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Abstract
Traumatic dental injury is frequently complicated by infection, inflammation, and bone loss, highlighting the
need for dual drug delivery scaffolds that address these challenges simultaneously. This study developed and
evaluated a green tea-mediated nanohydroxyapatite-integrated alginate nanocomposite scaffold with
sequential dual-drug delivery. Green tea-mediated nanohydroxyapatite(nHAp) was synthesized, capped with
amoxicillin, and integrated into an alginate matrix; the surface was coated with paracetamol to achieve rapid
release of the analgesic and prolonged release of the antibiotic. X-ray diffraction, Fourier transform infrared
spectroscopy, and scanning electron microscopy validated nHAp synthesis, drug integration and an
interconnected scaffold morphology. Compared to pure alginate, the composite scaffold showed �370.49
percentage points higher swelling (Day 11) and a slowed degradation rate by �46.81 percentage points(Day
15), with rapid release of paracetamol and prolonged release of amoxicillin. The scaffold showed excellent
cytocompatibility (> 92% viability across three cell types),a progressive increase in alkaline phosphatase
activity over 21 days, and apatite formation in simulated body fluid, indicating in vitro osteogenic potential.
Leachates of the amoxicillin-loaded scaffold produced larger zones of inhibition against Escherichia coli than
free amoxicillin on days 1 to 6 Unlike previous studies on Nanohydroxyapatite(nHAp)-alginate composites that
target only osteogenesis or provide only a single sustained-release profile, this scaffold combines green
synthesis, mineral reinforcement by nHAp, and phase-specific dual drug delivery in a single platform; these in
vitro findings support its further evaluation for dental bone tissue engineering.

1) Introduction
Biopolymer-based nanocomposite scaffolds have emerged as a key player in tissue engineering, where the
polymer matrix influences swelling, degradation, integration, and release of the bioactive agents. Among the
materials used in scaffold fabrication, alginate composites integrated with an inorganic mineral phase are in
high demand for hard tissue regeneration, such as in the case of traumatic dental injury. Traumatic dental
injuries affect a significant proportion of the world population, often resulting in enamel fractures and
concussion to complete tooth avulsion[1–4]. Severe traumatic injuries are frequently associated with alveolar
bone loss, leading to a considerable regenerative challenge. Besides structural damage, these injuries lead to
an acute inflammatory response and infection of pulp and periapical tissues. Consequently, inflammation,
infection, and bone loss occur simultaneously and collectively compromise the regenerative process [5].
Efficient clinical management requires a treatment strategy capable of addressing these challenges
simultaneously, as unresolved inflammation and infection hinder bone healing [4].

In cases of severe traumatic dental injuries, traditional dental implants are used to replace the missing teeth.
However, the procedure to fit dental implants is invasive and does not regenerate the alveolar bone, periodontal
ligament, blood vessels, or nerves, resulting in limited restoration of natural tissue function. The success rate
also depends on sufficient bone volume, often requiring additional grafting procedures in cases of traumatic
bone loss [6]. These disadvantages leave a therapeutic timeframe in which regeneration of the native bone
architecture, as an alternative to its mechanical replacement, would enhance the management of the
underlying tissue deficit.

Dental bone tissue engineering addresses these limitations by utilizing scaffolds, growth factors, and cell-
based approaches for bone regeneration rather than just substituting it [7–8]. Scaffold-based approaches
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specifically support vascular ingrowth and biological integration with native tissue while allowing the physical
design to be adapted to the geometry of the site of defect, customizing them to the irregular bone patterns
seen post-trauma [9]. The performance of the scaffolds largely depends on the choice of constituent polymer-
mineral system, which in turn influences biocompatibility, degradation behaviour, and osteogenic properties
[10–15].

Alginate is commonly used in this context because its gelation property and degradation profile can be tailored
to match the demands of alveolar bone regeneration while upholding an osteogenic microenvironment [16].
Integrating hydroxyapatite further enhances the performance of the scaffold by replicating the mineral phase
of bone, which promotes osteogenesis and biocompatibility [17]. Alginate was selected over other natural
polymers (e.g., chitosan, collagen, gelatin) due to its mild, room-temperature ionic gelation with Ca2+ and its
avoidance of harsh crosslinkers; its porosity and degradation are tunable, and its carboxylate-rich backbone
offers binding sites for nHAp and drug molecules while retaining an osteogenic, hydrated microenvironment.
Green tea extract was chosen for the green synthesis due to its high polyphenol(catechin/EGCG) content,
which acts as a capping and reducing agent and offers intrinsic antioxidant and antibacterial activity, which is
beneficial at an infection-prone dental defect site. Nanohydroxyapatite synthesized utilising phytochemicals as
capping agents, like green tea extract, provides additional benefits in comparison to conventional synthesis
processes by enhancing the antimicrobial activity and biocompatibility, making the scaffold suitable for dental
tissue engineering applications [18, 19].

Besides these advances, most alginate-based composite scaffolds from previous studies have been primarily
focused on enhancing bone regeneration [7, 11, 16], with comparatively less emphasis on simultaneous
management of pain and infection that is critical to traumatic dental injuries. Although drug-loaded scaffold
systems have been extensively researched, they are specifically designed to offer a sustained or continuous
release profile rather than one that provides for the dynamic biological demands of wound healing [15].
Amoxicillin and paracetamol were chosen for this study as they are the first-line, widely prescribed therapeutics
in dental practice for treating post-traumatic dental injury infection and inflammation, and their different
physicochemical profiles complement different release compartments (surface-coated painkiller vs. nHAp-
capped antibiotic). For traumatic dental injury, efficient treatment requires rapid analgesic delivery during the
early inflammatory stage, followed by prolonged antibacterial protection during the bone regeneration period,
as the healing tissue remains susceptible to microbial infection [5]. A sequential release is therefore more
advantageous than simultaneous release, as pain peaks within hours and needs rapid relief, whereas infection
risk prevails for days to weeks, so syncing each drug’s kinetics to its clinical window avoids both under-
treatment during the early pain and premature exhaustion of the antibiotic. Scaffold systems capable of
incorporating osteogenic support with a sequential drug release strategy remain relatively unexplored for
alveolar bone regeneration post-traumatic dental injury[15–20].

To bridge this gap, the present study developed a green tea-mediated nanohydroxyapatite-reinforced alginate
composite scaffold as a multifunctional platform that combines mineral reinforcement with
compartmentalised, sequential drug delivery. Integrating paracetamol and amoxicillin as a dual drug delivery
system, designed for rapid release of paracetamol for immediate pain relief, followed by prolonged release of
amoxicillin for extended protection from infection during bone regeneration. We hypothesized that integrating
sequential dual drug delivery with an osteogenic nanocomposite scaffold would offer rapid analgesic
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availability and prolonged antibacterial activity while supporting osteogenic cell function in vitro, as a first step
towards alveolar bone regeneration after traumatic dental injury.

2) Materials and methods

2.1) Materials and chemicals.
Ammonium dihydrogen orthophosphate was procured from Karnataka Fine Chem; sodium alginate was
procured from SRL Chemicals Ltd; calcium chloride was procured from SDFCL Ltd, Mumbai. Tetley Green Tea
Long Leaf Original was used for the extract preparation.

2.2) Nanohydroxyapatite (nHAp) synthesis.

2.2.1) Extract preparation
Green tea Leaves were finely ground into powder form using a mixer.10 mg of this leaf powder was added to
50 mL of deionized water & boiled for 2 hours. Once cooled, the mixture was filtered using Whatman filter
paper, and the extract obtained was stored at 4⁰C for further experiments.

2.2.2) Green synthesis of nHAp.
10 mL of 0.1 M calcium chloride was added to 10 mL of 0.6 M ammonium dihydrogen orthophosphate
solution and mixed using a magnetic stirrer to form a homogeneous mixture. This was followed by adjusting
the pH to 12 using 0.8 M NaOH, after which the mixture was added with 5 mL of the green tea leaf extract was
added to the mixture and mixed using a magnetic stirrer for 1 hour, and left undisturbed at room temperature
to get a gelatinous precipitate. The obtained gelatinous precipitate was dried in a microwave oven for 10
minutes and then dried in a 100⁰C furnace for 1 hour. The dried cake was crushed to derive nanohydroxyapatite
[21].

2.2.3) Characterization of nHAp.
The synthesised nHAp was characterised by X-ray diffraction to confirm its molecular composition and
crystalline phase. The nHAp was tested at room temperature using a Panalytical diffractometer (Xpert Pro
powder). (Cu Kα radiation) working at a voltage of 40 kV. X-ray diffraction (XRD) was carried out at a 2θ angle
range of 10–70⁰, and the process parameters were kept as: scan step time 0.05 s and scan step size 0.02⁰ [22,
23].

2.3) Preparation of scaffold integrated with nHAp.

2.3.1) Optimization of the alginate concentrations.
4%, 6%, and 8% sodium alginate solutions were prepared. They were individually mixed with 10 mg of
nanohydroxyapatite and poured into separate Petri plates. They were polymerised by adding CaCl2 solution
dropwise with constant stirring to ensure uniform solidification. The samples were kept in the freezer for 24
hours and then subjected to lyophilisation.

2.3.2) Preparation of nHAp-embedded alginate scaffold.
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After optimisation, 8% alginate was chosen for further experiments as it showed the most promising in vitro
properties. For scaffold preparation, an 8% alginate solution was used, and 10 mg of nHAp was added to it and
subjected to continuous stirring using a magnetic stirrer. This mixture was then treated with chilled CaCl2 for
crosslinking [24]. After 15 minutes of incubation at room temperature, the sample was lyophilised to obtain
scaffolds of the same.

2.4) Characterization of Scaffold.

2.4.1) XRD analysis
The scaffolds fabricated were subjected to XRD analysis. The structure of the composite scaffold was
analysed with the help of XRD studies. XRD patterns of the composite scaffolds were evaluated under
standard conditions using a Panalytical diffractometer (XPERT Pro powder). (Cu K radiation) operating at a
voltage of 40 kV. XRD was carried out for the 2-theta angle range of 10–70⁰, and the process parameters were
kept as follows: 0.05 s for the scan step time and 0.02⁰ for the scan step size [25].

2.4.2) SEM analysis
The nHAp-integrated alginate scaffold was cut into small pieces and subjected to gold sputtering for two
minutes using a DII-29030SCTRSmart coater, followed by SEM-EDS analysis using Ultra55 FE-SEM Carl Zeiss
EDS [26, 27].

2.4.3) Swelling analysis:
The 8% alginate scaffold without the integration of nHAp was taken as the control sample, and the scaffold
with the integration of nHAp was taken as the Test sample. The dry weights of the scaffolds were noted.
Scaffolds were then placed into the prepared phosphate-buffered saline (PBS) solution separately. The wet-
weight scaffolds were weighed for 15 days (Day 1,3,5,9,11,15), and a graph of swelling % was plotted against
time [28, 29]. The swelling percentage was calculated using Eq. 1. The experiment was carried out in triplicate.

Swelling%=((W t -W o )/W o )*100 -(1)

Wherein Wt is the wet weight of the scaffold at time t, and Wo is the initial dry weight of the scaffold on day 0.

2.4.4) Degradation studies:
The 8% alginate scaffold without the integration of nHAp was taken as the control sample, and the scaffold
with the integration of nHAp was taken as the test sample. The dry weights of the scaffolds were taken before
the experiment. The pre-weighed scaffolds were added to the PBS buffer solution with lysozyme. The scaffolds
were weighed at Days 5,7,9,11, and 15. A weight v/s day graph was plotted for the degradation ratio values
[30]. The degradation percentage was calculated using Eq. 2. The experiment was carried out in triplicate.

Degradation percentage =((W o -W t )/W o ) * 100 -(2)

Wherein Wt is the wet weight of the swollen scaffold at time t, and Wo is the initial weight of the dry scaffold on
Day 0.

2.5) Drug loading and release studies
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2.5.1) Preparation of a standard curve for antibiotic and
painkiller:
Standard graphs of the chosen antibiotic (Amoxicillin) and painkiller (Paracetamol) were individually plotted for
concentrations 0.05,0.1,0.25,0.5,1,1.5 mg/mL at 270 and 196 nm, respectively.

2.5.2) Capping of Antibiotic to nHAp:
An optimised concentration of Amoxicillin solution was prepared and used for capping Amoxicillin onto nHAp
in amoxicillin :nHAp ratios (w/w) of 1:1 and 1:2. The amoxicillin-capped nHAp was dried, integrated into the
alginate scaffolds individually, and subjected to lyophilization.

2.5.3) Antibiotic (Amoxicillin) release profile studies
For evaluating the release profile of antibiotics, the antibiotic-capped nHAp-embedded alginate scaffold was
immersed in PBS solution, and spectrometric analysis of the solution was carried out at 270 nm for specific
time intervals of 15 to 10080 minutes to study the Amoxicillin release profile.After each reading, the aliquot
was returned to the same bottle, so each measurement represents cumulative release [31, 32].

2.5.4) Paracetamol release profile studies:
The scaffolds coated with 1mg/mL paracetamol were immersed in PBS solution, and the Paracetamol release
into PBS was noted at 196 nm at intervals 15 to 1140 minutes to study the Paracetamol release profile [33].
Aliquotes were returned to the bottle after reading.

2.5.5) Preparation of scaffold encapsulated with antibiotic-
capped nHAp and painkiller.
20 mL of 8% sodium alginate solution was mixed with 20mg of Amoxicillin and 40 mg of nHAp. The mixture
was crosslinked using chilled calcium chloride, and then lyophilised (as per the protocol given above) to
prepare the scaffolds. The prepared scaffold was incubated for 1 day in a painkiller (Paracetamol) solution at a
concentration of 1mg/mL. After incubation, the scaffolds were air-dried at room temperature.

2.5.6)Drug release studies for Amoxicillin and paracetamol
integrated GTnHAp-alginate scaffold.
The scaffold integrated with amoxicillin and paracetamol was immersed in PBS solution for 10080 minutes
and was analysed for drug release using ultraviolet-visible (UV-vis) spectrophotometry.

2.5.7)Release kinetics.
As the sampled aliquots were returned to the release medium after each reading, the measured concentrations
represent cumulative release. Cumulative release (Q,%)was expressed relative to the maximum measured
concentration of the individual profile, and the release phase (0 minutes up to the time of maximum release)
was fitted by linear regression to zero-order (Q vs t), first order (log (100-Q) vs t ), Higuchi (Q vs √t), Korsmeyer-
Peppas (log Q vs log t), and Hixson-Crowell (Q0

1/3 – Qt
1/3 vs t) models. The model with the highest coefficient

of determination (R2) was considered the best fit, and the Korsmeyer-Peppas release exponent (n) was
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interpreted as Fickian diffusion (n ≤ 0.45), anomalous transport (0.45 < n < 0.89) or Case II transport (n ≥ 0.89)
for a cylindrical matrix.

2.6) Biomineralization studies
A 100 mL solution of simulated body fluid (SBF) was prepared using the following reagents: 0.745 g NaCl,
0.044 g KCl, 0.035 g NaHCO3, 0.116 g CaCl2·2H2O, 0.031 g MgSO4·7H2O, 0.023 g Na2HPO4·2H2O, and 0.15 g
Tris base. These reagents were dissolved in 90 mL of deionized water under constant magnetic stirring. The
pH of the solution was adjusted to 7.4 using 1 M HCl. Subsequently, the solution was brought to a final volume
of 100 mL with deionized water. Scaffolds embedded with Green tea nHAp were immersed in the prepared SBF
solution. Following a designated incubation period (14 days), the SBF was aspirated, and the scaffolds were
lyophilized and subjected to XRD and SEM analysis. The SEM analysis was carried out using an Ultra55 FE-
SEM Carl Zeiss EDS [34].

2.7) Cytocompatibility assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was carried out to evaluate the
cytocompatibility of the cells after interacting with the scaffold samples:

• nHAp + Alginate scaffold.

•nHAp + Alginate + Amoxicillin scaffold.

•nHAp+ Alginate + Amoxicillin + Paracetamol scaffold .

The MTT assay determines the extent to which viable cells can cause the conversion of tetrazolium in MTT to
formazan. The assay was done on L929(Mouse fibroblast cell line), MG63 (Osteosarcoma cell line), and POB
(Primary Osteoblast cells), which were cultured under standard culturing conditions.

Following a seeding density of 104 cells per well into 96-well plates, under sterile conditions, each scaffold
formulation was kept immersed in full medium at 37 ◦C and 48 hours with agitation. The medium, consisting of
the leachable components, was collected in a Falcon tube following the incubation period [35–36].Cell viability
(%) was calculated as (absorbance of cells exposed to scaffold leachate /absorbance of untreated control
cells) X 100.Untreated cells served as the 100% viability reference and a cytotoxic control was included in each
assay.

2.8) FTIR analysis
The FTIR analysis was carried out for the nHAp-embedded alginate scaffold and the nHAp-embedded alginate
scaffold integrated with paracetamol and an antibiotic. FTIR was carried out using a Perkin-Elmer Frontier FTIR
spectrophotometer operating in the wavenumber range 4000 − 600 cm− 1 to study whether the chemical
integrity of the nHAp alginate scaffold was interfered with by the drugs integrated with the scaffold. The
method followed was the ATR method [37, 38].

2.9) ALP analysis.
Alkaline Phosphatase(ALP) activity was carried out as an early marker of osteogenic differentiation using
odontoblast-like cells (OLC), primary osteoblasts (POB), and their co-culture (OLC + POB) seeded onto pre-
sterilised scaffolds and maintained under standard conditions in sustained growth medium. At specific time
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intervals (Days 7,14 and 21), the cell-seeded scaffolds were removed from the culture plates and subjected to a
PBS saline wash three times to ensure efficient residual medium removal.

Each scaffold was then treated with papain digestion buffer and incubated for 24 hours at 60⁰C for proper
digestion of the scaffold and release of the cellular contents. The digested samples were centrifuged, and the
supernatant was collected for further analysis.

ALP content was determined using the SensoLyte® pNPP Alkaline Phosphatase Assay Kit (AnaSpec, USA)
according to the prescribed protocol by the manufacturer. In a nutshell,50 µL of the sample supernatant was
mixed with pNPP substrate and incubated at 37°C for an hour, during which pNPP was hydrolysed to p-
nitrophenol by ALP, producing a yellow coloured product. Absorbance was measured at 405 nm using a
microplate reader, and ALP content was calculated using a standard curve generated using the standards
provided with the kit. To normalise the cell number difference, the DNA content of each sample was quantified
using the Hoechst DNA assay. Final ALP values were given as ng of ALP /microgram of DNA (ng ALP/µg DNA)
[39].

2.10) Antibacterial assay.
Alginate scaffolds integrated with green tea nHAp capped with amoxicillin were immersed in PBS solution for a
period of 16 days. The scaffold leachates were collected on days 1,2,3,4,6,8,12 and 16 and tested for
antibacterial activity by the agar diffusion method against E. coli, a Gram-negative model organism commonly
used for primary screening of antibiotic-releasing biomaterials; Free amoxicillin was tested in parallel as the
comparator. Plates were incubated for 24 hours at 37⁰C, followed by measurement of the zone of inhibition as
the radius from the centre of the well to the outer edge of the clear zone. The experiment was carried out in
triplicate (n = 3), and results are expressed as mean ± standard deviation [40].

2.11 ) Statistical Analysis
Experiments were performed in triplicate (n = 3), and the results are presented as mean ± standard deviation
(SD). Data processing and graphical visualization were performed using Microsoft Excel 2019 (Microsoft
Corporation, Redmond, WA, USA) and OriginPro 9.0(OriginLab Corporation, Northampton, MA, USA). Swelling,
degradation, drug release,cytocompatiblity,ALP activity and antibacterial data were analysed by two-way
analysis of variance (ANOVA) followed by Tukey’s HSD post hoc test; where groups were compared at
individual time points,Tukey’s HSD pooled within-group mean square from the ANOVA For the drug release
studies, concentrations are expressed as mean ± Standard deviation (n = 3); two-way ANOVA (formulation x
time )was performed excluding the 0-minute time point, and Tukey’s HSD comparisons between formulations
used the pooled within-group mean square from the ANOVA. Overall formulation means are presented as
mean ± SE derived from the ANOVA model. A value of p < 0.05 was considered statistically significant.

3) Results and Discussion

3.1) Nanoparticle synthesis: Green synthesis of
nanohydroxyapatite(nHAp).
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nHAp was synthesized using green tea leaf extracts by the green synthesis protocol described in Section 2.2.
The physicochemical and structural characterization of the synthesized nanoparticles was analysed using XRD
to confirm successful synthesis before the fabrication of the scaffold.

3.1.1) Characterization of synthesized nHAp.
XRD of nHAp showed sharp peaks at crystal planes (002),(112), at 2θ = 26.0° and 32.1° respectively, these
results are concurrent with the Joint Committee on Powder Diffraction Standards (JCPDS) standard PDF card
No. 01-86-1199, confirming the formation of hydroxyapatite with a hexagonal crystal system (Fig. 1). The
sharp, well-defined peaks indicate a high degree of crystallinity and long-range lattice order, attributed to the
rapid, homogeneous nucleation facilitated by microwave-assisted synthesis [41]. The positions of peaks are
consistent with values reported across HAp systems synthesized independently, in which peaks at 26⁰ and
32.1⁰ are indicators of well-crystallised,phase-pure hydroxyapatite[42].

The absence of secondary-phase peaks indicates that green tea polyphenols functioned as effective capping
agents, modulating crystal growth without disrupting the lattice integrity[43]. This is significant, as
phytochemical-mediated synthesis using green tea extract has been shown to promote chemical stability,
osteogenic capacity, and antimicrobial properties of the nHAp, making it specifically suitable for dental tissue
engineering applications [44]. Retaining high nHAp crystallinity is crucial for bone regeneration, as crystallised
hydroxyapatite is dimensionally and chemically more stable, dissolves slowly and effectively under
physiological conditions, and therefore retains a supersaturated calcium phosphate microenvironment that
supports osteoblast attachment and ordered mineral deposition, instead of rapid, uncontrolled dissolution
seen within poorly crystalline phases. The crystallographic characteristics observed here are consistent with
prior literature, confirming the synthesis route and supporting the subsequent integration of synthesized nHAp
into an alginate scaffold for dental bone tissue engineering.

3.2) Preparation of scaffold integrated with
nanohydroxyapatite.
The green tea-mediated nanohydroxyapatite-integrated scaffold was fabricated according to the protocol
described in Section 2.3.2. The structural and physicochemical characteristics of the nanocomposite scaffold
were subsequently analysed using XRD, FTIR, and SEM to confirm the successful integration of
nanohydroxyapatite within the alginate matrix before biological evaluation.

3.2.1) Optimization of the alginate concentrations.
The swelling properties of scaffolds containing 4%, 6%, and 8% alginate were analysed to determine the
optimum polymer concentration for nanocomposite scaffold fabrication. Amongst the investigated
formulations, the 8% scaffold showed the most favourable swelling property, along with maintaining structural
integrity throughout the timeframe of the study. The improved performance of the 8% scaffold can be
attributed to higher polymer concentration, forming a denser and more stable hydrogel network capable of
retaining greater amounts of water without compromising scaffold integrity [13, 16]. Swelling property is
crucial for tissue engineering scaffolds as it impacts nutrient diffusion, metabolite exchange, and the
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maintenance of a hydrated microenvironment that supports tissue regeneration and cell survival [13, 16].
Optimisation considered not only swelling capacity but also the ability to preserve structural integrity and
shape over the 15-day duration of the study, resistance to premature degradation, and the formation of a self-
supporting, handleable lyophilised construct. The 4% and 6% alginate composite scaffolds swelled
satisfactorily but lost integrity and were mechanically weaker; however, the 8% alginate composite scaffold
balanced high uptake of water with structural stability. Based on this study, the 8% alginate composite scaffold
was selected for further characterisation and evaluation studies.

3.3) Characterization of Scaffold.

3.3.1) XRD analysis.
The XRD of pure alginate shows a broad, diffuse peak instead of a well-defined, sharp peak. This characteristic
is mainly due to the amorphous nature of the alginate (Fig. 2a). Such a structure is typical for natural
polysaccharides like alginate, coinciding with the previously reported results for Sodium Alginate, which show
a broad peak approximately in the 10–30⁰ 2θ range. This amorphous behavior is advantageous for tissue
engineering applications, as it often leads to flexibility and high porosity[45].

In contrast, the XRD results of the composite scaffold reveal sharp peaks at 32⁰, 45⁰, and 56⁰ that correlate
with the peaks of Crystalline nanohydroxyapatite. The retention of the broad background peaks further shows
that the composite contains both alginate and crystalline HAp. This indicates successful integration of the
nHAp into the alginate scaffold. This Combination of amorphous and crystalline nature demonstrates that the
composite has the advantages of porosity and flexibility of the alginate, along with the bioactivity and
structural integrity of the hydroxyapatite (Fig. 2b) [46].

3.3.2) SEM analysis
The SEM micrograph obtained at 10.00 KX magnification exhibited successful integration of Green tea-
mediated nHAp within the alginate scaffold, indicating uniform distribution of almost spherical nanoparticles
with minimal agglomeration (Fig. 3a). Higher magnification imaging at 50 kX resolved the individual
nanohydroxyapatite sizes to be in the range of diameters ranging from 45.6–116.7 nm(Fig. 3b). These
measurements validate the nanoparticle nature of the synthesized mineral phase and are consistent with
nanoscale crystallites. The porous microstructure shows effective scaffold formation, offering a fluid-
accessible architecture necessary for diffusion and waste exchange in bone tissue engineering [47].
Additionally, the homogeneous distribution of nHAp throughout the alginate matrix shows effective
nanoparticle dispersion. This is functionally important, as uniform dispersion provides evenly distributed sites
of nucleation for deposition of apatite, which agrees with the biomineralization results; also, limited
agglomeration avoids the localised stress concentrations and heterogeneous degradation related to particle
clustering.

3.3.3) Swelling analysis :
Swelling behaviour was analysed to quantify the fluid-uptake potential of the scaffolds and to evaluate how
integration of green tea-mediated nHAp influences pore accessibility in comparison to the plain alginate
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control. Water uptake impacts nutrient and metabolite diffusion through the construct and its dimensional
stability in the moist state, both of which are necessary for cell infiltration in bone tissue engineering [48]. On
the 11th day, the nHAp-integrated scaffold reached a swelling percentage of 421.85 ± 121.78% in comparison
with 51.36 ± 13.2% for the alginate control.Two way ANOVA showed a significant effect of scaffold type
(F(1,24) = 219.36, p < 0.001),with no significant effect of time (F(5,24) = 1.10,p = 0.384) or scaffold X time
interaction (F(5,24) = 0.59,p = 0.710);Tukey’s HSD confirmed that the nHAp-integrated scaffold swelled
significantly more than the alginate control at every time point (p < 0.001).Mechanistically, the higher uptake in
the composite is due to three crucial factors: the rich surface hydroxyl and phosphate groups of hydroxyapatite
are strongly hydrophilic and create additional water-binding sites; the dispersed nanoparticles act as physical
spacers that enhance capillary uptake and interconnected pore volume; and interfacial interaction between
alginate carboxylate groups and nHAp loosens chain packing, allowing higher matrix expansion. An enhanced
stable swelling capacity is biologically favourable as it improves nutrient and metabolite diffusion, cell
infiltration during early tissue integration, and protein absorption. Together, these studies show that nHAp
integration improved the swelling property of the scaffold. (Fig. 4a).

3.3.4) Degradation Analysis
Degradation of the scaffolds is a critical criterion for tissue engineering design. Preferably, the scaffold's
degradation rate should be similar to the rate at which the new tissue forms to ensure proper functionalization
of the newly formed tissue. Upon taking wet weights on Days 5, 7, 9, 11, and 15, it was observed that the
scaffold weight increased for the first 24 hours for both the control (alginate) and the test (alginate + nHAp),
and later started degrading. After day 9, it was found that the degradation was accelerated in the control, while
the degradation in the test sample was happening at a controlled and slower pace. Upon calculating the
degradation percentage at day 15, it was found that only the alginate scaffold had a higher degradation
percentage (86.37 ± 2.01%) compared to the nHAp-integrated alginate scaffold (39.56 ± 2.70%), indicating that
the addition of nHAp slowed down the degradation process of the scaffold. Two-way ANOVA confirmed
significant effects of time (F(4,20) = 104.29,p < 0.001) and scaffold type (F(1,20) = 10.73,p = 0.004),and
significant scaffold X time interaction (F(4,20) = 34.88,p < 0.001), reflecting this crossover. The slower
degradation rate after integration of nanohydroxyapatite can be associated with the mineral phase reinforcing
the network; nanohydroxyapatite-carboxylate interactions provide additional physical crosslink-like junctions
that make the matrix stiff and hinder chain scission, as the buffering dissolution of apatite locally neutralises
acidic degradation products, thus reducing the autocatalytic breakdown. Clinically, this controlled, elongated
degradation is favourable as it keeps the scaffold structurally intact and mechanically stable over the weeks,
which is essential for alveolar bone regeneration, so that the degradation rate of the scaffold is in sync with the
rate of new tissue formation. From this study, we can validate that the integration of nanohydroxyapatite
extends the degradation time of the fabricated scaffold (Fig. 4b).

Figure 4: Results for Swelling assay (a), Degradation assay(b) of Alginate and alginate scaffolds in PBS.
Standard conditions maintained (pH = 7.4) at 37⁰C over 15 days. Data are expressed as mean ± S.D.
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001,**** p < 0.0001.Maximum swelling was observed on Day
11 and Maximum degradation was observed on day 15. Compared to pure alginate, the composite scaffold
showed �370.49% points higher swelling on Day 11 and slowed degradation rate by � 46.81% points on Day 15.

3.4) Drug loading and release studies.
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3.4.1) Preparation of a standard curve for antibiotic and
painkiller:

3.4.1.1) Antibiotic loading:
For the drug loading studies, the antibiotic drug Amoxicillin was chosen due to its extensive use as a dental
antibiotic, and a working concentration of 1mg/mL was used.A standard curve of OD versus concentration
(Fig. 5a) was prepared for 0.05-1.5mg/mL at 270 nm.

3.4.1.2) Painkiller loading:
For the drug loading, the painkiller chosen was Paracetamol, as it is one of the most commonly found and
used painkillers in the market. A working concentration of 1mg/ml was used and a standard curve was
prepared by measuring the absorbance of paracetamol solutions from 0.05 to 1.5 mg/ml at 196 nm (Fig. 5b).

3.4.2) Drug Release Profile:
Amoxicillin release profile.

The Amoxicillin release was found to be sustained in all three scaffolds (Fig. 5c,5e). The Amoxicillin-capped
nHAp scaffolds reached an initial maximum at the 45th minute, with 1:2 (0.149 ± 0.035) giving higher release in
comparison to 1:1 (0.113 ± 0.031 mg/mL). Both scaffolds attained a plateau by the 45th minute that was
maintained for the rest of the 10080 minutes of the study. The highest concentrations were recorded at 1140
minutes for 1:2(0.150 ± 0.036 mg/mL) and at 1560 minutes for 1:1(0.127 ± 0.043 mg/mL), and the
concentration at 10080 minutes (1:2: 0.143 ± 0.037 mg/ml;1:1: 0.119 ± 0.032 mg/mL) remained within 6% of
the respective 45th minute values. This plateau shows the establishment of equilibrium partition between
amoxicillin capped to the nHAp surface and the free amoxicillin in the solution, in agreement with the
hydrogen-bonded, non-covalent drug-mineral association observed in FTIR analysis (Section 3.7). Throughout
the study, the 1:2 formulation retained a higher mean release concentration (0.140 ± 0.005 mg/mL) in
comparison to the 1:1 formulation (0.110 ± 0.005 mg/mL), showing that the amoxicillin-to-nanohydroxyapatite
ratio impacts the antibiotic release. Two-way ANOVA validated a significant impact of formulation on the
released amoxicillin concentration (F(2,114) = 11.82,p < 0.001), with no significant influence of time (F(18,114) 
= 0.38,p = 0.989) and no formulation X time interaction (F(36,114) = 0.10,p > 0.999). Tukey’s HSD post hoc
analysis indicated that the 1:1 formulation released significantly less amoxicillin than both the 1:2 formulation
(p < 0.001) and the dual drug scaffold(p < 0.001); the 1:2 formulation and the dual drug scaffold did not differ
(p = 0.819)(Fig. 5c,e). Comparisons between formulations at individual points were not significant (all p > 0.05),
owing to the replicate variability at each time point; the formulation difference arises from the consistent offset
maintained across all time points. The absence of a time impact offers quantitative validation that the
formulations maintained a stable plateau throughout the study time, while the significant formulation impact
shows that the 1:2 ratio yields a consistently larger releasable reservoir.

Paracetamol release profile.

Paracetamol reached 0.859 ± 0.032 mg/mL within the first 15 minutes of the study, corresponding to 96% of its
maximum release (0.897 ± 0.042 mg/mL at the 45th minute;n = 3). This indicates rapid availability as a
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consequence of the surface coating strategy, as there is no polymeric barrier between the drug and PBS
solution; release is impacted by immediate surface dissolution instead of diffusion through the alginate matrix.
The concentration declined subsequently to 0.293 ± 0.029 mg/mL by the 150th minute and 0.090 ± 0.009
mg/mL by 1140 minutes (Fig. 5d); this decline does not represent a reduction in cumulative release, as sample
aliquots were returned to the medium after each reading, and is associated with hydrolytic degradation of
paracetamol in PBS buffer along with partial re-adsorption onto the scaffold surface.

Release from the dual-drug (amoxicillin and paracetamol) scaffold.

The dual-drug scaffold displayed the intended sequential release profile (Fig. 5e). Paracetamol reached 0.772 
± 0.031 mg/mL within 15 minutes (92% of its maximum of 0.840 ± 0.005 mg/mL at 45th minute) and then
declined to 0.287 ± 0.024 mg/mL by the 150th minute and 0.031 ± 0.023 mg/mL by 10080 minutes, following
the same pattern as the paracetamol-coated scaffold. Amoxicillin, in contrast, increased gradually from 0.110 
± 0.045 mg/mL at the 15th minute to a maximum release of 0.150 ± 0.037 mg/mL at the 1140th minute and
remained at 0.121 ± 0.037 mg/mL (81% of the maximum )at the end of the study (10080 minutes). Amoxicillin
release from the dual-drug scaffold was comparable to that of the 1:2 formulation, consistent with their
identical amoxicillin-to-nHAp ratio, indicating that the paracetamol coating did not compromise the antibiotic
reservoir.

Two-way ANOVA comparing paracetamol release from the paracetamol-coated and dual-drug scaffolds (15-
1140 minutes )showed significant influence of formulation (F(1,52) = 21.27,p < 0.001), time (F(12,52) = 
1027.53,p < 0.001), and formulation X time interaction (F(12,52) = 2.05,p = 0.037). Tukey’s HSD showed that the
dual-drug scaffold released less paracetamol during the initial burst at 15 (p < 0.001),30(p = 0.006), and 45
minutes (p = 0.003), whereas the two scaffolds did not differ from 60 minutes onwards (all p > 0.05)(Fig. d,e).
The overall mean paracetamol concentration was therefore slightly lower in the dual-drug scaffold(0.507 ± 
0.004 mg/mL )than in the paracetamol-coated scaffold (0.531 ± 0.004 mg/ml; mean ± SE,n = 39 per
formulation), with the difference confined to the burst phase. This may be attributed to the amoxicillin-capped
nHAp in the dual-drug scaffold occupying surface sites otherwise available for paracetamol adsorption during
the coating step; nevertheless,92% of the maximum paracetamol release was still achieved within 15 minutes,
preserving the rapid analgesic phase.

3.4.3)Release mechanism and kinetics
The two drugs occupy structurally different compartments in the scaffold system, and this architectural
variation is the basis of the noted release behaviour. Paracetamol is surface-coated onto the scaffold and has
a rapid release as it only requires surface dissolution; however, amoxicillin, in contrast, has a sustained release
as it is capped onto the nanohydroxyapatite and integrated into the alginate matrix, thus requiring dissociation
from the nanohydroxyapatite and subsequent transport via the hydrated polymer network. Classical release
models (Zero-order, First-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell ) were fitted to the release
phase of each profile(Table 1). For the amoxicillin-capped nHAp scaffolds, none of the models described the
profiles well (R2≤ 0.65 for 1:1 and ≤ 0.40 for 1:2); Korsmeyer-Peppas gave the highest R2, with release
exponents of 0.051(1:1) and 0.044(1:2), both far below the value of 0.45 characteristic of Fickian diffusion. For
amoxicillin from the dual-drug scaffold, first-order kinetics gave the best fit (R2 =0.876), with a Korsmeyer-
Peppas exponent of 0.075, reflecting its more gradual approach to the maximum. Zero-order, Higuchi, and

Page 13/30



Korsmeyer-Peppas kinetics describe transport via a rate-limiting matrix and are formally applicable only to
capped amoxicillin and not to surface-coated paracetamol; the paracetamol fits (best fit: Korsmeyer-Peppas,
R2 =0.986 for paracetamol-coated scaffold; first-order R2 =1.000 for the dual-drug scaffold )are based on only
three to four time points before the maximum at 45 minutes and are therefore not interpreted mechanistically.
As 73–75% of the maximum amoxicillin release had already occurred by the first sampling point, beyond the ≤ 
60% range for which the Korsmeyer-Peppas model is valid, these exponents are indicative rather than
definitive. However, they are consistent with other observations like rapid attainment of a stable plateau within
45 minutes and the non-covalent mineral-drug interactions identified by FTIR, together indicating that the
release is influenced by dissociation of amoxicillin from the nHAp surface instead of diffusional resistance of
the alginate matrix, with the system acting as an equilibrium-buffered reservoir instead of a diffusional-
controlled depot.

Table 1
Release kinetic model filling for amoxicillin and paracetamol release from the scaffolds. Fractional release was

expressed relative to the maximum measured concentration, and models were fitted from 0 minutes to the
time of maximum release

Scaffold(Drug) Fitting
window

(min)

Zero-
order
R2

First-
order
R2

Higuchi
R2

Korsmeyer-
Peppas

N Hixson-
Crowell
R2

Best fit

1:1 (amoxicillin
)

0-1560 0.150 0.376 0.293 0.650 0.051 0.631 Korsmeyer-
Peppas

1:2(amoxicillin) 0-1140 0.067 0.075 0.241 0.397 0.044 0.384 Korsmeyer-
Peppas

Dual Drug
(amoxicillin )

0-1140 0.089 0.876 0.308 0.790 0.075 0.490 First order

Paracetamol-
coated
(paracetamol)

0–45 0.634 0.947 0.867 0.986 0.040 0.881 Korsmeyer-
Peppas

Dual drug
(paracetamol)

0–45 0.665 1.000* 0.889 0.911 0.081 0.930 First order*

N,Korsmeyer-Peppas release exponent.*Fitted on three time points only, paracetamol fits are indicative and are
not interpreted mechanistically.

3.5) Biomineralization studies.
Biomineralization studies were carried out to evaluate the scaffold’s capacity to induce the formation of bone-
like apatite on its surface, which validates that the scaffold is suitable for bone regeneration applications. Post-
immersion XRD patterns of the nHAp-alginate scaffold showed that characteristic peaks at 2θ values of 27.5⁰,
31.9⁰, 45.8⁰, and 56.8⁰ are consistent with the formation of crystalline hydroxyapatite (JCPDS 09-0432). These
peaks correspond to the (002), (211), (222), and (511) crystallographic planes of hexagonal HA, respectively,
confirming phase purity and bioactivity similar to bone mineral (Fig. 6a). The SEM image of a green tea nHAp-
embedded alginate scaffold, following 14 days of incubation in simulated body fluid (SBF), shows a densely
mineralized surface characterized by uniform deposition of apatite particles. This appreciable level of apatite
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formation depicts the scaffold’s enhanced bioactivity and ability to support mineral nucleation, highlighting its
suitability for dental bone tissue engineering applications. Formation of apatite occurred because the exposed
nanohydroxyapatite serves as a nucleation template; its surface Ca2+ and PO4

3− sites lower the interfacial

energy for heterogeneous nucleation, drawing phosphate and calcium ions from the SBF fluid to develop a
bone-like apatite layer. This ability to induce calcium-phosphate nucleation is an in vitro hallmark of bioactivity
and predicts osteoconductive properties in vivo, as the apatite layer formation mediates attachment to native
bone and supports surface adhesion for the osteoblasts (Fig. 6b).

3.6) Cytocompatibility assay.
The cytocompatibility of the green tea-mediated nHAP-integrated scaffold and its drug-loaded formulations
was evaluated by an MTT assay against MG63 osteoblastic like cells and Primary osteoblasts (POB) to
evaluate osteogenic properties and L929 for safety evaluation. All formulations of scaffolds exhibited viability
above the 70% non-cytotoxic threshold across all three cell types (Fig. 7a).MG63 viability was 96.69 ± 
0.68%,97.81 ± 1.31% and 97.47 ± 1.17 for the nHAp-alginate scaffold, amoxicillin-capped nHAp integrated
alginate scaffold, and paracetamol coated amoxicillin capped nHAp integrated alginate scaffold, L929
followed comparably (96.18 ± 1.50%,97.29 ± 1.42%,95.58 ± 0.66%), as did POB (92.23 ± 1.58%,93.36 ± 
0.50%,92.93 ± 1.01%).Viability is shown relative to the untreated control (100.00 ± 1.20%);the cytotoxic control
returned 3.03 ± 0.04%,validating the assay. Two way ANOVA indicated a significant impact of cell type (F(2,18) 
= 37.50,p < 0.0001)but no significant impact of formulation (F(2,18) = 2.27, p = 0.132) or cell type × formulation
interaction (F(4,18) = 0.45, p = 0.773).Tukey's HSD validated that POB viability was lower in comparison to
MG63 and L929 (p < 0.0001); however, no formulation pair varied significantly(Formulation main effect, all p > 
0.12). Drug integration into the scaffold did not significantly impact the cytocompatibility. The values reported
in this study are similar to those reported for comparable drug-loaded hydroxyapatite systems, which included
ciprofloxacin -loaded nHAp(with > 95% viability under the same ISO criterion )[49] and an amoxicillin-loaded
nanohydroxyapatite system, in which antibiotic integration led to no significant change in periodontal ligament
stem cell proliferation [50]. Unlike single-drug systems, the present scaffold extends cytocompatibility to
integrated antibiotic-analgesic delivery, further supporting its application in dental bone tissue engineering.
Plain alginate was not included as a separate cytocompatibility control because its biocompatibility is well
established [48] .

3.7) FTIR Analysis
FTIR was carried out to understand if the integration of drugs interferes with the chemical integrity of the
scaffold. FTIR analysis of the nHAp-alginate scaffold and drug-loaded composites validated the successful
integration of both scaffold components and drugs without compromising chemical integrity. Characteristic
peaks at 3372 and 3351 cm⁻¹ correspond to O–H/N–H stretching vibrations from alginate hydroxyl groups and
structural water in nanohydroxyapatite. Specific peaks at 1633 and 1628 cm⁻¹ represent asymmetric stretching
of carboxylate groups in alginate, while phosphate peaks specific to nHAp appear near 1027–1028 cm⁻¹ and
669–666 cm⁻¹. The integration of paracetamol and amoxicillin introduced additional bands at 1511 and 1410
cm⁻¹, typically aromatic C = C stretching and amide II vibrations from the drugs. Amoxicillin further contributes
O–H and N–H stretches within 3200–3500 cm⁻¹, β-lactam and amide carbonyl stretches between 1800–1650
cm⁻¹, and N–H bending and C–N stretching in the range 1300–1250 cm⁻¹, while paracetamol shows amide C = 
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O and aromatic vibrations consistent with its structure. Apart from assigning peaks, the spectra also show how
the components interact. The shift and slight broadening of the alginate O-H/carboxylate bands in the
composite show hydrogen bonding and Ca2+-bridged electrostatic interaction between alginate carboxylate
groups and the surface Ca2+/OH− belonging to nHAp, which is the physical source of the reinforced, slower
degradation network observed above. The consistent characteristic amoxicillin peaks (β-lactam/amide) and
paracetamol(amide/aromatic) bands without new covalent bands show the drugs are held by hydrogen
bonding and physical entrapment instead of other stronger chemical bonds. The lack of peak loss or new
covalent bond formation validates that the drug loading retains the chemical integrity of the scaffold,
confirming its structural stability and supporting its application in dental tissue engineering and for controlled
drug delivery(Fig. 8)[51–53].

3.8) ALP Activity.
Alkaline phosphatase is an ectoenzyme bound to the osteoblast membrane that hydrolyses inorganic
pyrophosphate, an inhibitor of hydroxyapatite nucleation, thereby allowing mineral deposition in the collagen
matrix. Its increment indicates the transition from proliferation to matrix maturation and precedes late markers
like osteocalcin, so ALP is interpreted here as a functional index of differentiation state instead of cell number.

ALP activity varied significantly amongst the groups at and over time(two-way ANOVA:cell type F(2,18) = 
3447.96,time F(2,18) = 23424.73,cell type X time interaction F(4,18) = 238.08;all p < 0.0001;Fig. 7b).At the 7th
day, values were 120.20 ± 2.83,150.32 ± 3.76 and 220.01 ± 6.92 ng ALP/µg DNA for OLC, POB and OLC + POB,
increasing to 540.28 ± 3.18, 600.48 ± 4.54 and 800.22 ± 6.62 ng ALP/µg DNA by the 21st day(Fig. 7b).

Pairwise comparisons between cell types were significant at every time point (Tukey’s p < 0.0001;Fig. 7b). The
co-culture showed the highest ALP activity at every time point, indicating accelerated entry into matrix
maturation.

These results are concurrent with the alginate-based systems in rank order, though not in kinetics. Alipour et
al.,2021[54] reported 2.7 times and 3times higher ALP in alginate-gelatin and alginate/nanohydroxyapatite
microcapsules than the 2-dimensional control on the 21st day, with nanohydroxyapatite significantly superior
to the nanohydroxyapatite-free formulation. Sancilio et al. 2018 [55] contrarily found ALP in Dental pulp stem
cells (DPSCs) on freeze-dried alginate integrated with nanohydroxyapatite scaffolds peaked at day 3 and
fluctuated weakly after that, possibly indicating differences in cell type, scaffold architecture, and culture
duration. Normalisation differences limit direct numerical comparison.

However, both studies differed in scaffold formulation at fixed cell type; here, at fixed formulation, the co-
culture raised ALP 1.33-fold over POB by 21st day. This is most probably attributed to the bidirectional
paracrine signalling, with odontoblast-derived dentin matrix protein-1 (DMP-1) and bone morphogenic protein-2
( BMP-2) leading to Runt-related transcription factor 2 (Runx2)-dependent expression of ALP, mimicking the
native dentine-bone interface more truly than monoculture. As ALP was measured only on the nHAp-alginate
scaffold, these data show that the scaffold supports ALP activity of the three cell populations; they do not
isolate the specific contribution of nHAp, which would require comparison with nHAp-free alginate and tisuue
culture controls (section 3.10).The contribution of nHAp was,however established for the physical properties
of the scaffold,with higher swelling and lower mass loss than plain alginate (Section 3.3.3.3 and 3.3.34) and
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nHAp integration into alginate has previously been shown to increase ALP activity relative to nHAp-free
alginate [54]

3.9)Antibacterial activity.
The amoxicillin-capped nHAp integrated alginate scaffold showed significantly higher antibacterial activity
against E.coli in comparison to the free amoxicillin through the early release phase (Day 1–6, Tukey’s HSD,p < 
0.05). The zone of inhibition for the scaffold was found to be maximum on Day 6 (1.70 ± 0.20 cm), which was
compared to that of free Amoxicillin (0.23 ± 0.12cm). The free Amoxicillin gives a rapid release and hence has
an almost constant zone of inhibition throughout the time duration of the studies; however, the phasic release
of the amoxicillin from the scaffold contributes to the increment of the zone of inhibition during the early phase
of the experiment (Day 1-Day 6). Beyond Day 6, the zone sharply declined and almost became similar to that of
the free amoxicillin (Days 8–16,p > 0.05). The decline in the zone of inhibition post-Day 6 can be due to the
depletion of loosely capped amoxicillin, which leads to a lower concentration of amoxicillin in the leachate
post-Day 6.Two-way ANOVA validated significant impacts of formulation (F(1,32) = 105.16),time (F(7,32) = 
19.54) and their interaction (F(7,32) = 18.99;all p < 0.001), showing that release-dependent activity was
impacted by both the scaffold and the elution time. The sustained early-phase inhibition relative to free
amoxicillin is explained by the release mechanism, that is, capping the antibiotic onto nHAp and integrating it
into the alginate matrix, which retains the drug through reversible, non-covalent binding to the mineral so that
an equilibrium reservoir rather than a single burst,influences its availability. This maintains an inhibitory local
concentration over the time period, hence widening the inhibition zone during the phase when risk of infection
is highest; free amoxicillin depletes almost immediately. The relation between the sustained release profile and
the Day 1 to Day 6 inhibition zones validates that the nHAp-mediated modulation of release, not only the total
drug load, drives the enhanced antibacterial efficiency. The sustained early-phase zone of inhibition indicates
that nanohydroxyapatite integration modulated amoxicillin release, prolonging the therapeutically active
window relative to free drug [56, 57]. The decline at later phases likely shows depletion of the loaded antibiotic
reservoir (Fig. 9).The antibacterial activity was confirmed against E.coli as a model organism:evaluation
against oral pathogens (e.g.,Streptococcus mutans, Enterococcus faecalis and Porphyromonas gingivalis)will be
undertaken in future studies.

Figure 9: Antibacterial assay carried out on nHAp-alginate scaffold integrated with amoxicillin compared
against free amoxicillin. The graph is represented as mean ± SD (n = 3). The scaffold integrated with amoxicillin
is found to have given a bigger zone of inhibition on day 6 (1.70 ± 0.20 cm), indicating sustained amoxicillin
release, in comparison to the free amoxicillin, which gave a burst release and a smaller zone of inhibition (0.23 
± 0.12 cm on day 6). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001;Days 8–16 not
significant.

4) Conclusion
Traumatic dental tissue, being a global health concern, impacts a spectrum of age groups globally, highlighting
the significance of personalised therapies to treat it. Dental tissue engineering offers personalized treatments
that cater to patient-specific needs. This study advances dental bone tissue engineering by exhibiting that
green synthesis (phytochemical-mediated synthesis), osteogenesis for bone regeneration, and phase-specific
dual drug delivery functionality are unified into a single fabricated scaffold. Instead of treating inflammation,

Page 17/30



infection, and bone loss as individual problems, the platform tackles them concurrently while remaining free of
toxic reagents, overall making it unique from the previous single-function or simultaneous release systems.
The combination of customisable degradation, apatite-forming bioactivity, phase-specific release, enhanced
ALP activity, and cytocompatibility indicates a scaffold's capacity to support the sequence of events essential
for alveolar bone healing post-trauma. Implementing clinical translation will require more work in the areas of
mechanical characterization under physiologically relevant loading, quantification of total drug loading and
drug release under physiologically relevant dynamic conditions, and in vivo validation in animal models to
confirm safe degradation, osteogenesis, and infection control, followed by studies leading towards clinical use.
The modular design also allows the drug pair to be customised to specific dental and craniofacial applications.
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Figures

Figure 1

XRD pattern of nHAp synthesized using green tea leaves extract. Sharp peaks at 2θ=26.0⁰ and 32.1⁰,
corresponding to the (002) and (112) crystal planes, confirm the formation of hydroxyapatite with hexagonal
crystal system,, indexed to JCPDS PDF card number 01-86-1199.The sharpness and definition of the peaks
indicate high crystallinity and long-range lattice order.
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Figure 2

XRD pattern of alginate (a) and green tea-mediated nanohydroxyapatite-integrated alginate scaffold(b). Pure
alginate indicates a broad, diffuse peak in the 2θ=10-30⁰ range, characteristic of its amorphous nature;
however, the composite exhibits sharp crystalline nHAp reflections at 2θ=32⁰, 45⁰ and 56⁰ superimposed on
the retained amorphous background, confirming successful integration of nHAp within the alginate matrix.

Figure 3

SEM micrographs of the nHAp-integrated scaffold .(a)Surface morphology at 10.00kX showing nHAp
embedded within the alginate matrix;(b) nHAp particles at 50.00kX with representative Feret diameters (45.6-
116.7 nm). EHT=5.00 kV, WD=8.5mm (a) and 9.0 mm(b): scale bars,1µm (a) and 200 nm (b).
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Figure 4

Results for Swelling assay (a), Degradation assay(b) of Alginate and alginate scaffolds in PBS . Standard
conditions maintained (pH=7.4) at 37⁰C over 15 days. Data are expressed as mean ± S.D. Significance levels:
*p < 0.05, **p < 0.01, ***p < 0.001,**** p<0.0001.Maximum swelling was observed on Day 11 and Maximum
degradation was observed on day 15. Compared to pure alginate, the composite scaffold showed �370.49 %
points higher swelling on Day 11 and slowed degradation rate by � 46.81% points on Day 15.
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Figure 5

Standard absorption curve for Amoxicillin (a) and Paracetamol(b).Concentration of drug released in PBS
(mg/ml)versus time for amoxicillin from 1:1 and 1:2 amoxicillin-capped nHAp scaffolds (c) paracetamol from
paracetamol-coated scaffold(d),and paracetamol and amoxicillin from the dual-drug delivery scaffold (e).Data
are mean ± SD (n=3).
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Figure 6

XRD patterns for the scaffold immersed in SBF solution for 14 days show peaks at approximately
2θ=27.5⁰,31.9⁰,45.8⁰ and 56.8⁰ corresponding to the (002),(211),(222), and (511) planes of hexagonal
hydroxyapatite (JCPDS 09-0432) (a). SEM image of the green tea nHAp integrated alginate scaffold immersed
in the SBF solution for 14 days, indicating uniform deposition of hydroxyapatite on the scaffold surface (b).
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Figure 7

Cytocompatibility studies of nHAp/alginate scaffolds. (a) Cell viability (%) by MTT assay after  48 hours
exposure nHAp-alginate scaffolds with drugs
(nHAp+alginate+Antibiotic(Amoxicillin),nHAp+Alginate+Antibiotic(Amoxicillin)+Painkiller (Paracetamol) )and
without the drugs(nHAp+Alginate) against MG63(Human Osteosarcoma cell line),POB (Primary Osteoblasts)
and L929 (Mouse fibroblast cell lines).(a); Dashed line : = ISO 10993-5 non-cytotoxic threshold (70%). Negative
control=cells treated with cytotoxic agent. ALP activity assay (ng ALP/µg DNA) of nHAp-embedded alginate
scaffold against POB(primary osteoblasts) and OLC(Odontoblast-like cells  ) cell lines at days 7,14, and 21,
validating the scaffolds osteogenic property.Positive control=untreated cells, (b). Data are shown as mean ±
SD (n = 3). Two-way ANOVA followed by Tukey's HSD post-hoc test. Significance levels: *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Figure 8

FTIR analysis of nHAp-integrated alginate scaffold (NS) and nHAp-integrated alginate scaffold incorporated
with Amoxicillin and Paracetamol (NSAP). The preservation of the characteristic alginate peaks alginate (O–
H/carboxylate, ~3372, 1633 cm⁻¹), phosphate (~1027, 669 cm⁻¹) and drug-associated peaks (~1511, 1410
cm⁻¹) without the appearance of new covalent bands indicates that the drugs are held by hydrogen bonding
and physical entrapment instead of chemical modification, validating the preservation of the chemical integrity
of the scaffold. NS: nHAp-alginate scaffold; NSAP: nHAp -alginate scaffold integrated with amoxicillin and
paracetamol.
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Figure 9

Antibacterial assay carried out on nHAp-alginate scaffold integrated with amoxicillin compared against free
amoxicillin. The graph is represented as mean ± SD (n=3). The scaffold integrated with amoxicillin is found to
have given a bigger zone of inhibition on day 6 (1.70 ± 0.20 cm), indicating sustained amoxicillin release, in
comparison to the free amoxicillin, which gave a burst release and a smaller zone of inhibition (0.23 ± 0.12 cm
on day 6). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001,****p<0.0001;Days 8-16 not significant.
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