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Periodontal dressing is a surgical dressing applied to oral wounds after periodontal surgery. Currently, all
commercially available setting periodontal dressings are stiff, uncomfortable, with poor aesthetics, and
need to be removed at the patient’s follow-up visit, which may cause secondary damage. A periodontal
dressing with soft texture, biodegradable properties, and that could balance both comfort and aesthetics
is urgently desired. Hence, non-setting and degradable dressings were developed using sodium carboxy-
methyl cellulose, Eudragit S 100 and povidone K30, which were compared with the commercial degrad-
able dressing Reso-pac®. The mucosal adhesion of the dressings was evaluated by lap shear tests, which
indicated adequate adhesion. The in vitro swelling rates of the dressings were approximately half that of
Reso-pac®, which led to less saliva adsorption and better dimensional stability. The dressings also exhibi-
ted satisfactory biocompatibility according to the results of CCK-8, Live/Dead staining, hemolysis, and
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subcutaneous implantation assays. Moreover, the dressing promoted the healing of full-thickness
mucosal wounds in the palatal gingivae of SD rats and contributed to better therapeutic effect than Reso-
pac®. Considering the multiple advantages and the pure pharmaceutical excipient formula, we anticipate
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1 Introduction

Periodontal disease, one of the most prevalent oral diseases in
the world, causes a significant health burden to society." It
affects the supporting structures of the teeth (the gingiva,
bone and periodontal ligaments) and potentially leads to tooth
loss and systemic inflammation.> Periodontal surgery plays a
vital role in the treatment of periodontal disease, but post-
operative complications, such as haemorrhage, infection,
inflammation, swelling, suppuration and other adverse tissue
changes, occur in about 50% of patients.**

Periodontal dressing is a protective barrier applied to the
necks of the teeth and the adjacent tissue after periodontal
surgery to alleviate or prevent postoperative complications.’
The invention of and research on periodontal dressing began
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that this dressing could be a promising product and may enter clinical practice in the near future.

in 1923. The first periodontal dressing, Wondrpak®, is a repre-
sentative zinc oxide eugenol dressing.® However, residual
unreacted eugenol in the dressing may induce allergic reac-
tions and burning sensations, and the asbestos components
potentially cause lung cancer.” Therefore, in the 1950s, non-
eugenol periodontal dressings, represented by Coe-pak®, were
invented, which is currently widely used in clinic.® The setting of
non-eugenol dressing is based on the reaction between metallic
oxide and fatty acid. These dressings are free from eugenol and
asbestos, thus exhibiting favorable biosafety. The surface smooth-
ness also improves patient comfort. However, the need for
mixing, large volume, and the lack of elasticity increase the
difficulty of its use.’ Subsequently, Barricaid®, a light-curing
dressing mainly composed of urethane dimethacrylate resin,
entered the clinic in 1987.'° Under visible light with a spectral
output containing 470 nm, it can be cured at the target site after
about 10 seconds. Its small size, great aesthetic effect, and easy
operation outperform the existing products, but the residual
monomers may still cause irritation or possible allergic response
after contacting the skin and eyes.®""

These currently available periodontal dressings are self-
setting or light-curing products and are mechanically fixed on
the wound area after setting. At the next visit, the extra dres-
sing removal procedure may cause unnecessary mechanical
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damage and pain for the patient. In 2003, a non-setting peri-
odontal dressing, Reso-pac®, was launched. It can adhere to
the surgical site instead of mechanical fixing, remain elastic in
the mouth, and dissolve within 1 to 3 days after application.
This non-setting dressing improves patient comfort by simpli-
fying the surgical procedure, avoiding secondary mechanical
damage, and relieving pain.'” Unfortunately, its high swelling
rate and poor dimensional stability greatly restrict the develop-
ment prospects of the product. In addition, the polyvinyl
acetate in the dressing has not been defined as an approved
pharmaceutical excipient in many countries.">'* Recently,
several mucoadhesive hydrogels have been developed to
promote oral wound healing, such as extracellular matrix-
mimicking hydrogels based on chitosan. Even with controlla-
ble swelling behaviors and robust mechanical properties,
these hydrogels are mostly films, only targeting buccal mucosa
wounds or edentulous wounds."”

Sodium carboxymethyl cellulose (SCMC) is an anionic
water-soluble polymer with good hydrophilicity, adhesion, and
biocompatibility. It is the first cellulose derivative approved by
the U.S. Food and Drug Administration.'® Owing to these
advantages, SCMC has been extensively used in wound dres-
sing development and acts as an important ingredient of oral
mucosal films."”'® Eudragit S 100, composed of methacrylic
acid and methyl methacrylate arranged in a random distri-
bution (the ratio of methyl methacrylate to methacrylic acid is
2:1), is an inactive pharmaceutical excipient widely used as a
functional enteric coating agent, which can be dissolved in the
ileum and colon. It is highly stable and can be easily combined
with other polymers to develop biomedical materials."
Povidone (PVP), a common inactive pharmaceutical excipient
used in many formulations, is a water-soluble and hydrophilic
synthetic polymer.?° Due to its non-irritant, nontoxic, and bio-
compatible characteristics as an excipient, it has also been
widely utilized in the development of oral tablets, dressings,
and solutions.>* > For example, polyvinyl alcohol, povidone
and poloxamer 407 were used in a mucoadhesive film prepa-
ration for buccal drug administration.>* As povidone cannot
be absorbed by the mucosa and gastrointestinal tract, it is
basically safe to be consumed orally.>® Therefore, we speculate
that a non-setting and mucoadhesive periodontal dressing
consisting of the above pharmaceutical excipients may be a
promising material for oral wound protection. Among the exci-
pients, Eudragit S 100 could bind and wrap SCMC powder to
form a uniform lump of material. After the contact of SCMC
with saliva and further dissolution, it may further endow the
material ~ with  favorable = mucoadhesive  properties.
Furthermore, the addition of PVP K30 could increase the solu-
bility of the system and ultimately prevent secondary removal
of the dressing through self-degradation.

In this study, an adhesive, biocompatible, dissolvable, and
degradable periodontal dressing was developed using SCMC,
PVP K30, and Eudragit S 100 (SPE) (Fig. 1A). SPE with additives
such as stearic acid was defined as SPE/S. The samples
obtained using different ingredient proportions were charac-
terized in detail by rheology testing. Features such as adhesion

7068 | Biomater. Sci,, 2023, 11, 7067-7076

View Article Online

Biomaterials Science

A Non-setting periodontal dressing

S0 Gradually degrade £50
,r‘«\ .M
{ ¥ (B

N

FDA
approved

SCMC

Polymer
mixture

Eudragit
$100

s¥ **
High bio-safety Degradable

PVP K30

¥ : External stimulation

Fig. 1 (A) Illustration of the non-setting SPE periodontal dressing. (B)
Schematic diagram of the operation procedure for the application of
SPE periodontal dressing.

strength, swelling ratio, and degradation ratio were further
evaluated. The ex vivo and in vivo mucosa residence times on
gingiva were tested to determine the adhesion of the developed
dressing. Biocompatibility of the dressing was assessed ex vivo
and in vivo. Finally, to evaluate the healing effect of this peri-
odontal dressing on the oral mucosal wound, a rat palatal
defect model was adopted, and histological analysis was
further performed. This study presents a periodontal dressing
with non-setting property and favorable wound adaptability. It
is worth noting that this dressing also exhibits user-friendli-
ness due to the no-mixing and easy handling features.
Considering that the ingredients are all FDA-approved pharma-
ceutical excipients, we anticipate that this periodontal dressing
would be a promising product to enter clinical practice in the
near future.

2 Experimental
2.1 Materials

Ethanol was purchased from Guangdong Guanghua Sci-Tech
Co., Ltd (China). Glycerol was provided by Shanghai Aladdin
Biochemical Co., Ltd (China). Carboxymethyl cellulose
(800-1200 mPa s) was obtained from Shanghai Titan Scientific
Co., Ltd (China). Stearic acid was bought from Shanghai Shiyi
Chemical Reagent Co., Ltd (China). Povidone K30, poly
(methacrylic acid, methyl methacrylate) (methacrylic acid/
methyl methacrylate = 1 : 2), xylitol and menthol were received
from Xi’an Tianzheng Medicinal Materials Co., Ltd (China).
HyClone Dulbecco’s modified Eagle’s medium (DMEM) with
high glucose (without phenol red) was supplied by Global Life
Sciences Technologies (Shanghai) Co., Ltd (China). Trypsin-
EDTA (0.05%) and fetal bovine serum were purchased from
Thermo Fisher Scientific Co., Ltd (China). Cell-counting kit-8
(CCK-8) and calcein/PI cell viability assay kit were purchased
from Beyotime Institute of Biotechnology (China). Pepsin
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antigen retrieval solution, phosphate-buffered saline, bovine
serum albumin, and spontaneous fluorescence quenching
reagent were obtained from Wuhan Servicebio Technology Co.,
Ltd (China).

2.2 Animals

Male Sprague Dawley (SD) rats aged 8 weeks (250 + 10 g) and
Kunming mice aged 4 weeks (20 + 2 g) were purchased from
the Animal Center of Xi’an Jiaotong University and acclimat-
ized for at least one week. The animals had free access to a lab-
oratory diet and water. All animal procedures were performed
in accordance with the Guidelines for Care and Use of
Laboratory Animals of Xi’an Jiaotong University and approved
by the Animal Ethics Committee of Health Science Center in
Xi’an Jiaotong University (2022-0018).

2.3 Periodontal dressing preparation

Based on the initial results, SPE/S-2 was selected to be applied
as periodontal dressing (ethanol: 2.00 g, glycerin: 2.00 g,
SCMC: 4.00 g, PVP K30: 1.50 g, Eudragit S 100: 0.50 g, stearic
acid: 0.20 g, xylitol: 0.15 g, menthol: 0.01 g). For the SPE
groups, ethyl alcohol (2.00 g) and glycerin (2.00 g) were mixed
as solvents followed by the addition of different amounts of
PVP K30 (0.50, 1.50 and 2.50 g). After complete dissolution,
different masses of Eudragit S 100 were further added (0.50,
1.00 and 1.50 g) at 40 °C and fully swelled in solution. During
the heating process, the mixture was kept sealed to prevent
ethanol evaporation. Subsequently, different ratios of SCMC
powder (3.00, 4.00 and 5.00 g) were supplemented under stir-
ring. Finally, the optimized SPE groups were determined by
the evaluation of the macro properties of the blends. For SPE/S
groups, stearic acid (0.20 g) was dissolved in the solvent before
adding Eudragit S 100. Xylitol (0.15 g) and menthol (0.01 g)
powders were added along with SCMC powder.

2.4 Rheological studies

The viscoelastic behavior of the dressings was evaluated
through rheological measurement using a Discovery HR-2
Rheometer (TA Instruments). A parallel-plate geometry
(25 mm) and 1.0 mm gap were selected, and the test was
performed by using an oscillation frequency sweep between
0.1 and 100 rad per s at a constant strain (1%), which was
chosen within the linear viscoelastic regime. Meanwhile, an
integrated temperature controller was used to maintain the
temperature at 25 °C and 37 °C, respectively. The storage
modulus (G'), loss modulus (G”), and tané (G"/G) were
recorded, respectively (n = 3).

2.5 Mucoadhesion strength test

The adhesion performance was quantified by lap-shear
adhesion tests.>®*” According to previous work, the gingivae
were excised from fresh porcine jaw from a local market and
prepared into long strips with a width of 10 mm at the end.
Dressings were adhered between the overlap of two gingival
ends with an adhesion area of 1 cm x 1 ¢m, and this area was
lightly pressed for 2 min under moist condition. After 15 min
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at 25 °C, the samples were tested with the CMT-1503 electro-
mechanical tester (SUST Inc., China). All tests were conducted
with a constant tensile speed of 10 mm min~". Shear strength
was determined by dividing the maximum force by the
adhesion area (n = 5).

2.6 Invitro residence time

The rotating-disc method based on previous reports was
adopted to investigate the in vitro mucosa residence time.”®
Briefly, the gingivae were cut to 1.5 cm X 1.0 cm sections and
fixed onto a polyethylene terephthalate (PET) mold with
cyanoacrylate adhesive and thread. Then, the dressings (0.1 )
were pressed on the gingival tissue for 2 min under moist con-
dition. The PET mold was then immersed in PBS (pH = 6.8) in
a beaker under magnetic stirring with the rotating speed of
100 rpm. At specific time intervals, the number of dressings
still attached to the gingival tissue was recorded (n = 5).

2.7 Swelling and degradation time test

The swelling ratio was assessed to determine the dimensional
stability, which affects the adhesion of the dressing to the
wound surface and the comfort of patients.>® The swelling test
was based on previous reports.’>*" Dressings were immersed
in PBS (pH = 6.8) at 37 °C with continuous shaking at 100
rpm. At the predetermined time point, the wet weights (W,) of
the swollen dressings were measured (n = 3). The swelling ratio
was calculated using the following equation:

Swelling ratio(%) = (W, — Wy)/W, x 100%,

where W, and W, represent the initial weight and the weight
after swelling, respectively.

For the degradation test, after the dressings were fully
swelled, the weight remaining ratio of the dressings was exam-
ined by the same processes and defined by the following
equation:

Degradation(%) = (Wo — W¢)/Wo X 100%,

where W, and W, represent the initial and remaining weight,
respectively.

2.8 Hemolysis assay and pH value evaluation

Extracts of the present dressings and Reso-pac® were prepared
at a ratio of 0.1 g mL™" based on GBT 1688.12. Red blood cells
(RBCs) of rats were washed and diluted to 5% (vol/vol) erythro-
cyte/PBS suspension and incubated with the extracts of SPE,
SPE/S and Reso-pac® at 37 °C for 3 h (n = 3); PBS buffer and
Triton X-100 treatments served as negative and positive con-
trols, respectively. After centrifugation for 10 min, the optical
absorbance of supernatants was detected at 540 nm,*” and the
percentage of hemolysis was calculated by the formula:

Hemolysis ratio(%) = [(ODsample — ODnpegative)/
(ODpositive - ODnegative)] X 100%

Biomater. Sci, 2023, 11, 7067-7076 | 7069
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2.9 Cell viability and cell proliferation evaluation

Human gingival epithelial cells (hGECs) were purchased from
Otwo Biotech (Guangzhou) Inc (HTX2651). Cells were cultured
to the 4™-6™ generation and then seeded in 96-well plates
(3 x 10® cells per well) and incubated for 24 h. Extracts were
obtained by immersing the swelled dressings into DMEM/
high-glucose without phenol red (HyClone, USA) at the concen-
tration of 100 mg mL™", leaving them at 37 °C for 1 day.
Subsequently, the culture medium was replaced with the
extracts with 10% (v/v) fetal bovine serum. After incubation for
1 day, cell viability was assessed using a CCK-8 assay kit
(Beyotime®, China) (n = 3).*

The hGECs were seeded in 96-well plates with a density of
0.5 x 10 cells per well. The cells were incubated with the
extracts of SPE, SPE/S and Reso-pac® for 1 and 3 days, respect-
ively. CCK-8 assay was performed at the predetermined time-
point according to the manufacturer’s instructions.
Furthermore, after being seeded in glass bottom dishes
(0.5 x 10® cells per dish) and incubating with extracts for 1 and
3 days, cells were processed with the Live/Dead cytotoxicity
tool kit (Beyotime®, China) according to the manufacturer’s
instructions (n = 3). Green (492 nm) and red (545 nm) fluo-
rescence were observed under a fluorescent microscope
(OLYMPUS®, Japan).

2.10 Invivo biological adhesive capacity evaluation

To evaluate the in vivo mucoadhesion of the periodontal dres-
sings, the dressings were applied on the gingivae of SD rats,
and the residence time was recorded. Briefly, 0.05 g SPE-2,
SPE/S-2 and Reso-pac® were applied on the labial gingivae of
the lower teeth of rats (n = 3). A blend of SCMC powder and
saline was adopted as the control. After the predetermined
time interval, the rats were anesthetized, and the samples
remaining on the palate were monitored.**

2.11 Wound healing studies

The wound healing effect was evaluated using a full-thickness
mucosal defect model on the palate of SD rats. The rat was
generally anesthetized, and a 3 mm-diameter circular defect
was punched on the middle of the palate by a disposable
punch biopsy tool (Kai Medical, Kai Industries Co., Ltd, Seki
City, Japan), which sharply separated the mucosal tissue.
SPE-2 and SPE/S-2 were sterilized by ultraviolet light for
15 minutes and applied to the defect after hemostasis, and the
samples were changed every 3 days (n = 10). The rats with
wounds and no treatment were set as the blank control group.
The healing of the mucosal wound was continuously docu-
mented by digital photographs for 3, 6, 9, and 12 days after
surgery, and the wound area was measured using Image J soft-
ware. The degree of wound closure was calculated using the
following equation:

Degree of wound closure(%) = (Ax — Ao)/A¢ X 100%,

where A, is the wound area after x days and 4, is the wound
area right after the circular defect was established.
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Palate tissues around the defects were collected at 3, 6, and
12 days after surgery for hematoxylin and erosion (H&E) stain-
ing. Immunofluorescence staining of CK5 and CK13 was used
to evaluate the regeneration of the epithelium at 6 and 12 days
after surgery. Anti-CD11b was adopted to evaluate the recruit-
ment of inflammatory cells after 3 days.”®*> The sections were
scanned using Pannoramic DESK, P-MIDI, P250 (3DHISTECH
Ltd, Hungary). Quantitative analysis was done with the Image]
software, and the mean fluorescence, normalized to the area
of staining, was calculated. At least three different areas were
measured in each specimen.

2.12 In vivo biosafety and degradation

The in vivo biosafety and degradation properties of the dres-
sings were evaluated using the subcutaneous implantation
mouse model. First, 0.02 g sterile dressings were implanted
under the backs of Kunming mice. Reso-pac® and saline were
used as control groups. At determined time points, the skin
tissues contacting with the sample (1 and 7 days) and major
organs (the heart, liver, spleen, lung, and kidney) (14 days)
were harvested for histological analysis (n = 3).

2.13 Statistical analysis

All data are expressed as mean + SD. Data from experiments
were analyzed using Origin 2022 (OriginLab, Hampton, MA,
USA). The statistical differences were calculated using one-way
ANOVA followed by Tukey’s test with SPSS version 22.0 (IBM
Corp, Chicago, IL, USA). For all tests, * indicates P value <
0.05, **P value < 0.01, and ***P value < 0.001.

3 Results and discussion

3.1 Fabrication of periodontal dressings

As shown in Fig. S1A,T SPE was fabricated by mixing SCMC,
Eudragit S 100 and PVP K30 in ethanol and glycerin, and SPE/
S was composed of SPE and additives, in which the mass of
the solvent was fixed. Additives include stearic acid, xylitol and
menthol, where stearic acid was added for lubrication, emulsi-
fication and adjustment of viscosity to develop homogeneous
dressing and enhance aesthetics; xylitol and menthol were
used to improve the odor and taste of the dressing. The type
and ratios of the solute mixtures were modified according to
macro observation (Fig. S1Bt). It was found that the cohesion
of the material gradually weakened and the material was easily
broken when the composition ratio of SCMC and Eudragit S
100 was fixed with the increase of PVP. This may be attributed
to the fact that PVP reduced the cohesion in Eudragit S 100.
When the proportion of Eudragit S 100 was increased and the
proportion of the other two components was fixed, adhesion
of the material in aqueous solution (pH < 7) decreased. We
speculate that Eudragit S 100 formed water-insoluble clumps
and prevented the dissolution and adhesion of the inner
SCMC. When the SCMC ratio was increased over 4.0 g, the
material became hard and lacked elasticity. Four mixtures
were chosen to be experimental groups (SPE/S-1, SPE/S-2,
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SPE-1, and SPE-2) (Table S1}). The macro appearance of the
SPE dressing and the schematic diagram of the operation pro-
cedure are exhibited in Fig. 1B.

Periodontal dressings are widely used for postoperative
wounds in periodontal surgery, as they could (1) provide
mechanical protection for the surgical wound and therefore
facilitate healing; (2) improve patient comfort by isolating the
area from external irritations or injuries; (3) prevent post-oper-
ative bleeding by maintaining the initial clot in place; (4)
support mobile teeth during healing; and (5) provide help in
sharping or molding the newly formed tissue.”® However, the
usage of periodontal dressing has been questioned by some
researchers owing to their disadvantages, including accumulat-
ing plaque, irritating healthy tissue, and having no effect on
healing, clinical parameters, and pain score. Besides, current
periodontal dressings could also potentially retain food and
increase inflammation.>¢*”

Compared with conventional setting dressings, the present
non-setting degradable dressings have multiple advantages.
They are flexible and soft due to their non-setting properties,
which could reduce patient discomfort and foreign body sen-
sation.*® Furthermore, they can adhere to the wound surface
tightly because of the soft texture (Movie S1t). The adhesion
could thus reduce salivary leakage and plaque accumulation,
which often occur on setting dressings and may lead to
delayed healing.>**?*” Although the setting dressings may dis-
place the flap, entrap the sutures beneath the dressing and
force the dressing material under the flap during placement,
these problems can be avoided in degradable dressings.” It
should also be noted that the setting dressings should be
removed within 1 week after surgery to prevent alterations in
the healing pattern and bacterial growth.*® The removal of
dressings requires regular follow-up visits and may cause pain
and mechanical damage to the wound, while this process
could be exempt by using degradable dressings. Hence, in the
present work, a non-setting and degradable periodontal dres-
sing was adopted and evaluated.

3.2 Rheology evaluation of the periodontal dressings

To assess the influence of temperature and additives on the
rheological properties of the dressings, an oscillation fre-
quency procedure was performed to monitor the viscoelasticity
of SPE and SPE/S. As shown in Fig. S2,f for all dressings, the
storage modulus (G') and loss modulus (G”) demonstrated a
continuous increase with increased frequency (0.1-100 rad
s~'). In SPE, the dressings showed a liquid-like behavior (G" >
G, tan(§) > 1). SPE/S presented a shift from a solid-like to
liquid-like behavior with the G" surpassing G’ as frequency
increased; the crossover points between G’ and G” (tan(§) = 1)
were observed under the evaluated rheological conditions.*®
Given that the addition of additives changed the viscoelasticity of
the dressings, it is suggested that stearic acid may change the
interaction of Eudragit S 100 or the interface friction between
Eudragit S 100 and PVP K30. Subsequently, the G’ and G” for fre-
quency sweep at 25 °C and 37 °C were further determined. At
different temperatures, similar trends were observed, indicating

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

that the rheological properties of SPE and SPE/S presented a low
sensitivity to temperature.”’ Moreover, the curves of storage
modulus (G') and loss modulus (G") for the present dressings are
similar, indicating that the non-setting dressings are not
easily deformed. The curves in groups with different SCMC
content were also similar, suggesting SCMC content had a negli-
gible effect on the viscoelasticity.

3.3 Adhesive property of periodontal dressings

To achieve satisfactory retention in the oral cavity and accom-
plish favorable wound protection, non-setting periodontal
dressings present high requirements for mucoadhesion pro-
perties. The lap-shear test method was adopted to examine the
mucoadhesion strength of the dressings. To simulate the appli-
cation scenario, we used porcine keratinized gingiva in the
experiment (Fig. S3t). As shown in Fig. 2A, the average adhesion
strength of SPE-1, SPE-2, SPE/S-1, and SPE/S-2 were 13.9 + 2.7,
15.7 £ 2.0, 11.5 + 2.1 and 13.2 + 0.4 kPa, respectively, which were
higher than the commercially available dressing Reso-pac® (9.5 +
0.3 kPa). Notably, the adhesion strength of SPE-2 is significantly
higher than that of Reso-pac® (P < 0.05). In addition, a higher
mucoadhesion strength was observed in the groups with more
SCMC, which revealed that the content of SCMC influenced the
wet mucoadhesion strength of the dressings. As demonstrated in
Movie S2,T SPE-2 can adhere to the porcine mandible, withstand-
ing the water pressure of a full-blast faucet, which suggests its
excellent adhesive performance.

Then, the rotating-disc method was adopted to investigate
the in vitro residence time by recording whether the remaining
samples adhered to the porcine gingiva at the predetermined
timepoints (Fig. S41).%® It was found that the present dressings
exhibited long-term and strong mucosal adhesion perform-
ance in a wet environment, and the in situ retention time
reached 11.1 + 0.2, 10.6 + 0.9, 11.2 + 0.2, and 10.4 + 0.8 h for
SPE-1, SPE-2, SPE/S-1, and SPE/S-2, respectively, which were
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Fig. 2 (A) The adhesion strength of different dressings by lap-shear test
(n =5, *P < 0.05). (B) The residence time of different dressings in PBS
(pH = 6.8) in the rotating-disc test (n = 5). (C) Photographs of different
dressings from the rotating disc method. (D) Swelling ratio and degra-
dation profile of different dressings in PBS (pH = 6.8) at 37 °C, 100 rpm
(n = 3).
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comparable to Reso-pac® (9.6 + 1.2) (Fig. 2B). Although no
statistical difference was observed, the residence times in the
experimental group were higher than that of Reso-pac®.
Moreover, we also found that the SCMC content and the pres-
ence of additives exhibited no significant effect on residence
time. The dimensional stability of the dressing has an impor-
tant influence on the comfort of the patient and is an impor-
tant indicator of the clinical applicability of dressings.
Therefore, we macroscopically tested the swelling property of
the dressing in PBS solution. The result revealed that SPE and
SPE/S had less dimensional change, while Reso-pac® pre-
sented higher swelling behavior (Fig. 2C).

The present dressings demonstrated adequate adhesion
performance, higher than 11 kPa, and the ability to adhere to
porcine gingiva for over 10 hours in the mucosal adhesion
tests using the rotating-disc method. As an anionic polymer,
SCMC exhibits excellent skin and mucous membrane compat-
ibility, with high water binding affinity. It can strongly adhere
to biological surfaces in transdermal and transmucosal
applications."”'® Typically, the mucosal adhesion of SCMC
can be explained by the physical entanglement of polymer
chains with mucins, but extensive scientific studies have
shown that hydrogen bonds formed between the polymer and
mucus are responsible for its adhesive properties.*’ It should
be noted that the moisture content and relative humidity are
key parameters for the adhesion strength of SCMC to ensure
its adhesion effect, and thus a period of time with relatively
low humidity was necessary.*” Therefore, the wound surface
needs to be dried off before application. Compared with pre-
vious reports, the adhesion strengths of commercial dressings
such as Wondrpak® and Coe-pak® were significantly lower
than the present dressings, which may be due to the fact that
their retention relies primarily on mechanical locking instead
of adhesion.*®

3.4 Swelling and degradation behaviours of dressings

The swelling behavior of the dressings was further investi-
gated. In the oral cavity, smaller dimensional changes can lead
to greater comfort and better wound protection. As shown in
Fig. 2D, SPE and SPE/S were fully swelled after 6 to 9 days of
incubation. After this timepoint, the dressings started to
degrade, while Reso-pac® reached the equilibrium of full
swelling after incubation for up to 14 days. The maximum
swelling ratios of SPE-1, SPE-2, SPE/S-1, and SPE/S-2 were
403.9 + 9.2%, 472.1 + 32.3%, 365.8 + 5.9%, and 420.3 + 44.3%,
respectively, and the ratio for Reso-pac® was 729.8 + 42.0%.
This result indicated that SPE and SPE/S showed a smaller
swelling ratio and better dimensional stability than Reso-pac®,
which is consistent with the observation of the macroscopic
properties in the residence time test.

For skin wounds, dressings with a high swelling ratio
exhibit a good ability to absorb wound exudate and keep the
wound moist.*>** In the oral cavity, however, a high swelling
ratio can result in a significant increase of dressing volume
and poor dimensional stability due to the absorption of saliva,
and this property significantly influences patient comfort. At
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the same time, uncontrolled swelling often leads to detach-
ment of the adhesion from the wound site due to diminished
adhesion and potential pressure from the surrounding tissue.
The maximum swelling ratio was higher in dressings with
more SCMC, indicating that the dressing hardly maintained
its original state in aqueous solution. This may be attributed
to the fact that the swelling rate of SCMC is related to its
hydrophilic groups.*>*¢

The weight of the samples was further monitored to evalu-
ate the degradation profile of the dressings. SPE-1 and SPE-2
dressings started degrading after 6 days, while SPE/S-1 and
SPE/S-2 exhibited weight loss after 9 and 8 days, respectively.
In the longitudinal comparison of each dressing, dressings
with less SCMC (SPE-1 and SPE/S-1) totally degraded after 22
days of incubation, while the dressings with more SCMC
(SPE-2 and SPE/S-2) completely degraded after 24 days. The
incorporation of SCMS increased the resilience of dressings
against degradation. Moreover, additives had no obvious effect
on the degradation profile of the dressing. The similar degra-
dation time indicated that these dressings should exhibit a
similar protective duration as Reso-pac® in clinical practice.

3.5 Hemocompatibility and cell compatibility of dressings

The periodontal dressing covers the wound surface after
surgery and may contact with blood directly. Therefore, blood
compatibility is a crucial characteristic of periodontal dressing.
The hemolysis rate is an important indicator to evaluate the
blood compatibility of materials. The international standard
for the hemolysis of biological materials is less than 5%.*
Fig. 3A illustrates that the hemolysis of all dressings was less
than 1%, indicating that the present dressings barely affected
the stability of the erythrocyte membrane. In addition, the
content of SCMC and additives did not influence the percen-
tage of hemolysis. These results proved that our dressings
based on pharmaceutical excipients presented good blood
compatibility. The pH values of the dressings were neutral,

A) ~i00 = B) _ (9)) us
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Fig. 3 (A) Hemolysis of SD rats’ red blood cells incubated with the
extracts of SPE, SPE/S, and Reso-pac®, ***P < 0.001. (B) Cell viability his-
togram of hGECs incubated with the extracts of dressings for 1 day,
measured by the CCK-8 assay. (C) CCK-8 assay for cell proliferation
after incubation with extracts for 1 and 3 days. *P < 0.05, **P < 0.01,
***p < 0.001. (D) Live/Dead staining for cell proliferation after incubation
with extracts for 1 and 3 days. Scale bar: 200 pm.
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which also prove the favorable biocompatibility of the present
periodontal dressings (Table S27).

The cell compatibility of the dressings was further evalu-
ated. Given that hGECs of the gingival tissue will be in direct
contact with the dressing during application, they were
selected for cytocompatibility testing. The relative survival
rates of hGECs cultured with SPE, SPE/S and Reso-pac®
extracts were measured using the CCK-8 assay kit. As shown in
Fig. 3B, there was no statistically significant difference in cell
viability among all the dressings and blank control groups,
indicating that these dressings showed good cell compatibility.

To further determine the effects on cell proliferation, the
hGECs were incubated with dressing extracts for 1 and 3 days
and then subjected to CCK-8 test and Live/Dead staining. As
shown in Fig. 3C, the absorbance at 450 nm increased signifi-
cantly in SPE and SPE/S, indicating that the present dressings
did not interfere with cell proliferation. However, Reso-pac®
significantly inhibited cell proliferation, and the OD values
after 1 and 3 days were 0.21 + 0.0 and 0.24 + 0.1. In addition,
this result was also verified by Live/Dead staining (Fig. 3D).
The current dressings exhibited negligible influence on the
proliferation of hGECs.

Due to the high-biosafety composition and mild prepa-
ration process, the cell viability and proliferation mediated by
SPE and SPE/S dressings are similar to or even better than the
commercially available dressing Reso-pac®. According to
Kadkhodazadeh et al., the cytocompatibility of Reso-pac® is
better than Coe-pak®.'? Petelin et al. proved that Reso-pac®
showed the least inhibitory effects on fibroblast proliferation
after 48 h incubation compared with other commercial dres-
sings (e.g., Peripac®, Barricaid®, Fittydent® and Myzotect®-
tincture).*® These results indicated that the current dressings
feature excellent cytocompatibility compared with other com-
mercially available dressings.

3.6 Invivo residence time

All the above test results proved that the present dressings can
be used as a periodontal dressing. Among them, SPE-2 and
SPE/S-2 showed favorable adhesion, hemocompatibility and
cytocompatibility and thus were chosen as the experimental
samples in in vivo tests. To examine the in vivo mucoadhesion
of the dressings, the dressings were attached to the labial
gingiva of rats’ lower teeth (i.e., keratinized area), and their
residence times were measured. As shown in Fig. 4A, the
sample of SPE and SPE/S-2 still maintained attachment to the
gingival surfaces after 4 h. In contrast, the mixture of SCMC
and saline on the gingival surfaces completely fell off within
1 h. The number of rats with residual dressings on their gingi-
vae was then calculated as a function of time (Fig. 4B). Three
out of five rats demonstrated residual samples up to 4 h in
SPE-2 and SPE/S-2 groups, and two out of five in the Reso-
pac® treated group were observed. It was found that the
maximum times were similar among the three groups, indicat-
ing similar mucoadhesion of SPE-2, SPE/S-2, and Reso-pac®.
This result also accorded with the in vitro residence time
observations.
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Fig. 4 (A) Comparative monitoring of different dressings (labeled with
dashed circles) attached to the labial gingiva of the lower teeth. Scale

bar: 5 mm. (B) The number of rats with remaining samples on the labial
gingiva.
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As the rats were incapable of keeping the dressing in place
after anesthesia recovery and attempted to remove and damage
the dressings with their tongues and paws during the evalu-
ation process, the in vivo mucoadhesion performance was sig-
nificantly interrupted.*® However, in clinical practice, patients
can follow the doctor’s recommendation, which could further
prolong the adhesion time of the dressing in the oral cavity.
Moreover, the fast detachment in the SCMC + saline group
may also be due to poor adhesion of SCMC under the high
humidity from saline.

3.7 Invivo wound healing efficacy

The wound healing efficacy of the dressings was determined
using the palate full-thickness excisional wound SD rat model
and assessed by macroscopic observation of wound closure as
well as histopathological observation. Fig. 5A shows the macro-
scopic view of the wounds after 0, 3, 6, 9, and 12 days. After 9
days, it was found that satisfactory wound closure was pre-
sented in the SPE-2 (94.2 + 2.8%) and SPE/S-2 (95.5 + 0.8%)
treated groups. Especially, SPE/S-2 significantly accelerated
wound closure compared to Reso-pac® (89.6 + 2.1%) (P < 0.05)
and non-treatment (87.8 + 1.4%) (P < 0.01). Application with
SPE and SPE/S-2 resulted in the highest wound closure rate
(100.0 + 0.0%) within 12 days (Fig. 5B).

To further investigate the repair process histologically, HXE
staining and immunofluorescence staining were performed
(Fig. S57). The defects treated with SPE-2 and SPE/S-2 exhibited
a completely regenerated epithelium similar to the normal
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Fig. 5 (A) Gross inspection of palate full-thickness defects in SD rats
treated with SPE-2, SPE/S-2, Reso-pac® and the non-treatment control
after 0, 3, 6, 9 and 12 days. Scale bar: 3 mm. (B) Degree of wound
closure of the palate defects after 0, 3, 6, 9, and 12 days. *P < 0.05, **P <
0.01.
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gingiva after 6 days, whereas the defect treated with Reso-pac®
still showed a mucosal break. The epithelium in the Reso-
pac® treated group completely regenerated for 9 days, while
there was an obvious defect observed in the non-treated group.
This may be because these dressings reduced the inflamma-
tory response of the wound and prevented the secondary
damage caused by biting and licking.** At the same time, the
dressings prevented the accumulation of food debris near the
wound.” In a previous study, researchers evaluated wound
healing on the buccal side of canines using Barricaid® and
Reso-pac®, and the results revealed that wounds covered by
Reso-pac® exhibited the best epithelization, vascularity, and
the least inflammatory reaction in the first 4 days. The para-
meters observed afterward were similar to wounds with
Barricaid® or without packaging.’® Therefore, it can be con-
cluded that the present dressings showed excellent efficiency
in promoting the wound healing of oral mucosa.

Moreover, immunofluorescence staining for CK5 (expressed
in the basal layer where proliferating cells are located) and
CK13 (expression on the prickle cell layer to the keratinized
layer) (Fig. 6) exhibited that the wound bed tissue thickness of
SPE-2, SPE/S-2, and Reso-pac® was significantly higher com-
pared to the control group after 6 and 12 days. Finally, the
inflammatory response was evaluated by CD11b staining
(Fig. S6AT). Wounds treated with SPE-2 and SPE/S-2 displayed
approximately half the fluorescence intensity of CD11b-posi-
tive cells compared to the non-treatment group, which was sig-
nificantly lower than that in the Reso-pac® treated group
(Fig. S6BT). Thus, it was speculated that the present dressings
could significantly reduce wound inflammation and provide a
beneficial environment for the oral mucosal wound to heal.

3.8 Invivo biosafety and degradation

The in vivo degradation and biosafety of the dressings were
characterized through subcutaneous implantation into

Control Reso-pac SPE-2 SPE/S-2

Fig. 6 Immunofluorescence of the palate defects with anti-keratin5
(CKS, red) and anti-keratin13 (CK13, red). Nuclei (blue) were stained with
DAPI; yellow dashed lines indicate wound bed tissue thickness. Scale
bar: 200 pm.
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Kunming mice. The results in Fig. S7AT indicated that there
was no significant necrosis or metaplasia in the skin tissue
after contact with the dressings for 1 and 7 days. SPE/S-2
showed minimal inflammation among all groups. At the same
time, all dressings were completely cleared within 7 days of
implantation (Fig. S7Bt). Moreover, further evaluation of the
major organs (the heart, liver, spleen, lung, and kidney) was
performed to detect the histocompatibility of the dressings.
Both morphological observation (Fig. S7Ct) and H&E staining
results (Fig. S7DT) demonstrated no obvious tissue damage or
pathological change after the subcutaneous implantation of
dressings for 14 days. These results suggested that the current
dressings are degradable in vivo and present good
biocompatibility.

4 Conclusions

A periodontal dressing based on high-biosafety pharma-
ceutical excipients was designed and developed to reduce post-
surgical complications after periodontal surgeries. This novel
periodontal dressing improves patient comfort due to its non-
setting and degradation characteristics. Compared to the com-
mercially available degradable dressing Reso-pac®, the present
dressing also exhibited better dimensional stability, improved
mucoadhesion to wet gingival tissue, and satisfactory biocom-
patibility. Our results illustrate that this dressing provided a
stable wound barrier and improved the healing efficiency of
oral mucosal wounds in SD rats. With these multiple benefits,
we anticipate this periodontal dressing could enter clinical
practice and provide satisfactory postoperative care for period-
ontal patients in the near future.
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