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ABSTRACT: A significant obstacle to the healing process of "™t Periodontits

periodontitis is the development of bacterial biofilms within the - Pacue s caliia GG SN
periodontal pockets. The efficacy of bacterial biofilm therapy is e J Prepmigpec — iy e °
often hindered by the inadequate penetration of antibacterial " fedueod bone vl bosyeylne Loaded Micoparices
agents and the nonspecific targeting of bacteria. This study :

proposes a novel strategy involving the utilization of pH-sensitive

microparticles (MPs) of doxycycline (DOX) to enhance biofilm 1
penetration and enable targeted delivery of DOX to infection sites = i sensive hydrogel
associated with periodontitis. The MPs were developed using a oy "

double-emulsion technique with poly(p,L-lactide-co-glycolide) and nstumdogtbens g

chitosan in a 1:1 ratio. The morphology of DOX-MP exhibits a

spherical form with a particle size of 3.54 + 0.32 pm and a PDI of —_ L ——
0.221 =+ 0.02. The DOX-MP also had great encapsulation efficiency

(69.43% =+ 5.32) and drug loading efficiency (14.81% =+ 1.32) with regulated drug release kinetics and accelerated release rates
under low-pH conditions. The antimicrobial activity was evaluated against Escherichia coli and Staphylococcus aureus, and the results
indicated the absence of any viable bacterial colonies after 18 h at twice the minimum inhibitory concentration value. Hydrogel-
based MPs deliver DOX to the periodontal pocket infection site for ease of use. In situ hydrogels used Pluronic F127 and F68 as the
main polymer composition and hydroxypropyl methylcellulose as the adhesion polymer. This formulation exhibited a liquid state at
room temperature (25 °C) but went through gelation at 36 °C. The formulation also had good mucoadhesive characteristics (42.65
+ 3.53 dyn/cm’”) and good drug permeation at acidic pH in Mueller—Hinton Broth media with the addition of E. coli and S. aureus
bacteria. Ex vivo antibacterial activity significantly reduced the microbial count, biofilm quantity, and metabolic activity, confirming
the desired antibacterial effect. Hence, the utilization of free drugs and DOX-MPs did not exhibit a notable dissimilarity, showing
that integrating the drug into the matrix was not hindering its antibacterial efficacy.

1. INTRODUCTION microbial and the inflammatory components of the disease
have been explored. For instance, stem cell-based strategies
have demonstrated potential in promoting osteogenic and
angiogenic responses within the periodontal ligament, thereby
aiding in tissue regeneration and mitigating disease pro-
gression.””"" Since the previous century, the chemotherapeutic
approach aimed at eradicating pathogens or managing
inflammation and antibiotics are a frequently employed
treatment option within this approach.'”"” Antibiotics have
limitations when it comes to targeting planktonic bacteria due

Periodontal diseases make up a group of inflammatory
conditions affecting the supporting structures of teeth, often
resulting in tooth loss if untreated. Periodontitis, driven by
complex microbial biofilms, is influenced by factors such as
genetics, lifestyle, systemic health, and oral hygiene. It affects
up to 50% of the global population and is one of the most
prevalent diseases worldwide, posing a significant public health
challenge.' ™ Periodontal diseases are predominantly caused
by bacterial biofilm, which is defined as a complex bacterial
community attached as aggregates and is enveloped by
polysaccharides, adhesive pili, extracellular DNA, lipids, and Received:  October 1, 2024
protein. This self-produced matrix is known as hydrated Revised:  January 21, 2025
extracellular polymeric substances (EPS).”” Mitigation strat- Accepted: January 28, 2025
egies for periodontitis traditionally include mechanical debride- Published: February 7, 2025
ment, systemic antibiotics, and adjunctive local drug delivery.

In recent years, advanced therapies targeting both the
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to their high virulence, potential for multidrug resistance, and
the diversity of bacteria phylogroups and serotypes. These
limitations can result in the failure to eliminate biofilm bacteria
and contribute to antibiotic resistance.'”'*In addition,
developing a novel drug delivery system for periodontitis
management that can disrupt and kill the bacterial biofilm is
urgently warranted.

Doxycycline hyclate (DOX), as one of several antimicrobial
drugs that has been widely used to treat bacterial infections, is
capable of killing Staphylococcus aureus and Escherichia coli by
reversibly binding to the 30S ribosomal subunits and
preventing the formation of peptide chains of amino acids,
which inhibits protein synthesis.””~'® The development of
MPs formulation has been altered by increasing the targeting
effectiveness or responding to nearby inducements, such as
enzyme, pH, or temperature, in order to increase the
effectiveness of the therapeutic substance.'” The optimization
of therapeutic efficacy for periodontitis treatment can be
achieved by developing a stimulus-responsive device that can
respond to dynamic environmental changes during inflamma-
tion including variations in pH levels. The utilization of
materials with pH-dependent degradation or solubility
features, such as chitosan, may be a viable approach for drug
delivery to inflamed periodontal sites, as inflammation is
typically associated with a decrease in pH levels.”””’

According to a systematic review, systemically administered
antibiotics signiﬁcantlzf improved the clinical attachment level
of the affected teeth.”” However, systemic drug administration
showed disadvantages, includin% overdosage and adverse
effects on the distant organs.”” To lessen the systemic
problems, local distribution using a controlled-release device
to directly deliver the antibiotics to periodontal infection areas
can be an option.”* Current approaches for localized drug
administration with the utilization of nonbiodegradable
ethylene/vinyl acetate fibers or benzoate-containing gels have
been developed, but their potential benefits may give rise to
certain issues, such as the occurrence of secondary trauma to
soft tissue during fiber removal or the release of drugs that
cannot be controlled, leading to concentrations that may range
from excessive to insufficient.”>*® A viable option for the
treatment of periodontitis is the use of a drug delivery system
that employs intrapocket delivery, controlled-release capability,
and a bioabsorbable property. Periodontal pockets in this
regard serve as a natural reservoir containing gingival crevicular
fluid, which facilitates the targeted and controlled release of
antimicrobial agents. The objective of using an intrapocket
device is to administer an antimicrobial agent in order to attain
and sustain a therapeutic drug concentration for the intended
duration. The periodontal pathway presents a favorable
property for the delivery of sizable, hydrophilic, and unstable
proteins, oligonucleotides, and polysaccharides, in addition to
conventional low-molecular-weight pharmaceutical com-
pounds.” The targeted delivery of drugs to specific drug
targets also holds promise for managing and treating
periodontal disease by suppressing and eliminating periodontal
pathogenic microflora.

In this study, we present the utilization of PLGA
microparticles coated with Chitosan for the purpose of
encapsulating antimicrobial agents intended for use in
intrapocket delivery of periodontitis. Recently, chitosan has
been identified as a potential agent for targeting bacterial
biofilms due to its reported biocompatibility, biodegradability,
and antimicrobial properties.””*” Chitosan nanoparticles
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exhibit a cationic surface charge, while the surfaces of bacterial
cell walls and biofilm extracellular polymeric substances (EPS)
are anionic. It is expected that chitosan will demonstrate a
strong affinity toward areas that are infected.”*The biocompat-
ibility of poly(lactide-glycolic acid)/poly(d, Ilactide-co-glyco-
lide) copolymer (PLGA), along with its manageable
degradation rate and drug-releasing capacity, make it a popular
biomaterial choice for drug delivery systems.”' ~** Leading on
from these, the incorporation of chitosan onto PLGA/
Chitosan could potentially increase the effectiveness of biofilm
targeting.

The objective of this study was to enhance the formulation
of PLGA microparticles coated with Chitosan for the purpose
of encapsulating a wide-spectrum antimicrobial agent by
optimizing the entrapment efficiency (EE), particle size,
polydispersity index (PDI), and {-potential. In addition, the
physicochemical properties of the optimized pH-sensitive
microparticles were characterized, and their antimicrobial
effectiveness against E. coli and S. aureus was evaluated. The
hypothesis regarding the optimized MPs’ ability to release
DOX through a pH-triggered mechanism was investigated
through controlled-release studies.

The selection of an appropriate dosage form is imperative in
order to overcome the possible physical barrier posed by
biofilms. This study introduces a novel approach for potentially
improving the treatment of periodontitis with bacterial
biofilms. Specifically, we developed microparticles (MPs)
that contain doxycycline (DOX) and are incorporated into
an in situ hydrogel. Hydrogel-based MPs were developed to
facilitate the site-specific delivery of drugs to sites of infection,
ensuring ease of use. The preparation was developed in the
form of an in situ hydrogel that will form a gel as a result of
changes in temperature and release the drug in a sustainable or
controlled manner to distribute microparticles through intra-
pocket delivery. Regarding the formulation, Pluronic F127, has
been extensively researched as a pharmaceutical agent that
possesses the ability to prolong the retention time of drugs at
the site of infection and continuous drug delivery treatment.
Additionally, a study utilizing an ex vivo antibacterial model
was performed to assess the efficacy of this approach. The
utilization of DOX-MPs integrated within Pluronic F127 and
Pluronic F68 polymers has been demonstrated to yield novel
antibacterial therapeutics that exhibit enhanced efficacy in
inhibiting the proliferation of E. coli and S. aureus. The
incorporation of hydroxypropyl methylcellulose (HPMC)
results in an augmentation of the bio-adhesive properties of
the gels on the periodontal pocket. Several in vitro and ex vivo
efficacy tests were conducted along with additional evaluations
and characterizations. The outcomes of these proof-of-concept
investigations suggest the possible application of this combined
delivery method to address the difficulty in treating bacterial
biofilm infections in the periodontal pocket.

2. MATERIALS AND METHODS

2.1. Materials. Analytical grade DOX with a minimum
purity of 98% was procured from Alfa Aesar (CAS 24390-14-
5), located in Lancashire, UK. The procurement of Chitosan
(low molecular weight: 50—190 kDa) (CAS 9012-76-4),
dichloromethane (DCM) (CAS 75-09-2), and poly(lactic-co-
glycolic acid) (40—75 kDa) (CAS 26780-50-7) were carried
out from Lakeshore Biomaterials (Birmingham, AL). The
Pluronic F127 (CAS 9003-11-6) and F68 (CAS 9003-11-6),
Tryptone Soy Agar (TSA), and Tryptone Soy Broth (TSB)
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medium were procured from Sigma-Aldrich Singapore. The
remaining reagents were procured from conventional commer-
cial vendors and were of analytical grade.

2.2. Preparation of Simulated Saliva Fluid (SSF).
Preparation of the stock solution of the simulated saliva fluid
was made by weighing 37.3 g of KC, 68 g of KH,PO,, 84 g of
NAHCO;, 117 g of NaCl, 30.5 g of MgCl,(H,0), and 48 g of
(NH,),CO;. The volumes were calculated to have a final
volume of 500 mL for each simulated fluid. The ingredients
that have been weighed are then dissolved in an Erlenmeyer
flask. To achieve the desired pH, 1 mol/L NaOH and 0.09 mL
of HCl were used. Additionally, to achieve the correct
electrolyte concentration, the addition of enzymes bile salts,
Ca?" solution, and water in the final digestion mixture was
needed. The Ca’* solution was achieved by adding 44.1 g of
CaClL(H,0), to the mixture (Minekus, M. et al. 2014).

2.3. DOX-MPs Preparation. The development of DOX-
MPs was conducted using the double-emulsion method. PLGA
in different concentrations (Table 1) was dissolved in 5 mL of
dichloromethane (DCM) as the organic phase. Figure 1A
shows a schematic illustration of DOX-MPs preparation.

Table 1. Composition of DOX Microparticles (%w/v)

F1 F2 E3 F4 ES Fé6
PLGA 50 100 150 100 100 100
doxycycline 50 50 50 N 50 50
chitosan 50 50 50 100 150 200

Furthermore, doxycycline was dissolved in 5 mL of distilled
water, the drug solution was poured into the PLGA solution
while being homogenized using an Ultra-Turrax T25 basic Ika

was then emulsified into 1% PVA solution (20 mL) and then
was mixed with Ultra-Turrax T2S basic Ika (Works, Inc,
Wilmington, North Carolina) for 10 min at 1000 rpm. After
that, the dichloromethane (DCM) was evaporated using a
magnetic stirrer at 25 °C and 500 rpm for 4 h. Then, the
chitosan was dissolved in 10 mL of 1% acetic acid, and the pH
was adjusted using 5 M NaOH to achieve pH 4. The chitosan
solution was mixed with the first microparticle dispersion while
stirring at 200 rpm for 15 min. The drug that is not absorbed
and free of PVA is washed with Milli-Q water using a
centrifuge at 5000 rpm. This procedure was performed three
times. The resulting MP sediment was dried at 37 °C for
further use.

2.4. Microparticles (DOX-MPs) Characterization.
2.4.1. Particle Size and Polydispersity Index Determinations.
In this study, we used a light microscope (Olympus CS33,
Olympus Corporation) to observe the size of the particles and
calculate the polydispersity index (PDI) values. The micro-
scope was calibrated utilized a 10X magnification Optilab
camera.”*

2.4.2. Percentage of Encapsulation and Drug Loading
Efficiency. At room temperature, the DOX-MP suspension was
centrifuged at 5000 rpm for 10 min while being dissolved and
dispersed in 95% (w/v) acetonitrile. The liquid portion of the
sample was extracted and subsequently subjected to analysis
using a UV—vis spectrophotometer set at a wavelength of 280
nm. The determination of percentage encapsulation efficiency
(EE) and percentage drug loading (DL) of DOX-MPs was
conducted through the utilization of the subsequent equations

amount of encapsulated drug

(Works, Inc., Wilmington, North Carolina) for 10 min at 1000 % DL = Tweioh X 100%
rpm forming an oil-in-water (o/w) emulsion. The emulsion total weight 1
.. oy Addition of
o Chitosan
3 solution at
pH
Emulsified Eve .’"i:" of gy
i organic phase E% i e o
il usg:/g;% wx?n magnetic - @ Y o
A -y stirring | Ny SAAE .
> > . on o oo
G 3 == N ke o
= @ -
Preparation of P ion of Mixed of R | of > oty DOX-MP":
Organic Phase rm Orga;\ic Phase ;r‘;\uoev:"so '\‘_/ !ormulanosn
(PLGA in phase (DOX (PLGA and Phase ot
Dicloromethan) in Water) DOX solution ) bt

\\7_/‘ | ‘ |
| = o o
1 H2 H3 H4

Pluronic dissolved
using cold method

DOX MP's design into
hydrogels

Various ratio of Pluronic F68 and F127

Figure 1. Schematic illustration of DOX-MPs preparation (A) and schematic illustration of DOX-MPs incorporation into hydrogels in situ (B).

Figure created using BioRender (https://biorender.com).
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drug total — drug free

% EE = X 100%

drug total (2)

2.4.3. Morphology. The particles were examined using a
scanning electron microscope (SEM) with a magnification
range of 900—1200 (TM3030 microscope; Hitachi, Krefeld,
Germany). Double-sided sticky tape secured the powders to
SEM stubs (1 cm in diameter and 1 cm in height) before being
coated with gold in a vacuum evaporator.

2.4.4. Fourier Transform Infrared Study. Fourier transform
infrared (FTIR) spectrophotometer (Accutrac FT/IR-4100
Series, PerkinElmer, USA), was used to determine the possible
interactions between the components of DOX-MPs formula-
tion. Samples of DOX, DOX-MPs, PLGA, chitosan, and the
physical mixture of DOX & PLGA/Chitosan (1:1) were run
through an FTIR spectrophotometer and scanned in the 400—
4000 cm™! wavenumber region.

2.4.5. Differential Scanning Calorimetry. The thermal
properties of various formulations, including free drug, DOX-
MPs, and a physical mixture of DOX and PLGA/Chitosan
(1:1), were evaluated and compared. Curves were generated by
utilizing a TGASOH thermobalance (DSC 2920, TA Instru-
ments, Surrey, UK) under controlled conditions of a dynamic
nitrogen environment with a flow rate of 100 mL min™", a
heating rate of 10 °C min~’, and a temperature range of 50—
550 °C, while utilizing an alumina pan. A quantity of 5—10 mg
of sample was utilized for analysis.

2.4.6. X-ray Diffraction (XRD). The formulations were
pulverized, arranged, and enclosed with glass. A Shimadzu X-
ray diffractometer, manufactured by Rigaku Corporation in
Kent, England, was utilized to conduct measurements. Cu Ka1l
radiation with a wavelength of 1.54 A was employed at 30 kV
and 30 mA during the process. The samples underwent
evaluation at varying angles between 4° and 40° over a period
of 2 h, with an incremental increase of 0.02° (equivalent to
1.2° per minute).*’

2.4.7. Drug Release Kinetics Using Mathematical Model-
ing. The DOX-MPs in vitro release investigation in bacterial
cultures was established. An assessment of the liberation of
DOX from MPs matrices under conditions of the presence or
absence of bacteria, utilizing simulated saliva fluid (SSF), was
evaluated.”® In summary, MPs with DOX equivalence of 5 mg
were homogeneously distributed in S mL of bacterial cultures,
where the optical density was adjusted to 0.1 at 550 nm. The
mixture was then subjected to incubation at 37 °C with
constant stirring at 100 rpm using an orbital shaker. Samples
were extracted at specific time intervals of 0.25, 0.5, 0.75, 1, 2,
3,4,5, 6,7, 8, and 24 h during the incubation process. Each
sample was filtered using an Amicon Ultra Centrifugal Device
manufactured by Millipore, Inc., which has a molecular weight
cutoff (MWCO) of 12 kDa, and a volume of 0.5 mL was used
for each aliquot. The spectrophotometer UV—vis was utilized
to determine the concentration of DOX present in the
filtrate.”’ > Several mathematical models were employed to
approximate the rate of drug release. Models with R values
closer to 1 were selected for mathematical model, as per the
following methods***'

zero order kinetics: C, = C, + kt

(3)

This shows that the release of drug is not influenced by the
concentration in the formulation

first order kinetics: In C, = In C, + Kt (4)
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This shows that the release of drug is linear with the
concentration in the formulation

Higuchi model: C, = kyt (5)
This shows that the release of drugs is controlled by the
matrices in the formulation

Korsmeyer-Peppas: C, = kkpt" (6)
This shows that the release of drugs follows the non-Fickian
mechanism from the polymeric system

Hixson Crowell (HC): C,'/% — C,'/® = Ky' (7)

This shows that the release of drugs depends on the surface
area and particle size of the formulation.

The aforementioned equation delineates the relationship
between the percentage of drug released at time t, denoted as
C, (%), the initial value of C, denoted as C,, the time elapsed,
denoted as ¢, the diffusion release exponent, denoted as n, and
the release coefficients K, K;, Ky, Kp, and Kyc, which
correspond to relevant kinetic models. The model parameters
were calculated using DD-Solver software.

2.5. In Vitro Antibacterial Activity Evaluation.
2.5.1. Culture of Bacterials. E. coli and S. aureus (ATCC
25923) cultures purchased from LGC Standards, Middlesex,
UK, were maintained at 4 °C. TSA was used to grow bacteria
for 24 h and incubated at 37 °C. Bacterial pellets were gathered
and reconstituted in sterile water. The optical density was
calibrated to a concentration of 1.5 X 10" CFU/mL prior to
the antibacterial testing,

2.5.2. Minimum Inhibitory Concentration and Minimum
Bactericidal Concentration Determination. Further inves-
tigation was conducted on the antibacterial activity of the
formulations of free DOX and DOX-MP. The study employed
the microtiter broth dilution technique to ascertain the
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of the test samples in 96-
well bottom plates, following the Clinical and Laboratory
Standards Institute protocol (Patel et al,, 2015). In summary, a
bacterial suspension of 100 pL with a concentration of 1.5 X
108 CFU/mL was cultivated in a 96-well plate using their
respective medium. The experiment involved the addition of
100 pL of varying concentrations of free drug and DOX-MPs,
as outlined in Table S. Specifically, free drug stock solution was
prepared in water, and DOX-MP was prepared in DMSO. This
resulted in a final bacterial concentration of 2 X 10> CFU/mL.
The microplates underwent incubation at a temperature of 37
°C for a duration of 24 h. The MIC determination was carried
out by identifying the final concentrations at which the
appearance of TTC color (slightly red) was absent, indicating
the suppression of growth. Furthermore, 20 yL dilutions of
MIC value and concentrations exceeding MIC were cultivated
on tryptic soy agar (TSA) plates and subjected to incubation at
37 °C for an additional 24 h period in order to ascertain the
MBC. The MBC was determined as the concentration
required to achieve a 99.9% reduction in bacterial viability.

2.5.3. Time Killing Assay of Microparticle. Modified
protocols based on previous studies were employed to conduct
the time killing assays of DOX and DOX-MPs. The bacterial
suspension of S. aureus and E. coli was standardized to a
concentration of 7.5 X 10° CFU/mL through the addition of
dilutions of DOX and DOX-MPs at concentrations equivalent
to the MIC, twice the MIC, and four times the MIC. Culture

https://doi.org/10.1021/acsomega.4c08967
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Table 2. Composition of DOX-MPs In Situ Hydrogel Formula (%w/w)

% composition (w/w)

compositions H1 H2
DOX-MPs equivalent to 1% drug 1 1
pluronic F127 20 15
pluronic F68 0 S
HPMC 0 0
distilled water ad 100 ad 100

H3 H4 HS H6
1 1 1 1
10 15 15 15
10 5 s 5
0 0,5 1 L5
ad 100 ad 100 ad 100 ad 100

samples of 20 L were collected at regular intervals of 0, 2, 4, 6,
8, 12, 18, and 24 h and subsequently cultured on TSA plates
for cultivation. Subsequently, the enumeration of colony-
forming units (CFU) on the TSA plates was conducted after a
24 h incubation period at 37 °C. The curve was obtained by
plotting the logarithmic colony-forming units per milliliter
(CFU/mL) against the time kill.*>**

2.6. In Situ Hydrogel of DOX-MPs Formulation. The in
situ hydrogel of DOX-MPs was formulated utilizing diverse
polymer concentrations of Pluronic F127 and F68, as
presented in Table 2. Pluronic F127 and F68 were combined
in varying proportions and subsequently refrigerated for a
duration of 12 h, as depicted in Figure 1B. The consistent
agitation of the mixture resulted in a homogeneous blend,
devoid of any visible lumps. The preparation of the
formulation involved the dissolution of a mixture of ingredients
in water with constant stirring until a transparent solution was
obtained. The quantity of HPMC incorporated into the
solution was contingent upon the ratios employed, as indicated
in Table 2. Subsequently, the in situ hydrogels were prepared
by utilizing a concentration of 1% DOX-MP, which is equal to
1% of free DOX. All formulations were prepared to achieve a
final concentration of 50 mL.

2.6.1. Characterization of In Situ Hydrogel of DOX-MPs.
2.6.1.1. Gelation Temperature (Tsol—gel). The sol—gel
transition temperature was determined through a previously
described method, wherein 2.5 mL of in situ gel was placed in
a closed-tube vial and subjected to heating in a water bath set
at 20 °C. When the temperature of the bath was increased by 1
°C, the vials underwent a 90° rotation. The Tsol—gel is the
temperature at which the gel exhibits a stop flow when the vial
is rotated. The tests were conducted in triplicate (mean =+
SD)*

2.6.1.2. Mucoadhesion Strength. In this investigation, a
modified balancing technique was employed to evaluate the
mucoadhesive properties of hydrogel formulations, using a
surface area of 2.9 cm” and a standardized quantity of 1 g for
each sample. At 30 s intervals, a predetermined weight was
applied to the right arm of the scale in order to determine how
much pressure was needed to release off the gel. The addition
of weight to the vials continued until the surface of both vials
was separated, at which point of weight, the separation of both
vials was recorded and calculated. The study was conducted in
triplicate at a physiological temperature of 36 °C. The equation
utilized for the determination of mucoadhesive strength is
explicated as follows

. 2 mg
mucoadhesive strength (N/m~) = e X 0.1

(8)

where m refers to the mass (gram) needed to release off the
gel, g refers to the acceleration due to gravity (980 m/s?), and
A refers to surface area (cm?).*”
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2.6.1.3. Viscosity. The viscosity of the formulations was
measured by using a Brookfield viscometer (NDJ-SS
Viscometer) equipped with a spindle that was appropriately
sized and set to the appropriate speed. The study involved the
experimentation of hydrogels at varying temperatures,
specifically 4, 25, and 37 °C. The viscosity of the sample was
determined through three independent measurements using
spindle 7 at 37 °C and spindle 3 at 4 and 25 °C. The
measurements were conducted at a constant speed of 50 rpm
with a sample volume of 50 mL.

2.6.1.4. pH Measurement. The pH level of the in situ
hydrogel formulation plays a critical role in facilitating the
targeted delivery of the preparations, owing to the unique
feature of pH-sensitive microparticles. The pH levels were
assessed in triplicate by means of a digital pH meter (Horiba
Scientific, Kyoto, Japan). The acceptability of the application is
contingent upon the pH range falling within the appropriate
parameters.

2.6.1.5. In Vitro Permeation Study. The in vitro permeation
of DOX was evaluated by using the Franz diffusion cell. The
cellophane membrane was employed for analytical purposes.
The receptor compartment was charged with five distinct
media, namely, SSF media at pH 6.8, infected media at pH §,
Mueller-Hinton Broth (MHB) at pH 6.8, MHB with E. colj,
and MHB with S. aureus. A magnetic bar was placed inside the
receiving chamber to facilitate stirring. The placement of the
membrane occurred between the receptor and donor compart-
ments. The experimental conditions involved maintaining the
temperature of the cell at 37 + 1 °C and subjecting it to
agitation by using a magnetic stirrer operating at 100 rpm. A
quantity of 1 g of gel formulation was introduced into the
donor compartment. Samples of approximately 1 mL were
collected at predetermined time intervals of 0.25, 0.5, 1, 2, 3, 4,
S, 6,7, 8,12, and 24 h. Following each instance, an equivalent
amount of new media was introduced into the receptor
compartment to sustain the sink conditions. A UV—vis
spectrophotometer (Dynamica, HALO XB-10, UK) was
utilized to measure the absorbance of the sample at a
wavelength of 231.4 nm. The control assessment involved
the evaluation of the in vitro permeation study of the free drug,
specifically DOX-only.

2.7. Ex Vivo Antibiofilm Activity. The ex vivo model was
modified to that described by Walkerm.*® Biofilms were
cultured for both Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria using a 96-well plate. A volume of 0.5 mL of
bacterial suspension was combined with 19.5 mL of nutrient
broth. Subsequently, a volume of 150 uL of the bacterial
suspension was added into each well plate and incubated for a
duration of 10 days under anaerobic conditions to facilitate the
development of biofilm. The medium was replaced at 48 h
intervals. Following the removal of the nutrient media, a
volume of 20 L of the undiluted test substances (free drug
and DOX-MPs hydrogel) was administered to the biofilms.
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Figure 2. Representative image for scanning electron microscopy (SEM) (A); particle size (B); % drug loading (C); % EE (D), FT-IR (E), DSC
(F) (The white scale exemplifies a length of 10 ym in SEM measurement).

Subsequently, the bacterial counts, metabolic activity of the
biofilm, and quantity of biofilm matrix were assessed. In order
to assess the antibiofilm efficacy of DOX-MPs hydrogel and
free DOX in an ex vivo model, 20 uL of the supernatant
obtained from the well plate after 1, 24, and 48 h of application
were inoculated into TSA plates and incubated at 37 °C for 24
h. Moreover, a blank hydrogel was administered onto the well
plates, and the same procedure was performed. The
quantification of colony-forming units (CFUs) of the biofilms
was ultimately determined according to recently published
protocols.*” Following the rinsing process, the biofilms were
subjected to fixation at a temperature of 60 °C for a duration of
60 min. Subsequently, the biofilms underwent staining with 50
uL per well of 0.06% (w/v) crystal violet (Sigma-Aldrich
Chemie GmbH) for a duration of 10 min. The evaluation of
biofilm metabolic activity was conducted through utilization of
Alamar blue as a redox indicator. A volume of 5 yL of Alamar
blue (alamarBlue reagent, Thermo Fisher Scientific, Inc.,
Waltham, Massachusetts) was combined with 100 uL of the
nutrient medium and subsequently added into the biofilm.
After extensive mixing with the biofilm and incubation for 1 h
at 37 °C, absorbance levels were measured at 570 nm using
UV—vis spectrophotometry (Dynamica, HALO XB-10, Dy-
namica Scientific Ltd., UK).*®
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2.8. Statistical Analysis. The statistical data was reported
in the format of mean + standard deviation (SD). The
statistical analysis of the data involved the computation of
several parameters, including the mean, standard deviation,
linear regression analysis, percentage relative standard
deviation (RSD), and coefficient of variation. The calculations
were performed using Microsoft Excel 2021 (developed by
Microsoft Corporation, located in Redmond, USA). The
statistical analysis of the data was performed utilizing
GraphPad Prism version 6, a software developed by GraphPad
Software located in San Diego, California. The results indicate
statistical significance at a significance level of 0.05, as
evidenced by a p-value of less than 0.05 (p-value < 0.05).

3. RESULTS AND DISCUSSION

3.1. Size, Polydispersity Index, and Encapsulation
Efficiency of the Composite Microparticles. The particle
size of microencapsulated compounds can offer significant
insights into the development of stable formulations. The
study determined the particle sizes of DOX-MPs in F1 to F6 to
be 2.87 + 0.21, 3.01 + 0.29, 6.54 + 0.54, 3.54 + 0.32, 6.85 +
0.59, and 10.24 + 1.19 pum, respectively. It was found that the
increase in polymer concentration could affect the size of
particles produced. The increase in polymer amount led to the
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Table 3. Specifics Regarding the Formulation Parameters That Went into the Making of DOX-MPs and Their Respective
Particle Size, PDI, %EE, and % Drug Loading (Mean + SD, n = 3)

formulation code particle size (um) + SD PDI + SD EE (%) + SD drug loading (%) = SD
F1 2.87 £ 0.21 0.187 + 0.01 21.34 + 2.09 9.64 + 0.78
F2 3.01 £ 0.29 0.211 + 0.02 41.6S + 3.89 1221 + 1.19
F3 6.54 + 0.54 0.231 + 0.02 49.32 + 4.78 10.72 + 1.02
F4 3.54 £ 0.32 0.221 + 0.02 69.43 + 5.32 14.81 + 1.32
ES 6.85 + 0.59 0.245 + 0.02 73.98 + 6.95 12.89 + 1.27
F6 10.24 + 1.19 0.269 + 0.02 75.02 + 7.19 11.32 + 1.18

increase in viscosity of the polymeric solution. As such, this
decreased the homogenization efficiency, producing a larger
particle size."” The polydispersity index (PDI) values for all
formulations are also depicted in Figure 2B. The observation of
MPs exhibiting elevated PDI values suggests a wide-ranging
size distribution, thereby implying a greater propensity for
Ostwald ripening of the substance. Conversely, a PDI value
that is lower and closer to zero indicates that there is a uniform
dispersion among particles and a comparatively narrow
distribution with robust physical stability. There was no
statistically significant difference found between PDI values of
F1-F6 (p > 0.05).

The percentage of drug loading and encapsulation efficiency
show how effectively DOX was encapsulated in PLGA/
Chitosan MPs. The study revealed that the encapsulation
efficiency was comparatively lower when the concentration of
PLGA and Chitosan was reduced (F1—F3). The efficiency
percentages of F1, F2, and F3 were 21.34 + 2.09, 41.65 =+ 3.89,
and 49.32 + 4.78, respectively. The observed reduction implies
that a certain amount of DOX was not incorporated into the
matrix. Samples exhibiting encapsulation efficiencies greater
than 60% were identified in F4, F5, and F6, with corresponding
EE values of 69.43 + 5.32, 73.98 + 6.95, and 75.02 + 7.19,
respectively. The outcomes were influenced by the proportions
of PLGA and Chitosan. It was anticipated that an MP system
with a high drug loading capacity would require a reduced
amount of matrix material during preparation. The drug
loading and entrapment efficiency were observed to be
significantly influenced by various factors, such as polymer
composition, molecular weight, drug—polymer interaction, and
the presence of end functional groups (ester or carboxyl). The
utilization of ionic interaction between drug and matrix
materials has been demonstrated to be a highly efficacious
strategy for enhancing drug loading, particularly for small
particles.’® The drug loading process exhibited a statistically
significant variance (p < 0.05). However, the drug concen-
tration in the microparticle preparation was found to be
independent of the polymer ratios. F4 was selected for further
evaluations due to its higher drug loading capacity and showed
a nonsignificant difference when compared to FS and F6. The
F4 formulation also showed no significant difference between
F1 and F2, which showed a smaller particle size, Table 3. In
addition to that, the surface topography of the F4 microparticle
formulation composed of PLGA and Chitosan was examined
using SEM, and the corresponding images are presented in
Figure 2A. The morphology of the initial DOX-MPs exhibited
a uniform spherical configuration with a smooth surface, which
is consistent with the prior findings.”"*

3.2. FTIR Evaluation. FT-IR spectra that demonstrate the
interaction between PLGA/Chitosan of DOX-MPs, as well as
the physical mixture of DOX and PLGA/Chitosan, and free
drug (DOX alone) are depicted in Figure 2E. The PLGA
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particles exhibited a spectral pattern featuring an absorption
band within the range of 3500—3400 cm™!, which is associated
with hydroxyl stretching. The maximum absorption was
observed at 3428 cm™', indicating the presence of
intermolecular and intramolecular H-bonding interactions
among the chemical constituents of the MPs.”> The study
conducted by Fialho e Moraes et al. reported the observation
of a widened hydroxyl stretching band which showed a
reduction in the strength of covalent O—H single bonds that
can be attributed to an increase in intermolecular hydrogen
bonding between PLGA and other compounds. The outcome
of this phenomenon is a more interconnected structure.’® The
symmetric vibrational stretching of C—H single bonds of CH;
groups of PLGA was observed at 2915cm™' in all
formulations.>>

The vibrational stretching of carbonyl groups (C=0) from
PLGA esters is responsible for the intense peak observed at
1348 cm™ in all formulations.”> One study reported that
certain peaks exhibited increased intensity as a result of
complete overlap of absorption between various compounds in
the formulation.”* The higher intensity observed at the peak of
3306 cm™' can be attributed to the overlapping of the N—H
vibrations of the primary amine from Chitosan.”® This peak
also corresponds to the C=O vibration of PLGA, which was
previously described. The DOX-MPs exhibited a higher peak
intensity, which may be attributed to the overlapping of the
C=C vibration of the benzene ring from the drug components
(DOX), similar to the ﬁndin%s of a previous study on trans-
cinnamaldehyde components.”® The absorption peaks in the
spectra were observed at 1606 cm™!, which were attributed to
the N—H vibrational bending of the secondary amine of
chitosan compounds.”” FTIR spectroscopy findings indicate
the intermolecular interactions between the chemical con-
stituents of the MPs, highlighting their strong interactions and
compatibility.

3.3. DSC Analysis. Differential scanning calorimetry
(Figure 2F) was used to verify the DOX encapsulation within
PLGA/Chitosan microparticles. The utilization of this method
can serve as an implicit verification of DOX encapsulation
within the PLGA/Chitosan matrix. The reason for this
phenomenon is that when the active compound is not
completely encapsulated, its peaks can be identified on the
thermograms of the particles.”® A narrow endothermic peak
was observed in the thermogram of free DOX, occurring at
around 181 °C, which corresponds to the melting point of
DOX.>' Moreover, the physical mixture exhibited a similar
peak, suggesting the presence of DOX at the particle interface.
The thermograms of the PLGA/Chitosan microparticles did
not exhibit the DOX peak. Instead, they displayed an
endothermic peak, which suggests that DOX was appropriately
encapsulated within the MPs and uniformly dispersed
throughout the polymeric matrix. This finding was consistent
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with a study by Kittur et al.,”” which revealed that the peak
temperature for pure chitosan (181 °C) was higher, indicating
that the DOX component was contained inside the MPs and
consequently did not display any peak. Furthermore, a greater
amount of energy is required to induce the melting of DOX-
MPs, due to the alteration of the initial intermolecular
structural interactions.

3.3.1. In Vitro Drug Release of DOX-MPs. The objective of
this study was to formulate MPs containing DOX for targeted
delivery to infected sites. Subsequently, an examination was
conducted to evaluate the release behavior of DOX from its
MPs compositions, both in the presence and absence of
bacterial cultures. Two distinct bacterial strains (E. coli) and (8.
aureus) were chosen and suspended in MHB media. The
current methodology utilized simulated saliva fluid (SSF). The
graphical representation in Figure 3 illustrates the total
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Figure 3. Drug release percentage of DOX-MPs at five different

media.

percentage of DOX released through the use of five distinct
media, each with varying pH levels, for a duration of 24 h. The
results depicted in Figure 3 demonstrate a statistically
significant improvement (p < 0.05) in the release of DOX
from MPs in the presence of bacterial cultures, as compared to
the release profiles observed under normal pH conditions in
the absence of bacterial cultures. These findings suggest the
successful achievement of on-demand delivery of the
formulations. The presence of bacterial cultures in the release
media did affect (p < 0.05) the release behavior of DOX
solutions (higher than 60% after 12 h and approximately 80%
of drug released after 24 h).

The results showed that the release of drug was dependent
on the low pH value, considering that the presence of bacteria
leads to a decrease of pH value. This is in line with the chosen
delivery option of the formulation through the periodontal
pockets. It is known that the intrapocket part of the teeth
structure acts as a natural reservoir filled with gingival
crevicular fluid and is a good environment for bacterial
colonization. Due to these properties, intrapocket drug delivery
could maintain the controlled-release delivery of antimicrobials
directly to the infection site and avoid the nonspecific release
to uninfected areas. The objective of utilizing an intrapocket
device for the administration of an antimicrobial agent is to
attain and sustain a therapeutic drug concentration for the
intended duration. The results of the observation indicate that
DOX-MPs exhibited the maximum release at pH 5.0, with a
release rate of nearly 70% of the initial DOX quantity in the
sample within a duration of 12 h. At the 30 min mark, the
quantity of DOX discharged by MHB (S. aureus) was greater
in comparison to MHB (E. coli). In general, the release of drug

5675

can be explained by the release of the DOX located close or
attached to the particle shell surface.”’

The inclusion of chitosan in the composition of the MPs
resulted in an expedited release of DOX, particularly in
environments with lower pH levels. According to Huang et al.,
the protonation of the chitosan component of the MPs below
its pK, results in increased solubility, swelling, and erosion of
the chains.”® These factors collectively contribute to the rapid
release rate obtained from the evaluation of the different
media. Consistent with expectations, the findings indicate that
the sample coated with chitosan is contingent upon pH, owing
to the heightened solubility of chitosan in an acidic
environment. The solubility of chitosan in water can be
attributed to the presence of a primary amine group in its
glucosamine monomeric unit. This group has a low pK, value
of 6.3, causing it to be positively charged and protonated under
conditions of low pH. At alkaline pH, the amine group
undergoes deprotonation and becomes uncharged, leading to
the formation of biopolymeric hydrogel networks that are
insoluble. The buffer solution readily permeated the chitosan
matrix and established a close interaction with PLGA chains,
thereby inducing their swelling and elevating the erosion rate.
This leads to a modification in the particle structure, which in
turn facilitates the diffusion of the entrapped compound from
the particle core.’”®> As a result, microparticles that were
coated with chitosan demonstrated the ability to release
elevated levels of drug components. According to Fredenberg
et al,, the diffusion rate of DOX was found to increase due to
the swelling of PLGA chains in solution along with surface
erosion, resulting in an increased amount of DOX being
released®” It should be noted that the degradation of PLGA is a
gradual process. On the other hand, the use of SSF at a normal
pH value of 6.8 and MHB media (pH 6.8) presented a steady-
state release profile, keeping the cumulative DOX amount
constant and stable during the whole period. The findings
indicate that the PLGA/Chitosan microparticles that were
developed in this study exhibited varying release patterns based
on the environmental pH and the matrix composition.
Additionally, it was observed that pH-sensitive polymers,
such as chitosan, can stimulate and augment the release
process. In addition to the effect of pH, it has been reported
that chitosan and PLGA could be easily degraded by lipase
enzymes secreted by several bacteria, including S. aureus and E.
coli.S*> Therefore, the selective release of DOX could be
potentially affected by the pH and properties of the polymers
used in this study.

As a biodegradable, biocompatible, and nontoxic polymer,
PLGA is also known for its capacity to be highly effective at
encapsulating a wide range of hydrophobic molecules and
releasing them under controlled conditions, which has led to
its high interest as a base polymer for the production of
particles for delivery systems.’® Therefore, the integration of
polyelectrolytes, specifically Chitosan, onto a PLGA surface
has been shown to improve its stability, cellular uptake,
targeting abilities, and regulation of drug release via the pH-
triggered ability of Chitosan™”

Additionally, five different kinetic models were used to
examine the drug release data in order to look into how DOX-
MPs dissolve in various media and how their kinetics change as
they dissolve. The model exhibiting the greatest coefficient
correlation was selected as the optimal fit for the release
procedure. The study findings indicated that the DOX-MPs
release profiles when dissolved in MHB with E. coli and S.
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Table 4. Representative Kinetic Model of Drug Release between Free Drug and DOX-MPs

kinetic model pH 6.8 (normal) pH S (infected)

Z0O 0.982 240 372 0.878 341 921
FO 0.974 505 4 0.831 676 998
Higuchi 0.70S 842 781 0.694 523 421
KP 0.886 444 083 0.800 254 041
HC 0.977 379 048 0.877 584 172

MHB pH 6.8 MHB with E. Coli MHB with S. aureus
0.985279 926 0.888 961 954 0.896 015 001
0.977 137 888 0.866 060 028 0.867 074 335
0.707 315 61 0.694937 1 0.70S 854 994
0.892 472 659 0.844 801 284 0.853 883 883
0.980 181 522 0.891 319 96 0.898 064 667

aureus values were consistent with the Hixson—Crowell model.
Conversely, the release profiles at normal pH adhered to zero-
order models with R values exceeding 0.98, as presented in
Table 4. The Hixson—Crowell kinetic models are utilized to
elucidate the phenomenon of particle liberation from systems
that undergo alterations in particle surface area and diameter.
An equation was derived to express the dissolution rate of a
drug composed of particles of uniform size, which is dependent
on the matrices’ erosion capacity to release the drug.
Therefore, defining the release pattern of a drug is crucial as
it determines the effectiveness of the dosage form. In summary,
it can be stated that the drug release process of DOX that is
loaded with polymer matrices (PLGA/Chitosan) adheres to an
erosion mechanism.®”*® The study by Fredenberg et al. found
that diffusion, including diffusion through pores and polymers
and osmotic pumping, is also the main driving force behind the
release mechanism.”” This diffusion is facilitated by the
potential chemical difference between the particle’s core and
its surroundings. Upon being suspended, PLGA undergoes
hydrolysis, leading to the liberation of the enclosed substance
alongside the byproducts of lactic acid and glycolic acid
monomers. The endogenous nature and easier metabolism via
the Krebs cycle render these compounds suitable for
employment in drug delivery and biomaterial contexts with a
high degree of safety medication.”®

Statistical analysis shows that DOX-MPs dissolved in acidic
pH media with the presence of bacteria such as E. coli and S.
aureus have a considerably greater percentage of dissolution
profiles compared to when it dissolved in normal pH media (p
< 0.05), this can be clearly seen in Figure 3.

3.4. In Vitro Antibacterial Activity. 3.4.1. MIC and MBC
Evaluation. A further study was conducted on the antibacterial
activity of formulations containing free DOX and DOX-loaded
MPs. Table S presents a comparison of the MIC and MBC
values between the DOX solution and its MP formulations.
The present study utilized two distinct bacterial strains, one
representing Gram-positive and the other Gram-negative
bacteria, to evaluate the efficacy of doxycycline MPs. The
results demonstrated promising antibacterial activity, with

Table 5. MIC and MBC of DOX-MPs against E. coli and S.
aureus Bacteria; (+) Shows Growth of Bacteria and (—)
Shows No Growth of Bacteria, (n = 3)

E. coli S. aureus
concentration (pg/mL) MIC MBC MIC MBC

3.125 + + +
6.25 + +
12.5 - + - +
25 - -

50 - - - -
100 - - - -
200 - - - -

5676

MIC and MBC values of 12.5 and 25 pg/mL, respectively. The
results indicated that the DOX PLGA/Chitosan microparticles
developed in this study exhibited efficacy against both Gram-
positive and Gram-negative bacteria, as evidenced by the
equivalent MIC and MBC values observed for both micro-
organisms. In Gram-negative bacteria, the hydrophilic lip-
opolysaccharide membrane typically provides protection
against hydrophobic substances, such as Doxycycline, thereby
increasing their resistance to antimicrobial agents. However,
this study did not observe such behavior. Moreover, upon
initiation of PLGA hydrolysis, the liberated compounds
include lactic and glycolic acids. The reduction in pH levels
leads to an elevation in DOX-MPs, which exhibits pH
sensitivity. This facilitates its enhanced distribution across
the lipid membrane of the cell and enables it to interact with
the hydrophobic domains of membrane proteins.”**” Fur-
thermore, the employment of encapsulation in PLGA
facilitates a more uniform dispersion of the hydrophobic
antimicrobial agent throughout the hydrophilic medium.”
Clearly, the encapsulation of DOX was proven to be effective
against both bacteria, and the results were confirmed by a
different study that found a similar effect for other hydro-
phobic antimicrobials that were encapsulated using
PLGA. 515871

Observational evidence suggested that chitosan played a role
in the low MIC and MBC values that were achieved.
According to the research conducted by Pola et al.,”* Chitosan
exhibited an innate mechanism that enhanced its interaction
with the bacterial cell wall, thereby safeguarding the MPs and
producing a synergistic effect. The previous study claimed that
the mechanism of Chitosan’s impact on microbial cells is
predicated on an electrostatic affinity between the positively
charged amino groups of Chitosan and the negatively charged
constituents of the bacterial cell wall.”> On the other hand,
Kong et al. have reported that the mechanism of Chitosan’s
action on bacterial cells is influenced by the pH of the
environment.”* At a pH below pK, ~ 6.3, the predominant
mode of action is through electrostatic interactions, while at
higher pH levels hydrophobic and chelating effects become
more significant. The authors found that the former mode of
action is more effective, and this was also observed in the
present study. In addition to its impact on PLGA micro-
particles, whereby it improves their stability and promotes their
interaction with bacterial cells, Chitosan has also been found to
be associated with increased DOX release at infection site pH
levels, which in turn is linked to improved antimicrobial
efficacy. The bacteriostatic effect observed in another study
which may be attributed to the rapid and sustained release of
DOX from the enclosed particles during the initial hours,
which extended the adaptation period necessary for bacterial
growth and grevented any potential recovery mechanism by
the bacteria’

3.4.2. Time Killing Assay (TKA). 3.4.2.1. TKA of Free Drug
(DOX-only). In an attempt to explain the time required by
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Figure 4. Time killing assay results for (A) free drug (DOX) and (B) DOX-MPs. Data are expressed as the mean + standard deviation (n = 3).
Statistical significance was assessed using one-way ANOVA, and p-values are indicated where appropriate.

DOX and DOX-loaded MPs to kill the bacterial strains tested,
time killing assays were carried out. This information was
gathered for the purpose of determining whether or not the
MPs formulation possessed antibacterial properties. Figure 4A
shows free drug of doxycycline time kill curves against E. coli
and S. aureus in terms of time. Following 24 h of growth, the
viable bacterial colony in the untreated group reached 9.38 +
0.08 log CFU/mL.

3.4.2.2. TKA of DOX-MPs. In this study, we determined how
long it took for an antibacterial treatment (DOX-MPs) to
eradicate bacterial growth completely. Figure 4B demonstrates
that after 24 h of incubation with 2Xx MIC, DOX-MPs showed
no signs of viable bacterial colony. In addition, a concentration
that was four times higher than the MIC led to a quicker killing
time, which was observed after 8 h of incubation for both E.
coli and S. aureus bacteria. Based on these findings, it appears
that the antibacterial activity of DOX increases with increasing
concentration and prolonged exposure (the degree to which it
is dependent on the concentration and the amount of time).
Because of its prospective use as an antibacterial agent, the
soluble nature of DOX in bacterial growth media was
particularly emphasized. It is important to note that in this
study, as mentioned in the method, all compounds were
completely dissolved in the appropriate solvent. Considering
the results that there was no significant difference in the
antimicrobial activity between the free drug and DOX-MP, it
was shown that the formulation of MPs did not influence the
antimicrobial activity of DOX.

3.5. In Situ Hydrogel of DOX-MPs Characterization.
The in situ hydrogel was formulated using a tripolymer blend
consisting of Pluronic F127, Pluronic F68, and HPMC and
coded with H1 to H6. Gel formation depended on the ratio of
polymer used in the formulation. In situ hydrogel properties
such as gelation temperature (Tsol—gel), mucoadhesion
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strength, pH, viscosity, and ex vivo drug permeation were
investigated.

3.5.1. Gelation Temperature Evaluation (Tsol—gel). The
temperature at which gelation occurs (termed Tsol—gel) was
an essential component in this theoretical framework. The
accurate administration of dosage can be ensured through the
employment of an in situ hydrogel formulation that retains its
liquid state at room temperature and transforms into a gel-like
consistency upon contact with the physiological temperature.
The optimal temperature range for in situ hydrogel was
expected to align with the mean oral (salivary) temperature,
which falls within the range of 36—37 °C. The determination
of the gelation temperature of the liquid was conducted
through the employment of the inverted tube technique. The
evaluation was done using two types of environments, one
without dilution, and the rest using SSF as dilution media, to
justify that the presence of saliva in the mouth when the drug
was applied would not affect the gelation temperature. Figure
SA shows the illustration of the liquid form when still at room
temperature (left) and the gel properties when at oral cavity
temperature (right).

3.5.2. Mucoadhesive Strength Evaluation. The length of
time the preparation remains available in the mouth has a
significant role in determining the drug’s bioavailability when it
was applied directly to the infection site. To see this effect,
adding a certain amount of HPMC within all formulas was
evaluated to determine mucoadhesive strength properties. The
results of this study are presented in Figure SC. The
mucoadhesive values of DOX-MPs in situ hydrogel for H1—
H6 (undiluted) were found to be 18.87 + 1.77, 19.60 + 1.59,
17.97 + 1.16, 24.13 + 2.09, 42.65 + 3.53, and 64.90 + 5.59
dyn/cm?, respectively. On the other hand, the use of SFF as
dilution media showed the mucoadhesion of H1-H6 at 17.65
+ 1.61, 18.32 + 1.34, 1691 + 1.71, 23.10 + 2.10, 40.32 +
3.76, and 62.34 + 4.98 dyn/cm?, respectively. Both evaluations
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Figure S. Gelling properties of the formulation at room temperature (left) and at oral cavity temperature (right) (A); gelation temperature (Tsol—
gel) (B); bio-adhesive strength (C); viscosity (D); pH value (E). All photographs and data presented in this figure were captured and prepared by
the authors. The highest gelation temperature was seen for the H3 formulation at more than 40 °C (panel B), but this formula does not comply
with the range of temperature criteria of mouth saliva. The Tsol—gel values of DOX-MPs in situ hydrogel formula within H1—HS6 for the undiluted
evaluation were 27.34 + 2.18, 36.61 + 2.50, 44.53 + 3.52, 36.61 =+ 3.10, 36.03 + 3.36, and 27.33 =+ 2.82 °C, respectively. On the other hand, the
use of SFF as dilution media showed the gelation temperature of H1—H6 at 28.02 + 2.43, 36.98 + 2.76, 46.54 + 3.44, 36.89 =+ 3.19, 36.74 + 3.54,
and 28.41 + 2.79 °C, respectively. The gelation temperature of both evaluations did not show any significant change, which concludes that the
presence of saliva will not affect the gelation temperature. When compared to all formulations, H2, H4, and HS showed a gelling temperature based
on the criteria, while HI and H6 showed a lower degree of gelation temperature. The results were significantly affected by the ratio of Pluronic
F127 to F68 used in the formulation, where the ratio of Pluronic F127 to F68 in HS was 3:1, respectively. As opposed to Pluronic F68, which is
mostly made up of two side PEO blocks and a central PPO block, this occurred as a result of the structural differences between Pluronic F127 and
F68. Pluronic exhibits gelation at a specific concentration and temperature, wherein the hydrophobic PPO block undergoes dehydration while the
hydrophilic PEO block remains hydrated. The alteration of the PPO/PEO ratio has an impact on the temperature at which gelation occurs.
Incorporating a hydrophobic PPO block is expected to result in a reduction of the Tsol—gel. Furthermore, the incorporation of a hydrophilic PEO
block results in an elevation of the gelation temperature.”® It is important to note that HPMC took a role in the sol—gel transformation due to its
significant impact on the thermo-reversible behavior. It is common knowledge that the hydrophobic interaction of HPMC chains leads to
intermolecular interactions that form sol—gel transformation.

also did not show any significant difference, this can be temperature was lower, forming a gel at room temperature. As
concluded that again saliva had no impact on the gelation a result, this will help to improve the effectiveness of
temperature as well as the mucoadhesive properties within all preparations that would be administered via intrapocket
formulas. It can be seen that HS and H6 had higher bio- delivery.
adhesive values with HPMC concentrations of 1 and 1.5%, 3.5.3. Viscosity Study. In situ gel preparations typically take
respectively. The gel formulations’ mucoadhesive and gelation the form of a solution at room temperature, but they have the
temperature properties were notably impacted by the presence ability to change into a gel under specific physiological
of HPMC. The mucoadhesive strength increased along with conditions, which becomes their desirable characteristic. The
the presence of HPMC in the formulation. In addition, it was administration of the preparation in the form of a solution can
observed that the mucoadhesive properties of gels without a aid in ensuring the precision of the dosage. Therefore, it is
mucoadhesive agent (H1—-H3) were lower to those of gels necessary to assess the viscosity between the gel in situ
containing HPMC. The strength of hydroxyl contacts between formulation at the storage temperature and the temperature
Pluronic F127/F68 and the mucosal layer was comparatively that is physiologically suitable for intrapocket administration.
weaker in the absence of HPMC, as opposed to when the The present investigation involved the measurement of
polymer was combined with HPMC to create an in situ gel. viscosity under three distinct conditions, namely, 4 °C to
The adhesive characteristics of HPMC were also attributed to represent cold temperature, 25 °C to represent room
the phenomenon of hydrogen bonding present from the temperature, and 35 °C to represent mucosal temperature.
Pluronic F127/F68.”%77 Therefore, HS formulation was The gel formulations’ low viscosity at cold and room
chosen as the best formula fitted with the temperature range temperatures is a crucial indicator of their tendency toward
of the mouth and had good properties of bio adhesivity, even the liquid state. It was found that, the rationale behind the
though H6 showed a higher bio-adhesive value but its gelation requirement for in situ gels to exhibit gel-like properties at oral
5678 https://doi.org/10.1021/acsomega.4c08967
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Figure 6. Permeated drug of DOX-only (A) and permeated drug of DOX-MPs (B) (mean = SD, n = 3).

mucosal temperature for enhanced localization time, while
maintaining a free-flowing viscosity at room temperature to
facilitate ease of application could potentially reduce the
growth of certain bacteria at the infection site.”*’® The
viscosities properties are depicted in Figure SD. It is observed
that the viscosity of H3 compared to the other formula was
statistically (p < 0.05) different in the mucosal temperature,
while that in H1, H4, and HS showed no significant difference.
The addition of HPMC in the formulation also contributes to
the increase of viscosity, by seeing the HS and H6 with HPMC
concentration at 1 and 1.5%, respectively, resulting in a higher
viscosity value at the mucosal temperature. The results were
supported by previous research which showed that higher
addition of polymer concentrations also contributes to the
viscosity of the preparation due to a rise in temperature-
induced intermolecular interactions between HPMC and
Pluronic.””® The present study provides further evidence
supporting the advantages of utilizing a combination of
Pluronic F127 and F68 in conjunction with HPMC for the
development of in situ gel formulations. This approach
effectively facilitates the targeted viscosity during both storage
and application at mucosal temperature. Therefore, all of the
gels that were tested for the mucosal temperature also
exhibited pseudoplastic behavior.

3.5.4. pH Measurement. The gel’s intended pH level should
be fulfilled by the doxycycline pH-sensitive microparticle
(DOX-MPs) formulation. Drug delivery systems were
developed to be applied within the natural pH range of
approximately 6 in mucosal tissues with the aim of achieving
maximum effectiveness and promoting patient adherence to
treatment protocols. The alteration in pH values over the
duration of a product’s storage period may indicate a potential
issue with its stability; therefore, it is necessary to maintain its
pH in the desired range. Based on the evaluation, there was no
statistically significant difference (p > 0.05) observed in the pH
values among all the formulations, as depicted in Figure SE.
Given that all formulations were within the pH range of 6, it
was unnecessary to make any additional pH adjustments for
in;rag)locket delivery as the pH levels were already deemed
safe.

3.5.5. In Vitro Permeation Studies. The in vitro permeation
study was done using a free drug of DOX and DOX PLGA/
Chitosan MPs after 24 h in five different media. Figure 6A
shows the permeated amount of free drug of doxycycline. It
can be clearly seen that the permeated drug was similar in all
five different media, which did not show any significant
difference (p > 0.05). Therefore, the release mechanism of
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DOX-free drug was not sensitive to the pH condition.
Moreover, Figure 6B shows the amount of in vitro drug
permeated from the DOX-MPs preparation.

The results showed that the release of drug was dependent
on the low pH value, found in SSF media at pH S (infected),
MHB (E. coli), and MHB (S. aureus). It was considered that
the presence of bacteria leads to a decrease of pH value. The
amount of DOX permeated from the microparticle hydrogel
formulation after 24 h was 6.05 + 0.54 mg for infected media
at pH 5; 5.98 + 0.53 mg for MHB media with E. coli; and 5.84
+ 0.52 mg for MHB with S. aureus, while in SSF media at pH
6.8 and MHB media at pH 6.8, a small amount of drug was
permeated only after 7 h administration, with the highest
achieved at only 0.15 + 0.01 and 0.19 + 0.02 mg for SSF pH
6.8 and MHB 6.8 media, respectively. According to the results,
this approach was successful in developing pH-sensitive MPs
to make it localized in the site of infection for potential
intrapocket delivery to treat periodontitis infection. The data
were further calculated for the mathematic models. The kinetic
models of DOX-MPs followed the HC release mechanism in
the presence of E. coli which then confirmed that the release
followed the erosion mechanism. These findings show that the
permeation of DOX-MPs can be improved by making it
sensitive to the change of pH and incorporating them into the
in situ hydrogel formulation.

3.6. Antibacterial Activity in Ex Vivo Infection Model.
3.6.1. Microbial Counts from Biofilm Formation. The
purpose of the present study was to evaluate the activity of
DOX-MPs hydrogels compared to free drug of DOX and
control on an ex vivo biofilm using E. coli and S. aureus as the
representative for Gram-positive and Gram-negative bacteria.

The colony-forming unit (CFU) counts are given in E. coli
biofilms without exposure to antimicrobials were 6.76 + 0.25
log CFU/mL after 60 min, 7.05 + 0.32 log CFU/mL after 24
h, and 7.32 + 0.39 log CFU/mL after 48 h. While that in S.
aureus the amounts of bacteria without the drug exposure were
5.95 + 0.43 log CFU/mL after 60 min, 6.43 + 0.39 log CFU/
mL after 24 h, and 6.98 + 041 log CFU/mL after 48 h.
Compared to when the biofilms were exposed to antimicro-
bials of DOX-free drug and DOX-MPs, the counts of E. coli in
biofilms were significantly reduced to 4.32 + 0.27 (60 min),
3.65 + 0.18 (24 h), and 2.18 + 0.09 log CFU/mL (48 h) for
DOX-MPs, and 4.19 + 0.28 (60 min), 3.54 + 0.17 (24 h), and
2.07 + 0.08 log CFU/mL (48 h) for free drug of DOX.
However, the microbial count for both DOX and DOX-MPs
showed no significant difference. Therefore, the formulation of
DOX-MPs incorporated into hydrogel did not interfere with
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Figure 7. Biofilm microbial count (A); biofilm quantity U (extinction at 594 nm) (B); and biofilm metabolic activity ratio (U at 595/570 nm) (C).

the antibacterial activity of the main properties of doxycycline.
Compared to the untreated group after 48 h, the highest
reduction of biofilm activity after the application of
antimicrobials was 89.84% achieved by DOX-MPs. The
findings indicate a consistent elevation in bacterial counts, as
well as an increase in both biofilm quantity and metabolic
activity in the untreated group compared to the treated group
(free drug and DOX-MPs), thus confirming the successful
establishment of these microorganisms into the biofilms.
3.6.2. Biofilm Quantity and Metabolic Activity. Biofilm
consists of a self-produced matrix of extracellular polymeric
substances. Interference with bacterial matrix components is an
approach in the development of antibiofilm drugs.*” In this
procedure, the biofilm quantity was determined by crystal
violet staining. Same as the previous evaluation, this procedure
also involved control (untreated), free drug, and DOX-MPs in
the analysis. Both treatments significantly reduced biofilm
quantity compared to the untreated control. After 24 h, the
calculated biofilms of E. coli were 0.21 + 0.01 for DOX-MPs
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and 0.24 + 0.01 for DOX-only. The reduction was lower when
observed at 48 h, with the calculated biofilm being 0.13 + 0.01
for DOX-MPs and 0.11 + 0.01 for DOX-only. In addition to
that, metabolic activity in biofilms of S. aureus was significantly
reduced after 60 min of drug exposure, 0.33 + 0.02 for DOX-
MPs and 0.35 + 0.02 for DOX-only. The metabolic activity
was both E. coli and S. aureus biofilm was always lower after
any antimicrobial’s application than in the control without
exposure to antimicrobials (Figure 7C). Regarding the amount
of biofilm and metabolic activity, the two antimicrobials
(DOX-MPs and free drug) did not significantly differ from one
another in the current investigation. Both gels exhibit a
reduction in biofilm metabolic activity within 60 min,
indicating that a lower concentration of doxycycline may be
effective in inhibiting bacterial metabolism. In the previous
study, it is also seen that the use of vehicle in the gel
preparation had no influence on the bacterial counts.** All of
these data seem to point toward the possibility that
doxycycline can be a useful antibacterial medication for the
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treatment of periodontal infection given through the intra-
pocket. It engages with the bacterial cell membrane in order to
diminish or potentially eradicate the bacterial population.
Nevertheless, current research examining the antibacterial
efficacy of doxycycline against oral biofilms remains limited.
However, it is important to note that the current in vitro
investigation demonstrated a maximum reduction of 1 log10 in
bacterial counts within the biofilm. This highlights the
limitation of antimicrobial agents in eradicating a pre-existing
intricate biofilm. Hence, it is advisable to prescribe
antimicrobials alongside mechanical biofilm disruption, imply-
ing that mechanical biofilm elimination remains the preferred
approach in the treatment of periodontitis.**

4. CONCLUSIONS

In summary, the current work has demonstrated that the
formulation of DOX into MPs loaded in situ hydrogel system
for intrapocket delivery was effective in increasing the drug
solubility as evidenced by steady-state release in vitro and its
penetrated amount. Controlled drug delivery systems have the
potential to enhance patient adherence and therapeutic
effectiveness by enabling accurate regulation of the rate of
drug release from the delivery system, thereby eliminating the
need for frequent dosing. The previously mentioned drug
delivery systems are deemed superior due to their cost-
effectiveness, enhanced stability, lack of toxicity, biocompati-
bility, nonimmunogenicity, and inherent biodegradability. It is
feasible to establish a reliable ex vivo biofilm model that closely
mimics the in vivo scenario and facilitates the assessment of
diverse antimicrobial agents. This provides evidence that the
preparation exhibits potential as a viable option for the
treatment of bacterial infections resulting from biofilms of S.
aureus and E. coli. The pH sensitivity of the DOX-MPs in situ
hydrogel is a crucial factor in determining its antimicrobial
activity. However, several further experiments are now needed,
including biocompatibility study, nonimmunogenicity test, and
mechanical stability test. Additionally, subsequent in vivo
assessments utilizing an appropriate animal model are
necessary to explore the viability of employing it in clinical
contexts for combating periodontal bacterial infections.
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