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Abstract
Background  Tooth extraction, a common dental procedure, is often accompanied by pain, trismus, and swelling 
due to alveolitis caused by oral bacteria. Doxycycline is prescribed to alleviate infection and improve socket healing, 
but its immediate absorption in the bloodstream makes the treatment less effective at oral sites. This emphasizes the 
importance of a drug delivery system to gradually slow its release at the oral wound site and increase its bioavailability 
to make the treatment effective over time.

Methods  Silk fibroin (SF) - doxycycline hyclate (DH) hydrogel was developed and subsequently characterized 
for gelation kinetics, swelling, stress-strain analysis, morphology using scanning electron microscopy, interaction 
between SF and DH using Fourier transform infrared (FT-IR) spectroscopy, drug release profile, antibacterial efficacy, 
and biocompatibility studies.

Results  The results indicated that the SF-DH hydrogel maintained its structural integrity, tolerated stress and strain, 
and featured interconnected pores, confirming DH integration within the SF matrix. The SF-DH hydrogel formed 
within 8 h with the pore size range of 20–150 μm and 90.72 kPa Young’s modulus. The drug release profile showed the 
increased release of DH up to 2 h, followed by sustained release till 8 h. The zone of inhibition was smaller with SF-DH 
hydrogels compared with DH for both Staphylococcus aureus and Streptococcus mutans. Furthermore, MC3T3-E1 cells 
showed 90% viability with SF-DH hydrogel.

Conclusions  The findings suggest that SF-DH hydrogel showed sufficient mechanical strength, pore size, 
antimicrobial activity, and biocompatibility. Further in vivo and clinical tests are required to prove its efficacy in 
effective socket healing.
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Introduction
Tooth extraction is one of the most common dental 
procedures and frequently leaves a wound in the tooth 
socket to heal. The alveolar bone and surrounding soft 
tissues undergo sequential changes to heal the socket 
wound [1]. This condition is often associated with pain, 
trismus, and swelling, which are aggravated by alveolitis 
(dry socket) [1–3]. Alveolitis is an inflammatory reaction 
caused by specific microbes in the extraction sockets. 
Therefore, antibiotics, such as doxycycline hyclate (DH), 
are prescribed to inhibit oral bacteria and enhance socket 
healing [3].

DH is a broad-spectrum antibiotic [4–6] belonging 
to the tetracycline class of drugs [6, 7] and it is largely 
used in dentistry [8–10]. Despite its beneficial prop-
erties, DH is completely absorbed in the bloodstream 
after oral intake with a bioavailability range of 73–100% 
[11–13] thus making treatment ineffective in healing oral 
wounds. Therefore, it is necessary to slow its release at 
the oral wound site to make healing effective gradually 
over time. Controlled and sustained release of a drug 
over an extended period requires a drug delivery system 
that helps sustain a constant plasma concentration at the 
therapeutic site [14] and prevent frequent clinical visits.

Localized drug delivery has advantages in promoting 
vascularization and improving cellular activity. Sustain-
able and controlled drug delivery has the benefit of mini-
mizing drug usage. The additional benefits of providing 
the drug in the targeted area are improving its efficacy, 
protecting against drug degradation, and reducing side 
effects. Localized and targeted delivery can be achieved 
through various formulations, including hydrogels, 
nanoparticles, nanofibers, micelles, microneedles, and 
liposomes [15]. Of the several drug delivery systems 
available, silk-based drug delivery systems are the most 
promising owing to their unique properties, such as high 
environmental stability, biocompatibility, non-toxicity, 
and good mechanical properties [16–19]. Silk (especially 
silk fibroin (SF)) has been investigated as a drug deliv-
ery system for several agents, such as small molecules, 
proteins, and anticancer drugs [20–23]. Several drugs 
have been studied for controlled delivery using silk car-
riers, such as paclitaxel [24, 25], doxorubicin [26], and 
curcumin [27]. DH has been incorporated into various 
matrixes, including nanoparticles, nanofibrous mem-
branes, hydrogel membranes, gelling powder, micro-
spheres, and films. These matrixes comprise polymeric 
substances, including chitosan [28], hyaluronic acid [29], 
polycaprolactone/polyvinyl alcohol/chitosan [30], col-
lagen [31], and gelatin [32, 33]. SF has advantages over 
other polymeric systems due to its greater cell adhesion 
capacity, biocompatibility, biodegradability, and inexpen-
sive material [34].

SF combined with antibiotics is one of the best 
approaches to delivering drugs to the desired location. 
The advantages of adding antibiotic drugs to SF include 
reducing side effects and sustainably releasing drugs. 
Tunable delivery is an advantage of SF because it mini-
mizes drug usage and the toxic nature of the drugs. SF 
combined with other materials incorporated with several 
antibiotics, including amoxicillin trihydrate, ciprofloxa-
cin hydrochloride, colistin, gentamicin, levofloxacin, tet-
racycline hydrochloride, and vancomycin hydrochloride, 
is used for wound dressing, drug delivery, and orthope-
dic applications [35]. Drug release varies depending on 
the nature of the disease or its conditions. Antibiotics 
released from SF vary from a few hours to days, depend-
ing on the materials used along with SF.

In the current study, SF-DH hydrogel was developed, 
characterized, and evaluated for its antimicrobial efficacy. 
The SF-DH hydrogel was physiochemically characterized 
by gelation kinetics, swelling, stress-strain analysis, mor-
phology, FT-IR, drug release profile, antibacterial effi-
cacy, and biocompatibility studies to ensure its suitability 
as a controlled-DH delivery system.

Materials & methods
SF extraction
Bombyx mori silk cocoon shells (2 g), obtained from the 
Government Cocoon Market Hyderabad (Central Silk 
Board, India), were cut into small pieces and boiled to 
degum at 90 ℃ in 0.02  M sodium carbonate (Na2CO3) 
(Sigma Aldrich, Catalog#S77795) for 15 min with contin-
uous stirring. Shells were squeezed adequately to remove 
the solution and boiled again in 0.02 M Na2CO3 as men-
tioned previously.

After degumming, the silk fibres were rinsed three 
times with distilled water to remove traces of Na2CO3. 
The excess water was then squeezed out, and the SF was 
dried overnight at 60  °C in a hot-air oven. Next, 1  g of 
the dried fibres were dissolved in freshly prepared 9.3 M 
lithium bromide (LiBr) (Sigma Aldrich, Catalog#746479) 
solution at 60 °C for 4 h. To remove LiBr, the SF was dia-
lysed in a dialysis bag (Himedia, Catalog#LA401) with 
ultrapure water for 72 h. The water in the dialysis bag was 
changed every 1, 2, 4, 8, 12, 24, 36, 48, and 60  h. After 
dialysis, the SF was centrifuged at 9000 rpm for 20 min 
at 4 °C. The supernatant containing purified SF was col-
lected. SF concentration was calculated using weight/vol-
ume (w/v) measurements.

Gelation kinetics
The gelation kinetics were determined by optical den-
sity (OD) changes in the SF-DH mixture. SF (125 μL, (5% 
w/v)) was added to the wells of a 96-well plate with differ-
ent amounts of DH (Sigma Aldrich, Catalog#D9891) (1, 
2, 3, 4, and 5 mg) using 100 μg/μl stock solution. SF-DH 
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mixture was thoroughly mixed in each well. The plate 
was then incubated at 37  °C. OD readings were taken 
at 550  nm using a multi-plate reader (Tecan – Infinite 
M-200Pro) every 60 min for 20 h.

SF-DH hydrogel preparation
The SF-DH hydrogel was prepared by mixing 125 μL SF 
solution and 20 μL DH (100  μg/μL stock solution). The 
hydrogel formed instantaneously upon mixing and was 
left at room temperature for 8 h for stabilisation. Subse-
quently, the hydrogel was shifted to 4  °C for 3 days for 
further stabilisation. Thereafter, it was placed at -80  °C 
overnight. The frozen hydrogel was lyophilized to remove 
excess water, thus generating a dry hydrogel for subse-
quent experiments.

Swelling study
The dry lyophilized SF-DH hydrogels (n = 3) were 
weighed and then immersed in distilled water at 37  °C. 
Weight and diameters of wet hydrogels were measured, 
after removing excess water with blotting paper, at differ-
ent time points for up to 12 h. After measurement at each 
time point, hydrogels were placed back in the water each 
time. The swelling % by mass and diameter were calcu-
lated using Eq. 1 and Eq. 2, respectively [36].

Equation 1. Swelling % by mass

	
S (%) = Mt − M0

M0
x 100

Where Mt is the mass of the hydrogel at time t and M0 is 
the mass at time 0.

Equation 2. Swelling % (SR) by diameter calculation

	
S (%) = dt − d0

d0
x 100

Where dt is the diameter of the hydrogel at time t and d0 
is the diameter at time 0.

Stress and strain study
SF-DH hydrogels were prepared in a 5 ml Eppendorf tube 
for the compression tests. The test was carried out to 
obtain stress-strain curves to determine the elastic mod-
ulus and elastic limit of SF-DH using a mechanical test-
ing device (IMADA Model No: ZTA-500 N) at a 2 mm/
min velocity [37, 38].

Scanning electron microscopy
Lyophilized samples were mounted on a sample tube and 
coated with gold-palladium (Au: Pd 80:20) using a sputter 
coater. The prepared samples were then examined using 

a Scanning Electron Microscope (SEM) (S3700N, HITA-
CHI, Japan) at an accelerating voltage of 20  kV using a 
secondary electron (SE) detector. Micrographs were 
taken at a magnification of 100 x.

Fourier transform infrared (FTIR) spectroscopy
The infrared spectra of SF, DH, and lyophilised SF-DH 
hydrogels were analysed using FTIR spectroscopy (FTIR-
7600). Room-temperature FTIR spectra were recorded 
on solid samples in potassium bromide pellets with a res-
olution of 4 cm− 1. The measurements were performed in 
the 400–4000 cm− 1 range with a frequency of 64 times.

Entrapment efficiency and drug release profile
SF-DH hydrogels (n = 3) were added to an Eppendorf tube 
with 1 ml of 0.9% saline and placed in a shaker incubator 
(REMI, Catalog#RH180) at 37 °C and 50 rpm. At specific 
intervals, aliquots of 1 ml were taken from each tube and 
replaced with fresh saline. The collected samples were 
centrifuged at 3000 rpm for 5 min. One hundred microli-
ters of the sample were added to High-Performance Liq-
uid Chromatography (HPLC) vials.

Chromatographic separation: The analysis was per-
formed using a mobile phase of 55% acetic acid (5%), 25% 
acetonitrile, and 20% methanol. The separation was per-
formed on a C18 chromatographic column with dimen-
sions of 4.6  mm internal diameter and 250  mm length, 
packed with 5  μm particles. The operating conditions 
were set at 15 °C and a 1 ml/min flow rate. A sample vol-
ume of 25 μL was injected, and the sample components 
were detected at a wavelength of 347 nm. The average of 
the samples is plotted on the graph.

The entrapment efficiency of the drug in the hydrogel 
was calculated using the HPLC method using the follow-
ing equation [39]:

Equation 3, Encapsulation Efficiency (%)

	

Entrapment Efficiency (%) =
Amount of drug in the hydrogel (mg)

Initial amount of drug (mg) X 100

Zone of inhibition
Staphylococcus aureus and Streptococcus mutans were 
cultured in nutrient broth (Himedia, Catalog#MM244) 
at 37  °C and 200  rpm overnight. S. aureus culture was 
spread on nutrient agar (Himedia, Catalog#MM012), 
and S. mutans culture was spread on Mutans Sanguis 
Agar (Himedia, Catalog#M977). A puncture was made 
using a gel borer at the centre of the agar plates. SF (125 
μL), DH (20 μL of 100 μg/μL stock solution), and SF-DH 
hydrogels were placed in the punctures of their respec-
tive plates. The plates were then incubated at 37  °C for 
24 h. The zone of inhibition was calculated by measuring 
the diameter of the zone of inhibition.
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Biocompatibility studies
MC3T3-E1 mouse preosteoblast was procured from the 
American Type Culture Collection (ATCC-CRL 2593). 
The obtained cells were cultured in Minimal Essential 
Medium-alpha (α-MEM) (Himedia- AL221A) at 37  °C 
in a 5% CO2 atmosphere. The media used in this study 
were prepared by adding 10% (v/v) fetal bovine serum 
(FBS; Himedia, RM10681) and 1% penicillin/streptomy-
cin (Himedia, A007) [40]. The cells were seeded into the 
96 plates (1 × 104 cells/well) and incubated at 37  °C and 
5% CO2. After the cells were 60% confluent, SF, DH, and 
SF Hydrogels were added to each well. The control was 
the cells without sample treatment. The plates were incu-
bated at 37 °C and 5% CO2 for 24 h. Media was aspirated 
from the well, and MTT solution was added and incu-
bated for 4 h. The MTT solution was removed, and 100 
μL of DMSO was added to each well. The absorbance of 
the solution was measured at 570 nm. Cell viability was 
calculated against control.

Statistical analysis
All experimental data were expressed as the mean ± stan-
dard deviation (SD) of a minimum of three replicates 
for each hydrogel in every experiment. Origin Lab and 
GraphPad Prism 8.0. software used to draw the graphs 
and statistical analysis.

Results
Gelation profile
Gelation kinetics results (Fig.  1) showed that after 8  h, 
there was an increase in the absorbance of all the SF-DH 
hydrogels, with the highest absorbance in the SF hydrogel 
with 5 mg DH. Hydrogel with 1–3 mg of DH followed a 
similar pattern as that of 5  mg DH, with 2  mg showing 

relatively similar gelation kinetics though less than 5 mg 
DH. However, with 4  mg DH, gelation kinetics was the 
least.

Swelling profile
Table  1 presents the swelling profiles of SF-DH hydro-
gels. The initial dry gel weight was 8.75 mg. After adding 
water, the swelling % increased during the initial hours. 
After 2  h, the swelling % increased by 528.57%. Subse-
quently, after 4  h, the gel was saturated, and after that, 
weight started decreasing.

Stress and strain profile
The stress-strain curve of the SF-DH hydrogel is shown 
in Fig. 2. From the graph, Young’s modulus for the formu-
lated hydrogel was 90.72 kPa.

Table 1  The absorption of the water content of the dehydrated 
SF-DH hydrogel was maintained in deionised water at different 
time (h) intervals
Time Net weight 

(mg)
Swelling % by 
mass

Diameter 
(mm)

Swelling 
% by 
diam-
eter

0 8.75 0 9 0
20 s 50 471.43 9 0
1 h 52 494.28 9 0
2 h 55 528.57 9 0
3 h 55 528.57 9 0
4 h 55 528.57 9 0
6 h 50 471.43 9 0
12 h 50 471.43 9 0

Fig. 1  SF-DH hydrogel gelation kinetics. Higher gelation kinetics were observed with 5 mg DH
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Topological analysis
Morphological analysis of the SF, DH, and SF-DH hydro-
gels was performed using SEM. Figure  3 shows SEM 
images, revealing the distinct characteristics of each. 
Figure 3 A shows randomly entangled SF threads, while 
Fig.  3B shows DH’s irregular cylindrical and cubical 
crystalline morphologies. In contrast, SF-DH hydrogel 
showed multiple interconnected pores of varying sizes 
(20 μm to 150 μm) (Fig. 3C).

FTIR profile
The SF-DH hydrogel exhibited peaks (Fig.  4) similar to 
those of the control SF protein and DH. FT-IR spectra 
of SF-DH hydrogel showed the characteristic vibration 
bands around 3279  cm− 1 having N-H and O-H stretch-
ing, 1626  cm− 1 was assigned to the absorption peak of 
the peptide backbone of amide I (C = O stretching), bands 
around 1521 cm− 1 to amide II (N-H bending), the bands 
around 1235 cm− 1 to amide III (C-N stretching).

In addition, the addition of DH in SF shifts the bond 
peak from 1620  cm− 1 to 1626  cm− 1. DH peaks are not 
visible in the SF hydrogel due to the addition of a trace 
level of the drug in the protein structure.

Entrapment efficiency and drug release profile
The release profile revealed that DH release increased 
gradually, and the complete drug was released by 8  h 
(Fig. 5). The drug-entrapment efficiency of the prepared 

SF-DH hydrogel was 99.9%. SF hydrogels can load all 
added drugs into their matrix [15].

Zone of inhibition with SF-DH hydrogel
A clear zone of inhibition was observed (Fig. 6) for both 
S. aureus and S. mutans with the SF-DH hydrogel and 
DH alone. SF-DH hydrogel had a smaller zone of inhibi-
tion (13 mm) against S. aureus as compared to DH alone, 
which was 17 mm (Fig. 6A). In contrast, in the case of the 
S. mutans bacterial strain, the antibacterial efficacy of 
the SF-DH hydrogel was found to be 8 mm when com-
pared with that of DH alone, which was 11 mm (Fig. 6B). 
SF showed no inhibitory effect against S. aureus or S. 
mutans, indicating antibacterial activity solely from DH. 
The antimicrobial mechanism of DH is shown in the 
Fig. 6 (II).

Biocompatibility studies SF-DH hydrogel
MC3T3-E1 cells showed viability of 80.3% and 90.3%, 
with SF and SF-DH, respectively. With DH, the cell via-
bility was 39.7%.

Discussion
In this study, SF-DH hydrogel was developed and charac-
terized to test its efficacy in the controlled release of DH. 
The study showed sufficient mechanical strength and 
controlled drug release with suitable pore sizes, antimi-
crobial efficacy, and biocompatibility.

Fig. 2  The graph represents the stress-strain of the SF-DH hydrogel
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Fig. 4  FTIR spectra of SF protein, DH, and SF-DH hydrogel

 

Fig. 3  Topological analysis of (A) SF, (B) DH, and (C) SF-DH hydrogel by SEM. Scale bar: 100 μm
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Gelation kinetics revealed that the interaction between 
SF and DH resulted in the immediate formation of a 
hydrogel by SF, which was difficult to achieve without 
the addition of DH. Usually, physical or chemical cross-
linkers are used to prepare SF hydrogels, following which 
drugs are loaded into the hydrogel. however, our study 
showed that SF hydrogel was formed immediately upon 
adding DH, thus skipping the need for a cross-linker. The 
hydrogel-forming ability of DH may be due to the inter-
action between amine and carboxylic acid groups of SF 
and the other hydrophilic substances of DH.

The swelling behavior is an important parameter to 
consider in soft tissue engineering applications. The 
swelling behavior of hydrogels helps improve nutrient 
supplementation to the cells, and cells can proliferate 
through the pores, which can help regenerate the tissue. 
Hydrogels can be categorized as high-swelling hydrogel, 
non-swelling hydrogel, and shrinkable hydrogel. The non-
swelling hydrogel has pore size, interconnected porosity, 
and volume of the scaffolding system [36]. In this study, 
the initial absorption of water and its gradual loss with 
a 0% swelling ratio of hydrogel indicated the hydrogel’s 

Fig. 6  (I) Zone of inhibition. With the SF-DH hydrogel, the zone of inhibition was smaller than that with DH alone in both (A) S. aureus and (B) S. mutans 
and (II) Antimicrobial mechanism of DH

 

Fig. 5  Release profile of DH from DH-SF hydrogel. A gradual increase in the release of DH was observed for up to 4 h
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ability to retain its structural integrity over time. Water 
uptake and water retention with swelling ratio play an 
important role in developing socket preservation materi-
als. The net weight starts to decrease after 4 h, and it may 
be due to the release of drugs and the disruption of the 
hydrogel system.

A study evaluating the application of hydroxyapatite-
SF-alginate hydrogel as a dental scaffolding material 
found Young’s modulus of the hydrogel ranging from 
40 ± 20  kPa to 100 ± 20 kPa [41]. The Young’s modu-
lus of the SF-DH hydrogel in this study falls within this 
range, which is 90.72 kPa, indicating its suitability in oral 
applications.

Topological analysis revealed multiple interconnected 
pores of variable sizes, which are necessary to improve 
drug release [42]. This interconnected porosity is also 
useful for tissue regeneration and nutrient supplements. 
The varying pore sizes of the hydrogel in the study could 
be attributed to the freeze-dried technique which gener-
ates scaffolds that are highly porous and interconnected 
with high surface area, and they preserve the native struc-
ture of SF from decomposition. The pore size of 100 μm 
to 500 μm is suitable for soft and hard tissue regeneration 
[43]. In this study, the pore size of the hydrogel ranged 
from 20 to 150  μm indicating its suitability for nutrient 
supply, bone regeneration, extracellular matrix forma-
tion, tissue growth, and removal of waste [43].

Fourier transform infrared spectroscopy results sug-
gest that the characteristic bonds for amide I, amide II, 
and amide III are 1620 cm− 1, 1519 cm− 1, and 1236 cm− 1, 
respectively. Small shifting was observed in the amide I 
and amide II; the amide I peak shifted from 1260  cm− 1 
to 1626, whereas amide II peaks shifted from 1519 cm− 1 
to 1521  cm− 1, confirming the presence of interaction 
between SF and DH hydrogel [44, 45]. The interaction 
may be the presence of the carboxyl and amine groups 
from the SF and hydrophilic groups of DH. DH peaks 
were not visible in the SF hydrogel because of the trace 
level addition in the protein structure.

Purification steps after loading drugs in SF hydro-
gel often lead to the loss of drugs from the hydrogel, 
and the entrapment efficiency is found to be around 
60% [46]. However, in this study, lyophilization directly 
after hydrogel formation with DH led to 99.9% entrap-
ment efficiency. This direct lyophilization step can pre-
vent drug loss during drug delivery system preparation. 
Furthermore, the release of DH for up to 8 h suggests a 
controlled and efficient release mechanism. For example, 
in a study by Giovagnoli et al., DH release from alginate 
hydrogel microspheres was around 80–90% within 3.5 h 
to 4 h [13].

The antibacterial efficacy of the SF-DH hydrogel 
against S. aureus and S. mutans exhibited a clear zone 
of inhibition with a smaller zone of inhibition compared 

to the zone of inhibition by DH only because the hydro-
gel matrix formed by SF facilitated a sustained and con-
trolled release of DH, thereby exerting an antibacterial 
effect with a zone of inhibition less than the zone of 
inhibition with DH alone. The sustained-release mecha-
nism appears to contribute to a more effective inhibition 
of bacterial growth over time. Mesoporous nanosilica-
loaded DH shows better antimicrobial activity against 
S. mutans. The electrospun fibre membrane of polycap-
rolactone/polyvinyl alcohol/chitosan combined with 
DH shows sustainable drug release. It also significantly 
inhibits microbes such as A. actinomycetemcomitans, A. 
viscosus, P. intermedia, and P. gingivalis. The inhibition 
zone in SF-DH was lower than the DH for S. aureus and 
S. mutans, which might be attributed to the surface pro-
tein’s limited release of the drugs, which restricts their 
diffusion. The inhibition of DH is higher and shows more 
anti-microbial activity, likely due to its hydrophilicity 
and ease of diffusing in the agar media. SF’s absence of 
an inhibition zone could be due to its lack of antimicro-
bial activity. The drug release study and the antimicrobial 
assay support the antimicrobial results.

The antibacterial mechanism of DH includes inhibit-
ing bacterial protein synthesis by allosteric binding to the 
30 S prokaryotic ribosomal unit. This binding ultimately 
impedes the elongation phase of protein synthesis by pre-
venting the binding of aminoacyl tRNA to mRNA, thus 
halting the production of essential proteins for bacterial 
survival and functioning [4–6]. Additionally, DH also 
possesses anti-inflammatory properties [4, 6, 47, 48] and 
mediates anti-inflammatory actions by reducing Prote-
ase-Activated Receptor 2 and matrix metalloproteinases, 
downregulating the nuclear factor-κB (NF-κB) pathway, 
and preventing calcium-dependent assembly and lym-
phocytic proliferation [4, 6]. It also inhibits nitric oxide 
synthase, an inflammatory signaling molecule [4, 6].

Furthermore, the biocompatibility of the developed 
SF-DH hydrogel with pre-osteoblast MC3T3-E1 cells 
indicates its safety for users. This study aligns with a pre-
vious study where SF showed biocompatibility with stem 
cells. Additionally, it also promoted the differentiation of 
stem cells into osteogenic lineages, providing a platform 
for cell growth [18].

The findings of this study are limited by the lack of a 
proper physiological environment and testing of an 
actual extraction socket to demonstrate the efficacy of 
DH released in a controlled and sustained manner to 
heal the socket over time. Therefore, cellular experiments 
such as polymerase chain reaction, western blotting, 
flow cytometry analysis, in vivo, and clinical studies are 
required to validate the potential of the SF-DH hydrogel 
for healing extraction sockets while alleviating infection. 
A comprehensive study of these materials’ mechanical 
properties, long-term stability, and use of cross-linkers to 
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prolong drug release will also increase our understanding 
of their suitability for practical biomedical applications.

Conclusion
High entrapment efficiency, sufficient mechanical 
strength, slowed DH release, and antimicrobial and non-
cytotoxicity characteristics of SF-DH hydrogel indicate 
its potential use in tooth extraction socket healing. Fur-
ther studies are required on in vivo and clinical studies 
to confirm its applicability and safety in dental patients. 
Controlled DH release from the SF-DH hydrogel with 
antibacterial properties promises efficacy for socket heal-
ing after tooth extraction. By utilizing SF’s biocompat-
ibility and drug-delivery potential of SF, a foundation has 
been established for further research on DH to improve 
dental-care outcomes.
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