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ABSTRACT
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In this research, a one-step periodontal membrane, with the required function and
properties has been designed as an alternative method of tissue regenerative treatments.
Designed nanoporous prototypes from poly(L-lactide-co-&-caprolactone) (PLCL, 70:30
mol%) were fabricated by electrospinning, denoted as S-PLCL. They were subsequently
loaded with tetracycline (TC) in order to enhance periodontal regeneration and deliver an
anti-inflammatory and antibiotic drug. It was found that TC loading did not have any
significant effect on the fiber diameter but did increase hydrophilicity. With increasing
TC loading, the water vapor permeability (WVP) of the S-PLCL membrane decreased
within the range of 31 - 56% when compared with neat S-PLCL membranes, while in
the solvent-cast film (F-PLCL) no significant change in WVP was observed. Moreover,
S-PLCL demonstrated a controllable slow release rate of TC. S-PLCL loaded with 1,500
ug/ml of TC showed a release concentration of 30 ppm over a certain time period to
promote greater levels of human oral fibroblast (HOF) and human oral keratinocyte
(HOK) cell proliferation and plaque inhibition. In conclusion, a TC-loaded S-PLCL
fibrous membrane has been designed and fabricated to provide the ideal conditions for
cell proliferation and antibiotic activity during treatment, outperforming non-fibrous F-

PLCL loaded with TC at the same concentration.
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1. INTRODUCTION

Periodontitis is an inflammatory disorder of the tissues surrounding the teeth.
Inflammation in the periodontal tissue is initiated by the presence of microbial plaque and
bacterial infections in the mouth such as Actinobacillus actinomycetemcomitans,
Porphyromonas gingivalis, Prevotella intermedia, Aggregatibacter actinomycetemcomi-
tans, Treponema denticola and Tannerella forsythia, etc. ' . An increase in optimal
conditions encourages the formation of plaque, through bacterial release of acids and
toxins from the body, an inflammatory reaction is stimulated in the oral periodontal tissue.
This results in gingival inflammation, along with swelling and bleeding are a part of
periodontal disease, which is known to cause periodontal tissue deterioration. Ultimately,
this can lead to alveolar bone resorption as the teeth separate from the gingival tissue,
which is referred to as the formation of periodontal pockets 7.

The utilisation of biopolymers has considerably impacted the preference of
modern medicine > 8. Specifically, biodegradable polymers provide a greatly advantage
of broken-down and removable abilities after they have served their intended purpose.
Applications for degradable polymers are wide-ranging, in particular they are used as
surgical sutures and implants materials in clinic®. To meet the present optimal functional
demand, materials with proper physical, chemical, biological, biomechanical and
degradative properties must be selected 8. However, periodontal surgery is often not
undertaken by patients due to the fact that they continue to express concerns about the
pain they will experience following surgical procedure. At present, the rate of patients
refusing surgical treatment is increasing, with many patients expressing an interest in the
use of drug therapies to avoid periodontal surgery > 1!,

Pharmacotherapeutics play an adjunctive role in the management of periodontitis
patients. Adjunctive therapies are categorized by their route of administration to the
diseased sites and may involve the use of systemic antibiotics '2. During the past two
decades, dentists and microbiologists have attempted the use of periodontal antibiotic
therapy to address specific bacterial infections in patients with periodontitis. The
American Academy of Periodontology has offered guidelines for systemic and topical
antibiotic use in treating periodontal disease !*. These guidelines suggest that aggressive
types of periodontitis and acute periodontal infections should be treated with systemic
antibiotics, while chronic infections should be treated with topical therapy. In cases of
aggressive periodontitis, systemic antibiotics may be used as an adjunctive form of

therapy. Several lines of common antibiotics have been used in periodontal treatment



4] In particular,

including tetracycline, ciprofloxacin, metronidazole and penicillin
tetracycline has demonstrated a high degree of bacteriostatic activity against the specific
anaerobic bacteria thought to cause periodontal disease '°!7. Tetracycline or tetracycline
hydrochloride (TC) is a broad-spectrum antibiotic which contains a dimethylamine group
at the C4 position in the ring A. Its existence is necessary to show antibiotic properties
(see figure S1 in supporting information). TC is a protein synthesis inhibitor that binds to
the bacterial 30S ribosome subunit and blocks the bond between tRNA and mRNA. It has
been frequently used against gram-positive and gram-negative microorganisms, and is
extensively used in antibiotics for human and veterinary use 1820,

At present, applications of biodegradable materials have increased due to the
important properties they possess, such as a preferred degradation time and non-toxic
degradation products. Resorbable guided tissue regeneration (GTR) and guided bone
regeneration (GBR) membranes are currently on the market and have been widely
considered for orthopaedic applications in both clinical and theoretical experiments'.
However, the use of these membranes may be subject to certain drawbacks such as
inflammatory foreign-body reactions that are associated with their degradation and the
absence of antibacterial activity '®.

To avoid surgical treatment and to increase the effectiveness of GTR and GBR
membranes, a combination of a drug therapy and a resorbable membrane has been
proposed as an alternative and convenient method of periodontal treatment. A suitable
controlled release of a drug, such as tetracycline, may contribute to the faster regeneration
of beneficial cells like osteoblasts, fibroblasts and other types of cells '*2!. Moreover,
electrospinning is a simple method of fibrous polymer production with fiber diameters
that are within a range of ca. 50 nanometers to several tens of pum 2!*°. Many
biodegradable materials have been fabricated for use in medical applications via
electrospinning and have been designed for the controlled release of drugs '*. TC has been
loaded into poly(lactic acid), poly(caprolactone), cellulose and blends of each of the
above during the electrospinning process to produce drug-loaded biomedical scaffolds.
The prepared nanofibrous mats presented a sustained and suitable drug release rate, along
with adequate levels of water uptake, permeability, antibacterial activities and good
biocompatibility '%3!,

The objective of this research is to design a one-step periodontal membrane that
can guide regeneration of bone and tissue, while exhibiting anti-inflammatory and

antibacterial properties. To this end, nanoporous membrane prototypes have been
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designed and fabricated by electrospinning. They were then modified by drug loading to
enhance periodontal regeneration when compared to the film casting technique. These
designed prototypes are expected to promote antibiotic properties and facilitate the

controlled release of drugs over a suitable period of time during the course of treatment.

2. EXPERIMENTAL PROCEDURE
2.1 Materials and Methods
2.1.1. Materials

L-lactide was purchased from Bioplastics Production Laboratory for Medical
Applications, Faculty of Science, Chiang Mai University, Thailand, while e-caprolactone
was purchased from Sigma-Aldrich (St Louis, MO, USA). Chloroform, methanol and
ethyl acetate were acquired from RCI Labscan (Bangkok, Thailand). Tetracycline
hydrochloride (TC) was obtained from Bio Basic Inc (Markham, Canada). The

alamarBlue reagent was acquired from Bio-Rad Laboratories (California, US).

2.1.2. Polymer Synthesis and Characterization

Poly(L-lactide-co-&-caprolactone), PLCL with 70:30 mole % (medical grade) was
synthesized by following the previous studies (see structure (figure S1) in supporting
information) **°. The copolymer was obtained as white solid granules with >80% yield.
To confirm that the obtained PLCL copolymer met the requirements of a medical-grade

polymer, the copolymer was characterized according to the requirements of ASTM

F1925-17 3¢,

2.1.3. Preparation of PLCL-loaded TC Drug Membranes

For the preparation of electrospun membranes (S-PLCL) loaded with tetracycline
(TC), aclear and homogenous 20 mL of 16%w/v PLCL solution was performed following
the previous studies 3233, Subsequently, TC was added into PLCL solution at various
concentrations of 0, 250, 500, 750, 1500 and 2500 pg/ml to the polymer solution and
stirred at room temperature overnight. PLCL membranes with various TC loadings were
then fabricated by electrospinning at a fixed voltage of 15 kV and a needle-to-collector
spinning distance of 15 cm. Aluminum foil was used as a ground collector. The
electrospun membranes were collected after 20 mL of each polymer solution had been
ejected. Under the processing conditions employed, the average thickness of the

nanofiber samples obtained was about 0.30 mm.
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For the solution-cast film membranes (F-PLCL) loaded with various tetracycline
(TC) concentrations, the PLCL copolymer at a concentration of 0.5% (w/v) was dissolved
in 20 mL of chloroform and then various amounts of TC added (0, 250, 500, 750, 1500
and 2500 pg/ml). The solutions were stirred overnight at room temperature for complete
dissolution. Each solution was then poured into a glass petri dish and the solvent allowed
to evaporate slowly in air at room temperature for 48 h. The average thickness of the film
samples obtained was approximately 0.20 mm.

Finally, both the S-PLCL and F-PLCL membranes with various degrees of TC
loading were dried under vacuum at room temperature, removed and allowed to stand to
equilibrate to constant weight (ca. 24 h). The surface morphology of the membranes,
together with their fiber diameters, were examined using scanning electron microscopy

(SEM, JEOL 5910 LV) 323,

2.1.4. Membrane Characterization
Water Contact Angle

The hydrophilicity of the membrane was measured through water contact angle
using a homemade apparatus and analysed by the Protractor software. S-PLCL and F-
PLCL membranes were cut into 5050 mm segments and attached to glass slides. Water
droplets were placed on the membrane and their contact angles with the membranes were

measured (n = 5).

Water Vapour Permeability (WVP)

WVP was measured using a modified version of the ASTM method (ASTM E96-
E80) as described by Shiku et al. 37. The samples were incubated in an oven at 37.0£1.0
°C and at a relative humidity (RH) of 504+5% for 48 hours before the experiment. Circular-
shaped test specimens were cut from the S-PLCL and F-PLCL membranes with 40x40
mm?. The S-PLCL and F-PLCL membranes were sealed to a permeation aluminium cup
containing silica gel (0% RH) with silicone vacuum grease and a rubber gasket to hold
the membranes in place. The cups were placed in a desiccator containing distilled water
at 37.0+1.0 °C with 50+£5 %RH, which effectively mimicked the average temperature of
the body. Cups were then weighed every 24 hours for 7 days with regular weighing until
a steady state was reached. WVP values of the S-PLCL and F-PLCL membranes were
calculated as follows:

WVP (gm’!'s'Pal) = wlA 't (P,-P))!



where w represents the weight gain of the cup (g); 1 represents the membrane
thickness (m); A is the exposed area of the membrane (m?); t is the time of gain (s); P>
and P; are the corrected partial pressure at the inner surface of the membrane and the

pressure of the surface of dessicant (Pa).

In Vitro Drug Release Study

The tetracycline drug (TC drug) release rate was analyzed using an Ultraviolet-
Visible spectrometer (UV-Vis) as the method provided in previous studies 2% 3. The
tested membranes, S-PLCL and F-PLCL with various TC loadings, were cut into 15x15
mm?® pieces and accurately weighed. The release behavior of TC from the loaded
membranes was studied in PBS buffer. All samples were analysed in triplicate. Samples
without drug were used as controls. The prepared samples were fully immersed in a vial
containing 5.00 mL of PBS at 37 °C. At specific time intervals (0-1008 hrs), aliquot
samples were collected from the incubation buffer and 3.00 mL used to measure their
absorbance at 364 nm (Amax) by UV spectroscopy (UV 3600 Shimadzu
Spectrophotometer). Concentrations of released TC were obtained at different times and
were calculated using the standard curve of the concentration versus absorbance with an
1 value of 0.9999 (data not shown) and the cumulative concentrations were calculated

accordingly.

In Vitro Hydrolytic Degradation Studies

Various TC-loaded S-PLCL and F-PLCL membranes were cut into 15x15 mm?
pieces and accurately pre-weighed before study. The samples were incubated in PBS at a
temperature of 37.0 °C for 6 weeks. At designated time intervals throughout the 6-week
period, the pH of the PBS was also measured. Reductions in both S-PLCL and F-PLCL

sample weights were determined as a function of time (n = 3).

Biological Evaluation Studies

The effects of polymer topology and TC drug loading of F-PLCL and S-PLCL
membranes on human oral fibroblast (HOF) and human oral keratinocyte (HOK) cell
response were studied to evaluate the potential of these membranes in biomedical
applications and for periodontitis treatment. The HOF and HOK cells were cultivated and
cell populations of approximately 1x10° cells ml” (70% confluence) were used to seed

S-PLCL and F-PLCL membranes ?1. At periodic intervals times, samples were rinsed



with PBS solution and trypsin (2.5 %v/v) solution were then added. The samples were
incubated for cells removing at 37.0+0.1°C for 7 mins. Cell viability was subsequently
calculated using the 0.2% Trypan Blue and a hemocytometer. All samples were evaluated

in triplicate (n = 3).

Metabolic Activity of Cell

A fixed number (1x10° cells ml'!) of HOF and HOK cells were plated into 96-
well plates containing S-PLCL and F-PLCL membranes and incubated for 24 hours
(37.0£0.1°C, 5% CO>). Metabolic activities in the HOF populations were evaluated by
20 ul of alamarBlue solution added to each well, and they were then further incubated for
an additional 3 hours (37.0+0.1°C, 5% CO>). The alamarBlue analyses were performed

at 540/600 nm wavelengths [**). Mean values of 5 samples were determined (n = 5).

Lactate Dehydrogenase (LDH) Assay

The integrity of S-PLCL and F-PLCL membranes was assessed through the
leakage of LDH, where 10 ul of lysis solution was added the well-plates for 45 minutes
before the endpoint, to serve as a positive control. The well-plates were subsequently
centrifuged and a 50 ul sample of the supernatant was then transferred to a sterile 96 well-
plate with 100 ul of LDH mixture before they were incubated in the dark for 30 minutes.
Absorbance at 490/690 nm was recorded using a microplate spectrophotometer and the

mean value of 5 samples was then determined (n = 5) 33541,

In Vitro Antimicrobial Activity Evaluation

Three dental samples of plaque were provided by the Faculty of Dentistry, Chiang
Mai University. The plaque samples were grown anaerobically at 37+0.1°C in Brain
Heart Infusion (BHI) broth for 24 hours. After incubation, the growth of the bacteria in
the dental plaque samples was confirmed by observing the colony characteristics under a
microscope. The concentration of the bacteria was adjusted with BHI broth before this
was used in the experiments, following the standard guidelines ****. Aqueous solutions
containing S-PLCL with various degrees of TC loading were separately prepared in
deionized water and diluted in BHI broth containing the test plaque. Aqueous solutions
containing F-PLCL with various degrees of TC loading were also prepared in a similar

manner. The polymer samples were examined after 24 hours of incubation at 37+0.1°C



and the colony-forming units (CFUs) were evaluated. Experiments for all samples were

conducted in triplicate.

Statistical Analysis.
All statistical evaluations were performed using two-way ANOVA analysis and

Bonferroni post hoc test (significance level < 0.05).

3. RESULTS AND DISCUSSION
3.1. Polymer Characterization

A PLCL copolymer in the ratio of LL:CL = 70:30 mol% has been synthesized and
> 80 % yield was obtained. This ratio was chosen from a previous study as it leads to the
optimum material properties among a range of PLCL with ratios ranging from 50:50 to
70:30 mol% **. The membranes should be able to maintain their shape (i.e., dimensionally
stable fibers) for at least 1-3 months during treatment and be stable during storage for
potentially long periods at room temperature before use. Therefore, PLCL 70:30 mol%,
with its higher glass transition temperature and partial crystallinity to stiffen the
copolymer matrix, was chosen for this study.

To confirm the suitability of the PLCL copolymer for medical applications, the
properties of the PLCL copolymer were characterized using ASTM F1925-17. The results
are presented in Table 1. Briefly, the copolymer composition determined by 400 MHz
"H-NMR spectroscopy (Bruker DPX-400 NMR spectrometer, Switzerland) demonstrated
that LL:CL = 72.5:27.5 mol%. This was consistent with the requirement that the molar
ratio should fall within a range of = 3 mol% from the initial co-monomer feed ratio of
LL:CL (70:30). The intrinsic viscosity, [ 1], as determined by dilute-solution viscometry
(0.5 %w/v, 30°C, in chloroform (CHCI3)), was recorded at 1.86 dl/g. Thermal transitions
and degree of crystallinity were determined by differential scanning calorimetry (DSC)
(Perkin-Elmer DSC7). The appearance of a melting transition in the DSC thermogram
with a Ty, (peak) of 147.8 °C and a crystallinity value of 27.3 %.



Table 1. Physical and chemical property measurements, compared with the ASTM
F1925-17 specification, for the medical-grade PLCL copolymer.

Specification ASTM F1925-17 PLCL

Residual Monomer <2.0% 0.15% Total
(0.15% LL,0.00%CL)

Residual Solvent < 1000 ppm >1 ppm
Heavy Metals <10 ppm 1 ppm
Residual Catalyst <150 ppm 60 ppm
(Optional)
Residual Water <05% 0.02 %
(Optional)
Copolymer Ratio +3% 2.38 %
(molar ratio) of target (72.5:27.5)

From the results shown in Table 1, the total residual monomer, solvent, catalyst
and water content were all within the stated limits. Residual L-lactide (LL) and &
caprolactone (CL) monomers (%) and solvents (ppm), as determined by gas
chromatography with a flame ionization detector (GC-FID) using methylene chloride as
solvent and 2,6-dimethyl-a-pyrone as an internal standard, were well below the
maximum quantities permitted of 0.15% of total residual monomers and less than 1 ppm
of total residual solvents for ethyl acetate and toluene (see supporting information).
Residual heavy metal (Pb) and catalyst (Sn) contents were measured using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) by Intertek testing services
(Thailand) Ltd. and were found to be 1 and 60 ppm respectively. To confirm the moisture
content in the PLCL copolymer, Karl Fischer Titration at 150°C was used to determine
that the residual water content of PLCL was 0.02 %.

According to the results, the characterization of PLCL met the ASTM F1925-17
property requirements for a medical grade copolymer to be used in medical devices.

Therefore, it was further used for fabrication of a periodontal membrane.
3.2. Preparation of PLCL-loaded TC Drug Membranes

In this study, electrospinning and solvent casting techniques were used to produce

porous S-PLCL and non-porous F-PLCL membranes, respectively. The S-PLCL
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membranes were white and opaque with a thickness of 0.30 + 0.03 mm, while F-PLCL
membranes were transparent with a thickness of 0.20 = 0.03 mm. For S-PLCL, a porous
surface with random nanofibers was observed by SEM (figure S3 in supporting
information). Similar to a previous report, electrospinning was used to mimic the
architecture of the extracellular matrix (ECM), where the randomly aligned nanofibers
promoted cell growth, proliferation and differentiation *. In the present study, PLCL
copolymer solutions at a concentration of 16% (w/v) were used to produced S-PLCL
membranes which were bead-free, well-defined nanofibrous membranes.

In this study, we evaluated the effect of TC drug loading on the diameter of the
electrospun fibers within the S-PLCL membranes. The TC drug loading appears to have
a very small effect on the electrospun fiber morphology (Figure 1a). Loading the S-PLCL
membranes with 250, 500, 750, 1,500 and 2,500 pg/ml resulted in mean fiber diameter
values of 619.0 + 10.4, 604.3 + 28.4, 603.4 + 14.1, 569.6 + 13.1, and 562.2 + 31.6 nm,
respectively, while the S-PLCL membrane without TC drug was 624.3 + 28.4 nm (Figure
1b). At lower drug loadings (250, 500 and 750 ppm), the concentration of TC did not
significantly affect the diameter of the fibers as the differences were within experimental
error (0.9, 3.2 and 3.3 %, respectively), when compared to the S-PLCL membrane without
TC loading, while higher TC loadings of 1,500 and 2,500 pg/ml decreased the mean
diameter by 8.8 and 9.9 %, respectively. This relatively small effect illustrates that the
fiber morphology is predominantly determined by the electrospinning parameters for the
polymer (i.e. concentration, solvent, voltage, ejection speed, needle-to-collector distance,
type of collector and humidity), which allows one to incorporate substantial quantities of

drug whilst having full control over the fibrous structure.
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Figure 1. (a) SEM images of electrospun nanofibrous meshes of S-PLCL and S-PLCL
with various TC drug loadings (Magnification x4000, thick black bar equal 5 pm) and
(b) changes in the average fiber diameter of S-PLCL membranes loaded with TC drug

(ng/ml).

3.3 Membrane Characterization
3.3.1 Water Contact Angle

The influence of cellular adhesion and proliferation depends upon the
hydrophilicity of biomaterials as well as the surface morphology of their devices 3> .
The release of drug from biodegradable polymers is known to be governed by the relative
rates of erosion and diffusion mechanisms. Most biodegradable polymers used for drug
delivery are degraded by hydrolysis. As the functional of hydroxyl groups break the ester
bonds in the polymer chain, the physical integrity of the polymer degrades and allows the
drug to be released **. The TC loaded S-PLCL and F-PLCL membranes showed
interesting wettability characteristics due to the TC drug being hydrophilic while the
PLCL is predominantly hydrophobic. As the TC loading for both the S-PLCL and F-
PLCL increased, the water contact angle decreased indicating that the presence of the
drug increased the hydrophilicity of the membrane as expected (Figure 2). S-PLCL
electrospun membranes with 1,500 and 2,500 pg/ml TC loading exhibited water contact
angles of 90.020.0° and 70.9+0.1°, respectively, while the PLCL electrospun membranes

were more hydrophobic with a mean water contact angle of 114.5+0.3°. Meanwhile, F-
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PLCL with 1,500 and 2,500 pg/ml TC loading showed water contact angles of 70.8+0.1°
and 65.6+0.2°, respectively.

In comparison with F-PLCL, TC-loaded S-PLCL electrospun membranes were
significantly more hydrophobic, except for the highest TC loading (2,500 pg/ml), where
the water contact angles were more comparable. Pristine F-PLCL displayed a water
contact angle of 86.2+0.3°, which was lower than non-loaded S-PLCL by 25%, and this
trend continued when loaded with 250-1500 pg/ml of the TC drug. These results can be
explained by entrapped air in the surface pores within the nanofibrous structure of TC-
loaded S-PLCL, resulting from the electrospinning process, which can even be used to
generate superhydrophobicity 3% 4% 47 1t is also important to note that these values may
have also been influenced by the presence of pores under the water droplets in the various
fibrous morphologies, as reported elsewhere *>*%. This superhydrophobicity property can
be beneficial in preventing bacterial adhesion, but is not always sustainable. It can be
diminished, or even lost, when the surface is physically damaged *’. Therefore, it is clear
that loading TC in PLCL can influence the morphology and hydrophobicity of the
membranes and that this is likely to have consequences for the drug release profile, cell

attachment and proliferation.
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Figure 2. Effect of TC drug loading on the water contact angle of PLCL electrospun
fabric (S-PLCL) and film (F-PLCL) membranes.
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3.3.2 Water Vapor Permeability (WVP)

WYVP is a measure of the amount of moisture that passes through a unit area of
material per unit time. The barrier properties of the membranes are relevant to their
applications by understanding the relationship between composition, structure,
processing, and properties. The barrier performance of the S-PLCL and F-PLCL
membranes with various TC drug loadings in terms of WVP is compared in Figure 3. In
this study, WVP measurements were performed on the porous (S-PLCL) and non-porous
(F-PLCL) membranes at various TC loadings. It was found that TC loading in the S-
PLCL electrospun membranes tended to significantly decrease the WVP within a range
of 31.35-56.02% when compared with the neat PLCL electrospun membranes
(48.41£10.21 x10° g mm/m? s kPa) (Figure 3(a)). However, increasing the TC loading
in the F-PLCL non-porous membranes did not significantly affect the WVP (Figure
3(b)). As expected, the WVP of S-PLCL (with and without the TC drug) were all higher
than those of the F-PLCL membranes. Due to the differences in dispersion of the drug in
S-PLCL and F-PLCL, the F-PLCL layer acted as a poor diffusion barrier resulting in the
drug being trapped on the surface of the polymer rather than inside, thereby giving rise
to a hydrophilic surface. In contrast, the S-PLCL membrane dispersed the drug around
each layer of the S-PLCL membrane, which then facilitated good dispersion in the
porous membranes *°. Moreover, incorporation of TC into the S-PLCL membranes
reduced the WVP as the TC drug concentration increased from 250 to 2,500 xg/ml. This
reduction in WVP could be attributed to the effect of the drug on the fiber within the
internal structure of the membrane more than the effect on the diameter of the fibers.
However, previous studies also reported that a reduction in the number of fibers and pores
can reduce the water vapor diffusion through the membrane resulting in a decrease in

water permeability 4°-52,
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Figure 3. Water vapor permeability (WVP) of (a) S-PLCL and (b) F-PLCL membranes
at TC loadings of 0, 250, 500, 750, 1,500 and 2,500 ug/ml

3.3.3. In vitro Drug Release behaviour

The profiles of the TC release rates for the S-PLCL and F-PLCL samples
containing varying amounts of the TC drug (250, 500, 750, 1,500 and 2,500 ug/ml) were
obtained in the presence of PBS at a pH of 7.4 for just over 1000 hours as shown in Figure
4. All of the samples exhibited a two-stage (bimodal) drug-release profile that was similar
previous studies *!. S-PLCL and F-PLCL with 2,500 ug/ml TC loading exhibited the
highest drug release rate, this correlated with the highest concentration value. The two
membranes exhibited a burst release phase of 84.9 and 94.8 ug/ml, respectively, for TC
released by 72 hours. The sustained release phase continued and terminated at 1,008
hours, by this time the remaining loaded drug was ultimately released. The release profiles
of the S-PLCL membrane containing various amounts of the TC drug (250, 500, 750,
1,500 and 2,500 ug/ml) significantly affected the drug release rate as is shown in Figure
4(a). A greater amount of the drug content resulted in a faster drug release rate over the
course of a 72 to 168 hour period. The drug release profile of a polymer matrix (as in S-
PLCL and F-PLCL membrane) can be explained by the Fickian diffusion mechanism,
which considers the drug penetration as the most important factor in drug release. Other
mechanisms can be applied for the rate of drug release such as the release from the surface
of the nanofibrous scaffold or the degradation of the polymer matrix >3, It is believed

that with increasing concentrations of TC, the dissolved drug in the polymer solution
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exhibited a greater tendency to migrate to the surface or near the surface of nanofibers
during the electrospinning process. Therefore, the exposure and diffusion of the TC from
S-PLCL to the buffer solution tended to increase at 168 hours leading to a faster drug
release rate. Moreover, the sustained drug release was lasted for a duration of 4 weeks. In
general, the total percentage release from the cast films was lower than that of the
electrospun membrane, as would be expected due to the much lower surface area of the
former. Interestingly, when compared with F-PLCL, S-PLCL exhibited slower initial
burst release values of between 60 to144 hours. The cumulative TC release content of F-
PLCL at 24 hours was 94.8+2.7 ug/ml from the initial loading with 2,500 ug/ml, while
S-PLCL was 73.7+1.8 pg/ml. For F-PLCL the initial burst release of TC is attributed to
the diffusion of the drug located near the surface, in addition F-PLCL membranes are
more hydrophilic and associated with higher WVP values than S-PLCL. This slow-
release rate of S-PLCL could be attributed to its partial crystallinity that resulted from its
fabrication process, which limited the diffusion of the aqueous environment into the

polymer layers and consequently limited the diffusion of the drug from the nanofibers.
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Figure 4. Time and TC drug release of (a) S-PLCL and (b) F-PLCL membranes at various
degrees of TC loading

3.3.4 In Vitro Hydrolytic Degradation
The % weight retentions of S-PLCL and F-PLCL membranes at the end of a

period of 6 weeks are shown in Figures 5 (a) and (b), respectively. It can be implied that
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at the early stages of degradation, the S-PLCL membrane exhibited a surface erosion
pattern due to the fact that it was fabricated from non-woven fibers with high surface area.
Thus, the water molecules could penetrate more easily and degradation would then occur
more easily. After this, the S-PLCL membrane surfaces were more hydrophilic, which
resulted in faster water diffusion into the fiber matrix. The % weight retention values
reached about 90-95 % after 6 weeks and 50% after 24 weeks of degradation. The F-
PLCL membranes exhibited faster surface erosion patterns compared to S-PLCL
membranes. This is because the diffusion of the drug to near the film surface made the F-
PLCL membranes more hydrophilic. The % weight retention values of the F-PLCL
membranes was about 80-90% after 6 weeks but decreased to 30% after 24 weeks of
degradation.

The large degree of weight loss that occurred in the amorphous membrane region
can be attributed to many random chain cleavages or pH changes. For S-PLCL, according
to the semi-crystalline morphology, the amorphous phase was degraded first and then the
crystalline phase was later degraded **. Hence, the % weight retention slowly decreased
which corresponded to a decrease in the pH value along with the time interval. The
crystalline morphology in the semi-crystalline sample defined the pathways for chain
cleavage, which induced a much slower process for weight loss. Thus, it has been
proposed that the weight loss in the semi-crystalline sample primarily occurred in the
amorphous gap regions between the crystal lamellar stacks >*.

The pH function of degradation time during in vitro hydrolytic degradation in PBS
at 37.0+0.1°C of the S-PLCL and F-PLCL membranes, are shown in Figures 5 (c) and
(d), respectively. The pH decrease over time corresponds to mass loss that occurs due to
the presence of acid-degraded products. While the hydrolytic degradation continues to
take place, some amorphous regions in the S-PLCL undergo crystallisation and cause a
decrease in the rate of that degradation. Due to the hydration taking place in the
amorphous regions, at the end of week 24, the pH values of S-PLCL and F-PLCL
exhibited dramatic decrease reaching 3.86 and 3.66 at a TC concentration of 500 ug/ml,
while other concentrations of TC decreased by about 40-50%. In accordance with the pH
changes that occur during the first 6 weeks of degradation of the both of S-PLCL and F-
PLCL membrane, the main factor that had a significant effect on the pH change was the
fast mass loss that produced acidic side products from the degradation of esters in the
polymer chain. It can be speculated that the reversal in the pattern for pH change for drug

loadings of different concentration, as observed in the S-PLCL, is due to the presence of
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hydroxyl groups in the molecular structure of TC which also affects the pH of PBS.
Notably, the TC drug released from the S-PLCL membrane could maintain high drug
concentrations over longer periods of time. The pH values of the PBS solution were
dependent upon the degradation products obtained from the PLCL membrane. The S-
PLCL membrane possessed a 3D fibrous network that allowed water molecules to
penetrate through the membrane and accelerate degradation more efficiently than the F-
PLCL membrane. Some TC drug molecules could be dissolved and emerge from the fiber

into the PBS solution, which would then result in a decrease in pH values.
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Figure 5. Weight retention values for the (a) S-PLCL and (b) F-PLCL membranes and
pH decreases for (¢) S-PLCL and (d) F-PLCL membranes in accordance with various TC

drug loading concentration in xg/ml during in vitro hydrolytic degradation

3.5. Biocompatibility Evaluation
3.5.1 Metabolic Activity of HOF and HOK Cells

For the intended medical application of the modified scaffold, it is essential to
ensure that they are safe and non-toxic. Therefore, cytotoxicity tests were performed
using human oral fibroblasts cells (HOF) and human oral keratinocyte (HOK) cells,
which are key structural cells within the oral cavity. These are among the first cell types
that would encounter the dental scaffold and are important in regulating the immune
response and play an important role in oral wound healing >°. Thus, cell attachment and

proliferation were assessed by performing the alamarBlue assay in order to evaluate the
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potential toxicity of S-PLCL and F-PLCL, either with or without TC drug loading (Figure
6). According to ISO 10993-5, 2009, for a medical device to be considered non-cytotoxic,
it must show a cell viability equal to or >70% of the negative control (mock extract, i.e.,
medium subjected to the same treatment as test extracts). With regard to the results shown
in figure 6, it can be inferred that S- PLCL and F-PLCL with loaded TC values were non-
cytotoxic to HOF cells, but were intrinsically cytotoxic for HOK cells. By increasing the
concentration of the TC-loading in the membranes, cell viability was reduced with both
the HOF and HOK cells. Previous reports have shown that proliferation of the integrin
subunits in human fibroblasts were different from those of normal human keratinocytes
5¢-8 However, it is unclear as to why the attachment and proliferation of HOF cells
adhered to the S-PLCL and F-PLCL was superior to those of HOK cells. It is generally
accepted that diverse cellular responses to synthetic surfaces can arise from differences
in the adsorption of extracellular matrix (ECM) proteins to the surface. Different classes
of cell adhesion receptors are known to mediate interactions between the cells and
neighboring cells and the surrounding ECM. Among these receptors, integrins primarily
mediate interactions between cells and ECM components, and transmit biochemical
signals across the plasma membrane. It is well known that the integrins expressed on cell
surfaces differ among cells or cell types, and that three major integrins, o fi, asfi, and
as B, are expressed in the normal basal keratinocyte layer %37,

Consistent with the difference in surface morphology, the electrospun membrane
(S-PLCL) exhibited significantly higher viability of the attached cells than the film
membrane (F-PLCL). This result can be explained by the difference surface topologies
of the S-PLCL and F-PLCL membranes. The roughness of the S-PLCL membranes
differed considerably, whereas the F-PLCL membrane exhibits a much smoother
topographical profile. A smoother profile suggests that fewer sites for surface-cell
interactions are available and consequently F-PLCL membrane results in a lower degree
of cellular adhesion than the S-PLCL membrane. It can thus be concluded that the S-
PLCL membrane with TC drug loading could be considered to be adequately
biocompatible for dental scaffold purposes. Significantly, it was found to contain the best
surface properties to enhance initial cell attachment in this study, given that an increased

surface area enhances cellular adhesion.
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Figure 6. Indirect cell metabolic activity of (£ ) HOF and ( i) HOK cells cultivated on
S-PLCL and F-PLCL membranes at various TC-loading values for 24 hours measured by

alamarBlue assay, with cells in asynchronous growth assigned at 100%.

3.5.2 Lactate Dehydrogenase (LDH) Assay

Membrane leakage of LDH into the medium provides an indication of cellular
cytotoxicity . In this study, the concentrations of LDH released from all healthy HOF
and HOK cells relative to the lysed cells (which is assigned to 100%) were greater than
their attachment on S-PLCL and F-PLCL with various TC concentration membranes at
24 hours (Figure 7) would suggest. It appeared that the LDH activity of HOF cells was
greater for S-PLCL for concentrations of TC loading up to 750 ug/ml. For higher TC-
loaded concentrations, the LDH activity of F-PLCL was greater than that of S-PLCL,
while LDH activity of HOK in TC-loaded S-PLCL was generally lower than TC-loaded
F-PLCL. All attached cells demonstrated no significant differences when compared with
healthy cells (P > 0.05). These results suggest that membranes of S-PLCL and F-PLCL
with various TC-loadings were not cytotoxic to HOF and HOK cells. This outcome was

consistent with the FDA status of the PLCL polymer combined with suitable
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concentrations of TC drug release, which effectively promoted cell adhesion and

proliferation.
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Figure 7. Membrane integrity (LDH assay) of ( £}) HOF and (# ) HOK cells cultivated
on S-PLCL and F-PLCL membranes with various TC-loading values for 24 hours with
lysed cells assigned at 100%

3.6. Colony Forming Unit in Plaque Inhibition

In this study, the minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) of TC were determined using the broth dilution method
61, The MIC and MBC values recorded for TC loadings that inhibited the visible growth
of plaque from the patients tested were found to be 30 and 375 ug/mL, respectively. In
this study, the plaque samples from three patients were studied without bacterial isolation
and identification. The bacteria associated with periodontal diseases are, however,
predominantly  gram-negative  anaerobic  bacteria and may include A.
actinomycetemcomitans, P. gingivalis, P. intermedia, B. forsythus, C. rectus, E. nodatum,
P. micros, S. intermedius and Treponema sp *.

The S-PLCL and F-PLCL membranes loaded with different concentrations of TC

were investigated for antibacterial activity against the three different oral plaque samples.
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After 24 hours of incubation under anaerobic conditions, the results indicated that TC in
both membranes had an effect on all plaque samples, especially at concentrations of 1,500
and 2,500 ug/ml. No colony forming units were observed in any of the plaque samples at
higher concentrations, as shown in Table 2, while the normal plaque suspension values
observed in the control groups were 9.95, 9.76, and 10.18 CFU/ml in plaques no 1, 2 and
3, respectively. Previous research studies report that TC has a broad antibiotic spectrum
that includes gram-negative and gram-positive microorganisms '82°. Hence, the amount
of TC released from all membranes can inhibit both negative and positive grams of un-
identified microorganisms in the plaque samples. TC loaded in the F-PLCL membrane
was somewhat more effective at inhibiting infection in the three plaque samples compared
to the S-PLCL membrane. A minimum TC-loading of 750 pg/ ml in F-PLCL was required
to inhibit plaque colony forming. The S-PLCL membranes contained 1,500 ug/ml, a
greater amount than this. The cytotoxic results indicate that the S-PLCL loaded TC was
less toxic compared to F-PLCL, as has been described in the previous section. Thus, when
compared with the F-PLCL membrane, the S-PLCL material controlled and released the
TC drug to a suitable degree and was determined to be non-toxic. It displayed no bacterial

inhibition, while the best initial TC loading value for S-PLCL was 1,500 ug/ml.

Table 2 Plaque inhibition values as colony forming units on S-PLCL and F-PLCL

membranes with various TC drugs

Log colonies (CFU/mI)

Plague 1 Plaque 2 Plaque 3
(S S-PLCL F-PLCL S-PLCL F-PLCL S-PLCL F-PLCL
0 9.75+0.2 9.89+0.3 9.46%+0.2 9.98+0.6 9.91+0.3 8.52+0.3
250 9.90+0.1 9.20+0.2 9.26+0.5 0.00+0.0 9.90+0.8 7.49+0.2
500 7.10+0.6 3.30+0.4 8.24+0.4 0.00+0.0 7.93+0.2 0.00+0.0
750 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0 7.09+0. 0.00+0.0
1500 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0
2500 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0 0.00+0.0

Control 9.95+0.1 9.76+0.2 10.18+0.3

(CFU/ml) Colony forming unit: CFU is a measurement of viable bacterial or fungal
cells in a given sample. For the purposes of convenience, the results are presented as

CFU/ml (colony-forming units per millilitre).
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4. CONCLUSIONS

The results of this study of a one-step modified periodontal membrane have been
promising in terms of its safety and potential to provide benefits to patients. The variation
of TC loading in the resorbable PLCL membranes has resulted in significant effects on
the hydrophilicity in term of water contact angle and the water vapor transmission rate
but did not effect on the fiber diameters. The loading of TC in S-PLCL membranes
significantly lowered cell cytotoxicity and more efficiently promoted cell growth
compared to F-PLCL membranes. The fabricated prototypes effectively facilitated the
controlled release of TC over a suitable amount of time, while both treatments were
determined to be anti-biotic. The fabricated S-PLCL loaded with 1,500 ppm of TC
released 30 ppm of the drug. Additionally, it effectively promoted human oral fibroblast
(HOF) and human oral keratinocyte (HOK) cell proliferation to an even greater degree.
These results correspond to the % viability of the cells and their % membrane integrity.
The TC drug-loaded S-PLCL membranes, especially at 1,500 ug/ml, displayed effective
antibacterial activity against all of the oral plaque samples. Therefore, the developed TC-
loaded S-PLCL membranes displayed effective potential in applications for periodontal

treatment.

Supporting Information:

Chemical structures of (a) poly(L-lactide-co-&-caprolactone), PLCL and (b)
tetracycline, TC (Figure S1); chromatogram of residual L-Lactide and &-caprolactone
monomer in the medical-grade poly(L-lactide-co-&-caprolactone) (PLCL) copolymer, as
determined by gas chromatography with a flame ionization detector (GC-FID) using
methylene chloride as solvent and 2,6-dimethyl- a -pyrone as an internal standard (Figure
S2); the results of residual L-Lactide (LL) monomer in medical-grade poly(L-lactide-co-
&-caprolactone) (PLCL) (n=3) ( Table S1); The results of residual e-caprolactone (CL)
monomer in medical-grade poly(L-lactide-co-&-caprolactone) (PLCL) (n=3) (Table S2);
Photographs of (a) solvent cast film (F-PLCL) (b) electrospun membrane (S-PLCL) and
SEM images of (c) solvent cast film (F-PLCL) and (d) electrospun membrane (S-PLCL)
(Magnification x4000) (Magnification x4000, thick black bar equal 5 um) (Figure S3)
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Table 2

Physical and chemical property measurements, compared with the ASTM
F1925-17 specification, for the medical-grade PLCL copolymer.

(a) SEM images of electrospun nanofibrous meshes of S-PLCL and S-PLCL
with various TC drug loadings (Magnification x4000, thick black bar equal 5
pum) and (b) changes in the average fiber diameter of S-PLCL membranes
loaded with TC drug (ug/ml).

Effect of TC drug loading on the water contact angle of PLCL electrospun
fabric (S-PLCL) and film (F-PLCL) membranes.

Water vapor permeability (WVP) of (a) S-PLCL and (b) F-PLCL membranes
at TC loadings of 0, 250, 500, 750, 1,500 and 2,500 pg/ml

Time and TC drug release of (a) S-PLCL and (b) F-PLCL membranes at various
degrees of TC loading

Weight retention values for the (a) S-PLCL and (b) F-PLCL membranes and pH
decreases for (¢c) S-PLCL and (d) F-PLCL membranes in accordance with
various TC drug loading concentration in ug/ml during in vitro hydrolytic
degradation

Indirect cell metabolic activity of (&) HOF and (i) HOK cells cultivated on
S-PLCL and F-PLCL membranes at various TC-loading values for 24 hours
measured by alamarBlue assay, with cells in asynchronous growth assigned at
100%.

Membrane integrity (LDH assay) of ( & ) HOF and ( i) HOK cells cultivated
on S-PLCL and F-PLCL membranes with various TC-loading values for 24
hours with lysed cells assigned at 100%

Plaque inhibition values as colony forming units on S-PLCL and F-PLCL

membranes with various TC drugs
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