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a b s t r a c t

Polymeric material plays an important role as a matrix former in the modulation of drug release of
antimicrobial-loaded in situ forming gel (ISG) for efficient periodontitis treatment. This study was con-
ducted to compare three polymers, namely bleached shellac (BS), Ethocel (EC) and Eudragit RS (ERS),
as matrix formers of doxycycline hyclate (DH)-loaded solvent exchange-induced ISG. All prepared ISGs,
except 25% EC ISG, exhibited the Newtonian flow behaviour. Transformation from solution into
matrix-like was achieved rapidly within 5 min. Increasing the amount of these polymers extended the
release of DH. DH-loaded EC and ERS ISG systems exhibited high antimicrobial activity, and all ISGs were
effective in inhibiting the growth of Staphylococcus aureus, Escherichia coli, Streptococcus mutans,
Porphyromonas gingivalis and Candida albicans. By comparison, the DH-loaded ERS ISG, through the sol-
vent exchange mechanism, was found to be ease in injection with low viscosity and sustained the release
with higher concentration, meanwhile, it also exhibited interesting in vitro degradability and antimicro-
bial activities. Therefore, the DH-loaded ERS ISG exhibited a potential use for localized periodontal drug
delivery system for the treatment periodontitis.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Periodontitis is a chronic inflammatory disease of the periodon-
tium caused by the bacteria Porphyromonas gingivalis and Strepto-
coccus strains that accumulate in periodontal pockets, leading to
the loss of teeth (Aminu et al., 2013; 2017; Van Dyke and Sima,
2020). Treatment of periodontitis using systemic antimicrobial
drugs is known to cause undesirable side effects; therefore, it
would be interesting to explore the use of appropriate drug
delivery systems for local antimicrobial drug delivery to the peri-
odontal pocket (Aminu et al., 2019). Concerning with the local
drug delivery system, not only the ease in injection, release of
the drug in a controlled manner but also the biodegradability,
biocompatibility and non-irritating to the tissue should be
considered.

An in situ forming gel (ISG) is a localized injectable drug deliv-
ery system that has the potential to treat periodontitis because of
its ability to sustain drug release and make the drug level sufficient
for achieving the bacteriostatic or bactericidal effect at the target
site (Garala et al., 2013; Phaechamud et al., 2016a,b). ISG reduces
the dose of drug and the frequency of administration and thus
improves patient compliance (Hatefi and Amsden, 2002; Do
et al., 2015). Moreover, it can be administered easily without pain
(Xiong et al., 2011). Before administration, the ISG system is in sol
state but after administration, upon exposure to the aqueous envi-
ronment, the exchanged of solvent with this aqueous environment
induces the solidification of matrix forming agent from which the
drug is released in a controllable fashion (Chantadee et al., 2020a;
Parent et al. 2013). The major components of an ISG include a
polymer, an active ingredient and a solvent. Typically, the polymer
is dissolved in the pharmaceutically acceptable organic solvent
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and upon exposure of the aqueous environment, the polymer
precipitation at the injection site attributed to retard the release
of drug in a controlled manner. The point is that the aqueous insol-
uble polymers are used to modulate the drug release but it could
be dissolved in the solvent used for formulation. Bleached shellac
(BS), Ethocel (EC) and Eudragit RS (ERS) are interesting polymers
that are currently being investigated as they are non-toxic, non-
allergenic and non-irritant materials (Srichan and Phaechamud,
2017).

Doxycycline hyclate (DH) is an antibiotic drug that has been
reported to be efficacious for the treatment of periodontitis (Van
Dyke and Sima, 2020; Javali and Vandana, 2012) based on its activ-
ity against the major pathogens causing periodontitis, especially P.
gingivalis (Larsen, 2002). DH has also demonstrated activity against
Streptococcus pyogenes, Staphylococcus aureus, enterococci, anaer-
obes and Plasmodium spp (Sweetman, 2009; Papich, 2016). The
molecular weight of DH is 1025.89 g/mol with a pKa of 3.02, and
it is soluble in water (1 g/20 mL).

BS is derived by dissolving a polyester resin, harvested from lac,
in solvents and then precipitated using sulphuric acid (Buch et al.,
2009). It is used for waterproofing in pharmaceutical coating pro-
cesses (Rowe et al., 2009). EC is a colourless, odourless and taste-
less polymer (Zoubari et al., 2019) primarily used in oral drug
formulation as a hydrophobic coating agent or as a matrix former
for tablets and granules to modify the release of drug and so forth
(Rowe et al., 2009; Azoury et al., 1988). ERS is a copolymer of ethyl
acrylate, methyl methacrylate and a low content of methacrylic
acid ester. It is a white powder with a faint amine-like odour
(Porfiryeva et al., 2019). ERS has been widely used as a transdermal
patch or as a water-insoluble film for sustained-release products
(Mathur et al., 2013). N-methyl-2-pyrrolidone (NMP) is a clear sol-
vent that is miscible with water and has low volatility (Jouyban
et al., 2010). It has been accepted for use as a strong solubilising
agent in the pharmaceutical industry (Jouyban et al., 2010). NMP
has been used as an injectable solvent of commercial ISG due to
its thermal stability, biodegradability and biocompatibility
(Sanghvi et al., 2008). This study was conducted to compare the
BS, EC and ERS to be used as aqueous insoluble polymers of DH-
loaded ISGs so that to obtain the injectable localized DH-loaded
ISG systems with its ability to sustain drug release and make the
drug level sufficient for achieving the bacteriostatic or bactericidal
effect at periodontal pocket.
2. Materials and methods

2.1. Materials

BS, EC and ERS were obtained from Ake Shellac Co., Ltd., Lum-
pang (Thailand), the Dow Chemical Company (USA) and EVONIK
Röhm GmbH (Germany), respectively. DH (Batch No. 20071121)
was purchased from Huashu Pharmaceutical Corporation, China.
NMP (lot no. A0251390, Fluka, New Jersey, USA) was used as an
organic solvent for polymers and drug. Staphylococcus aureus (ATCC
6538P), Escherichia coli (ATCC 25922), Streptococcus mutans (ATCC
27175), Porphyromonas gingivalis (ATCC 33277) and Candida albi-
cans (ATCC 17110) were supported by Department of Medical
Sciences Ministry of Public Health, Nonthaburi, Thailand.
2.2. Preparation of solutions

The injectable ISG gel bases were prepared by dissolving the dif-
ferent amount of BS, EC and ERS in NMP. Each dispersion was stir-
red and kept for 24 h until clear solution was formed. Then, the 5%
w/w of DH was incorporated into the respective prepared polymer
solutions and each system was kept for 24 h.
253
2.3. Evaluation of physical properties of ISG

2.3.1. Appearance, pH value, viscosity and rheology measurements
The physical appearance of the prepared ISG systems was

recorded by visual observation. The pH value was measured by a
pH meter using a flat surface probe (Ultra Basic UB-10, Denver
Instrument, Bohemia, New York, USA.). The viscosity of the pre-
pared ISG systems was evaluated at 25 �C (room temperature)
and at 37 �C (physiological temperature) using a Brookfield DV-
III Ultra programmable rheometer (Brookfield Engineering Labora-
tories Inc, Middleborough, MA, USA) equipped with CP-40 and CP-
52 spindles. Viscosity values were recorded at different shear rates
at every 15 s of equilibration time. Rheological data were also col-
lected with this instrument. The shear stress of the sample was
monitored at several shear rates at both room temperature and
physiological temperature (regulated by a water bath; Bushi heat-
ing bath B-490, New Hampshire, USA). The flow parameters were
calculated using the following exponential formula (Martin, 1993):

FN ¼ gG and LogG ¼ NLogF � Logg

Where F is the shear stress, g is the viscosity coefficient, G is the
shear rate and N is an exponential constant.

2.3.2. Injectabililty test through syringe
For assessing the injectabililty at room temperature, the pre-

pared ISG was filled into a 1-mL syringe connected with an 18-
gauge needle, and then the upper probe of the texture analyser
(TA.XT plus, Stable Micro System, UK) was moved downwards
(1.0 mm s�1) with a constant force of 0.1 N until the probe con-
tacted with the barrel base. The distance of the barrel was fixed
at 20 mm. Force displacement data were recorded and analysed
at a distance of 10 mm. The expulsive work was also calculated
based on the area under the curve (n = 3) (Kelly et al., 2004).

2.3.3. Assessment of in vitro gel formation and aqueous diffusion into
ISG

The phase inversion from solution to gel or matrix-like of the
prepared ISG systems or the gel formation was recorded by inject-
ing the formulation into an aqueous medium of PBS (pH 6.8) at
room temperature. A volume of 1 mL of ISG was filled into a plastic
syringe connected with an 18-gauge needle and injected into a test
tube containing 5 mL of PBS (pH 6.8) (simulated gingival crevicular
fluid). Subsequently, pictures of the transformation were taken at
0, 1 and 30 min. To investigate the aqueous diffusion that induced
the matrix formation, the prepared ISGs were individually filled
into a 6-mm-diameter transparent plastic tube, submerged into
PBS (pH 6.8), and then the change from the transparent solution
to the turbid matrix due to water diffusion into the ISG was mea-
sured at room temperature. The turbid distance front was recorded
at 0, 4 and 24 h, and the rate of water diffusion was calculated
using the following formula: rate = distance of water front diffu-
sion (mm)/time (min) (n = 3).

2.3.4. Drug release study
The dialysis membrane method was used in this experiment, in

which a sample of ISG (1 g) was added into a dialysis tube (Spec-
trapor, MW cutoff: 6000–8000), submerged into 100 mL of PBS
(pH 6.8) at 37 �C, and then maintained at a rotational speed of
50 rpm using a shaking incubator (Model SI4; Shel Lab, Cornelius,
USA). Aliquots, each of 10 mL, were withdrawn from the release
medium at various time intervals, and each aliquot was replaced
with 10 mL of fresh medium. The concentration of the drug in
the sample solution was detected using a UV–vis spectrophotome-
ter at 349 nm. All experiments were performed in triplicate, and
the mean cumulative drug release ± S.D. was calculated (n = 3).
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Membrane-less diffusion method was also used in this study, in
which 0.4 g of ISG was added into a porcelain cup (10 � 12 mm),
submerged into 100 mL of phosphate buffer (pH 6.8) at 37 �C,
and then maintained at a rotational speed of 50 rpm using a shak-
ing incubator (Model SI4, Shel Lab, Cornelius, USA). Then, the med-
ium was collected and analysed for DH release using the same
procedure applied in the dialysis membrane method (n = 3).

2.3.5. Surface morphology
ISG remnants from the drug release test were dried in a freeze

dryer (TriadTM Labconco, Missouri, USA) for 48 h and then sprayed
and covered with gold particles. These dried matrix surfaces were
examined under a scanning electron microscope (SEM) (Maxim
200 Camscan, Cambridge, England) at an accelerating voltage of
15 kV.

2.3.6. In vitro ISG degradation study
A sample of 1 g of ISG was submerged into 10 mL of PBS (pH

6.8) and then incubated at 37 �C with shaking at 50 rpm. After
7 days, the ISG remnants were dried in a hot air oven with temper-
ature adjusted to 65 �C. The percentage of weight loss was calcu-
lated using the following equation: % weight loss = 100 � (initial
weight - final weight)/(initial weight) (n = 3).

2.3.7. Antimicrobial activity test
The agar-cup diffusion method was used to determine the

antimicrobial activity of the ISG systems containing 5% w/w DH
against Staphylococcus aureus (ATCC 6538P), Escherichia coli (ATCC
25922), Streptococcus mutans (ATCC 27175), Porphyromonas gingi-
valis (ATCC 33277) and Candida albicans (ATCC 17110). The
100 lL samples were loaded into the cylinder cups (8-mm diame-
ter and 10-mm height) that were placed on the microbial culture
plates. The culture plates were then incubated at 37 �C for 48 h fol-
lowed by the measurement of the diameter of the inhibition zone
(n = 3). For evaluating the antimicrobial activity against anaerobic
bacteria, the experiment was performed in an anaerobic incubator
(Forma Anaerobic System, Thermo Scientific, Ohio, USA).

2.4. Statistical analysis

All sub-experiments were conducted in triplicate, and values
were expressed as mean ± standard deviation (S.D.). The relation-
ship between variables was analysed using Pearson correlation
coefficients. Statistical significance of the values was analysed
using one-way analysis of variance (ANOVA), followed by post
hoc test and the least significant difference (LSD), and the signifi-
cance level was set at P < 0.05.
Table 1
Physical properties of DH-loaded ISG comprising different polymers (n = 3).

Polymer type Polymer content (% w/w) pH Viscosity (cPs)

25 �C

BS 15% 4.16 ± 0.05 15.86 ± 0.30a

20% 4.09 ± 0.01 43.61 ± 0.52
25% 4.13 ± 0.01 186.35 ± 3.96
30% 3.93 ± 0.04 ND

EC 5% 3.95 ± 0.05 43.61 ± 0.71
10% 4.05 ± 0.01 306.61 ± 2.29
15% 4.36 ± 0.01 1457.47 ± 11.45a

20% 4.42 ± 0.02 ND
ERS 15% 3.86 ± 0.04 33.16 ± 0.57a

25% 3.92 ± 0.01 151.99 ± 2.29
30% 3.93 ± 0.01 404.41 ± 7.80
35% 3.77 ± 0.05 1001.78 ± 18.74

ND = not determined; the asterisk (a,b,c) represents a significant difference (P < 0.05)
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3. Results and discussion

3.1. Appearance and pH value of drug solutions

The DH-loaded BS, EC and ERS ISGs were clear. There was no
precipitation or phase separation occurred during preparation
and storage. They were yellowish in colour primarily due to the
colour of DH. The pH value of these ISGs varied from 3.77 ± 0.05
to 4.42 ± 0.02 as shown in Table 1. Although the pH value of the
NMP solution was approximately 8, the pH values of the prepared
solutions were apparently lower because of the acidity of DH
(Convention USP, 2009). However, the side effects that could pos-
sibly be caused by the low pH of these ISGs could be minimised
due to the application of only a low amount (20 mL) by injection
into the periodontal pocket and also due to the buffering capacity
of gingival crevicular fluid and its circulation (Harish et al., 2009;
Chaudhary and Verma, 2014).

3.2. Viscosity and rheology

The gellation depends not only on the type and amount of poly-
mer used but also on the time where the complete gellation may
occur with time. After administration, ISG system exposed with
the fluid in the periodontal pocket where the solvent diffused out
and exchanged with the environmental fluid leading to the phase
inversion and polymer precipitation as gel like matrix. Therefore,
there may be a period for diffusion in and out of the environmental
liquid and solvent which in turn and there may be some lag phase
for polymer precipitation. During this time, the ISG system may
still in solution state. The fast solvent exchange mechanism and
rapid in phase inversion may be observed when the viscosity of
the system in periodontal pocket is low. The temperature at the
periodontal pocket (37 �C) may induce for reduction in the viscos-
ity of the ISG. Thus, it is necessary to investigate the flow property
of the solution before and after the administration conditions
(25 �C and 37 �C). The present study investigated the viscosity
and rheological property of the system (in a solution state) at
25 �C and 37 �C. The experiment showed that the viscosity of all
solutions at 37 �C was lower than that at 25 �C (Table 1). The higher
temperature vulnerable to cause loses in the structure of the net-
work of the gel solution and it also proved that owing to the loose
structure at a higher temperature caused the sharp decrease in the
shear stress at 37 �C (Phaechamud et al., 2016a,b). The present
study proved the increased amount of the polymer concentration
with decreasing amount of NMP lead to increase in fluid viscosity
of the ISG. When the interactions between the polymer chains are
favoured, the viscosity of the solution is increased. On the other
hand, a dominance of polymer–solvent interactions results in min-
Exponential constant (N) Expulsive work (N.mm)

37 �C 25 �C 37 �C

10.57 ± 2.29b 0.99 ± 0.01 1.03 ± 0.02 13.32 ± 2.12c

25.11 ± 2.29 1.02 ± 0.01 1.02 ± 0.01 25.89 ± 2.89
64.76 ± 2.29 1.00 ± 0.02 1.04 ± 0.01 37.29 ± 4.76
251.11 ± 24.23 – 0.99 ± 0.01 115.23 ± 3.05
27.75 ± 0.80 1.06 ± 0.01 1.07 ± 0.01 18.58 ± 1.32
188.99 ± 2.29 0.99 ± 0.01 1.00 ± 0.02 24.78 ± 1.32
903.98 ± 6.87b 0.97 ± 0.01 0.97 ± 0.01 26.73 ± 1.47c

3232.66 ± 13.92 0.95 ± 0.01 0.96 ± 0.00 46.33 ± 1.71
22.54 ± 0.20b 0.99 ± 0.01 1.01 ± 0.01 9.09 ± 0.82c

99.12 ± 0.30 0.99 ± 0.02 1.00 ± 0.01 14.02 ± 0.74
228.64 ± 8.25 1.00 ± 0.01 1.00 ± 0.01 17.04 ± 0.86
564.33 ± 6.06 1.00 ± 0.01 1.00 ± 0.02 24.72 ± 1.35



Fig. 1. Transformation of DH-loaded ISG into gel or matrix-like using different
polymers in PBS (pH 6.8) and at various time points.
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imal viscosity of the solution (Camargo et al., 2013). When com-
pared, the system containing EC gave the highest viscosity which
was followed by the system containing ERS and BS. Since, the
increasing amount of polymer contributed to the high resistance
in the solution to flow, the viscosity data for the 30% w/w BS and
20%w/w EC ISGs could not be determined. Typically, viscosity is a
critical internal factor that potentially affects the flow property
and the injectability of an ISG. A highly viscous ISGmay cause a dif-
ficulty in the injection process leading to pain in patient. The DH-
loaded BS and ERS solutions did not change their viscosity when
the shear rate was increased, signifying the Newtonian flow beha-
viour. Hence, the force of expulsion did not affect the viscosity of
the solution, and the solution was convenient for usage (Watt
et al., 2019). The 5% � 15% w/w EC solutions also exhibited the
Newtonian flow behaviour.

3.3. Injectability through syringe

During administration, the ISG should be injected easily and
rapidly through a syringe without causing pain (Xiong et al.,
2011). The energy required for injecting the ISG was determined
by the injectability test, wherein the expulsive work for each DH-
loaded solution varied from 9.09 ± 0.82 to 115.23 ± 3.05 N.mm
(Table 1). All of exponential constant values were close to 1 indi-
cating of Newtonian flow of them. An increase in work force for
expulsion indicates a lower injectability (Chang et al., 2002). The
required force increased when the concentration of EC and ERS
was increased. Comparison between the polymers at 15% w/w con-
centration revealed that the energy required for injecting the DH-
loaded ERS solution was lower than that for injecting DH-loaded BS
and EC, respectively (P < 0.05). The linear relationship between the
expulsion force and the viscosity of the solution should be obtained
(Ryl and Owczarz, 2020). Although ERS ISG systems showed higher
viscosity, their expulsive work was apparently lower than that of
BS ISG systems. The 3D-network formation within the BS ISG led
to a significant enhancement in strength and viscoelasticity of
these formulations (Phaechamud et al., 2018). In addition, the
adhesiveness property of BS with plastic deformation has been
reported previously (Senarat et al., 2020); therefore, these charac-
ters of BS promoted the higher expulsive work of BS ISG systems.
Therefore, the highest viscosity of the EC solutions imparted their
lower injectability. However, the entire expulsive work required
for injecting each solution, except for 30% w/w BS solution, was
lower than 50 N.mm, indicating their acceptability for the criteria
of injection (Philippot et al., 2005).

3.4. In vitro gel formation

The mechanism of solvent exchange promoted the transforma-
tion of the ISG from the drug-loaded aqueous insoluble polymeric
solution into a gel or matrix-like from which the drug is released
gradually in a controlled manner. Therefore, this transformation
characteristic is necessary for the ISG, whereas a rapid transforma-
tion provides patient compliance (Gokulanathan et al., 2014;
Yamamoto et al., 2002). This study demonstrated that all the pre-
pared DH-loaded polymeric solutions, except the 15% w/w BS for-
mula, were able to transform efficiently into matrix (Fig. 1) and the
process was complete within 5 min, which was acceptable for
application considering patient compliance (Anneken et al.,
2001). In detail, the obtained transformed drug-loaded ISGs, such
as 20% BS matrix, were soft and the ERS matrix was stiffer than
the BS matrix, but the most rigid structure was evident for the
EC matrix as observed by the similar polymer content. Overall,
the matrix of the ISGs containing a higher polymer concentration
was harder than the matrix containing a lower polymer concentra-
tion. The appropriate amount of EC was 15% w/w, whereas that of
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ERS was 35% w/w. The mechanism of matrix formation could be
described through the solvent exchange behaviour of the ISG, in
which the swollen/dispersed polymer exhibited a phase inversion
and formed a solid matrix while its solvent moved out from the
system (Phaechamud and Setthajindalert, 2018).
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3.5. Aqueous diffusion into ISG

The movement of external environmental aqueous into ISG by
solvent exchange influences the matrix formation behaviour,
which in turn impacts the drug release behaviour (Phaechamud
et al., 2016a,b). Therefore, the rate of aqueous diffusion into the
ISG is one of the important role in formation of polymeric matrix.
This study demonstrated that the diffusion rate of water into ISGs
slowed down and decreased with time (data not shown) due to
matrix formation upon exposure to the influx water that acted as
a barrier for further diffusion of water into the matrix. The concen-
tration of BS had no significant influence on the water diffusion
rate, whereas the rate in the EC system was decreased when the
polymer concentration was increased (P < 0.05). However, the dif-
fusion rate in the ERS system was not associated with the polymer
amount during the first 4 h, but it exhibited a relationship with the
polymer content at 24 h (P < 0.05). When compared after the 4-h
measurement, the formula containing 15% EC exhibited the highest
water diffusion rate, which accounted for 0.0088 ± 0.0004 mm/m
in, whereas this rate of BS and ERS ISGs was not different signifi-
cant. However, at 24 h, the EC ISG demonstrated the slowest rate
of water diffusion, which confirmed their thick barrier from EC
matrix for further diffusion of water. Furthermore, the most rigid
structure observed in the in vitro gel formation study supported
the decreased water diffusion rate of EC ISG. On the other hand,
the highest water diffusion rate of the ERS system after the 24-h
measurement was due to its ability of better swelling and more
water permeability (Sánchez-Lafuente et al., 2002).

3.6. Drug release

The transformation from solution into matrix-like was observed
in drug release test. Upon administration of the ISG, the exchange
of solvent with the aqueous environment lead to precipitation of
the polymer to form a matrix from which the drug was released
with controlled rate. However, there may be a lag time between
the injection and formation of matrix where the burst release of
drug may be encountered and thus, leading to systemic toxicity
(Hatefi and Amsden, 2002). It has been reported that the polymer
phase inversion dynamics has significant effect on the initial burst
release (Liu and Venkatraman, 2012). Therefore, the dialysis tube
method was applied to detect the initial burst effect of the systems
while the membrane-less method allows the direct contact of sys-
tems with the medium permitting to enter a large amount of fluid
into the systems without delay. Meanwhile, the solvent exchange
mechanism and precipitation of the polymer were happened and
the release of the drug was observed with limited rate.

The higher polymer content promoted the more prolongation of
DH release (Fig. 2A). DH release from EC and ERS ISGs was quite
rapid during the initial period but slowed down in the late stage
due to the increase in the polymeric matrix formation. The drug
release from BS ISG was slower than that from EC ISG, whereas
EC ISG prolonged the drug release longer than that of ERS ISG.
The comparatively higher drug release of ERS ISG confirmed that
the amount of DH retained in the ERS polymer matrix was less than
that in the other two polymer matrices; however, the diffusion of
hydrophilic DH through the EC matrix could be hindered by the
more hydrophobic behaviour of EC. It has been reported that the
rate of drug diffusion through the polymer matrix and the drug
release could be altered by the drug–polymer molecular interac-
tion (Wischke and Schwendeman, 2008; Chao et al., 2015). Upon
injection, the exposure of ISG with aqueous environment caused
the transformaiton of gel like matrix which act as the barrier for
the drug release. Although the in vitro gelaiton experiments
showed the evidence of insufficient gelation of 15% w/w BS, the
drug release study confirmed the retardation of drug release of
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BS gel at this concentration. The slow release of DH from BS ISG
could be due to the interaction between the positively charged
DH molecules and the negatively charged carboxylic acid BS com-
ponents (Phaechamud et al., 2016a,b). However, the cumulative
drug release at 48 h from EC and ERS ISGs was not significantly dif-
ferent. These data also indicated that the rate of drug release from
the ISG decreased with an increase in the amount of each polymer
(P < 0.05). Furthermore, the results obtained from the release study
using the dialysis method also revealed the same trend (Fig. 2B).
The BS ISG retained the drug by adsorption between the resin
and DH, as reported in a previous study (Chao et al., 2015), whereas
EC and ERS formed a matrix structure surrounding the drug as
depicted in other studies (Quadir et al., 2005; Diaf et al., 2012;
Boza et al., 1999). In addition, the EC matrix was more complex
than the ERS matrix (Fig. 3) and extended the drug release for
longer time. However, the higher ERS-loaded ISG was achieved
with the acceptable expulsive work and prolonged drug release

Release data of all formula were fitted to four different mathe-
matical models (first order, Higuchi’s, zero order and power law
(Korsmeyer-Peppas) model) to characterize the mechanism of drug
release. The high value of coefficient of determination (r2) or model
selection criteria (msc) indicated a superiority of the release profile
fitting to mathematical equations (Chantadee et al., 2020b; Lwin
et al., 2020). The r2 and msc from curve fitting to first order, Higu-
chi’s, zero order, and power law equations after the release studies
using dialysis membrane method are shown in Table 2. The DH
release from all EC formula using dialysis membrane method were
fitted well with first order model since r2 and msc from curve fit-
ting were higher than Higuchi’s model and zero order curve fitting.
Whereas, the DH release profile of all BS using dialysis membrane
method were best explained by power law model, but a close rela-
tionship was also noted with first order kinetics. The DH release
from ERS (15% and 25%w/w) using dialysis membrane method
were fitted well with first order model, whereas the DH release
from ERS (30% and 35%w/w) were fitted well with power law
model. Whereas the DH release from ERS (30% and 35%w/w)
showed a close relationship were noted with first order kinetics.
It has been reported that the drug release from hydrophobic poly-
mer matrix in water provided the first order release profile
(Khairuzzaman et al., 2006).

The release exponent values (n) for power law of all formula-
tions from the release studies using dialysis membrane method
are shown in Table 3. The n value obtained from power law equa-
tion of the formula (EC (5–10%w/w), BS (15–30%w/w) and ERS (15–
35%w/w)) using dialysis membrane method ranged from 0.15 to
0.42. The results indicated that the formula showed drug release
by Fickian diffusion mechanism. The drug release rate was
decreased as a function of time due to a decrease in the concentra-
tion gradient. The drug release from system containing EC (15–20%
w/w) were anomalous or non-Fickian diffusion (0.45 < n < 0.89)
indicated that the drug release was controlled by both mechanism
of diffusion and polymeric chain relaxation (Pahwa et al., 2011).
The drug release rate (k) parameter after releasing studies using
dialysis membrane method was investigated. The increased poly-
mer amounts significantly decreased the drug release rate (k)
(p < 0.05). Since the viscosity of the higher polymer amount for-
mula is higher than that of lower polymer amount formula. The
results showed the slower drug release therefore the polymer
amount could sustain DH release from these systems (Table 3).

The r2 and msc from curve fitting to first order, Higuchi’s, zero
order, and power law equations after the releasing studies using
membrane-less method are shown in Table 4. The DH released
from EC (5–15%w/w), BS (15–25%w/w) and ERS (15–30%w/w) for-
mula after release studies using membrane-less method were fit-
ted well with first order model. Whereas the DH released from
EC (20%w/w), BS (30%w/w) and ERS (35%w/w) formula were best



Fig. 2. DH release from DH-loaded ISG assessed using membrane-less method (A) and dialysis tube method (B) in PBS (pH 6.8) (n = 3).
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explained by power law model, but a close relationship was also
noted with first order kinetics. The release exponent values (n)
for power law of all formula from the release studies using
membrane-less method are shown in Table 5. The n value obtained
from power law equation of all formula (EC (5–20%w/w), BS (15–
30%w/w) and ERS (25–35%w/w)) after release studies using
membrane-less method ranged were anomalous (non-Fickian) dif-
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fusion controlled release (0.45 < n < 0.89) except ERS (15%w/w)
that showed drug release by Fickian diffusion. Considering the
drug release rate (k) parameter after release studies using
membrane-less method, it was indicated that the increased poly-
mer amounts tended to decrease the drug release rate (k)
(p > 0.05) that similar to the previous release studies using dialysis
membrane method. The factors affecting release kinetic are liquid



Fig. 3. SEM micrograph of the dried ISG systems; 5%w/w DH-loaded EC ISG (left) and 5%w/w DH-loaded ERS ISG (right) with different concentrations of matrix former at
different magnifications (200 � and 2000 � ).

Table 2
Comparison of degree of goodness-of-fit from curve fitting of the release profiles of DH in phosphate buffer pH 6.8 using dialysis membrane method to different release models.

Formula (%w/w) First order Higuchi’s Zero order Power law

r2 msc r2 msc r2 msc r2 msc

EC
5% 0.9926 4.41 0.9621 2.70 0.9545 2.52 0.9774 2.93
10% 0.9963 5.17 0.9845 3.60 0.9398 2.37 0.9905 3.91
15% 0.9968 5.40 0.9796 3.49 0.9653 2.91 0.9826 3.45
20% 0.9980 5.86 0.9900 4.21 0.9780 3.37 0.9900 4.01
BS
15% 0.9552 2.62 0.8798 1.67 0.9245 2.01 0.9953 4.51
20% 0.9261 2.27 0.8563 1.69 0.8705 1.60 0.9596 2.61
25% 0.9179 2.25 0.9277 2.23 0.9235 2.17 0.9727 3.23
30% 0.9244 2.32 0.9745 3.27 0.9289 2.28 0.9861 3.90
ERS
15% 0.9766 3.49 0.9477 2.38 0.9265 2.11 0.9712 2.80
25% 0.9787 3.58 0.9429 2.36 0.9365 2.26 0.9734 2.96
30% 0.9710 3.27 0.9544 2.59 0.8798 1.67 0.9755 3.11
35% 0.9760 3.46 0.9738 3.20 0.9311 2.27 0.9864 3.70

Table 3
Estimate parameter from curve fitting of DH release in phosphate buffer pH 6.8 using dialysis membrane method to power law expression.

Formula (%w/w) k ± S.D. tl ± S.D. (min) n ± S.D. Release mechanism

EC
5% 0.1015 ± 0.0083 40.47 ± 1.85 0.40 ± 0.02 Fickian
10% 0.0784 ± 0.0101 40.35 ± 0.71 0.42 ± 0.02 Fickian
15% 0.0499 ± 0.0115 36.37 ± 2.27 0.49 ± 0.04 Anomalous
20% 0.0448 ± 0.0059 35.86 ± 1.18 0.49 ± 0.02 Anomalous
BS
15% 0.2821 ± 0.0345 135.58 ± 33.40 0.15 ± 0.02 Fickian
20% 0.1131 ± 0.0148 110.92 ± 3.34 0.25 ± 0.02 Fickian
25% 0.0700 ± 0.0045 108.79 ± 0.61 0.30 ± 0.01 Fickian
30% 0.0507 ± 0.0074 103.05 ± 5.53 0.34 ± 0.01 Fickian
ERS
15% 0.0774 ± 0.0037 41.86 ± 1.15 0.43 ± 0.01 Fickian
25% 0.0568 ± 0.0080 57.37 ± 1.11 0.32 ± 0.00 Fickian
30% 0.0209 ± 0.0032 59.14 ± 0.37 0.24 ± 0.00 Fickian
35% 0.0101 ± 0.0017 54.51 ± 1.22 0.38 ± 0.01 Fickian

k = release rate; tl = lag time and n = diffusional exponent

S. Senarat, W. Wai Lwin, J. Mahadlek et al. Saudi Pharmaceutical Journal 29 (2021) 252–263

258



Table 4
Comparison of degree of goodness-of-fit from curve fitting of the release profiles of DH in phosphate buffer pH 6.8 using membrane-less method to different release models.

Formula (%w/w) First order Higuchi’s Zero order Power law

r2 msc r2 msc r2 msc r2 msc

EC
5% 0.9937 4.77 0.9874 3.98 0.9315 2.35 0.9927 4.33
10% 0.9956 5.16 0.9857 3.97 0.9673 3.11 0.9876 3.89
15% 0.9966 5.41 0.9933 4.71 0.9480 2.65 0.9943 4.74
20% 0.9925 4.59 0.9828 3.73 0.9740 3.34 0.9951 4.87
BS
15% 0.9971 5.49 0.9932 4.59 0.9698 3.14 0.9970 5.20
20% 0.9956 5.05 0.9851 3.81 0.9711 3.18 0.9943 4.63
25% 0.9989 6.45 0.9809 3.56 0.9899 4.19 0.9985 5.89
30% 0.9984 6.03 0.9591 2.80 0.9970 5.42 0.9990 6.29
ERS
15% 0.9931 4.69 0.9718 3.28 0.9398 2.45 0.9814 3.55
25% 0.9938 4.77 0.9894 4.24 0.9291 2.34 0.9895 4.09
30% 0.9965 5.32 0.9865 3.97 0.9548 2.76 0.9915 4.27
35% 0.9965 5.33 0.9954 5.06 0.9655 3.03 0.9983 5.86

Table 5
Estimate parameter from curve fitting of DH release in phosphate buffer pH 6.8 using membrane-less method to power law expression.

Formula (%w/w) k ± sd tl ± sd (min) n ± sd Release mechanism

EC
5% 0.0253 ± 0.0017 8.06 ± 7.41 0.49 ± 0.01 Anomalous
10% 0.0152 ± 0.0034 �52.41 ± 17.84 0.62 ± 0.03 Anomalous
15% 0.0093 ± 0.0014 �11.49 ± 13.20 0.58 ± 0.02 Anomalous
20% 0.0053 ± 0.0013 18.02 ± 21.74 0.64 ± 0.03 Anomalous
BS
15% 0.0062 ± 0.0028 100.76 ± 9.84 0.59 ± 0.06 Anomalous
20% 0.0043 ± 0.0010 87.14 ± 16.44 0.62 ± 0.03 Anomalous
25% 0.0019 ± 0.0007 57.32 ± 9.29 0.70 ± 0.04 Anomalous
30% 0.0007 ± 0.0002 29.38 ± 6.37 0.82 ± 0.07 Anomalous
ERS
15% 0.0321 ± 0.0039 47.01 ± 5.30 0.42 ± 0.01 Fickian
25% 0.0181 ± 0.0063 62.65 ± 3.14 0.48 ± 0.05 Anomalous
30% 0.0096 ± 0.0037 87.61 ± 1.77 0.55 ± 0.06 Anomalous
35% 0.0084 ± 0.0021 100.98 ± 11.66 0.55 ± 0.03 Anomalous

k = release rate; tl = lag time and n = diffusional exponent
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diffusion rate and polymeric chain relaxation rate. When the liquid
diffusion rate is slower than the relaxation rate of the polymeric
chains, the diffusion is Fickian, whereas when the relaxation pro-
cess is very slow compared with the diffusion, the case II transport
occurs. When liquid diffusion rate and polymer relaxation rate are
of the same order of magnitude, anomalous or non-Fickian diffu-
sion is observed (Perioli et al., 2004). Solute transport from non-
degradable polymeric systems is mainly considered as diffusion
driven. Non-degradable polymers can be fabricated into
‘‘reservoir-” and ‘‘matrix-” type devices, which can be a rate-
controlling membrane (Ful et al., 2010). For matrix-type devices,
drug release is more likely to be Fickian diffusion driven, which
is associated with concentration gradient, diffusion distance, and
the degree of swelling (Chantadee et al., 2020c; Siepmann &
Siepmann, 2008).

3.7. ISG topography

Typically, the study of morphology of samples by SEM proves
the porosity of pore structure, surface structure, and drug crys-
talline. The release of drug from the matrix was influenced by
the drug diffusion and dissolution of the polymeric network
(Poursamar et al., 2011) which in turn attributed to the changes
in the morphology of the ISG system. Thus, the porosity and pore
connectivity revealed by SEM photomicrograph prove the behavior
of drug diffusion and dissolution of the polymeric network. The
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surface morphology of dried DH-loaded EC ISG showed a porous
scaffold, whereas the structure of the DH-loaded ERS ISG demon-
strated agglomerated spherical particles (Fig. 3). The pore sizes of
the DH-loaded EC ISG were minimised with an increase in the
polymer concentration, and the particle size of spherical particles
in the DH-loaded ERS ISG was decreased with an increase in the
ERS amount (Lwin et al., 2020) The ISG system with low polymer
concentration may give the lose structure of the polymeric matrix
from which the diffusion of drug and dissolution of polymer were
taken easily resulting in formation of larger pore size. However, the
higher amount of polymer enhanced the denser matrix structure
which contributed to the higher tortuosity for NMP and drug mole-
cules to diffuse out indicating the decreased in pores size. On the
other hand, the decreased in the size of void inside the structure
proved the controlled in drug release which finding are aligned
with the drug release study where the increased in polymer con-
centration promoted the prolongation in drug release (Fig. 2).
Otherwise, the DH-loaded BS ISG could not form a dry structure
for analysing using SEM after freeze drying, because the amount
of NMP in the system after the release study was still high. How-
ever, this study suggested that the mechanism of drug release from
the EC and ERS ISG systems involved the diffusion of both the drug
and NMP. The pores were formed throughout the matrix, indicat-
ing that they were formed by drug and solvent diffusion and
matrix erosion. In addition, the pore connectivity suggested that
the release of DH from the ISG by solvent movement and the
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scaffolds were promoted concurrently by the polymeric matrix
formation during the phase inversion process (Phaechamud et al.,
2016a,b; Marco et al., 2014).

3.8. In vitro degradation

The percentage of weight loss of the DH-loaded EC, BS and ERS
ISGs was significantly decreased with an increase in the amount of
the polymer (Table 6). The increased in polymer concentration
attributed to the denser in matrix formation (Fig. 1) indicating
the harder diffusion out of solvent and drug which is the evidence
of the lowering in in vitro degradation.

Comparison between the polymers at the same concentration
(15% w/w) showed that the type of the polymer had an apparent
impact on the degradation of the ISG, wherein the order of
in vitro degradability was as follows: EC > ERS > BS ISGs, respec-
tively (P < 0.05). This in vitro degradation occurred due to the
migration of DH and NMP during medium exchange, and it has also
been believed that BS was degraded by de-esterification (Coelho
et al., 2012), whereas EC was destabilised by oxidative degradation
(McBurney, 1949).

EC formed as a major backbone of timolol maleate-loaded
implantable nanoparticle-laden ring-in-hydrogel contact lenses
well tolerated displaying insignificant cytotoxicity and ocular irri-
tation (Maulvi et al., 2016). The nanocapsules of beclomethasone
prepared for pulmonary delivery using EC as a protective polymer
showed the insignificant cytotoxic effect (Chassot et al., 2015).
Shellac was compared to another fluoride varnish (Duraphat) and
Table 6
Percentage of weight loss of DH-loaded ISGs (n = 3).

Polymer % polymer (w/w) % weight loss

BS 15 89.14 ± 0.07*
20 82.59 ± 1.04
25 72.00 ± 3.55
30 64.62 ± 5.79

EC 5 99.72 ± 0.31
10 89.12 ± 0.31
15 84.95 ± 0.20*
20 79.47 ± 0.54

ERS 15 86.52 ± 0.49*
25 75.00 ± 0.25
30 69.46 ± 0.28
35 61.17 ± 2.92

The asterisk (*) represents a significant difference (P < 0.05)

Fig. 4. Antimicrobial activity of 15% w/w DH-loaded ISG (n = 3). Ampicillin (10 mg) and c
antifungal activities, respectively. The asterisk * indicates the significantly larger inhibit
shows the significantly larger inhibition zone diameter than that obtained using other I
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a fluoride containing desensitizing agent (Isodan) with the cyto-
toxicity test performed on human gingival fibroblasts and through
dentin slice on human pulp fibroblasts (Hoang-Dao et al., 2008).
Shellac showed an adequate cellular compatibility and a significant
effect on human dentin hydraulic conductance. Shellac showed an
adequate cellular compatibility with human gingival fibroblasts
and a significant influence on human on human dentin hydraulic
conductance indicating its safety and effectiveness as potential
desensitizing agent (Hoang-Dao et al., 2008). Moreover, shellac is
nontoxic, physiologically harmless and biodegradable resin
(Irimia-Vladu et al., 2013). Thus, this designed depot system has
the potential use for delivering the antimicrobial drug with
biodegradable characteristic. Nanoparticles fabricated using ERS
as drug carrier licensed for clinical application by the major health
authorties of Europe, Japan and USA (Hoffart et al., 2006). Low
molecular weight heparin-loaded ERS nanoparticles was proposed
as a good delivery system with low cell toxicity (Eidi et al., 2010).
Moreover, this positively charged polymer has been used for devel-
oping nano- and micro-fibers as scaffolds in tissue engineering
(Vaquettea et al., 2008) indicating its safety for use as polymeric
material in periodontitis treatment.
3.9. Antimicrobial activity

The prepared DH-loaded ISGs comprising 15%w/w polymer
demonstrated antimicrobial activities against S. aureus, S mutans,
E. coli, P. gingivalis and C. albicans (Fig. 4). DH has been shown to
inhibit bacterial protein synthesis by binding to the 30S ribosomal
subunit (Dadashi et al., 2019), while NMP enhances cell permeabil-
ity (Saw et al., 2007). The type of polymer influenced the antimi-
crobial activities of DH ISG. Comparison with 15% w/w polymer
concentration showed that the DH-loaded ERS ISG demonstrated
the highest activity against S. aureus (not different from the posi-
tive control) and E.coli. Otherwise, the DH-loaded EC ISG exhibited
the highest activity against S. mutans (but not different from the
positive control) and P. gingivalis, which is the primary pathogen
causing periodontitis (Aminu et al, 2013; 2019). In addition, both
the ERS and EC ISG systems exhibited the same highest activity
(also higher than the positive control) against C. albicans, which
is the common fungal pathogen infecting the oral cavity
(Grimoud et al., 2003). An apparently high antifungal activity of
NMP against C. albicans has also been reported earlier
(Phaechamud et al., 2013); thus, these three ISGs also exhibited
this fungal inhibition. However, the DH-loaded BS ISG also
lotrimazole (10 mg) were used as positive control for assessing the antibacterial and
ion zone diameter than that obtained using other ISGs, but not ampicillin, while **
SGs and also ampicillin (P < 0.05).



Table 7
Effect of polymer concentration on the antibacterial activity against S. mutans and P. gingivalis (n = 3).

Polymer % polymer (w/w) S. aureus S. mutans E. coli P. gingivalis C. albicans

BS 15 48.22 ± 0.44 51.48 ± 0.82 42.91 ± 0.52 38.82 ± 0.92 22.72 ± 0.81
20 45.30 ± 0.36 43.30 ± 0.52 36.23 ± 0.51 25.72 ± 1.10 12.98 ± 0.48
25 44.82 ± 0.52 40.21 ± 0.22 35.28 ± 0.31 26.22 ± 0.82 11.62 ± 0.39
30 43.71 ± 0.61 41.82 ± 0.36 32.71 ± 0.44 25.31 ± 0.13 10.34 ± 0.22

EC 5 44.82 ± 0.42 52.33 ± 0.52 41.38 ± 0.23 41.00 ± 1.20 28.62 ± 0.42
10 44.39 ± 0.23 51.33 ± 0.48 41.33 ± 0.32 41.00 ± 1.03 28.17 ± 0.33
15 42.29 ± 0.22 51.33 ± 0.35 42.06 ± 0.04 39.67 ± 1.44 27.36 ± 0.48
20 43.27 ± 0.17 50.33 ± 0.54 41.42 ± 0.37 38.33 ± 2.00 27.08 ± 0.14

ERS 15 44.87 ± 1.03 46.67 ± 0.18a 45.88 ± 0.52 30.67 ± 0.58b 27.91 ± 0.82
25 42.28 ± 0.76 43.67 ± 0.41 43.22 ± 0.26 28.67 ± 0.36 24.82 ± 0.36
30 42.01 ± 0.62 42.67 ± 0.27 42.87 ± 0.32 27.33 ± 0.39 22.02 ± 0.62
35 41.99 ± 0.48 41.67 ± 0.34a 41.92 ± 0.27 25.33 ± 0.22b 20.01 ± 0.31

Ampicillin disc 10 lg 50.22 ± 0.88 52.00 ± 1.00 43.24 ± 0.62 14.67 ± 0.07 10.08 ± 0.11
NMP 32.65 ± 0.23 28.00 ± 2.65 25.43 ± 0.43 17.00 ± 1.00 45.82 ± 1.06

(a,b) represents a significant difference (P < 0.05)
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exhibited activity against all the five tested microorganisms,
although it was not at the highest level. Furthermore, the higher
concentration of the BS, EC and ERS ISG systems appeared to
slightly decrease the antimicrobial activity against S. mutans and
P. gingivalis (Table 7). This result was due to the retardation of
DH release through the polymer matrices and thereafter into the
agar. Because of the apparent prolongation of DH diffusion through
the denser ERS matrix, the diameter of the inhibition zone obtained
using DH-loaded 35% ERS ISG against these two microbes was sig-
nificantly smaller compared to that obtained using DH-loaded 15%
ERS ISG (P < 0.05). The increased EC amount in the systems did not
affect the antimicrobial activity against all microbes (p > 0.05).
4. Conclusion

The ISG system, when exposure to the surrounding liquid, the
solvent exchange mechanism between influx and efflux of solvent
and the water leads to the polymer phase separation and polymer
matrix formation from which the drug is released with controlled
rate. Thus, to achieve the controllable manner of drug release from
ISG system, the formation of matrix is critical factor whereas poly-
mers have been interested as matrix formers. In addition, the ease
of injection is also an critical point in order to get the patient com-
pliance. The present study investigated the three different poly-
mers namely BS, EC and ERS. When compared, the ISG system
showed the Newtonian flow behaviour except 25% EC ISG. The
increased in concentration of polymers attributed to increase in
viscosity whereas the highest viscosity of EC solution imparted
the lowest injectability while ERS ISG gave the highest injectability.
But, owing to the applied force lower than 50 N.mm, all the pre-
pared ISG indicates their acceptability for injection, except for
30% w/w BS solution. Through the solvent exchange mechanism,
the increased in concentration of polymer contributed to higer
matirx formaiton whcih sustained the drug release. The system
contatining BS showed the lowest amount in drug release when
compared with other ISGs. The SEM photography also reveals the
drug diffusion and dissolution of polymeric network druing the
drug release. By comparison, all the prepared ISGs showed equally
or more effective against tested microbes than the positive control.
Thus, the low viscosity with the high injectability of the DH-loaded
ERS ISG confirmed that it can be suitably used as an injectable
dosage form accompanied by its interesting antimicrobial activities
for treating periodontitis.
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