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A B S T R A C T

Solvent exchange induced in situ forming gel (ISG) is the promising drug delivery system

for periodontitis treatment owing to the prospect of maintaining an effective high drug level

in the gingival crevicular fluid. In the present study, the influence of clove oil (CO) on the

characteristics of doxycycline hyclate (DH)-loaded ISG comprising Eudragit RS (ERS) was in-

vestigated including viscosity/rheology, syringeability, in vitro gel formation/drug release, matrix

formation/solvent diffusion and antimicrobial activities. CO could dissolve ERS and in-

crease the viscosity of ISG and its hydrophobicity could also retard the diffusion of solvent

and hinder the drug diffusion; thus, the minimization of burst effect and sustained drug

release were achieved effectively. All the prepared ISGs comprising CO could expel through

the 27-gauge needle for administration by injection and transform into matrix depot after

exposure to the simulated gingival crevicular fluid.The antimicrobial activities against Staphy-

lococcus aureus, Escherichia coli, Streptococcus mutans and Porphyromonas gingivalis were increased

when the ratio of CO and N-methyl pyrrolidone (NMP) was decreased from 1:1 to 1:10 owing

to higher diffusion of DH except that for C. albicans was increased as CO amount was higher.

Therefore, CO could minimize the burst while prolonging the drug release of DH-loaded ERS

ISG for use as a local drug delivery system for periodontitis treatment.

© 2018 Shenyang Pharmaceutical University. Production and hosting by Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

The periodontitis treatment is highly challenging and it
needs an effective pharmaceutical dosage form because drug

partitioning into the periodontal pockets is generally not very
pronounced and gingival crevicular fluid flows rapidly to elimi-
nate the drug from the site of action [1]. Injectable in situ
forming gel (ISG) is a particularly effective drug delivery system.
Before administration, this in situ forming system is a sol
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form and when administered gradually it alters to a gel form
or solid-like depot [2]. ISG is one of the promising local deliv-
ery systems because of the prospect of maintaining effective
high levels of drug in the gingival crevicular fluid for a pro-
longed period of time to gain the desirable clinical benefits
[3].

For solvent exchange-induced ISG, the aqueous insoluble
polymer and drug are initially dissolved in a water-miscible
organic solvent with low toxicity [4]. The model drug used in
the present study is doxycycline hyclate (DH). DH is a broad
spectrum antibiotic and used widely in periodontal treat-
ment. It is bacteriostatic and it disturbs bacterial protein
synthesis [5]. It is actively against Gram-negative and Gram-
positive bacteria, including beta-lactamase producing strains
which occurred in deep periodontal pockets. Atrigel® is the
commercial injectable system used for a periodontal therapy
containing PLA or PLGA dissolved in N-methyl pyrrolidone
(NMP) ([6,7]. The challenge in the ISG system is to modulate
the burst release effect. The high burst release can be mini-
mized by adding the hydrophobic plasticizers [8]. In this study,
clove oil (CO) was selected as a hydrophobic substance of
ISG. CO is essential oil extracted from Eugenia caryophyllata
(Syzygium aromaticum) which includes the main properties
such as antioxidant, insecticidal, antifungal and antibacterial
properties. Its major components, eugenol, has been re-
ported for an antimicrobial activity [9]. Furthermore, CO has
been used as a natural antibacterial agent against cariogenic
and periodontopathogenic bacteria [10]. CO-loaded orabase
preparations showed a biphasic controlled release [11]. When
CO was added into the zinc oxide gel, the antimicrobial ac-
tivity of the prepared gel was increased as the CO amount
was increased [12].

Eudragit RS (ERS), a copolymer composed of poly(ethyl ac-
rylate, methyl methacrylate, trimethyl ammonioethyl
methacrylate chloride) (1:2:0.1), was used as polymer in for-
mulation of ISG of this study. This compound has a low
permeability property and it can swell in aqueous media in-
dependently of pH without dissolving [13]. Moreover, 5% w/w
quaternary ammonium groups present in this compound play
an important role for its hydration: attracting water into the
system. It is generally regarded as a nontoxic and nonirritant
material [13]. Therefore, this quaternary polyacrylate posi-
tively charged polymer has been widely used to form a water-
insoluble film for the sustained-release dosage forms and
enteric coated tablets. In situ novel intragastric controlled-
release formulation of hydrochlorothiazide was prepared using
Eudragit as polymer [14]. Moreover, ERS was used as matrix
former of extended-release aspirin tablets [15]. In addition, ERS
had been used as a polymer in the formulation of sustained
release matrix prepared by a hot-melt extrusion technique
[16,17] or microsphere [18]. Dexamethasone-loaded ERS
nanoparticles sustained the drug to the skin and the corneal
epithelium with no toxicity potentials ex vivo [19]. However, the
burst drug release was evident in ERS solutions comprising
benzoyl peroxide, DH and metronidazole as the active com-
pounds [20,21]. We found that ESR could dissolve in NMP and
also CO; therefore, this was interesting to investigate the in-
fluence of CO on the physical properties of injectable DH-
loaded solvent exchange-induced ISG system using ERS as a
polymer.

This investigation applied ERS as a polymeric matrix for DH-
loaded solvent exchange induced-ISGs for periodontitis
treatment. The influence of CO incorporation on the DH-
loaded ISGs was investigated for physical properties and a
biological action including pH, viscosity, rheology, syringeability,
gel formation, rate of water diffusion into the gels and anti-
microbial activities against Staphylococcus aureus, Escherichia coli,
Candida albicans, Streptococcus mutans and Porphyromonas
gingivalis.

2. Materials and methods

2.1. Materials

ERS (EVONIK RöhmGsmbH, Germany) and CO (PC Drug,
Bangkok, Thailand) were used as received. DH (batch no.
20071121; Huashu Pharmaceutical Corporation, Shijiazhuang,
China) was used as model drug. NMP (lot no. A0251390; Fluka,
New Jersey, USA) were used as solvent for ERS and CO. Agarose
(Lot H7014-14, Vivantis Technologies Sdn, Bhd, Malaysia) was
used as received. For antibacterial susceptibility test, the disc
containing ampicillin 10 µg/disc (Becton Dickinson & Company,
USA) was used as positive control and clotrimazole (kindly sup-
ported from T.MAN Pharma Ltd., Part, Bangkok, Thailand) of
10 µg/cup was used as a positive control for an antifungal test.
Brain Heart Infusion (BHI) (lot no. 0270845; BactoTM, USA), Brain
Heart Infusion Agar (BHA) (lot no. 0298038; BactoTM, USA),
MitisSalivarius Agar (MSA) (lot no. 0118681; DifcoTM, USA),
Sabouraud Dextrose Agar (SDA) (lot no. 7312647; DifcoTM,
USA), Sabouraud Dextrose Broth (SDB) (lot no. 6345690; DifcoTM,
USA), Tryptic Soy Agar (TSA) (lot no. 7341698; DifcoTM, USA),
and Tryptic Soy Broth (TSB) (lot no. 8091999; DifcoTM, USA) were
used as media for an antimicrobial test. Potassium dihydrogen
orthophosphate (lot no. E23W60; Ajax Finechem, Australia) and
sodium hydroxide (lot no. AF 310204; Ajax Finechem, Austra-
lia) were used as component in phosphate buffer pH 6.8 to
simulate the gingival crevicular fluid [22]. Dialysis tube (Spectra/
Por® membrane, molecular weight cut-off 6000–8000, lot no.
32644; Spectrum Laboratories, Inc., CA, USA) was used as
received.

2.2. Preparation of ISGs

The 30% w/w ERS was dissolved in NMP and CO individually.
The different concentrations of ERS (30, 35, 40% w/w) were also
dissolved in different ratios of NMP and CO containing 5% DH.
Then these polymer solutions were kept for 24 h to obtain the
clear solutions. The 5% DH dissolved in NMP and CO without
addition of ERS was used as the control formulation in this
study.The composition of the formulations is shown in Table 1.

2.3. Evaluations

2.3.1. Appearance
The appearance of the prepared formulations including color
and homogeneity was observed by visual observation.

2.3.2. Viscosity and rheological behavior studies
Viscosity properties of the prepared systems were deter-
mined using Brookfield DV-III Ultra programmable rheometer
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(Brookfield Engineering Laboratories Inc., Middleboro, MA, USA).
The CP-40 spindles with different shear rates of 20–180 1/sec
were used with a 15 1/sec equilibration time at every shear rate
(n = 3). This test was performed at 25 and 37 °C, which was of
the room and physiological temperature, respectively.The shear
stress of samples was measured at various shear rates at 25
and 37 °C. The temperature was maintained within ±0.1 °C by
water bath (Buchi Heating bath B-490, New Hampshire, USA)
connected to the sample cup of viscometer. The samples were
equilibrated on the plate to reach the running temperature prior
to each measurement.

2.3.3. In vitro gel formation
The determination of in vitro gel formation was the change of
clear solution formulation into turbid gel or a solid-like form
when injecting the sample into the simulated gingival cre-
vicular fluid. The gel formation was assessed by injecting the
1 ml sample into 5 ml phosphate buffer solution pH 6.8 (to
simulate the gingival crevicular fluid) [23] with 18-gauge needle
and observed this transformation visually at various times (0,
0.5, 1, 3, 5, 7 and 9 min).

2.3.4. Syringeability test
Because of administration with injection ease of administra-
tion was carried out by syringeability test. Syringeability of
the systems is an important factor to consider for the ease of
administration by injection which is the force required expel-
ling the prepared product via a needle. Syringeability test
was performed by using texture analyzer (TA.XT plus, Stable
Micro Systems, UK) in compression mode. The sample was
filled into 1 ml syringe with 27-guage needle and then this
needle was clamped with a stand. The administration using
a small needle size is known to cause less pain at the injec-
tion site, thereby improving patient comfort and compliance
[24,25]. The upper probe of the texture analyzer moved down-
ward until it came into contact with the syringe barrel base.
A constant speed of 1.0 mm/sec and constant force of 0.1 N
were applied. The distance required to expel the contents
for a barrel length of 20 mm was measured and recorded.
The procedure was carried out at room temperature and
all the measurements were performed in triplicate. Force
displacement profiles were determined and the force at a
distance of 10 mm was selected for analysis. The area under

the resulting curve was used to determine the work of
expulsion.

2.3.5. Rate of matrix formation
The water diffusion rate into the prepared systems was per-
formed by measuring the distance of the change from sol into
the turbid gel phase in a transparent tube.This test was carried
out by filling the samples into a transparent tube with 6 mm
diameter and then the tube was immersed into PBS pH 6.8.
The distance of water front diffusion was observed, accord-
ing to the apparent system that would change from being
transparent to opaque when the water diffused into the gels,
at 4 and 24 h. Subsequently, the diffusion rate was calculated
(n = 3) using the following formula;

Rate of water diffusion into the gels
Distance of water front diffus= iion mm

Time
( )

( )min
(1)

2.3.6. Solvent diffusion study
For checking the characteristic of solvent diffusion, an experi-
ment was set up to simulate an artificial periodontal pocket
by using agarose and observed under stereo microscope (Motic
SMZ-171 Series). Briefly, agarose was dissolved in boiling water
(0.6% w/v), and the solutions were poured into a Petri dish
(diameter 4.5 cm). At the center of the gels, cylindrical holes
(diameter 6 mm) were made and filled with 150 µl liquid for-
mulation using a standard syringe. To simply analyze, all
samples were dyed with amaranth (0.1 g/10 ml). During the
solvent exchange, the change was captured with stereo mi-
croscope every 5 min within 30 min. Solvent fronts were
measured for 5 zones in triplicate. The rate of solvent diffu-
sion into agarose gels was correlated as follows:

Rate of solvent diffusion into the gels
Distance of solvent front di= fffusion mm

Time
( )

( )min
(2)

2.3.7. Determination of surface morphology
The prepared ISMs were investigated with an environmental
scanning electron microscopy (ESEM) (FEI, Quanta 450, Neth-
erlands) at −10 °C with moisture of 50%RH by allowing for a
gaseous environment in the specimen chamber.

2.3.8. In vitro drug release study
The dialysis membrane method is used for the evaluation of
in vitro drug release studies. About 1 g sample was weighed
and added into a dialysis tube (Spectrapor, MW cutoff:
6000–8000). The medium used was 100 ml phosphate buffer
pH 6.8. The temperature was maintained at 37 °C with the
rotational speed at 50 rpm using shaking incubator Model
SI4 (Shel Lab, Cornelius, USA). Aliquot, 10 mL each, was
withdrawn from the release medium at time intervals and
the withdrawal amount of aliquot was replaced with fresh
medium. The amount of samples was determined by UV–vis
spectrophotometer at 320 nm. All of the experiments were
triplicated, and the mean cumulative drug release ± S.D. was
calculated.

Table 1 – Composition of DH-loaded solvent exchange
induced-ERS ISGs.

Formula Substance (%w/v)

DH ERS NMP CO

30% ERS + NMP 5 30 65 –
30% ERS + CO 5 30 – 65
30% ERS + 1:1 CO:NMP 5 30 32.5 32.5
35% ERS + 1:1 CO:NMP 5 35 30 30
40% ERS + 1:1 CO:NMP 5 40 27.5 27.5
40% ERS + 1:10 CO:NMP 5 40 50 5
NMP 5 – 95 –
CO 5 – – 95

133a s i an j o u rna l o f p h a rma c eu t i c a l s c i e n c e s 1 3 ( 2 0 1 8 ) 1 3 1 – 1 4 2



2.3.9. Antimicrobial study
For antimicrobial activities test, standard microbes (S. aureus
ATCC 6538P, E. coli ATCC 25922 and C. albicans ATCC 17110) and
anaerobic microbes (S. mutans ATCC 27175 and P. gingivalis ATCC
33277) were used.The agar-cup diffusion method was used and
the broth culture was prepared with the turbidity approxi-
mately 108 cells/ml. Then, the swab was spread onto the agar
plate and allowed to dry. Upon the surface of the seabed agar,
the initially sterilized cylinder cups were carefully placed.After
filling of the prepared gels into the cylinder cup (8 mm diam-
eter and 10 mm height), it was allowed to be incubated at 37 °C
for 24–48 h. For anaerobic bacteria, the test was conducted in
an anaerobic incubator (Forma Anaerobic System,Thermo Sci-
entific, Ohio, USA). The antimicrobial susceptibility test disc
containing ampicillin 10 µg/disc was used as positive control
for an antibacterial test, and clotrimazole of 10 µg/cup was used
as positive control for an antifungal test.The antimicrobial ac-
tivities were measured as the diameter (mm) of inhibition zone
(n = 3).

2.3.10. Statistical analysis
Statistical significance of the measurements was examined
using the one-way analysis of variance (ANOVA) followed by
the least significant difference (LSD) post hoc test. The signifi-
cance level was set at P < 0.05.The analysis was performed using
SPSS for Windows (version 11.5).

3. Results and discussion

NMP is miscible with CO and both of them could dissolve ERS;
therefore, DH-loaded solvent exchanged induced-ERS ISG could
be prepared in a solution form. All DH-loaded formula showed
the clear bright yellow solution. There was no drug precipita-
tion for formula in which NMP was used as a solvent whereas

there was DH powder dispersed homogeneously in formula in
which only CO was used as solvent due to the insolubility of
DH in CO.

3.1. Viscosity and rheological behavior

The effect of polymer loading and the ratio of NMP and CO on
the viscosity were investigated. The formula without an ad-
dition of ERS was less viscous and not measured for their
viscosities whereas those containing ERS were viscous solu-
tions. 40% ERS + 1:1 CO:NMP showed the highest viscosity and
followed by 35% ERS + 1:1 CO:NMP and 40% ERS + 1:10 CO:NMP,
respectively, and 30% ERS + CO > 30% ERS + 1:1 CO:NMP > 30%
ERS + NMP as shown in Fig. 1. Therefore, ERS solution using
higher NMP amount exhibited rather lower viscosity. The NMP
is the ideal solvent used in ISG because of its solubility power
and low toxicity [26,27]. However, with the incorporation of CO
into the ERS solution, the viscosity of the solution was sig-
nificantly increased. 40% ERS + 1:1 CO:NMP demonstrated the
highest viscosity as a result of CO which was a poor solvent
for highest amount ERS, thus the polymer–polymer interac-
tions were favored, leading to the formation of aggregates and
an increased viscosity of polymer solution. In a good solvent,
polymer–solvent interactions are dominant resulting in polymer
extension and stretching, while polymer–polymer interac-
tions are promoted in a poor solvent causing polymer coiling
up and a minimized environmental viscosity [28,29]. The low
viscosity was evident in a high amount of NMP systems with
lower ERS concentration such as 30% ERS + NMP. Moreover, the
apparent viscosity of all ISGs was increased when the con-
centration of ERS was increased.Therefore, in comparison, 40%
ERS + 1:1 CO:NMP comprising higher amount of CO and polymer
displayed the notably and significantly higher viscosity than
other formula (P < 0.05).

The rheological behaviors of DH-loaded formula were in-
vestigated as a function of polymer amount and temperature.

Fig. 1 – Viscosity of DH-loaded solvent exchange induced-ERS ISGs (n = 3). The asterisk (*) represents a significant difference
(P < 0.05).
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The shear stress against shear rate flow curves are shown in
Fig. 2. All formulations exhibited the Newtonian behavior, in-
dicating the up curve did coincide with the down curve. In this
study, the shear stress of all formula increased owing to the
increasing of a polymer amount in the gel. The curve moved
to a higher shear stress value was due to the compact struc-
ture of the formulations. On the other hand, the effect of
temperature on the rheological behavior of the solution was
also investigated. Temperature did not change the flow be-
havior of the systems but only decreased the shear stress. The
viscosity measurement was determined at 25 °C and 37 °C to
understand its viscosity and flow behaviors during the ad-
ministration by injection at room temperature and after
injection into gingival crevicular fluid of the periodontal pocket
in a human body, respectively [30]. Typically, the viscosity of
solution is decreased as the temperature is higher; therefore,
the viscosity of systems at 37 °C was lower than that at 25 °C.
The shear stress of the formulations also decreased at 37 °C.
Moreover, the sharp decrease in the shear stress at 37 °C in-
dicates the loose structure at a higher temperature [30]. The

shear stress of formulation containing 40% of ERS was rela-
tively higher than the formula comprising 35% and 30% ERS,
respectively. This rheological behavior supports the result of
the viscosity test.

3.2. In vitro gel formation

Typically the ISG should remain as liquid formulation but on
injection it may undergo a gelation because an exchange of
NMP and gingival fluid happens. When the solvent exchange
occurred, the gel would be changed as an opaque mass or solid-
like. Formula comprising 30% ERS and NMP transformed slowly
from fluid into turbid matrix at the bottom of the test tubes
within 30 sec after being injected into the PBS solution (Fig. 3).
Typically, the higher the polymer concentration the faster the
precipitation rate [31]. Formula containing a higher amount of
ERS (35% and 40%) transformed into gel immediately when con-
tacted with PBS solution and it floated near the surface of the
PBS owing to its rapid transformation. The gelation rate there-
fore depended on the concentration of polymer in ISG. 30%
ERS + CO did not transform from liquid into gel because the
hydrophobicity of CO prevented the solvent exchange.The ratio
of CO to NMP also affected the onset of the gel formation. As
the amount of ERS was increased, the resultant gel became
opaque and more solid-like. The buoyancy of gel was evident
in formula containing 35% and 40% ERS because the high
amount of ERS. 30% ERS + 1:1 CO:NMP did not change into gel
owing to the discontinuation of the polymer network [31], while
formula containing 35% and 40% ERS showed the faster sepa-
ration rate into matrix with lower density than the medium
owing to lower density of CO. Therefore, DH-loaded formula
comprising a higher amount of ERS demonstrated the rapid
and complete transformation. According to the in vitro injec-
tion experiments, it was suggested that the DH-loaded ISG
comprising high amount of ERS or lower amount of CO could
be easily injected and formed in situ gel immediately.

3.3. Syringeability

In the development of ISG, an important issue also lies in the
ease of injection [25,32]. Syringeability is the force required to
expel the product through the needle.This used injection speed
in this experiment was similar to the previous report [25]. The
force required to expel was nearly negligible when NMP alone
was tested (Table 2). All the formulas displayed the signifi-
cantly higher work of syringeability when the amount of
polymer was increased as previously reported [33]. Syringeability
force was dependent on the viscosity, which could be attrib-
uted to linear relationship between force required to inject and
viscosity of formula [34]. 40% ERS + 1:1 CO:NMP showed the
highest force of syringeability that was significantly higher than
40% ERS + 1:10 CO:NMP and other formula (P < 0.05) due to the
high polymer loading and also the inclusion of CO. Neverthe-
less, all the prepared systems could expel through the needle
for administration by injection. ERS has been reported for its
ability of mucous adhesion [35,36]; therefore, the obtained depot
after solvent exchange could localize at the periodontal pocket
for control of DH release.

Fig. 2 – Flow curve of DH-loaded solvent exchange induced-
ERS ISGs at (A) 25 °C and (B) 37 °C. Triangle ( ) represent
the up-curves, and the diamond ( ) represents the
down-curve.
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3.4. Matrix formation and solvent diffusion

The phase separation of ERS into polymeric matrix after solvent
exchange of NMP from IGS with PBS from agarose gel was
observed (Fig. 4). The solvent diffusion is one of the major
criteria of solvent exchange process which is important for
the controlled drug release [37]. This study was used to elu-
cidate the transport mechanism using a simple image analysis
technique. The amaranth font movement was used to indi-
cate the NMP diffusion (Fig. 5). For the diffusion of water into
the formulations, the opaque region surrounding the yellow

Fig. 3 – In vitro matrix formation of DH-loaded solvent exchange induced-ERS ISGs at different times.

Table 2 – Syringeability of DH-loaded solvent exchange
induced-ERS ISGs and DH-loaded NMP (n = 3).

Formula Force (mean ± S.D.) (N)

40% ERS + 1:10 CO:NMP 24.63 ± 1.37*
40% ERS + 1:1 CO:NMP 66.43 ± 1.33*
35% ERS + 1:1 CO:NMP 29.35 ± 0.41
30% ERS + 1:1 CO:NMP 11.21 ± 0.25
30% ERS + NMP 3.14 ± 0.05
NMP 0.18 ± 0.01

The asterisk (*) represents a significant difference (P < 0.05).
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region represented the ERS matrix from the outer agarose
medium into the inner formulations. The rate of matrix for-
mation was observed in 30% ERS + NMP, 40% ERS + 1:1 CO:NMP
and 40% ERS + 1:10 CO:NMP. The increasing polymer amount
made an increase of the viscosity of ISG which contributed

to the decrease in water diffusion into the system [21,38].
Owing to the lower amount of ERS in 30% ERS + NMP, the
rapid exchange of NMP with water was observed. Therefore,
this formulation showed the highest matrix formation rate
with the smaller radius of inner solution well than the others

Fig. 4 – Transformation of DH-loaded solvent exchange induced-ERS ISGs after response to PBS pH 6.8 in agarose gel at
different time intervals.

Fig. 5 – Diffusion of amaranth with NMP from DH-loaded solvent exchange induced-ERS ISGs into agarose gel prepared
with PBS pH 6.8.
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(Fig. 4 and Fig. 6A). On the other hand, the dense area of the
latter two formulations created the low water penetration
coefficient and this made a lower diffusion rate [39]. More-
over, the inclusion of a higher amount of CO in the prepared
gel system resulted in an increased viscosity which could
lead to the penetration of water into the system difficulty.
Typically a rapid solvent extraction made the fast drug
release rate [30,38]. First, the rate of water diffusion of 40%
ERS + 1:1 CO:NMP seemed to be higher than that of 40%
ERS + 1:10 CO:NMP. However, the water penetration rate of
40% ERS + 1:1 CO:NMP was decreased later and constant with
time. This may be due to the fact that when the water pen-
etrated into the solution, the ERS gradually transformed into
the solid-like depot. This situation creates a thicker barrier
with time for penetration of water into inner system. Al-
though the aqueous penetration rate of 40% ERS + 1:10 CO:NMP
was slower at the beginning, it was not significantly different
from 40% ERS + 1:1 CO:NMP after 7 min. Nevertheless, it is
apparently seen that all formulations containing CO created
the barrier which made the water penetration difficult. Typi-
cally, low penetration rate is associated with the high retention
rate with prolongation in drug release [40].

In this study, the diffusion of NMP was also investigated with
the movement of the amaranth dyed ISG into the agarose gel
under stereomicroscope. 30% ERS + NMP showed the highest
solvent front distance and diffusion rate (Fig. 5 and Fig. 6B).
The aqueous diffusion and solvent exchange are the critical
parameters on the drug release. The formula containing 35%

and 40% ERS showed the slower diffusion of NMP into the sur-
rounding agarose medium. Moreover, formulation comprising
a higher amount of CO showed significantly slower solvent front
diffusion region because the increased viscosity decreased the
diffusion rate [41,42]. It has been reported that the added hy-
drophobic plasticizer in the systems slowed down the water
and solvent exchange rate [8,43].The theophylline release from
pellets coated with latex aqueous dispersions of ethylcellulose
(EC) or acrylic polymers was more prolonged with increasing
hydrophobic plasticizer content [44]. Therefore, the lowest
solvent front distance occurred in formulation comprising a
higher CO amount.

3.5. Surface morphology

ESEM has been used for characterizing the morphology of hy-
drogel in cooling condition [45,46]. The moisture in the ESEM
chamber could induce the transformation of system; there-
fore, 40% ERS + 1:10 CO:NMP exhibited the apparently more
phase separation like the opaque spots on sample surface than
40% ERS + 1:1 CO:NMP (Fig. 7). CO incorporated formula had
lower this opaque spots.The 35% ERS dissolved in NMP without
CO addition was easily exposed to moisture thus the more
huge transformation was found after an exposure to mois-
ture. The experimental in situ wetting of water-sensitive
mudrocks [47] and authigenic smectite [48] for water-clay re-
actions has been reported using an environmental scanning
electron microscope.

3.6. In vitro drug release

Dialysis membrane method has been typically employed for
testing drug release from ISGs [31,38,49]. DH release profile
evaluated from this method is shown in Fig. 8A.The drug release
from ISGs was slower than DH solution. The DH solution using
NMP as solvent without polymer addition showed the fastest-
burst like drug release. On the other hand, DH release from
formula comprising 40% ERS showed slower drug release. The
drug release rate from ISG comprising 40% ERS was lower owing
to the physical entanglements between polymers to control the
drug diffusion [30]. Moreover, an addition of CO in 40% ERS
notably prolonged the DH release as shown in Fig. 8A.
Carvedilol-loaded nanocapsules using ERS as a capsule wall
exhibited a mucoadhesive retention time properties with con-
trolled drug permeability across the sublingual mucosa in the
presence of simulated saliva flux [50]. Schematic of solvent ex-
change and formation of antibiotic agent-loaded ERS ISG is
presented in Fig. 8B. The type of solvent and the amount of
polymer concentration are critical factors in determining the
drug release of ISG [51]. NMP promoted a rapid phase inver-
sion associated with a high drug burst due to the formation
of a porous rubbery gel structure. The high initial burst can be
explained by the lag time between the immersion of ISG system
in the release medium and the complete gelation, while the
latter sustainable release can be attributed to the diffusion of
the compounds through the polymeric matrix. However, the
increased amount ERS could minimize the burst-release effect
and could give the more sustainable drug release profile. In the
present study, the system comprising 40% ERS could mini-
mize the burst release behavior and the more sustainable drug

Fig. 6 – Relationship between distance of PBS diffusion into
system (A) and NMP diffusion into agarose of DH-loaded
solvent exchange induced-ERS ISGs (B) (n = 3).
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release was attained. Moreover, the specific properties of the
network of polymer chains, e.g., the chain length, their flex-
ibility and mobility, their water uptake and swelling behavior,
extent of plasticization, or potential interactions between
polymer and drug, would all potentially affect the diffusion rates
in the polymer matrix and the drug release rate [52]. In con-
trast, without gelling agent, the complete release of the DH was
evident in less than 3 h. When the prepared gel was injected
into the buffer solution, the solvent exchange of NMP hap-
pened to form the in situ gel almost immediately, whereas the
hydrophobic substance limited the water entry into the matrix,
delayed phase inversion and consequently the burst release
was reduced by slowing down the solvent liberation [43]. In the
present study, the burst DH release was also controlled by
the inclusion of CO. CO slowed down the entry of water and
the drug diffusion, and it therefore minimized the burst release
and delayed the drug release (Fig. 8A). This study revealed that
the ISG system significantly reduced a burst effect because of
the retardation both of solvent and drug diffusions by an ad-
dition of CO. The obtained phase separated ERS/CO matrix as
presented in Fig. 8(B) could entrap DH inside and modulate the
DH release.The increased CO amount in 40% ERS + 1:1 CO:NMP
promoted the more hydrophobic and viscous environment to
retard the drug release. Therefore the lowering polarity of

system with hydrophobic substance could prolong the drug
release from the ISGs system.

3.7. Antimicrobial activities

The inhibition zone diameter against all bacteria of 40%
ERS + 1:10 CO:NMP was significantly higher than that of 40%
ERS + 1:1 CO:NMP as exhibited in Table 3 (P < 0.05) except for
antifungal activity against C. albicans. This larger bacterial in-
hibition zone of the first formulation was owed to the easier
DH diffusion in this less viscous formulation and also due to
the antimicrobial activity of higher amount of NMP [53,54]. In
the previous study, NMP-loaded ethylene oxide-propylene oxide
block copolymer thermosensitive gel possessed the antimi-
crobial activities against S. aureus, E. coli and C. albicans with
dose-dependent manner [53,54]. NMP structure contains the
five-membered lactam. Since the solubility parameter of NMP
is similar to that of ethanol and DMSO [55], NMP could solu-
bilize the lipid in cell membrane and promote the leakage of
microbial cell membranes. Among all microbes, the inhibi-
tion zone diameter of C. albicans was the lowest because this
organism was not susceptible to DH [30]. Moreover, according
to the previous study CO possessed antimicrobial activity
against C. albicans [12]. Therefore comparing the two

Fig. 7 – ESEM photomicrographs of DH-loaded solvent exchange induced-ERS ISGs at different magnifications.
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formulations, the inhibition zone diameter for C. albicans was
higher in formulation containing higher amount of CO. Owing
to its hydrophobicity, CO rendered to partition the lipids of the
bacterial cell membrane and mitochondria, disturbing the cell
structure and rendering them more permeable [56,57]. Con-
sequently, the extensive leakage from bacterial cells or the exit
of critical molecules and ions leads to the death of bacteria
[58]. CO has been used as a natural antibacterial agent against
cariogenic and periodontopathogenic bacteria [10]. Herbal prepa-
rations such as oil and toothpaste containing clove have shown
an antifungal activity against a number of fungi including
C. albicans and act as a promising agent in the treatment of
oral diseases and other infections [59,60]. Thus, CO addition
into DH-loaded ERS ISG will increasingly inhibit broad pathogen

microorganism in periodontal pocket with a controlled release
manner of DH from ERS matrix.

4. Conclusions

Both NMP and CO could dissolve ERS; therefore, DH-loaded
solvent exchanged induced-ERS ISG could be prepared in a so-
lution form. The CO addition retarded the solvent exchange
and prolonged the DH release from ERS ISG with minimization
of burst release. An in vitro transformation from solution to
matrix-like was more rapid when the ERS amount was in-
creased while the diffusion rate of NMP and PBS was slower.

Fig. 8 – Release profile of DH with different systems using dialysis method (n = 6) (A) and schematic of solvent exchange
and formation of DH-loaded solvent exchange induced-ERS ISGs comprising CO (B).

Table 3 – Inhibition zone diameter of DH-loaded solvent exchange induced-ERS ISGs against different microorganisms
(n = 3).

Formula Inhibition zone + S.D. (mm)

S. aureus E. coli C. albicans S. mutans P. gingivalis

40% ERS + 1:1 CO:NMP 41.4 ± 1.6a 32.6 ± 1.1b 30.2 ± 0.7c 40.9 ± 2.1d 31.8 ± 0.5e

40% ERS + 1:10 CO:NMP 49.1 ± 0.7a 37.5 ± 0.9b 24.1 ± 0.4c 46.4 ± 1.3d 36.5 ± 0.6e

The superscripts a, b, c, d and e represent a significant difference (P < 0.05).
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The apparent sustainable drug release was obtained by using
higher amount of ERS and CO. The developed injectable DH-
loaded solvent exchange induced-ERS ISG comprising CO
exhibited Newtonian flow and acceptable for expelling through
the 27-gauge needle for administration by injection to peri-
odontal pocket. In addition, they exhibited the effective
inhibition of S. aureus, E. coli, S. mutans, and P. gingivalis; there-
fore, DH-loaded ERS ISG comprising 1:10 CO:NMP was the
potentially localized delivery system for periodontitis.
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