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linium encapsulation in a Zn–Fe
LDH–chia seed matrix for enhanced antimicrobial
dental therapeutics

Samar M. Mahgoub,a Abdullah S. Alawam,b Hassan A. Rudayni,b Ahmed A. Allam,b

Sahar Abdel Aleem Abdel Aziz,c Abdullah A. Eweis,d Esraa Khaled,e Rami Shafei, f

Fatma Mohamedf and Rehab Mahmoud *f

This study developed a lysozyme–dequalinium chloride-loaded Zn–Fe layered double hydroxide (LDH)–

chia seed mucilage matrix for enhanced antimicrobial efficacy and sustained drug delivery. The

optimized formulation (15% w/v Zn–Fe LDH–chia seed hybrid) achieved encapsulation efficiencies of

93.30 ± 1.92% (lysozyme) and 88.74 ± 1.71% (dequalinium), with a particle size of 153.77 ± 5.79 nm, PDI

of 0.18, and zeta potential of +26.44 ± 1.21 mV, ensuring stability and mucoadhesion. Surface

morphology, structure, drug loading, and thermostability were confirmed using various techniques. In

vitro release studies showed sustained drug release over 24 h. Antimicrobial assays demonstrated

inhibition zones against S. mutans (24.33 ± 2.03 mm), S. aureus (14.67 ± 0.88 mm), S. sobrinus (11.45 ±

0.887 mm), and K. pneumoniae (20.33 ± 2.03 mm). MIC/MBC analysis indicated high susceptibility of K.

pneumoniae (MIC = 13.00 ± 2.60 mg mL−1, MBC = 20.83 ± 5.23 mg mL−1, P < 0.001) and S. mutans (MIC

= 15.60 ± 1.05 mg mL−1, MBC = 26.07 ± 5.23 mg mL−1, P < 0.01), with S. sobrinus showing moderate

sensitivity (MIC = 49.66 ± 4.32 mg mL−1, MBC = 72.93 ± 6.43 mg mL−1). MBC/MIC ratios below 4

confirmed bactericidal action. The formulation reduced S. mutans biofilm formation by 90.1 ± 1.2% at

the highest tested concentration. Cytotoxicity evaluation showed a CC50 of 306.6 mg mL−1,

demonstrating improved cytocompatibility compared to the free components.
1 Introduction

Dental caries and periodontal diseases remain signicant
global health challenges, affecting billions of individuals
worldwide. These conditions are primarily driven by the colo-
nization and proliferation of pathogenic biolms, such as
Streptococcus mutans and Porphyromonas gingivalis, on tooth
surfaces and within periodontal pockets.1 Despite the avail-
ability of traditional antimicrobial agents, such as
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chlorhexidine, the emergence of antimicrobial resistance and
the potential for adverse effects, such as tooth staining and
mucosal irritation, have signicantly reduced their effective-
ness. Consequently, the limitations of current treatments have
driven the need for alternative therapeutic strategies that not
only offer potent antimicrobial activity but also minimize side
effects and address the underlying challenges of biolm
formation and persistence.2 Lysozyme, a naturally occurring
enzyme found in saliva, tears, and other bodily uids, plays
a critical role in the innate immune system. It exerts its anti-
microbial action by hydrolyzing the b-(1,4)-glycosidic bonds in
the peptidoglycan layer of bacterial cell walls, leading to cell
lysis and death.3 Beyond its direct antimicrobial effects, lyso-
zyme has been shown to disrupt biolm formation and enhance
the efficacy of other antimicrobial agents.4 Dequalinium chlo-
ride, a bis-quaternary ammonium compound, complements
lysozyme by exerting broad-spectrum antimicrobial activity
against both Gram-positive and Gram-negative bacteria, as well
as fungi. Its mechanism of action involves disrupting bacterial
cell membranes and interfering with intracellular processes,
making it particularly effective against biolm-embedded
pathogens.5 Together, lysozyme and dequalinium chloride
offer a synergistic, dual mechanism of action, targeting both the
structural integrity of bacterial cells and their biolm-forming
© 2025 The Author(s). Published by the Royal Society of Chemistry
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capabilities. Existing research has demonstrated the potential
of lysozyme and dequalinium chloride for biolm disruption
and antimicrobial therapy, but challenges persist regarding the
stability, bioavailability, and sustained release of these agents
within the oral cavity. Current drug delivery systems, such as
traditional mouthwashes and topical gels, oen fail to provide
prolonged antimicrobial activity and are susceptible to rapid
degradation due to the enzymatic and acidic environment in the
mouth. This limitation underscores the necessity for a more
advanced, targeted, and sustained-release system capable of
overcoming these challenges. Layered double hydroxides
(LDHs) have gained attention as versatile nanocarriers for
dental applications due to their layered structure, high surface
area, and tunable chemical composition, which enable the
intercalation and sustained release of therapeutic agents.6 Zn–
Fe LDH has been particularly recognized for its antimicrobial
properties, with zinc enhancing the therapeutic potential of
LDHs by inhibiting bacterial adhesion and biolm formation.7

Iron contributes to the structural stability of LDHs andmay also
play a role in modulating oxidative stress in periodontal
tissues.8 Despite these advantages, the combination of lysozyme
and dequalinium chloride with Zn–Fe LDH matrices for sus-
tained, biolm-targeting delivery has not been widely explored,
and the controlled release of these agents from such a system
remains a critical area of innovation. In addition to LDHs,
natural biopolymers such as chia seeds have been explored for
their potential in drug delivery and dental applications. Chia
seeds are rich in mucilage, a polysaccharide-based gel-forming
substance that exhibits excellent biocompatibility, mucoadhe-
sive properties, and the ability to sustain the release of encap-
sulated drugs.9 When combined with LDHs, chia seed mucilage
forms a hybrid matrix that not only enhances the encapsulation
efficiency of lysozyme and dequalinium chloride but also
provides a protective barrier against enzymatic degradation in
the oral cavity.10 This combination of LDHs and chia seeds
represents a novel approach to achieving controlled and tar-
geted delivery of antimicrobial agents in dental applications,
addressing the limitations of previous formulations. The inte-
gration of lysozyme and dequalinium chloride into a Zn–Fe
LDH–chia seed matrix offers several advantages for dental
applications. First, the encapsulation of these agents within the
matrix protects them from premature degradation in the harsh
oral environment, ensuring sustained release at the site of
infection.11 Second, the antimicrobial properties of zinc and
iron synergize with those of lysozyme and dequalinium chlo-
ride, enhancing the overall efficacy of the formulation against
dental pathogens.12 Finally, the biocompatibility and mucoad-
hesive properties of chia seeds facilitate the adherence of the
formulation to tooth surfaces and periodontal pockets, pro-
longing its therapeutic effect.10 In this study, we aim to inves-
tigate the development and application of a novel encapsulated
formulation combining lysozyme, dequalinium chloride, Zn–Fe
LDH, and chia seeds for dental applications. We hypothesize
that this formulation will exhibit enhanced antimicrobial
activity, sustained drug release, and improved biocompatibility
compared to conventional treatments. Through a series of in
vitro experiments, we seek to demonstrate the potential of this
© 2025 The Author(s). Published by the Royal Society of Chemistry
innovative approach to address the limitations of current dental
therapies and improve oral health outcomes. Specically, we
aim to provide a more effective solution for biolm disruption,
enhanced antimicrobial efficacy, and prolonged therapeutic
effects in the oral cavity.
2 Experimental section
2.1 Materials

Dequalinium chloride (99.52% purity, 456 Da) and lysozyme
(from chicken egg whites, 14.3 kDa) were obtained from Sino-
pharm Chemical Reagent Co., Ltd, Shanghai, China.
Zn(NO3)2$6H2O, Fe(NO3)3$9H2O, hydroxy ethyl cellulose HEC
(product number 434965) of average Mw 90 000 were purchased
from Sigma-Aldrich, Missouri, United States. Chia seeds were
purchased from Zhengzhou Cheerful Trading Co., Ltd, Henan,
China. Sodium benzoate was purchased from Hangzhou Better
Chemtech Ltd, Zhejiang, China. Mint (avouring agent) was
purchased from Hangzhou Golden Flavors Co., Ltd, Hangzhou,
China. Sodium hydroxide and 37% hydrochloric acid were
sourced from Scharlau, Barcelona, Spain. Dimethyl sulfoxide
(DMSO) was obtained from Merck, Germany. MTT and trypan
blue dye were purchased from Sigma (St. Louis, Mo., USA). Fetal
bovine serum, DMEM, HEPES buffer solution, L-glutamine,
gentamycin and 0.25% Trypsin–EDTA were purchased from
Lonza (Belgium). Sodium dihydrogen phosphate anhydrous, di-
sodium hydrogen phosphate anhydrous, sodium chloride and
sodium hydroxide, were obtained from Merck (Darmstadt,
Germany). Chlorhexidine was purchased from UNILAB Chem-
icals & Pharmaceuticals Pvt Ltd, Maharashtra, India.
2.2 Synthesis and formulation development

2.2.1 Synthesis of Zn–Fe LDH. Zn–Fe LDH was synthesized
via a co-precipitation method. Zinc nitrate and ferric nitrate
were dissolved in deionized water at a molar ratio of 2 : 1 (Zn :
Fe). The pH of the solution was adjusted to 10 using a 1MNaOH
solution under continuous stirring. The resulting suspension
was aged at 60 °C for 24 hours. The precipitate was collected by
centrifugation, washed with deionized water until neutral pH,
and dried at 60 °C.

2.2.2 Chia seed mucilage powder. Chia seeds were soaked
in deionized water (1 : 10 w/v) and stirred at room temperature
for 4 hours to allow mucilage powder. Then, the mucilage was
separated by ltration and concentrated by freeze-drying (Tof-
on FDU-1100 with Capacity up to 1.2 m2 shelf area, Tofflon
Science and Technology Co., Ltd, Shanghai, China) to obtain
a dry powder.

2.2.3 Hybrid matrix fabrication. Firstly, Zn–Fe LDH was
dispersed in distilled water (1%w/v) with continuous sonication
to ensure the uniform dispersion, then freshly prepared chia
seed mucilage was gradually added under continuous stirring
for one hour in a 1 : 1 ratio to ensure homogeneity.

2.2.4 Encapsulation of bioactives. The encapsulation
process was conducted upon three formulations depending on
concentration of Zn–Fe LDH–chia seed hybrid, thickening agent
(hydroxy ethyl cellulose); Formulation (F1), Formulation (F2),
RSC Adv., 2025, 15, 30872–30899 | 30873
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Table 1 Formulations containing equal amounts of lysozyme and dequalinium chloride, preservative and flavoring agent with variations in Zn–Fe
LDH–chia seed hybrid and thickening agent (hydroxy ethyl cellulose) to determine the optimal formulation

Ingredients
Formulation
1 (F1)

Formulation
2 (F2)

Formulation
3 (F3)

Lysozyme (mg) 400 400 400
Dequalinium chloride (mg) 45 45 45
Zn–Fe LDH–chia seed hybrid (%w/v) 5 10 15
Hydroxy ethyl cellulose (mg) 500 750 1000
Flavoring agent (mint) 200 200 200
Sodium benzoate (preservative) (mg) 100 100 100
Puried sterile water (mL) 100 100 100

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 9
/1

4/
20

25
 5

:5
5:

08
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Formulation (F3), as shown in Table 1. Firstly, Zn–Fe LDH–chia
seed hybrid suspension of different concentrations were
prepared by dispersing synthesized Zn–Fe LDH–chia seed
hybrid powder (5% w/v; F1, 10% w/v; F2, 15% w/v; F3) in sterile
water, stirring for 1 hour to achieve uniform dispersion. In
a separate step, dissolve lysozyme and dequalinium chloride in
sterile water and adjust pH to 6.8 to form a concentration of
0.4% w/v, 0.045%w/v, respectively. Then gradually add the
formed solution to each Zn–Fe LDH–chia seed hybrid suspen-
sion representing a denite formula under constant stirring for
1 hour, allowing the bioactive compounds to incorporate into
the Zn–Fe LDH–chia seed matrix. Filter the mixture to remove
unencapsulated compounds, as illustrated in Scheme 1.
2.3 Formulation characterization

2.3.1 Encapsulation efficiency (EE%). The encapsulation
efficiency for each formulation was evaluated by measuring the
unencapsulated compounds in the supernatant using an
Evolution 350 UV-Vis Spectrophotometer (Thermo Fisher
Scientic, Massachusetts, USA) from eqn (1) and (2) at wave
lengths 282 nm for lysozyme and 327 nm for dequalinium
chloride which were selected aer a wavelength scan from 200–
400 nm exhibiting the maximum absorbance for lysozyme and
dequalinium chloride, respectively.

Encapsulation efficiency of lysozyme%

¼ total amount of lysozyme� free lysozyme

total amount of lysozyme
(1)
Encapsulation efficiency of dequalinium chloride% ¼ total amount of dequalinium chloride� free dequalinium chloride

total amount of dequalinium chloride
(2)
2.3.2 Particle size, PDI, and zeta potential. The Zetasizer Ultra
(Malvern, USA) was used to determine the size, dimension,
polydispersity index (PDI), and zeta potential of the loaded and
unloaded Zn–Fe LDH–chia seed hybrid. The zeta potential and
Dynamic Light Scattering (DLS) techniques provide insight into
the particle size distribution, surface charge, PDI, and stability
of the encapsulated formulation.13

2.3.3 Physicochemical properties. Encapsulation effi-
ciency were measured using Thermo-Evolution 350 UV-Vis
30874 | RSC Adv., 2025, 15, 30872–30899
spectrophotometer (Thermo-Fisher Scientic, Massachu-
setts, USA). The encapsulated formulation has been charac-
terized using different techniques such as Panalytical
(Empyrean) X-ray diffractometer with Cu-Ka radiation
(wavelength 0.154 nm) that operated at a current of 35 mA
and voltage of 40 kV, scanning at a rate of 8° min−1 from 5° to
80° (2q) was used in X-Ray Diffraction (XRD) investigation,
FT-IR using Bruker-Vertex 70 Spectrometer (Germany) appa-
ratus covering the wave number range of 4000–400 cm−1 was
used for Fourier Transform Infrared Spectroscopy (FTIR)
investigation. Also, the Zetasizer Ultra (Malvern, USA) was
used to determine the size, dimension, polydispersity index
(PDI), and zeta potential of the loaded and unloaded LDH–

chia seed hybrid.13

The crystallite sizes (D) of prepared materials were calculated
using Deby–Sherrer's, which is expressed by the following formula:

D ¼ 0:9l

b cosðqÞ (3)

where b is full width at half maximum (FWHM) at the diffrac-
tion angle 2q, l = X-ray wavelength. The interatomic spacing
was investigated from Bragg's law as.14,15

2d sin(q) = nl (4)

n is the order of the reection (usually 1 for XRD), l is the wave
length of X-ray (commonly 1.5406 A for Cu Ka radiation), d is
the interplanar spacing of the crystal lattice plane, q is the
diffraction angle (half of the 2q angle in XRD).
The degree of crystallinity Xc for all prepared samples was
estimated from eqn (5) to determine the impact of chia addi-
tion on the crystalline structure alterations of the host
matrix.16

Xc ¼ area of the crystalline peaks ðAcÞ
area of all peaks ðcrystalline ðAcÞ þ amorphous ðAaÞÞ

(5)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the stepwise fabrication of the Zn–Fe LDH–chia seed hybrid Matrix, including the synthesis of Zn–Fe LDH, powder of
chia seed mucilage, hybrid matrix formation, and encapsulation of lysozyme and dequalinium chloride.
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Ac and Aa were determined from the convolution of the XRD
peaks using Fityk soware.17

The microstructure was examined via an EVO MA10 scan-
ning electron microscope (ZEISS, Germany). Elemental
mapping analyses were conducted via a Quanta FEG250-FEI
SEM instrument (USA). Additionally, BET analysis was con-
ducted to assess the specic surface area, pore size distribution,
and specic pore volume of the modied prepared materials via
TriStar II 3020 fromMicrometrics. Thermal gravimetric analysis
(TGA) was performed at a rate of 10 °C min−1 in a N2 atmo-
sphere (Netzsch; STA 409 PC/PG). Finally, quantitative deter-
minations of the residual drugs concentration using an
Evolution 350 UV-Vis Spectrophotometer (Thermo Fisher
Scientic, Massachusetts, USA).
2.4 In vitro release and kinetics

In this study, we used Phosphate-Buffered Saline (PBS of pH 6.8)
to simulate saliva, rstly, we mixed 38.5 mL of 0.2 M NaH2PO4,
61.5 mL of 0.2 M Na2HPO4, and 100 mL of 1.5 M NaCl, then
dilute to 1 L with distilled water. Adjust the pH to 6.8 using
NaH2PO4 (to lower pH) or Na2HPO4 (to raise pH). Firstly, the
dialysis bags were soaked in the dissolution (release) medium
overnight. Then, 100 mg of encapsulated Formulation (F3) and
100 mg of unencapsulated formulation (control test) were
placed in dialysis bags made of cellulose membrane (molecular
weight cut-off of 14 000 Da, SERAVA Electrophoresis) that were
sealed at both ends with thermo-resistant thread. These bags
were immersed in a glass jar containing 100 mL of phosphate
buffer solution (PBS, pH 6.8, at 37 °C ± 0.5 °C) to mimic
physiological conditions. The jar was then placed in a shaker
incubator (Labsol, India), and it was set at 100 rpm to simulate
mild agitation in the oral cavity. At predened time intervals
(15min, 30min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h and 24 h), 2 mL of the
PBS surrounding the dialysis bag was withdrawn and replaced
© 2025 The Author(s). Published by the Royal Society of Chemistry
with an equal volume of fresh PBS to maintain sink conditions.
Each sample was ltered through a 0.22 mm nylon syringe lter.
The concentration of both of lysozyme and dequalinium
released into the surrounding medium was measured using an
Evolution 350 UV-Vis Spectrophotometer (Thermo Fisher
Scientic, Massachusetts, USA) at wave lengths 282 nm for
lysozyme and 327 nm for dequalinium chloride. The cumulative
drug release percentage was calculated by plotting the concen-
tration of released lysozyme and dequalinium against time,
allowing for an evaluation of the release prole of the encap-
sulated lysozyme and dequalinium from Zn–Fe LDH–chia seed
hybrid compared to the free drugs. Drug release at time t,
cumulative drug release (%) were calculated using eqn (6) and
(7):

Released drug at time t = Ct × V (6)

where, Ct represents the drug concentration at time t (mg
mL−1), V represents volume of the dissolution medium (mL).

Cumulative drug release ð%Þ

¼ released drug at time t

initial amount of drug loaded
� 100 (7)

Various release kinetics models were applied including zero-
order kinetics (constant release rate), rst-order kinetics
(release rate depends on the amount of drug remaining),
Korsmeyer–Peppas model (power law), Higuchi model
(diffusion-controlled release) to give insight into the release
mechanism either through diffusion, swelling, or erosion of the
encapsulated formulation using the following equations:

Zero-order kinetics

Mt = M0 + Kt (8)
RSC Adv., 2025, 15, 30872–30899 | 30875
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First-order kinetics

Mt

M0

¼ 1� e�k1t (9)

Korsmeyer–Peppas Model

Mt

M0

¼ Ktn (10)

Higuchi model

Mt ¼ KH

ffiffi
t

p
(11)

Mt = amount of drug released at time t, M0 = initial amount of
drug, k1 = rst-order rate constant, n is the release exponent
that indicates the release mechanism, t = time, kH = Higuchi
rate constant (depends on properties like the diffusion coeffi-
cient, solubility, and surface area).
2.5 Biological evaluations

2.5.1 Antimicrobial activity. Clinical isolates of Escherichia
coli (E. coli), Klebsiella pneumoniae (K. pneumoniae), Pseudo-
monas aeruginosa (P. aeruginosa), Staphylococcus aureus (S.
aureus), and Streptococcus mutans (S. mutans) were recovered
from dairy cattle exhibiting clinical mastitis. These isolates were
used to evaluate the antimicrobial efficacy of chia seeds and
synthesized nanoparticles. The bacterial isolates were stored as
stock cultures at−20 °C in the Laboratory of Hygiene, Zoonoses,
and Epidemiology at the Faculty of Veterinary Medicine, Beni-
Suef University. The isolates were initially recovered and iden-
tied using standard biochemical protocols.18 Prior to the
experiments, all bacterial isolates, including S. mutans, were
cultured overnight in nutrient broth (Oxoid Ltd, UK) at 37 °C
under aerobic conditions. To achieve a concentration of 1 × 105

colony-forming units per mL (CFU mL−1), equivalent to 0.5
McFarland standard, a small number of colonies were sus-
pended in 0.9% saline (NaCl). For the chemical suspensions,
chia seeds, Zn–Fe layered double hydroxides (LDHs), and the
encapsulating formula were prepared at a concentration of 1000
mg mL−1. These materials were suspended in 10.0% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, USA) and sonicated for 3–5
minutes using a high-power sonicator (20 kHz, Model: Q700
Sonicator®, Australia).

2.5.2 Agar well diffusion. The antimicrobial activity of the
prepared compounds was assessed using the standard agar well
diffusion method. Each bacterial inoculum, including S.
mutans, was streaked separately onto the surface of Mueller–
Hinton agar (MHA, Sigma-Aldrich, Dorset, UK). Aer the agar
solidied, four circular wells (6 mm in diameter) were created in
each plate using a sterile cork borer. Each well was lled with
35–50 mL of the prepared chemical suspensions. The plates were
incubated at 37 °C for 24 hours, aer which the inhibition zones
were measured. Ciprooxacin (5 mg, Oxoid) was used as a posi-
tive control, and 10.0% DMSO served as the negative control. All
experiments were performed in triplicate, and the results were
expressed as means ± standard error (SE).
30876 | RSC Adv., 2025, 15, 30872–30899
2.5.3 Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC). TheMIC andMBC
of the tested nanoparticles against the selected bacterial
isolates were determined using the broth macro-dilution
method.18 Briey, each nanoparticle suspension was serially
diluted in 1 mL of sterile Mueller–Hinton broth (Oxoid Ltd, UK),
starting from an initial concentration of 1000 mg mL−1. Bacte-
rial inoculum (1 × 105 CFU mL−1) was added to each dilution,
and the tubes were incubated at 37 °C for 24 hours. Aer
incubation, 100 mL of the lowest concentration showing no
visible turbidity was streaked onto Mueller–Hinton agar (MHA)
and incubated overnight at 37 °C under aerobic conditions. The
MIC was dened as the lowest concentration of the tested
material that inhibited visible bacterial growth in the broth. The
MBC was determined as the lowest concentration that resulted
in 100% bacterial killing, with no growth observed on the agar
surface. All experiments were conducted in triplicate. Addi-
tionally, the MBC/MIC ratio was calculated to determine
whether the tested compounds exhibited bacteriostatic or
bactericidal activity.

2.5.4 Anti-biolm assay. As described by Christensen
et al.,19 a qualitative assay was performed to assess the
suppression of biolm development in the presence and
absence of synthesized Zn–Fe LDH–chia seed hybrid formula-
tions (F1, F2, F3). The inner surfaces of the tubes were visually
examined for biolm formation with and without the applica-
tion of these formulations. The anti-biolm effectiveness of the
synthesized materials was tested against S. mutans and
compared to an untreated control.20

2.5.5 Preparation and inoculation. 5 mL of nutrient broth
(NB) was added to the tubes, which were then inoculated with
cultures adjusted to 0.5 McFarland standards, resulting in
concentrations of 1–2.5 × 108 CFU mL−1.

2.5.6 Incubation and rinsing. The tubes were incubated for
24 hours at 37.0 ± 0.5 °C. Aer incubation, the contents were
discarded, and the tubes were rinsed with phosphate-buffered
saline (PBS, pH = 7.0) and allowed to dry.

2.5.7 Fixation and staining. Bacterial cells adhered to the
tube walls were xed using 5 mL of 3.0% sodium acetate for 15
minutes, followed by rinsing with deionized water. The biolms
were stained with 0.1% crystal violet (CV) dye for 15 minutes,
and excess dye was removed by washing.

2.5.8 Semi-quantitative assessment. For semi-quantitative
analysis, 5 mL of absolute ethanol was added to dissolve the
CV-stained biolms. The optical density (OD) of the dissolved
biolms was measured using ultraviolet-visible (UV-Vis) spec-
trophotometry at a wavelength of 570 nm.21 The percentage of
biolm inhibition was calculated using the following equation:

Biofilm inhibition % ¼
½OD of untreated sample�OD of treated sample�

OD of untreated sample
� 100 (12)

2.5.9 Cytotoxicity assay
2.5.9.1 Cell lines and culture conditions. Human gingival

broblast cells (HGF-1 cell line; ATCC® CRL-2014) were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). These cell lines were propagated and tested
for cytotoxicity assays at the Tissue Culture Unit of the Regional
Center for Mycology and Biotechnology, Al-Azhar University.
The cells were cultured in Dulbecco's Modied Eagle's Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum, 1% L-glutamine, HEPES buffer, and 50 mg per mL gen-
tamycin. All cells were maintained at 37 °C in a humidied
atmosphere containing 5% CO2 and were subcultured twice
a week. The study included four groups: Group 1 consisted of
human gingival broblasts treated with Sample 1 (Formulation
1), Group 2 included human gingival broblasts treated with
Sample 2 (Formulation 2), Group 3 involved human gingival
broblasts treated with Sample 3 (Formulation 3), and Group 4
served as the control group, consisting of untreated human
gingival broblasts cultured in DMEM medium.

2.5.9.2 Cytotoxicity evaluation via MTT assay. For cytotox-
icity assessment, the cells were seeded into a 96-well plate at
a density of 1 × 104 cells per well in 100 ml of growth medium.
Aer 24 hours of seeding, 100 ml of the tested samples were
added to the conuent cell monolayers in the 96-well plates.
Each concentration of the test sample was tested in triplicate.
Control cells were incubated without the test sample. The plates
were incubated at 37 °C in a humidied incubator with 5% CO2

for 24 hours. Aer 24 hours of incubation, cell viability was
assessed using theMTT assay. Themedia was removed from the
wells and replaced with 100 ml of fresh culture DMEM medium
without phenol red. Then, 10 ml of a 12 mMMTT stock solution
(5 mg of MTT in 1 mL of PBS) was added to each well, including
untreated controls. The plates were incubated at 37 °C and 5%
CO2 for 4 hours. Following incubation, 85 ml of the media was
removed from each well, and 50 ml of DMSO was added to
dissolve the formazan crystals. The plates were incubated for an
additional 10 minutes at 37 °C.
Fig. 1 (a) Side and (b) top views of DFT-optimized structure of the w
dequalinium cation (in blue circle), Asp52 (in green circle), and Zn–Fe-
showing hydrogen bonds (gray dashed lines).

© 2025 The Author(s). Published by the Royal Society of Chemistry
The optical density (OD) was then measured at 590 nm using
a microplate reader (TS800, BioTek, Inc, USA) to determine the
number of viable cells. Cell viability was calculated as:

Viabilityð%Þ ¼ ½ODt�
½ODc� � 100 (13)

where ODt is the mean optical density of wells treated with the
tested sample and ODc is the mean optical density of untreated
cells.

The relationship between cell survival and drug concentra-
tion was plotted to obtain the survival curve for each treatment.
The cytotoxic concentration (CC50), dened as the concentra-
tion required to induce toxic effects in 50% of the cells, was
determined from the dose–response curve using GraphPad
Prism soware (San Diego, CA, USA).
2.6 Statistical analysis

The experimental results were analyzed using one-way analysis
of variance (ANOVA) at a signicance level of p < 0.05. All
statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) soware. Standard errors of
treatment means were also calculated. Additionally, OriginPro
soware (version 9.0) was used for data visualization and
further statistical evaluation.
2.7 Computational details

To elucidate the adsorption interactions and mechanism of
action in the studied system, simple density functional theory
(DFT) calculations were performed using ORCA 6.0 suite of
programs.22–26 The adsorption of glucuronic acid (representing
chia seed mucilage), dequalinium cation, and aspartic acid
(Asp52, modeling lysozyme's active site) on a Zn–Fe LD surface,
specically [Fe2Zn5(OH)24]

8− cluster, was investigated using
density functional theory (DFT) with ORCA 6.0, employing the
hole system. (c) The QC includes the glucuronic acid (in red circle),
LDH (gray and golden spheres for Zn2+ and Fe2+ ions, respectively),

RSC Adv., 2025, 15, 30872–30899 | 30877
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QMMM embedded cluster approach.27,28 The system used is
show in Fig. 1(a and b), and the quantum cluster is given in
Fig. 1(c) while the rest of the Zn–Fe LDH part is treated as point
charges. The B3LYP functional with D3BJ dispersion correction
and def2-SVP basis set of the Ahlrichs group was employed,
incorporating the conductor-like polarizable continuum model
(C-PCM) with water solvation model to mimic the aqueous oral
environment.29–35 Geometries were optimized at this level of
theory, followed by single-point energy calculations for the full
system (glucuronic acid + Asp52 + dequalinium + Zn–Fe-LDH),
individual components, and pairwise systems (glucuronic acid
+ Zn–Fe-LDH, Asp52 + Zn–Fe-LDH, and dequalinium + Zn–Fe-
LDH). Basis set superposition error (BSSE) was corrected
using the counterpoise method, treating each component as
a fragment. Interaction energies were computed via the super-
molecular approach: (DEint = Ecomplex − P

Efragment), with
results summarized in Table 2.

CHELPG charges were calculated to analyze electrostatic
interactions, with interatomic distances extracted from the
optimized geometry to identify hydrogen bonds and electro-
static interactions.

pH-responsive behavior of LDH was adjusted by the incor-
poration of a surface SiOH group, following the methodology
proposed in previous studies. Two drugmolecules were studied:
lysozyme was approximated by a simplied model molecule
C6H4OHNH2 (phenolic amine), representing its key functional
groups responsible for adsorption. Dequalinium was used as
the second drug molecule without further simplications. Both
drug molecules and LDH models were investigated in their
neutral and anionic states to simulate protonation/
deprotonation events occurring under different pH condi-
tions. All geometries (isolated drugs, isolated LDH, and drug–
LDH complexes) were optimized without symmetry constraints.
Frequency calculations were performed to ensure that the
structures correspond to true minima (no imaginary frequen-
cies). In this study, the pH dependence of the binding energies
of the drugs with the LDH carrier is modeled by considering the
protonation and deprotonation processes of both the drug
molecules and the carrier complex. The protonation and
deprotonation states of the complexes are assumed to shi
according to the pKa values of the drug and the carrier. For each
pH, the protonation state of the drug is determined by the
Henderson–Hasselbalch equation, which relates the proton-
ation equilibrium of a molecule to the pH and its pKa value. The
Table 2 DFT-calculated interaction energies (in kcal mol−1) for the
adsorption of individual ligands (dequalinium, glucuronic acid, Asp52)
and the combined ligand system on Zn–Fe–LDH

System
Interaction energy
(kcal mol−1)

Dequalinium + Zn–Fe-LDH −371
Glucuronic acid + Zn–Fe-LDH −115
Asp52 + Zn–Fe-LDH −92
Glucuronic acid + Asp52 +
dequalinium + Zn–Fe-LDH

−343

30878 | RSC Adv., 2025, 15, 30872–30899
protonated form dominates at lower pH, and the deprotonated
form becomes more prevalent at higher pH. For each pH value,
the protonation state of the drug and the carrier is updated, and
the corresponding interaction energies are calculated using
DFT. The total energy of the system is then obtained by
considering the individual energies of the protonated and
deprotonated species and their interactions. The nal adsorp-
tion energies are computed by taking into account the changes
in the protonation states of the drug and the LDH carrier at each
pH value. This methodology allows for the prediction of the pH-
dependent loading and release behaviors of the drugs in
response to the changes in the protonation states, which is
crucial for understanding their absorption and release mecha-
nisms at different pH conditions as described in this study.36

The interaction energy (Eint) was calculated using the formula:

Eint = Ecomplex − (ELDH + Edrug)

where, Ecomplex is the total energy of the optimized drug–LDH
system, ELDH is the total energy of the isolated LDH, and Edrug is
the total energy of the isolated drug. The pH-responsive loading
and release mechanism was evaluated by examining the varia-
tion of the interaction energy (Eint) under different protonation
states of the drug and LDH.
3 Results and discussion
3.1 Formulation optimization and characterization

Encapsulation efficiency (EE%) is a critical parameter for
assessing the effectiveness of a drug delivery system, as it
directly reects the ability of the carrier matrix to incorporate
and retain active agents. A higher EE% indicates that a larger
proportion of the therapeutic agents remain encapsulated
within the matrix, thereby reducing the likelihood of degrada-
tion or premature release. This ensures a more controlled,
sustained release prole at the target site, maximizing the
therapeutic potential. In our study, Formulation 3 exhibited the
highest EE% for both lysozyme and dequalinium chloride,
suggesting that the higher concentration of the Zn–Fe LDH–

chia seed hybrid (15% w/v) enhances the matrix's stability and
its capacity to encapsulate the active agents more effectively.
This nding is in line with previous studies showing that
increasing the concentration of the carrier matrix improves the
entrapment of bioactive compounds due to the availability of
more binding sites and a denser network structure.37–39

However, the novelty of our approach lies in the incorporation
of chia seed mucilage, which plays a pivotal role in modulating
the release kinetics of the encapsulated agents. The chia seed
mucilage forms a gel-like barrier that limits the diffusion of
bioactive agents, providing a controlled, delayed release. This is
attributed to its polysaccharide-rich composition, which inter-
acts with the Zn–Fe LDH matrix and the encapsulated thera-
peutics, resulting in a stable hybrid complex. The unique
combination of Zn–Fe LDH with chia seed mucilage offers not
only enhanced encapsulation but also a prolonged therapeutic
effect, making it highly suitable for oral applications, such as
mouthwash formulations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The particle size, PDI, and zeta potential of the encapsulated
formulation are critical for its stability, mucoadhesion, and
bioavailability in the oral cavity. F3 exhibited the smallest
particle size, lowest PDI, and highest zeta potential, indicating
superior stability and uniformity. The smaller particle size
enhances the penetration of the formulation into biolms and
periodontal pockets, while the higher zeta potential ensures
better colloidal stability and mucoadhesion. The low PDI value
(0.18) further conrms the homogeneity of the formulation,
which is essential for consistent drug release.40–42 Table 3 shows
the Particle size distribution, polydispersity index (PDI) and zeta
potential for loaded and un loaded Zn–Fe LDH–chia seed
hybrid. Table 3 shows the encapsulation efficiency of lysozyme
and dequalinium in Zn–Fe LDH–chia seed hybrid in addition to
particle size, zeta potential and PDI.
Fig. 2 (a) XRD of LDH–chia hybrid, (b)LDH–chia–Lys–Dqm hybrid
composite, (c) FTIR spectrum analysis of chia seed powder, (d) LDH–
chia hybrid, and (e) Lys–Dqm/LDH–chia hybrid materials.
3.2 Structural and morphological analysis

The strong and sharp diffraction peaks of Zn–Fe LDH at low 2q
values in the range of 2q = 6–80°. The LDH phase's basal
spacing value, which is the brucite-like layer's thickness added
together (0.414 nm) (Fig. 2 a), is in good agreement with the
nitrate LDH materials' reference code (04-018-3495). The pres-
ence of the main peaks at 2q at 9.14°, 25.34°, 31.86°, 39.01°,
47.70°, and 56.90° conrms the layered structure of the Zn–Fe
LDH. The absence of free hydroxide formation in the XRD chart
could be attributed to the delayed addition of sodium hydroxide
during the formation of LDH. We note that the peaks are
narrow, indicating that Zn and Fe were substituted into the
crystalline Zn–Fe LDH structure.43 The plane indices were
included to the XRD prole and compared with JCPDS reference
le. The XRD analysis of the LDH–chia hybrid and Lys–Dqm/
LDH–chia hybrid composites (Fig. 2b), as illustrated in Fig. 2a,
reveals the presence of various mineralogical phases within the
created materials. The synthesized Zn–Fe LDH–Chia material
displayed distinct diffraction peaks at (003), (006), (009), (012),
(015), (018), (110), (113), (112)and (201) of Zn–Fe LDH [JCPDS
No. 38-0486],44 which were attributed to the crystallographic
structure of the material (JCPDS Card No. 38-0486). The XRD
pattern shows a peak for chia seed powder at approximately 2q
= 12.37° in the two prepared samples, but another weak peak
was observed only at approximately at 2q = 19.50° in the Zn–Fe
Table 3 Characterization of encapsulated formulations: particle size, zet

Formulation
%w/v of Zn–Fe
LDH–chia seed hybrid

Mean particle
(diameter in

Blank
(Zn–Fe LDH–chia seed hybrid)

— 106.44 � 3.46

Formulation 1 5% 222.46 � 4.15
Formulation 2 10% 184.42 � 4.78
Formulation 3 15% 153.77 � 5.79

a Data are expressed as means ± SE (mean ± SE, n = 3). b Polymodal refe
below 0.3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
LDH–chia sample. Following the incorporation of Lys and Dqm
into the LDH–chia hybrid to form the Lys–Dqm/LDH–chia
composite, X-ray diffraction analysis revealed a signicant
reduction in peak intensities, complete disappearance of
certain reections, and pronounced broadening of some
remaining diffraction peaks. This phenomenon may be attrib-
uted to the intercalation of Lys and Dqm within the interlayer
spaces of LDH was related to the decrease if the crystallite size
a potential, and encapsulation efficiency of lysozyme and dequaliniuma

size
nm)

Dispersity
(PDI)b

Zeta potential
(mV)

Encapsulation efficiency
(EE%)

Lysozyme Dequalinium

Monomodal +30.24 � 1.57 — —

Monomodal +18.12 � 2.13 75.01 � 1.23 70.11 � 2.03
Monomodal +21.08 � 1.98 82.33 � 2.26 78.20 � 1.15
Monomodal +26.44 � 1.21 93.30 � 1.92 88.74 � 1.71

rs to PDI values that exceed 0.3, while monomodal refers to PDI values

RSC Adv., 2025, 15, 30872–30899 | 30879
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of the material aer loading to 10.58 nm, ultimately leading to
a reduction in its crystallinity.45 Also, a small peak shi can be
seen for the (003) peak which can be attributed to intercalation
of the drugs loaded into the LDH layers. Additionally, new
diffraction peaks observed at 13.18, 29.82°, 35.42°, and 75.38°,46

indicate the presence of the Lys crystalline phase (ICDD PDF
Number: 00-045-0192), while additional peaks corresponding to
Dqm were identied at 22.78°, 28.42°, and 43.5°,47 further
supporting the structural modications. Consequently, the
identication of XRD patterns associated with all incorporated
components validates the successful creation of the Lys–Dqm/
LDH–chia hybrid composite. The basal plane of (003) has been
decreased from 9.78 Å for LDH48 to 9.40 Å for chia–LDH and
8.88 Å for chia–LDH/Lys–Dqm, respectively. This may be indi-
cate that the chia was covered the surface and the loaded drugs
interacted on the surface because the d spacing decrease aer
loading.45

Fig. 2c–e provides a comprehensive representation of the
FTIR spectra for the materials chia seed powder, chia–LDH
hybrid, and chia–LDH/Lys–Dqm hybrid materials, highlighting
distinctions in their molecular vibrational modes and func-
tional group characteristics. The absorption bands identied at
3442.74 cm−1 and 1645.19 cm−1 correspond to the stretching
and bending vibrations of hydroxyl groups associated with
physically adsorbed water.49,50 The FTIR spectrum of the chia
seed powder demonstrated signicant absorption peaks within
the range of 1745–1460 cm−1, corresponding to the stretching
vibrations of the C]O bond, thereby conrming the presence
of a ketone functional group.51,52 Additionally, the spectrum
revealed a peak at 1159.15 cm−1, characteristic of the C–N
stretching vibration, and another peak near 3006.58 cm−1,
indicative of the stretching vibration of alkane (C–H) groups.51

The absorption bands observed within the range of 2923–
2850 cm−1 correspond to the stretching vibrations of C–H
bonds, specically associated with the methyl and methylene
groups forming the structural backbone of lipids.52 Further-
more, the band observed at 714 cm−1 is associated with the
bending vibrations of methylene groups found in cis-disubsti-
tuted olens.53 The synthesis of the LDH–chia hybrid leads to
the elimination and displacement of certain absorption bands
associated with the chia seed powder, accompanied by the
appearance of a novel absorption peak noticed at 1396.38 cm−1.
This newly observed band is attributed to the stretching vibra-
tions of NO3

− groups, which are integrated within the structural
framework of the fabricated chia–LDH hybrid.54 All vibrational
bands identied below 850 cm−1 are attributed to the charac-
teristic oscillations of the metal–oxygen lattice, encompassing
M–O, M–OH, and M–O–M bonding interactions.55 The combi-
nation of Lys and Dqm into the chia–LDH conrmed by the
presence of distinct transmittance bands at 1072.63 cm−1 and
1396.38 cm−1, assigned to Lys.56,57 Additionally, the presence of
strongly enhanced bands within the range of 1000–1300 cm−1

(corresponding to C–N stretching vibrations) and 2800–
3000 cm−1 (associated with C–H stretching vibrations) provided
clear evidence of Dqm integration within the fabricated
composite structure. The spectroscopic modications observed
in characteristic FTIR vibrational modes, accompanied by
30880 | RSC Adv., 2025, 15, 30872–30899
signicant shis in baseline transmittance proles following
Lys–Dqm intercalation, demonstrate direct correlation with the
XRD structural evolution. This manifests through: attenuation
of characteristic LDH diffraction peaks, and emergence of
distinct crystalline shoulders corresponding to Lys and Dqm
molecular packing. These complementary analytical observa-
tions collectively validate the successful integration of bioactive
compounds within the chia–LDH matrix. This multimodal
spectroscopic evidence substantiates the formation of the chia–
LDH/Lys–Dqm nanocomposite, enabling the proposition of
a coherent mechanistic framework for its successful
fabrication.

Fig. 3 illustrates the structural morphology of both the LDH–

chia and Lys–Dqm/LDH–chia hybrid nanocomposites, as
analyzed through FESEM images captured at varying magni-
cations. As demonstrated in Fig. 3a and b, the FESEM analysis
of the LDH–chia hybrid nanocomposite reveals a distinctive
aky morphology, characterized by a plate-like structure with
varying particle sizes. This structure is characterized by a rough,
porous exterior and a two-dimensional nanosheet morphology,
which signicantly enhances the available surface area and
provides abundant active sites to facilitate biomedical activities.
Fig. 3a and b reveal elongated, rough surface features, with
entangled chia particles embedded within and coating the Zn–
Fe LDH sheets, a conguration that likely enhances surface
roughness and subsequently improves the material's reactivity.
The combination of Lys and Dqm substances to the LDH–chia
hybrid (Fig. 3d and e) facilitates the formation of semi-euhedral
nanoparticles that are uniformly distributed and bonded
together, aerward evolving into layered structures that estab-
lish a three-dimensional networked framework. Moreover, the
observed morphological transition from a aky to a networked
structure in Fig. 3d and e can be attributed to the intercalation
of Lys and Dqm molecules within the Zn–Fe LDH interlayers
(Fig. 3a and b), which induces that characteristic morphology
and their subsequent reorganization into a three-dimensional
porous network through drug–matrix interactions, thereby
conrming the successful formation of a stable hybrid nano-
composite with enhanced structural integration. These modi-
cations in texture result in a substantial elevation of surface
roughness, which generates a more varied topographical
conguration and an augmentation of the composite's overall
porosity. This improvement is expected to favorably impact
both the total surface area and the biochemical interactions of
the composite, consequently enhancing its effectiveness for
medical applications. Also, Fig. 3 illustrates the structural
morphology of both the LDH–chia hybrid and Lys–Deq/LDH–

chia hybrid composites, as analyzed through FESEM images
captured at varying magnications and 2D/3D projection of
topographical conguration for surface roughness. A rough,
porous exterior and holes with a two-dimensional nanosheet
morphology (image c) characterize the good structure. This
good structure signicantly enhances the available surface area
and provides abundant active sites to facilitate biomedical
activities. The combination of Lys and Deq substances to the
LDH–chia hybrid (Fig. 3(d and e)) facilitates the formation of
semi-euhedral nanoparticles that are uniformly distributed and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM micrographs of LDH–chia hybrid (a and b) and Lys–Deq/LDH–chia hybrid composite (d and e). Topographical configuration of
LDH–chia hybrid (c) and Lys–Deq/LDH–chia hybrid composite (f). Topographical cross section (g), length distributions of LDH–chia hybrid (h)
and of Lys–Deq/LDH–chia hybrid composite (i).
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bonded together, aerward evolving into layered structures that
establish a 3D networked framework. A topographical study of
Lys–Deq/LDH–chia hybrid composite is shown in Fig. 3f, while
a cross section of both LDH–chia hybrid material and Lys–Deq/
LDH–chia hybrid composite is observed to illustrate the
differences. These modications in texture result in a substan-
tial elevation of surface roughness, which generates a more
varied topographical conguration and an augmentation of the
composite's overall porosity and holes. The length distributions
of LDH–chia hybrid material and Lys–Deq/LDH–chia hybrid
composite was traced in Fig. 3(h and i) and it was found that the
average lengths reached 164 nm and 237 nm, respectively. This
improvement is expected to favorably impact both the total
surface area and the biochemical interactions of the composite,
consequently enhancing its effectiveness for medical
applications.

In order to gain insight into the distribution of the elements
inside the composite LDH, an elemental study was performed
using Map-EDX. The components of LDH–chia–Lys–Dqm
hybrid composite were results conrmed that carbon made up
3.4%, oxygen made up 25.5%, nitrogen made up 0.5%, zinc
© 2025 The Author(s). Published by the Royal Society of Chemistry
made up 65.9%, and iron made up 4.6% (Fig. 4) that conrms
the presence of the Lys–Deq in the composite LDH hybrid
(Table S1).

Fig. 5 shows the nitrogen adsorption–desorption behaviour
of the synthesized Lys–Deq/LDH–chia composite. The presence
of both Type I Type IV isotherms with noticeable hysteresis
loops suggests mesoporous characteristics, likely caused by
particle aggregation (Fig. 5a and b).58 The surface area of the
powder LDH–chia hybrid composite was observed at 41.065 m2

g−1, while aer applying the loading by Lys–Deq experiments,
the surface area was followed to reach 35.892 m2 g−1 in Fig. 5(c
and d). Consequently, the Barrett–Joyner–Halenda model (BJH)
method showed that the average pore area was 12.67 nm for the
powder LDH–chia hybrid composite, while it was 15.23 nm aer
loading of Lys–Deq experiments. As nitrogen is adsorbed and
the relative pressure rises, the material becomes denser. The
desorption curve reveals a hysteresis loop which is a typical
indicator of mesoporous structures with pore sizes ranging
from 2 to 50 nm. Thus, porosity plays a crucial role in the
performance of Lys–Deq/LDH–chia hybrid composite. However,
when particles aggregate aer loading during experiments, they
RSC Adv., 2025, 15, 30872–30899 | 30881
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Fig. 4 Mapping of the Lys–Deq/LDH–chia hybrid composite: (a) base image of the material after loading, and (b) corresponding EDX spectrum
of the Lys–Deq/LDH–chia.
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tend to form larger clusters, reducing the total available surface
area. This aggregation reduced surface area due to fewer
exposed surfaces.
30882 | RSC Adv., 2025, 15, 30872–30899
TGA/DTG was used to examine the thermal behaviour of the
LDH–chia hybrid and LDH–chia–Lys–Dqm hybrid composite in
order to assess the thermal stability of the manufactured
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04212g


Fig. 5 (a and b) Adsorption–desorption isotherms of N2 and (c and d) pore diameter distribution curves for the various samples under study.
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materials. As shown in Fig. 6(a) at different temperature ranges,
the TGA thermogram shows three weight loss events that are
typical of LDH materials (based on DTG curve Fig. 6(b)). The
loss of physiosorbed surface water molecules is linked to the
initial weight loss, which happens between 50 and 250 °C. The
decarboxylation of nitrate anions, which causes the layered
structure to collapse and interlayer anions to be removed, is
responsible for the second weight loss, which takes place
between 250 and 400 °C and the weight loss below 400 °C. These
results conrmed by the DTG curve that shows two distinct
peaks, indicating a multi-step thermal degradation process.
One peak around 150 °C and other around 450 °C.

As illustrated in Fig. 6c, the drug elimination in the LDH–

chia–Lys–Dqm hybrid composite was observed at the 150–250
and 550–700 °C ranges, respectively. The main reason for the
more noticeable increase in the drug elimination range at
higher temperatures is the LDH intercalation with regard to free
drug. This could be due to the drug's chemical interaction with
the LDH within the surfaces. This is further supported by the
FTIR and XRD data. 150–250 °C was the temperature range used
to remove water, while 550–700 °C was the temperature range
© 2025 The Author(s). Published by the Royal Society of Chemistry
used to remove CO2. This showed improved drug intercalation
and thermal stability. Also, the DTG curves conrm the inter-
calation and thermal stability that appear at peaks around 230 °
C and 500 °C (Fig. 6 d).
3.3 Drug release and kinetics

Fig. 7 illustrates the cumulative release percentages of encap-
sulated and free forms of lysozyme and dequalinium over a 24-
hour period. Initially, the free forms of both lysozyme and
dequalinium exhibit a rapid release, reaching 50.5 ± 2.12% and
51.11 ± 3.56% respectively within the rst 15 minutes, and
nearly complete release (99 ± 1.79% and 100 ± 1.18%) by the 2-
hour mark. In contrast, the encapsulated forms demonstrate
a more controlled and sustained release prole. Where the
encapsulated lysozyme releases only 14.5± 3.45% in the rst 15
minutes, gradually increasing to 91 ± 2.47% by 24 hours, while
encapsulated dequalinium shows a similar trend, starting at
15.11 ± 3.68% and reaching 95.56 ± 1.10% at 24 hours. The
signicant delay in release observed for the encapsulated forms,
compared to the rapid release of the free forms, is largely
attributed to the properties of the Zn–Fe LDH–chia seed hybrid
RSC Adv., 2025, 15, 30872–30899 | 30883
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Fig. 6 TGA/DTG thermograms of (a and b) LDH–chia hybrid and (c and d) LDH–chia–Lys–Dqm hybrid composite.

Fig. 7 Cumulative drug release (%) vs. time intervals for encapsulated
and unencapsulated formulations in Phosphate-Buffered Saline (PBS
of pH 6.8).
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matrix. Specically, the polysaccharide-rich chia seed mucilage
forms a dense, gel-like network that acts as a hydrophilic
diffusion barrier. This network, composed of arabinose, xylose,
and glucose units, interacts with both the LDH layers and the
encapsulated agents through hydrogen bonding and electro-
static interactions. These interactions stabilize the matrix and
hinder the free diffusion of bioactive compounds into the
30884 | RSC Adv., 2025, 15, 30872–30899
surrounding medium, effectively prolonging their release. The
marked difference between the initial burst release of free
dequalinium (51.11 ± 3.56% in the rst 15 minutes) and that of
encapsulated dequalinium (15.11 ± 3.68%) can be explained by
several physicochemical features of the LDH–chia matrix
including physical diffusion barrier where The layered structure
of LDH creates a tortuous and extended pathway that increases
the diffusion distance for drug molecules. This effectively slows
down the release rate by impeding direct diffusion into the
surrounding medium, also since dequalinium, a dicationic
molecule with quaternary ammonium groups, forms strong
electrostatic bonds with the negatively charged LDH layers.
These interactions help retain the drug within the matrix and
delay its release. Unlike simple surface adsorption, dequali-
nium becomes intercalated between the LDH layers during
encapsulation. This embedding shields the molecules from
immediate contact with the medium, reducing their availability
for rapid release. Additionally, chia-derived chitin oligomers
within the composite may temporarily lower dequalinium's
effective solubility. This occurs via hydrogen bonding and
hydrophobic interactions, contributing to the slower release
prole. Upon hydration, the LDH–chia matrix gradually swells,
which regulates water ingress and subsequently controls the
drug's dissolution and diffusion during the early release phase.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Together, these mechanisms synergistically suppress the initial
burst typically seen in free drug formulations. This controlled
release is crucial for dental applications, where sustained
antimicrobial activity is required to combat biolm formation
and bacterial colonization over extended periods.59,60 The
encapsulated forms' ability to maintain therapeutic concentra-
tions over time enhances their efficacy in preventing dental
caries and periodontal diseases, compared to the rapid deple-
tion observed with free forms.59,61 This sustained release
mechanism not only improves the therapeutic outcomes but
also reduces the frequency of application, making encapsulated
formulations superior for dental applications.

Table 4 provides a detailed comparison of the release
kinetics of encapsulated and unencapsulated lysozyme and
dequalinium, key active ingredients in dental therapeutic
applications, evaluated using four models: zero-order, rst-
order, Korsmeyer–Peppas, and Higuchi. The encapsulated
forms consistently outperform their unencapsulated counter-
parts across all models. In the zero-order model, encapsulated
lysozyme and dequalinium exhibit higher release rates (encap-
sulated lysozyme: K0 = 12.825 ± 1.28, unencapsulated: K0 =

4.712 ± 0.47), indicating a more controlled and sustained
release ideal for long-term dental applications.62 The rst-order
model reveals higher K values for encapsulated forms (encap-
sulated lysozyme: K = 0.017 ± 0.002, unencapsulated: K =

0.0011 ± 0.0002), suggesting efficient release proles benecial
for rapid and sustained antimicrobial action.62 The Korsmeyer–
Peppas model provides particularly valuable insights into the
underlying release mechanisms. Encapsulated formulations
demonstrate release exponents approaching anomalous trans-
port (encapsulated lysozyme: n = 0.478 ± 0.052, dequalinium: n
= 0.4519 ± 0.050), indicating a balanced release mechanism
where both diffusion and polymer relaxation contribute to the
controlled delivery.63 This anomalous (non-Fickian) behavior is
likely driven by a synergistic interplay between matrix swelling
and drug dissolution. Upon hydration, the chia seed mucilage
component gradually swells, increasing the polymeric
network's porosity and enabling water ingress. This facilitates
both relaxation of the hydrophilic polysaccharide matrix and
diffusion of the lysozyme from within the Zn–Fe LDH layers.
The lysozyme is thus released through a dual mechanism: one
governed by dissolution from the intercalated LDH layers and
the other by diffusion through the expanding gel-like mucilage.
This combination explains the non-Fickian kinetics observed
Table 4 Kinetic parameters for encapsulated and unencapsulated lysoz

Release kinetic model Parameters

Active ingredients

Encapsulated
lysozyme

Zero-order model K0 12.825 � 1.28
First-order model K 0.017 � 0.002
Korsmeyer–Peppas
model

K 0.281 � 0.028
n 0.478 � 0.052

Higuchi model KH 94.748 � 8.20

a Data are expressed as means ± SE (mean ± SE, n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and supports the suitability of the matrix for sustained oral
delivery. In contrast, unencapsulated forms show signicantly
lower exponents (lysozyme: n= 0.135± 0.018, dequalinium: n=

0.125 ± 0.018), typical of rapid dissolution-dominated release
that lacks the sustained therapeutic effect necessary for dental
applications. The Higuchi model, which specically character-
izes Fickian diffusion processes, further elucidates the role of
the LDH–chia matrix in modulating release kinetics. The model
t shows notably higher correlation for encapsulated forms (R2

= 0.859) compared to free forms (R2 = 0.330), conrming that
matrix-mediated diffusion is indeed the rate-limiting step in
encapsulated formulations. The differing Higuchi constants
between encapsulated (KH= 94.748± 8.20) and unencapsulated
lysozyme (KH = 128.05 ± 10.90) quantitatively demonstrate the
barrier effect of the LDH–chia matrix.64 Interestingly, the KH

value for encapsulated lysozyme signicantly exceeds that of
encapsulated dequalinium (KH = 11.106 ± 1.23). This variation
can be attributed to physicochemical differences between the
molecules. Lysozyme is a larger protein (14.3 kDa) with a lower
charge density, while dequalinium is a smaller, highly cationic
molecule (456 Da) bearing two quaternary ammonium groups.
The high charge density of dequalinium facilitates stronger
electrostatic binding to the negatively charged LDH layers,
resulting in deeper intercalation and slower diffusion through
the matrix. Conversely, lysozyme interacts more moderately,
allowing it to diffuse more readily through the swollen mucilage
network. These contrasting release behaviors highlight the
interplay of molecular size, shape, and charge in modulating
drug release from hybrid matrices. Based on these parameters,
we estimate that the apparent diffusion coefficient for encap-
sulated active ingredients is approximately two orders of
magnitude lower than their free counterparts, which can be
directly attributed to three key characteristics of the LDH–chia
matrix including tortuous diffusion pathways created by the
layered LDH structure, electrostatic interactions between the
positively charged active ingredients and negatively charged
LDH layers, and hydrogen bonding interactions with chitin
oligomers within the matrix.

These mathematical analyses collectively conrm that the
sustained release behavior observed in Fig. 8, where encapsu-
lated lysozyme reaches 91.00 ± 2.47% over 24 hours compared
to free lysozyme achieving 99± 1.79% in just 2 hours, is directly
attributable to the physicochemical properties of the LDH–chia
matrix. The results demonstrate the superiority of the
yme and dequaliniuma

Unencapsulated
lysozyme

Encapsulated
dequalinium

Unencapsulated
dequalinium

4.712 � 0.47 0.713 � 0.07 0.217 � 0.02
0.0011 � 0.0002 0.014 � 0.0012 0.00046 � 0.00005
0.750 � 0.56 0.289 � 0.025 0.776 � 0.082
0.135 � 0.018 0.4519 � 0.050 0.125 � 0.018

128.05 � 10.90 11.106 � 1.23 14.608 � 1.56

RSC Adv., 2025, 15, 30872–30899 | 30885
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Fig. 8 Drug release kinetics of encapsulated and free lysozyme and dequalinium including Higuchi model (A) that indicates diffusion-controlled
release, zero-order model (B) that shows sustained release for encapsulated drugs. (C) Korsmeyer–Peppas model that suggests a non-Fickian
diffusion mechanism for encapsulated formulations.
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encapsulated forms in release kinetics, offering sustained,
efficient, controlled, and steady release, making them more
suitable for maintaining therapeutic concentrations against
biolm-forming bacteria in dental applications.
3.4 Antimicrobial efficacy

3.4.1 Zone of inhibition and MIC/MBC analysis. The
results of this study demonstrated that all tested materials
Table 5 Zone of inhibition of the tested chemicals among strains of Gr

Strains

Zone of inhibition (mm)

Chia seeds Zn Fe LDHs

E. coli 7.00 � 1.73 14.0000 � 3.214
P. aeruginosa 6.33 � 2.03 10.3333 � 1.666
K. pneumonia 6.00 � 2.31 9.6667 � 4.702
S. aureus 3.67 � 2.03 9.6667 � 2.603
S. mutans 5.67 � 1.76 10.6667 � 0.666
S. sobrinus 5.34 � 0.98 8.5342 � 1.009

a Data are expressed as means± SE. *Signicant difference at P < 0.05, ** s

30886 | RSC Adv., 2025, 15, 30872–30899
exhibited antibacterial activity, albeit at varying levels, as shown
in Table 5 and Fig. 9–11. Chia seeds showed no signicance
among the tested microbes in the values of inhibition zone with
somewhat comparable values between both Gram positive and
Gram-negative bacteria (Fig. 11A). Whereas, testing the anti-
microbial potency of Zn Fe LDHs, revealed that E. coli repre-
sented a wider inhibition zone indication (14.0000 ± 3.2146
mm) (Fig. 11B). Also, the encapsulating formula showed
am negative and Gram-positive bacteriaa

Encapsulated formula Ciprooxacin

6 16.33 � 2.33* 7.930 � 0.764
7 16.67 � 2.31 6.432 � 1.112
2 20.33 � 2.03* 7.88 � 0.912
4* 14.67 � 0.88** 10.22 � 0.7542
7* 24.33 � 2.03** 9.32 � 2.134

11.45 � 0.887 4.45 � 0.0971

ignicant difference at P < 0.01 and ***signicant difference at P < 0.001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Zone of inhibition of chia seeds, Zn Fe LDHs-based nanoparticles and encapsulated formula against the tested Gram-positive and Gram-
negative bacterial species. A = E. coli; B = P. aeruginosa; C = K. pneumoniae; D = S. aureus; E = S. mutans and F = S. sobrinus.
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signicant difference for inhibition zone values (P < 0.01)
against both Gram-positive bacteria, including S. aureus (14.67
± 0.88 mm) and S. mutans (24.33 ± 2.03 mm). Additionally, S.
sobrinus demonstrated a moderate inhibition zone of 11.45 ±

0.887 mm when treated with the encapsulated formula,
showing intermediate susceptibility compared to other Gram-
positive bacteria tested. Among Gram-negative bacteria, K.
pneumoniae displayed the broadest inhibition zone (20.33 ±

2.03 mm) at P < 0.05, indicating its high susceptibility to the
encapsulating formula (Fig. 11B and C).
Fig. 10 Growth curves of various bacterial strains treated with
encapsulated formula.

© 2025 The Author(s). Published by the Royal Society of Chemistry
As seen from Fig. 10, the encapsulated formula has
a stronger inhibitory effect on the growth of the tested patho-
gens. Sen et al.65–67 stated that cationic peptide craed from
snake venom demonstrated exceptional antibacterial effective-
ness against Escherichia coli, methicillin-resistant Staphylo-
coccus aureus (MRSA), Pseudomonas aeruginosa, and Klebsiella
pneumoniae. The MIC and MBC values (Table 6) revealed that
the encapsulating formula required the lowest concentrations
to inhibit bacterial growth or achieve complete bacterial killing.
Notably, K. pneumoniae showed the most signicant suscepti-
bility, with anMIC of 13.00± 2.60 mgmL−1 and anMBC of 20.83
± 5.23 mg mL−1 (P < 0.001). S. mutans also exhibited high
sensitivity, with an MIC of 15.60 ± 1.05 mg mL−1 and an MBC of
26.07 ± 5.23 mg mL−1 (P < 0.01). The MBC/MIC ratio for S.
mutans was 1.7, indicating a bactericidal effect. S. sobrinus
showed moderate susceptibility to the encapsulated formula
with an MIC of 49.66 ± 4.32 mg mL−1 and an MBC of 72.93 ±

6.43 mg mL−1, resulting in an MBC/MIC ratio of 1.47, which
suggests a bactericidal effect similar to other tested strains. The
relatively low MIC and MBC values suggest that the encapsu-
lating formula is highly effective against Gram-positive bacteria,
particularly S. mutans.

The ndings of this study align with previous research on the
antimicrobial properties of chia-based materials. For instance,
Motyka et al. (2023) reported that chia sprout powders exhibited
MIC values ranging from 0.625 to 10 mg mL−1 against both
Gram-positive and Gram-negative bacteria.68 Similarly, Abdel-
Aty et al. (2021) observed MIC values of 0.40–0.65 mg mL−1
RSC Adv., 2025, 15, 30872–30899 | 30887
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Fig. 11 (A) Zone of inhibition, (B) MICs, and (C) MBCs of chia seeds, Zn Fe LDHs-based nanoparticles and encapsulating formula against the
tested Gram-positive and Gram-negative bacterial species.
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for chia sprout powders against E. coli O157:H7, S. Typhi, P.
aeruginosa, and S. aureus.69 Coelho et al. (2018) highlighted that
protein hydrolysates in chia seeds had a stronger inhibitory
effect against S. aureus compared to E. coli.70 Additionally,
Krishnappa et al. (2017) found that dry chia seed powders
exhibited superior antibacterial activity compared to green
sprout powders, withMIC values of 3.5 and 4.0 mgmL−1 against
S. aureus and E. coli, respectively.71
Table 6 MICs, MBCs and MBC/MIC ratio of the tested chemicals amon

Tested
organisms

Chia seeds (mg mL−1) Zn Fe LDHs (mg

MIC MBC
MBC/MIC
ratio MIC

E. coli 166.67 � 41.67 208.33 � 41.67 1.40 52.100 � 10.400
P. aeruginosa 85.33 � 19.83 104.17 � 20.83 1.20 72.93 � 27.54
K. pneumoniae 62.50 � 0.00 83.33 � 20.83 1.30 72.93 � 27.54
S. aureus 83.33 � 20.83 125.00 � 0.00 1.50 83.33 � 20.83*
S. mutans 20.80 � 5.25 41.63 � 10.43 2.00 52.100 � 10.40*
S. sobrinus 90.41 � 2.15 122.92 � 1.17 1.36 69.74 � 3.27

a Data are expressed as means± SE. *Signicant difference at P < 0.05, **si

30888 | RSC Adv., 2025, 15, 30872–30899
In comparison, chlorhexidine (CHX) is a well-known anti-
bacterial drug in oral health, particularly for its efficacy against
a variety of oral infections. Its applications vary from plaque
reduction to the prevention of oral illnesses, making it a stan-
dard in dentistry. An in vitro study showed the antimicrobial
activity of 0.2% chlorhexidine mouth rinse against Staphylo-
coccus aureus.72 In another study by Al-Ani et al.73 this study
assessed how formulation design affects drug delivery and
g strains of Gram negative and Gram-positive bacteriaa

mL−1) Encapsulated formula (mg mL−1)

MBC
MBC/MIC
ratio MIC MBC

MBC/MIC
ratio

104.16 � 20.833 1.90 41.70 � 10.40* 72.93 � 27.55 1.60
125.00 � 62.500 1.70 26.07 � 5.23* 52.10 � 10.40 1.00
83.33 � 20.83* 1.10 13.00 � 2.60*** 20.83 � 5.23* 1.60

166.66 � 41.66* 2.00 52.10 � 10.40 83.33 � 20.83 1.50
72.93 � 27.547 1.00 15.60 � 1.05 26.07 � 5.23 1.70

120.18 � 2.43 1.72 49.66 � 4.32 72.93 � 6.43 1.47

gnicant difference at P < 0.01 and ***signicant difference at P < 0.001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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release kinetics of chlorhexidine in mucoadhesive buccal
tablets. Using both conventional and novel dissolution
methods, the research provided insights into optimizing buccal
tablet formulations for effective oral antimicrobial therapy.
Also, researchers explored the encapsulation and release of
chlorhexidine from cellulose acetate nanobers. These nano-
ber mats demonstrated controlled drug release and effective
antibacterial activity against Streptococcus mutans and Entero-
coccus faecalis, suggesting potential applications in dental
treatments.74 Furthermore, a study evaluates the antimicrobial
activity of chlorhexidine (CHX) in gel form against aspiration
pneumonia-inducing bacteria. It compares two gel types con-
taining 1% and 0.1% CHX to a 0.12% CHX solution. The study
found that the 1% CHX gels exhibited the highest inhibitory
effect on all tested bacteria, particularly Staphylococcus aureus.
These ndings suggest that CHX gels may be a more effective
oral care method for hospitalized patients who struggle with
using liquid solutions.75

Despite the benets of CHX in eliminating oral pathogens
and its effectiveness, it also has several limitations. These
include cytotoxicity76,77 and the development of microbial
resistance due to long-term use of CHX. This can lead to
reduced bacterial susceptibility and multidrug resistance.78,79

On the other hand, the LDH-based components are widely
recognized for their antimicrobial properties in various
Scheme 2 Schematic representation of DFT-derived molecular interactio
and experimental insights to highlight sustained release and enhanced a
acid (representing chia seedmucilage), Asp52 (modeling lysozyme's activ
lines) and hydrogen bonding (blue dashed lines), with DFT-calculated e
encapsulation efficiencies (93.30% lysozyme, 88.74% dequalinium) and
underscoring the critical role of pH-dependent protonation/deprotonati
consistent with experimental data.

© 2025 The Author(s). Published by the Royal Society of Chemistry
biomedical applications,80–82 there is a noticeable lack of studies
specically addressing their effectiveness against pathogenic
microorganisms in the oral cavity.

Our research focuses on the development of lysozyme–
dequalinium–LDH nanocomposites with chia seed mucilage,
which combine the benecial properties of each component.
While both lysozyme and LDHs have shown potential for anti-
bacterial activity, the synergistic interactions and amplied
effectiveness resulting from their combination have not been
thoroughly studied. Additionally, the use of natural compo-
nents such as lysozyme and chia mucilage may reduce cyto-
toxicity. Furthermore, the incorporation of LDH structures into
a mucoadhesive gel allows for sustained and targeted release,
providing prolonged contact with oral biolm surfaces without
systemic exposure. By examining these nanocomposites, our
investigation aims to ll the gap in the existing literature and
provide valuable insights into their collective antibacterial
properties. We hypothesize that the unique physicochemical
characteristics of these nanocomposites, including their
dimensionality, surface charge, and molecular composition,
may lead to enhanced antimicrobial efficacy compared to their
individual constituents.

3.4.2 Mechanisms of action and synergistic effects. The
lysozyme–dequalinium/Zn–Fe layered double hydroxide (LDH)–
chia seed formulation (F3) exhibits superior antimicrobial and
ns within the Zn–Fe LDH–chia seed matrix, integrating computational
ntimicrobial efficacy. The Zn–Fe LDH matrix interacts with glucuronic
e site), and dequalinium cation via electrostatic interactions (red dashed
nergies. DFT findings aligned with the experimental results, including
sustained release (91% lysozyme, 95.56% dequalinium over 24 h), and
on of ligands and surface charge variations, on the binding interaction

RSC Adv., 2025, 15, 30872–30899 | 30889
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antibiolm efficacy (90.1 ± 1.2% Streptococcus mutans biolm
inhibition, MIC = 13–15.6 mg mL−1) compared to conventional
dental therapies, driven by controlled release, synergistic
interactions, and targeted action against oral pathogens.
Previous studies have demonstrated the antimicrobial potential
of Zn–Fe LDHs, with MIC values of 0.49–15.60 mg mL−1 against
Gram-positive and Gram-negative bacteria54 and inhibition
zones up to 22 mm against Escherichia coli.83 To elucidate the
mechanisms underlying F3's enhanced performance, we con-
ducted a simple DFT study to quantify the adsorption of glu-
curonic acid (representing chia seed mucilage's polysaccharide
component), dequalinium cation, and aspartic acid (Asp52,
modeling lysozyme's active site) on a Zn–Fe LDH surface.

3.4.2.1 Release mechanism. The sustained release of lyso-
zyme (91.00 ± 2.47% over 24 hours) and dequalinium (95.56 ±

1.10%), compared to free forms (99–100% in 2 h), is facilitated
by strong adsorption within the LDH–chia matrix and effective
encapsulation. DFT calculations yield a total interaction energy
of −343 kcal mol−1 for the full system (glucuronic acid + Asp52
+ dequalinium + Zn–Fe-LDH), with pairwise contributions of
−115.1 kcal mol−1 (glucuronic acid + Zn–Fe-LDH),
−370.9 kcal mol−1 (dequalinium + Zn–Fe-LDH), and
−91.4 kcal mol−1 (Asp52 + Zn–Fe-LDH) (Table 2 and Scheme 2).
The key interactions include: (a) electrostatic interactions:
dequalinium's quaternary ammonium groups interact strongly
with LDH's anionic oxygen atoms (CHELPG −0.97e on O),
contributing to its high binding energy (−370.9 kcal mol−1).
Asp52's carboxylate coordinates with LDH's Zn2+/Fe3+ (e.g., O/
Zn distance of 3.62 Å, CHELPG +1.304095e on Zn), stabilizing its
adsorption (−91.4 kcal mol−1). (b) Hydrogen bonding: glucur-
onic acid's hydroxyl/carboxyl groups form H-bonds with LDH's
hydroxyls (e.g., O/H distance of 2.48 Å, CHELPG −1.013089e
Fig. 12 pH-dependent binding energies (Eint) calculated for lysozyme an

30890 | RSC Adv., 2025, 15, 30872–30899
on O), supporting its binding (−115.1 kcal mol−1). Asp52's
COO− forms H-bonds with LDH's OH− (e.g., O/H distance of
2.39 Å, CHELPG −0.90e on O). These are corroborated by FTIR
peaks at 1745–1460 cm−1 (C]O stretching) and 1159.15 cm−1

(C–N stretching). (c) Intercalation: XRD reveals a reduced basal
spacing (8.88 Å for Lys–Dqm/LDH–chia vs. 9.78 Å for LDH),
conrming dequalinium and lysozyme intercalation, which
extends the diffusion path and enhances stability against
environmental stressors.84

The Korsmeyer–Peppas model (n = 0.4519–0.478) indicates
non-Fickian transport, driven by chia mucilage swelling and
drug dissociation from LDH, aligned with strong H-bonding
and electrostatic interactions (−343.1 kcal mol−1), as eluci-
dated in Scheme 2. CHELPG analysis suggests glucuronic acid
donates slight electron density (∼0.75e), enhancing matrix
stability, though precise charge transfer is limited by tting
challenges in the highly charged system.

Lysozyme and dequalinium in the presence of the LDH
carrier. Fig. 12 shows pH-dependent binding energies (Eint)
calculated for lysozyme and dequalinium in the presence of the
LDH carrier. The adsorption energies were calculated across
a range of pH values,1–12 reecting the protonation and depro-
tonation dynamics of the drug molecules and the carrier as
shown in Fig. 12.

Fig. 12 shows distinct loading and release proles for both
drugs, illustrating how pH changes inuence the interaction
between the drugs and the LDH carrier. For lysozyme–LDH, the
binding energy shows a characteristic V-shaped curve across the
pH range, reecting the drug's ability to interact with the
carrier. At pH 1–4, the adsorption energy is relatively high
(15.26 kcal mol−1), indicating strong binding between the
neutral form of lysozyme and the LDH surface. This behavior is
d dequalinium in the presence of the LDH carrier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expected, as the neutral form of lysozyme is more likely to form
stable interactions with the positively charged LDH carrier in
this acidic pH range. As the pH increases to 5–6, the binding
energy becomes more negative (−20 kcal mol−1), indicating
a shi towards drug release. This drop in adsorption energy is
attributed to the deprotonation of lysozyme, reducing its elec-
trostatic interaction with the carrier and facilitating its release
from the surface. At pH 7, the adsorption energy approaches
zero (0 kcal mol−1), indicating no signicant interaction
between the drug and carrier, which corresponds to the neutral
state of both lysozyme and LDH. At pH 8–12, the adsorption
energy increases again to positive values (80 kcal mol−1),
reecting the re-adsorption of the deprotonated form of lyso-
zyme to the LDH carrier. This suggests that at higher pH, the
lysozyme becomes more negatively charged, leading to
a stronger electrostatic attraction with the positively charged
LDH surface. This re-adsorption behavior at higher pH is
consistent with the expected loading mechanism for lysozyme
as the drug undergoes a conformational shi, promoting its
interaction with the carrier.

The pH-dependent behavior of dequalinium–LDH follows
a similar pattern to lysozyme but with smaller adsorption
energies. At pH 1–4, the binding energy is also positive
(13 kcal mol−1), indicating moderate adsorption between the
neutral form of dequalinium and the LDH surface. However, the
adsorption is weaker compared to lysozyme, reecting the
differences in the molecular size and charge distribution
between the two drugs. At pH 5–6, the adsorption energy drops
to negative values (−10 kcal mol−1), signaling the beginning of
drug release due to the deprotonation of dequalinium. Similar
to lysozyme, this deprotonation leads to weaker interactions
with the carrier, resulting in the release of the drug. The energy
reaches zero at pH 7, indicating no signicant interaction
between the neutral species of both dequalinium and the LDH
surface. At pH 8–12, the adsorption energy increases again, but
only slightly (40 kcal mol−1), indicating re-adsorption of the
deprotonated form of dequalinium to the carrier. The magni-
tude of the binding energy in this pH range is smaller than that
for lysozyme, suggesting a weaker re-adsorption affinity for
dequalinium, which is consistent with its smaller molecular
size and charge.

For both drugs without the LDH carrier, the adsorption
energies are zero for the pH range 1–9, indicating no signicant
interaction with the surface. This suggests that both lysozyme
and dequalinium exist primarily in their neutral or weakly
protonated forms within this pH range, which are not condu-
cive to strong binding or adsorption. As the pH increases
beyond pH 9, the adsorption energies for both drugs increase
slightly, with lysozyme reaching a maximum of 10 kcal mol−1 at
pH 12, and dequalinium reaching 4 kcal mol−1. These slight
increases reect the minor adsorption that occurs as the drugs
become more deprotonated at higher pH, but the interaction is
still much weaker compared to when they are in the presence of
the LDH carrier.

3.4.2.2 Mechanisms of loading and release
3.4.2.2.1 Loading mechanism. The results suggest that lyso-

zyme and dequalinium both exhibit efficient loading at lower
© 2025 The Author(s). Published by the Royal Society of Chemistry
pH,1–4 where the neutral forms of the drugs interact strongly
with the positively charged LDH carrier. The adsorption energy
for both drugs is positive, indicating that the drugs are stably
bound to the carrier surface at this pH range.

3.4.2.2.2 Release mechanism. As the pH increases,5–7 both
drugs undergo protonation/deprotonation changes, which
weaken their interactions with the carrier. This is reected by
the negative adsorption energies in the pH range 5–6, indicating
the release of the drug from the carrier. This release is more
prominent for lysozyme, which exhibits a larger negative shi in
adsorption energy compared to dequalinium.

3.4.2.2.3 Re-adsorption at high pH. At pH 8–12, both drugs
show re-adsorption to the carrier, as the deprotonated forms of
the drugs interact more strongly with the positively charged
LDH surface. However, the binding strength at higher pH is still
weaker than at lower pH, particularly for dequalinium, which
has a smaller increase in adsorption energy compared to
lysozyme.

3.4.2.3 Synergistic effects. The formulation's bactericidal
activity (MBC/MIC < 4)85 results from synergistic interactions
among its components, combining computational and biolog-
ical mechanisms: lysozyme: computationally treated as Asp52
which hydrolyzes bacterial peptidoglycan, with stable LDH
binding (−91.4 kcal mol−1) via H-bonds (2.39 Å) and COO−

coordination (3.62 Å). Biologically, lysozyme's constituents
(ovotransferrin, albumin, avidin, ovomucoid) provide intracel-
lular defense against microbes.86 Dequalinium: it exhibits
strong intercalation (−370.9 kcal mol−1) driven by electrostatic
interaction. As a lipophilic bis-quaternary ammonium
compound, it disrupts mitochondrial DNA, enzymes, and
energy production, leading to cell death.87–89 Chia mucilage:
computationally treated as glucuronic acid, which provides
mucoadhesion and drug protection (−115.1 kcal mol−1) via H-
bonds (2.48 Å). Its bioactive compounds (linolenic/linoleic
acids, omega-3, quercetin, kaempferol, caffeic acid, p-couma-
ric acid) inhibit bacterial enzymes and disrupt cellular
functions.90–92 Finally, Zn–Fe LDH which can release Zn2+ for
reactive oxygen species (ROS) generation, inducing enzymatic
inhibition, protein degradation, and membrane lysis without
adverse effects on host cells.93,94 The total interaction energy
(−343.1 kcal mol−1) is less negative than the sum of pairwise
interactions (−577.4 kcal mol−1), indicating cooperative effects
that enhance matrix stability and antimicrobial efficacy through
controlled release and synergy (Table 2 and Scheme 2).

3.4.2.4 Targeted action mechanism. The formulation targets
oral pathogens and biolms through:

(a) Mucoadhesion: the + 26.44 mV zeta potential ensures
electrostatic adhesion to bacterial surfaces, prolonging contact
and achieving 90.1% S. mutans inhibition.

(b) Biolm disruption: lysozyme degrades extracellular
polymeric substance (EPS), dequalinium targets embedded
bacteria, and Zn2+ destabilizes EPS via ROS, supported by strong
adsorption (−343.1 kcal mol−1).

(c) Nanostructure: FESEM reveals a 3D networked
morphology (237 nm, 15.23 nm pores), enhancing penetration
(surface area 35.892 m2 g−1).
RSC Adv., 2025, 15, 30872–30899 | 30891
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Fig. 13 Percentage of biofilm inhibition by S. mutans and S. sobrinus
for different concentrations of Zn–Fe LDH–chia seed hybrid formu-
lations compared to chlorhexidine (0.2%). F1 (5%), F2 (10%), and F3
(15%) represent Zn–Fe LDH–chia seed hybrid formulations with 5%,
10%, and 15% active material concentrations, respectively. Both S.
mutans and S. sobrinus showed concentration-dependent inhibition,
with S. mutans demonstrating higher susceptibility to the hybrid
formulations. Data are expressed as means ± SE (n = 3). Statistical
significance was determined using one-way ANOVA followed by
Tukey's post-hoc test.
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These ndings, integrating calculations results, and experi-
mental data, supported by prior studies,54 provide a compre-
hensive mechanistic framework for F3's sustained, targeted
antimicrobial action, surpassing conventional dental therapies.

3.4.3 Mechanisms of action and synergistic effects. The
antimicrobial efficacy of Zn–Fe layered double hydroxides
(LDHs) has also been well-documented. Moaty et al. (2016) re-
ported MIC values of Zn–Fe LDHs ranging from 0.49 to 15.60 mg
mL−1 against various Gram-positive and Gram-negative
bacteria.54 Abdel Aziz et al. (2023) further emphasized the
antimicrobial potential of Zn–Fe LDHs against S. agalactiae and
S. aureus for wastewater decontamination.81 Elkartehi et al.
(2023) demonstrated that a Zn–Fe LDH-zeolite composite at
1000 mg mL−1 produced a 22 mm inhibition zone against E.
coli.83 The antibacterial activity of the tested materials can be
attributed to several mechanisms. Chia seeds contain linolenic
acid, linoleic acid, and antioxidants such as omega-3 fatty acids,
which contribute to their antimicrobial properties.90,91 Addi-
tionally, bioactive compounds like quercetin, kaempferol, caf-
feic acid, and p-coumaric acid in chia seeds inhibit bacterial
enzymes and disrupt cellular functions.92 Using lysosomes
derived from poultry egg white in the encapsulating formula,
demonstrated an intracellular defense mechanism towards an
array of microbes through their biological constituents,
including ovotransferrin, albumin, avidin, and ovomucoid,
which improved the powerful antimicrobial effects.86 Addi-
tionally, dequalinium chloride is a lipophilic bis-quaternary
ammonium compound is a main component of the encapsu-
lating formula that possesses two positive localized charges it
can interact with cellular structures that contain nucleic acids
and the mitochondrial membrane.87,88 It is linked to the
depletion of mitochondrial DNA and enzymes as well as the
inhibition of cell energy production, which terminates in the
death of cells.89 Similarly, Zn–Fe LDH nanoparticles induce
enzymatic inhibition and protein degradation, leading to
bacterial cell death and membrane lysis without adverse effects
on host cells.93,94 The encapsulating formula demonstrated
a high degree of synergistic bactericidal activity. The encapsu-
lation of chia seeds effectively captured and released the active
compounds in a controlled manner, enhancing their stability
against environmental stressors.84 Notably, the formulation
exhibited signicant antimicrobial activity against Streptococcus
sobrinus, achieving an MIC of 2.25 mg mL−1 and a 17 mm
inhibition zone at 1000 mg mL−1, conrming its potent efficacy
Table 7 The percentage of biofilm inhibition for each formulation comp

Tested
organism

OD of crystal violet stain at 570.0 nm

Control
(untreated)

Chlorhexidine
(0.2%)

Zn–Fe LDH–chia seed
hybrid formulations

F1 (5%) F2 (10%) F

S. mutans 1.2 � 0.2 0.030 � 0.008 0.370 � 0.025 0.190 � 0.018 0
S. sobrinus 1.5 � 0.07 0.186 � 0.042 0.732 � 0.173 0.555 � 0.221 0

a Data are expressed as means ± SE.

30892 | RSC Adv., 2025, 15, 30872–30899
against this cariogenic bacterium. Furthermore, the MBC/MIC
ratio for all tested chemicals was less than 4, indicating bacte-
ricidal effects against the examined bacterial species.68,85,95

3.4.4 Antibiolm activity. The results, as presented in
Table 7 and Fig. 13 reveal signicant differences in biolm
inhibition across the various experimental treatments. Tubes
without any synthesized agents (control group) exhibited
substantial biolm growth. This was conrmed by the presence
of a thick, whitish-yellow layer at the air-liquid interface and
intense blue staining with crystal violet. Tubes treated with Zn–
Fe LDH–chia seed hybrid formulations (F1, F2, F3) showed
a marked reduction in biolm formation. F3 (15%) demon-
strated the highest efficacy, reducing biolm formation by 90.1
± 1.2%. F2 (10%) and F1 (5%) also showed signicant inhibi-
tion, reducing biolm formation by 75.8 ± 1.8% and 60.3 ±

2.5%, respectively, compared to the control group. Similarly,
against S. sobrinus, the hybrid formulations exhibited
concentration-dependent biolm inhibition. F3 (15%) achieved
the highest inhibition at 80.5 ± 1.32%, followed by F2 (10%)
with 63.0 ± 0.943% inhibition, and F1 (5%) with 51.2 ± 0.971%
inhibition. While the inhibition percentages for S. sobrinus were
slightly lower than those observed for S. mutans, the trend
remained consistent, demonstrating the broad-spectrum anti-
biolm activity of the hybrid formulations. Optical density (OD)
ared to the controla

Inhibition%

Zn–Fe LDH–chia seed hybrid
formulations

Chlorhexidine
(0.2%)3 (15%) F1 (5%) F2 (10%) F3 (15%)

.060 � 0.012 60.3 � 2.5% 75.8 � 1.8% 90.1 � 1.2% 95.2 � 0.8%

.292 � 0.324 51.2 � 0.971 63.0 � 0.943 80.5 � 1.32 87.6 � 0.97

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements at 570 nm further supported these ndings. A
signicant decrease in OD570 values was observed for tubes
treated with F1, F2, and F3 against both S. mutans and S.
sobrinus, indicating a lower amount of crystal violet-stained
biolm. For S. mutans, the OD values decreased from 1.2 ±

0.2 (control) to 0.060 ± 0.012 (F3), while for S. sobrinus, the
values decreased from 1.5 ± 0.07 (control) to 0.292 ± 0.324 (F3).
The deep blue color observed aer crystal violet staining and
ethanol powder visually conrmed the level of biolm
accumulation.

The results demonstrated a clear concentration-dependent
relationship, with higher concentrations of the synthesized
materials (F3 > F2 > F1) leading to greater biolm inhibition
against both bacterial strains. Notably, S. mutans appeared
more susceptible to the hybrid formulations than S. sobrinus,
which may be attributed to differences in biolm matrix
composition and structural organization between these two
cariogenic bacteria.

In conclusion, the Zn–Fe LDH–chia seed hybrid formula-
tions effectively inhibited biolm formation by both S. mutans
and S. sobrinus, with F3 showing the highest efficacy against
both organisms. The formulations demonstrated superior
performance against S. mutans compared to S. sobrinus, sug-
gesting species-specic variations in biolm susceptibility.
These ndings highlight the potential of these hybrid materials
as broad-spectrum anti-biolm agents.

3.4.5 Role of mucoadhesive properties and mechanisms of
biolm inhibition. The mucoadhesive properties of the Zn–Fe
LDH–chia hybrid formulation are critically inuenced by its
positive zeta potential (+26.44 ± 1.21 mV), which enhances
electrostatic interactions with the negatively charged biolm
matrix and mucosal surfaces in the oral cavity.96 This charge-
driven adhesion prolongs contact time, allowing sustained
antimicrobial activity by maintaining proximity to the biolm
and facilitating deeper penetration of active ingredients into its
structure.97,98 The interaction is consistent with mucoadhesion
theories emphasizing the importance of surface charge and
hydrophilicity in polymer-mucus binding.96 In biolm inhibi-
tion, the Zn–Fe LDH–chia formulation demonstrates superior
performance against both tested organisms, with F3 achieving
90.1 ± 1.2% inhibition against S. mutans and 80.5 ± 1.32%
against S. sobrinus. The differential efficacy between S. mutans
and S. sobrinus can be attributed to species-specic biolm
architecture and matrix composition. S. mutans biolms are
characterized by higher glucan content and denser extracellular
polymeric substance (EPS) networks, which may be more
susceptible to the hybrid formulation's multi-mechanistic
disruption approach. In contrast, S. sobrinus biolms typically
exhibit different polysaccharide compositions and structural
arrangements, potentially offering greater resistance to certain
antimicrobial mechanisms.

The hybrid system outperforms chlorhexidine through
multi-mechanistic actions against both bacterial species. While
chlorhexidine rapidly disrupts bacterial membranes via elec-
trostatic binding and cell lysis (achieving 95.2± 0.8% inhibition
against S. mutans and 87.6 ± 0.97% against S. sobrinus), the
hybrid system employs a combination of physical biolm
© 2025 The Author(s). Published by the Royal Society of Chemistry
matrix disruption, electrostatic interactions with bacterial
surfaces, and potential enzymatic hydrolysis of extracellular
polymeric substances (EPS).99 For example, Zn–Fe LDHs have
demonstrated antibiolm efficacy by destabilizing EPS compo-
nents like polysaccharides and proteins, as observed in studies
on S. aureus and E.coli biolms.81,99 The consistent performance
of the hybrid formulations against both S. mutans and S.
sobrinus, despite their distinct biolm characteristics, suggests
that the multi-target approach effectively addresses the diversity
in cariogenic biolm structures. This slower, sustained mode of
action reduces the risk of bacterial resistance and ensures
prolonged efficacy, a key advantage for dental applications
requiring long-term biolm management.81 The hybrid formu-
lation's ability to penetrate biolms is further enhanced by its
nanostructured design, which enables adsorption to bacterial
surfaces and disruption of metabolic pathways.100 Such mech-
anisms align with ndings on LDH-based systems that combine
metal ion release (e.g., Zn2+) with reactive oxygen species (ROS)
generation to impair bacterial viability.81 The broad-spectrum
activity observed against both S. mutans and S. sobrinus indi-
cates that these mechanisms are effective across different cari-
ogenic bacterial species, supporting the potential for
comprehensive oral biolm management. Compared to chlo-
rhexidine's transient effects, the Zn–Fe LDH–chia system's
gradual release of active components supports sustained anti-
microbial activity, making it a promising candidate for pre-
venting oral biolm-related pathologies like plaque and
gingivitis.81,97 The demonstrated efficacy against both major
cariogenic bacteria further strengthens its potential as
a comprehensive oral care agent (Fig. 13).
3.5 Cytotoxicity assessment

The cytotoxicity evaluation of lysozyme, dequalinium, LDH–

chia seed hybrid, and the encapsulated lysozyme–dequalinium/
LDH–chia formulation on human gingival broblast cells (HGF-
1) revealed the superior biocompatibility and therapeutic
potential of the encapsulated formulation. With a CC50 value of
306.6 ± 1.16 mg mL−1, the encapsulated formulation demon-
strated signicantly lower cytotoxicity compared to lysozyme
(238.8 ± 2.05 mg mL−1) and dequalinium (200.54 ± 1.86 mg
mL−1), while maintaining a favorable safety prole relative to
the LDH–chia seed hybrid (427.56 ± 5.36 mg mL−1), as shown in
Fig. 14. This indicates that the encapsulation process not only
enhances the stability and delivery of the active compounds but
also reduces their toxic effects on healthy cells. The encapsu-
lated formulation's balanced cytotoxicity prole positions it as
a promising candidate for dental therapeutics, offering an
effective and safer alternative for treating oral infections while
minimizing harm to surrounding tissues. The inclusion of
lysozyme as a comparative component in this cytotoxicity
assessment is well-supported by its established role in oral
health applications. Lysozyme has been extensively docu-
mented for its selective antibacterial properties against oral
microorganisms, including Streptococcus mutans serotypes,
Veillonella alcalescens, and Actinomyces viscosus strains.101 As
a naturally occurring antimicrobial enzyme present in saliva
RSC Adv., 2025, 15, 30872–30899 | 30893
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Fig. 14 Cytotoxicity of dequalinium, lysozyme, LDH–chia seed hybrid
and Lys–Deq/LDH–chia formulations on Human Gingival Fibroblast
cells (HGF-1).
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and other mucosal secretions, lysozyme serves as a cornerstone
of innate immunity with both direct antimicrobial roles and
immune modulation functions.102 The protein's established
biocompatibility and therapeutic potential have been demon-
strated in various formulations, where it is oen incorporated
into 3D hydrogel matrices and oral hygiene products for its
antibacterial effects while maintaining cellular compati-
bility.103,104 The comparison of individual components (lyso-
zyme and dequalinium) with the encapsulated formulation
demonstrates the protective effect of the LDH–chia matrix,
evidenced by the improved CC50 value of the encapsulated
system compared to free lysozyme, highlighting the enhanced
safety prole achieved through our encapsulation technology.
These ndings underscore the superiority of the encapsulated
system in optimizing therapeutic efficacy and biocompatibility
for clinical applications.
3.6 Study limitations and future prospects

While this study demonstrates the promising potential of the
lysozyme–dequalinium chloride-loaded Zn–Fe LDH–chia seed
matrix for enhanced antimicrobial efficacy and sustained drug
delivery in dental applications, several limitations should be
acknowledged. The experiments were conducted exclusively
under in vitro conditions, which do not fully replicate the
complex oral environment where factors such as enzymatic
degradation (including lysozyme stability in saliva), pH uctu-
ations, and the presence of various ions and organic matter may
impact the stability, release prole, and antimicrobial perfor-
mance of the encapsulated agents. Specically, the stability of
lysozyme in saliva and the structural integrity of the Zn–Fe LDH
matrix under varying pH conditions were not directly assessed.
Additionally, although the mucoadhesive properties of chia
seed mucilage are well-documented, direct experimental eval-
uation of mucoadhesion was not performed in this study.
Future research should therefore focus on comprehensive in
vitro and ex vivo studies simulating the oral environment
30894 | RSC Adv., 2025, 15, 30872–30899
including exposure to salivary enzymes, dynamic pH condi-
tions, and mechanical forces to assess the formulation's
stability, drug release, and antimicrobial efficacy under physi-
ologically relevant conditions. Quantitative mucoadhesion
testing, such as texture analyzer-based detachment force
measurements or ex vivo mucosal retention assays, should be
incorporated to conrm and characterize the adhesive perfor-
mance of the LDH–chia seed matrix. Additionally, future cyto-
toxicity studies should incorporate established dental
antibiotics such as amoxicillin or cephalexin as positive
controls alongside our lysozyme-based formulations to provide
a more comprehensive comparative framework for clinical
translation and better establish the therapeutic positioning of
the developed system relative to conventional dental antimi-
crobial therapies. Furthermore, in vivo studies in appropriate
animal models or clinical trials will be essential to evaluate the
formulation's safety, biocompatibility, and therapeutic efficacy,
while exploring the potential for incorporating additional
bioactive agents or optimizing the matrix composition may
further enhance the system's versatility and effectiveness for
targeted dental therapeutics. Although two dental pathogens
(Streptococcus mutans and Streptococcus sobrinus) were included
in the anti-biolm assays, confocal laser scanning microscopy
(CLSM) was not performed due to funding constraints. This
limitation has been acknowledged, and the authors are
currently preparing a follow-up manuscript focused on the
same compound, where CLSM-based biolm imaging will be
included as part of the extended investigation.
4 Conclusion

This study highlights the successful development of a lyso-
zyme–dequalinium chloride-loaded Zn–Fe layered double
hydroxide (LDH)–chia seed mucilage matrix as a ground-
breaking therapeutic system for combating biolm-associated
dental diseases. The optimized formulation achieved high
encapsulation efficiency, sustained drug release, and excep-
tional colloidal stability, addressing the limitations of rapid
drug depletion seen in conventional treatments. In vitro release
studies conrmed a controlled and prolonged release prole for
both lysozyme and dequalinium, ensuring long-term thera-
peutic efficacy. The formulation demonstrated remarkable
antimicrobial activity against key pathogens, including Strep-
tococcus mutans, Staphylococcus aureus, and Klebsiella pneumo-
niae, and Streptococcus sobrinus with low minimum inhibitory
concentrations (MICs) andMBC/MIC ratios below 4, conrming
its potent bactericidal effects. Furthermore, the system exhibi-
ted signicant antibiolm activity, effectively reducing S.
mutans biolm formation, a critical factor in the progression of
dental caries and periodontal diseases. The encapsulated lyso-
zyme–dequalinium/LDH–chia formulation (CC50 of 306.6 mg
mL−1) exhibits lower cytotoxicity than its components,
demonstrating superior biocompatibility and safety for dental
therapeutics. The synergistic interaction between lysozyme,
dequalinium chloride, Zn–Fe LDH, and chia seed mucilage not
only enhanced antimicrobial and antibiolm efficacy but also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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improved biocompatibility and mucoadhesive properties,
making it highly suitable for oral applications.
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C. Murray and W. Marcenes, Global burden of untreated
caries: a systematic review and metaregression, J. Dent.
Res., 2015, 94(5), 650–658.
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