-pigmented anae-
robe is implicated in periodontal disease, abscesses and endo-
dontic infections’®”* S. mutans is one of the main species
associated with dental carries and is often found in primary
and secondary/persistent endodontic infections.”*’* The
ability of these 3D printed scaffolds to target all of these infec-
tions is promising for their clinical viability for the treatment
of REPs (Fig. 11).

3.6 Accelerated stability studies

The present study evaluated the antimicrobial efficacy of GL5-
Qx and FGL5-Qx, determining the MBC for each of the 4 bac-
teria species over a three- and six-month period. Both gel-
based and freeze-dried scaffolds demonstrated significant anti-
microbial activity against all tested bacteria, including MRSA,
E. coli, S. mutans, and P. aeruginosa.

The freeze-dried scaffold FGL5-Qx consistently demon-
strated strong antimicrobial activity throughout the study. At
the 3 month mark, FGL5-Qx achieved complete antimicrobial
efficacy at the 4 and 24 h time points. The only exception was
E. faecalis at 4 hours, which exhibited a 4-log reduction in bac-
terial count. At 6 months, a slight reduction in antimicrobial
efficacy was observed at the 4 hour time point, with a 3-log
reduction against both E. faecalis and S. mutans. Despite this
decline, the scaffold maintained its full efficacy at 24 hours
against all bacterial species, indicating that while there is a
minor loss of rapid antimicrobial activity over time, the
scaffold retains its long-term effectiveness. This finding
suggests that the freeze-dried scaffold may gradually lose some
of its immediate antimicrobial potency, but it continues to
offer robust and sustained effects.
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Fig. 10 Biofilm inhibition assay of BDMDAC-incorporated gel and freeze-dried scaffolds at a 24-hour time point against four bacterial strains: (A, C,
E, G and 1) gel scaffolds and (B, D, F, H and J) freeze-dried scaffolds against MRSA, Pseudomonas aeruginosa, Porphyromonas gingivalis,
Enterococcus faecalis, and Streptococcus mutans. N = 3 *p < 0.001,**p < 0.001, ***p < 0.001.

The gel samples, GL5-Qx, demonstrated significant anti-
microbial activity; albeit with a reduced efficacy compared
with the freeze-dried formulation, FGL5-Qx. At 3-month mark,
GL5-Qx showed reduced efficacy at the 4 hour time point, with

3808 | Biomater. Sci, 2025, 13, 3795-3813

a 2-log reduction against E. faecalis, a 3-log reduction against
S. mutans, and a 4-log reduction against P. aeruginosa, in con-
trast to the more potent activity seen with FGL5-Qx.
Additionally, at the 3 month, 24 hour point, GL5-Qx displayed

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Stability assessment of BDMDAC-incorporated gel and freeze-dried scaffolds via planktonic inhibition assays at 3-month and 6-month
intervals, conducted at 4-hour and 24 hour time points for MRSA, Pseudomonas aeruginosa, Enterococcus faecalis, and Streptococcus mutans,
using minimum bactericidal concentrations: 15.6 pg mL™* for MRSA, 500 pg mL™* for Pseudomonas aeruginosa, 62.5 pg mL™* for Enterococcus fae-
calis, and 125 pg mL™* for Streptococcus mutans. (A) 4 hour inhibition at 3 months. (B) 24 hour inhibition at 3 months. (C) 4-hour inhibition at

6 months. (D) 24 hour inhibition at 6 months. **p < 0.001, ***p < 0.001.

reduced antimicrobial efficacy against P. aeruginosa, achieving
only a 4-log reduction compared to the complete efficacy of
FGL5-Qx. This diminished activity could be attributed to
alterations in the physical properties of the scaffold due to de-
hydration, which may affect its stability and the bacterial sus-
ceptibility profile during storage. Despite these reductions,
GL5-Qx still exhibited strong antimicrobial activity against the
tested bacterial species, indicating its potential as a viable
antimicrobial agent, though less robust than its freeze-dried
counterpart. This suggests that formulation stability plays a
critical role in maintaining antimicrobial efficacy over time
(Fig. 10 and 11).

3.9 Cell viability

The impact of the 3D printed freeze-dried scaffolds on cell via-
bility was accessed using human primary dental pulp stem
cells from three donor patients to evaluate their potential use
in REPs. Freeze-dried scaffolds with concentrations of 0, 125,
250, 500, and 1000 pg mL™"' were evaluated. Lower concen-

This journal is © The Royal Society of Chemistry 2025

trations that were effective against only MRSA were excluded as
these scaffolds need to be effective against a broad range of
pathogens with higher MBCs. Cell viability was assessed using
a standard MTT assay (GL5, GL5-Q125, GL5-Q250, GL5-Q500,
GL5-Q1000) at three time points (24 hours, 72 hours, and 1
week) in accordance with ISO-10993-5 standards. For the
scaffolds to be considered non-cytotoxic, cells must maintain
>70% viability.

The results demonstrated a concentration-dependent cyto-
toxic effect of BDMDAC-loaded scaffolds (Fig. 12). At 24 hours,
all sample types demonstrated a decrease in cell viability com-
pared to the control samples, with higher BDMDAC concen-
trations leading to a further decrease in viable cells. However,
cell viability in most groups increased at the 72 hour time
point. Notably, the GL5-Q125 and the GL-Q250 samples had
over 70% viable cells after 1 week in culture indicating no cyto-
toxicity and would be potential formulations to take forward
for further biological evaluation. The findings of this study
highlight the importance of carefully considering the concen-

Biomater. Sci,, 2025, 13, 3795-3813 | 3809
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tration of BDMDAC incorporated into scaffolds to balance
antimicrobial activity with biocompatibility. While higher
BDMDAC concentrations may provide enhanced antimicrobial
protection, they may also increase the cytotoxicity. This study
focuses on cell viability for an indication of cytotoxicity. The
focus of future work is to undertake a comprehensive evalu-
ation of HDPSC stemness, proliferation, and differentiation to
validate the full therapeutic potential of these scaffolds.
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Fig. 12 Indirect effect of QCA on the Percentage of HDPSC prolifer-

ation after 24 h, 72 h and 1 week of exposure showing the percentage of
HDPSC proliferation at the different time points *p = 0.0378, **p =
0.0025, ****p < 0.0001.

4. Conclusion

This study reports on the development of biocompatible 3D
printed hydrogel scaffolds for the effective disinfection of a
root canal space for regenerative endodontic procedures. The
physicochemical properties of 3D printed scaffolds were com-
prehensively studied in terms of the rheological behaviour,
stability, swelling, degradation and printability. The release of
BDMDAC from the scaffolds demonstrated release over a 60 hr
time period. Antimicrobial efficacy was assessed against 5
pathogens (MRSA, P. aeruginosa, P. gingivalis, E. faecalis and
S. mutans) in the planktonic and biofilms adhered states, reveal-
ing a concentration dependent activity, with P. aeruginosa being
the most difficult to kill. The freeze-dried scaffold FGL5-Qx
showed strong antimicrobial activity, achieving high efficacy
against all tested bacteria within 4 and 24 hours at 3 months.
The GL5-Q125 (125 pg mL™") and GL5-Q250 (250 pug mL™")
samples exhibited broad spectrum activity against widest range
of pathogens tested and maintained over 70% cell viability
of human dental pulp stem cells (HDPSC) at 24 h and 72 h.
These BDMDAC-loaded gelatin scaffolds show exceptional anti-
microbial efficacy, particularly against E. faecalis, with no cyto-
toxicity toward HDPSC. Overall these results highlight a strong
clinical potential for these scaffolds to be used for root canal
disinfection in regenerative endodontic applications.
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