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ABSTRACT

Biphasic scaffolds were created based on mimicking materials design and

evaluated to identify certain applications for oral and maxillofacial surgery.

Polyvinyl alcohol (PVA) and different amounts of silk fibroin (SF)—0%, 1%, 3%,

and 5% (PVA, PVA/1% SF, PVA/3% SF, and PVA/5% SF)—were used to

fabricate biphasic scaffolds via the micro-bubble approach before freeze-thaw-

ing and freeze-drying. These scaffolds were characterized and their molecular

organization and morphology were observed using Fourier transform infrared

(FTIR) spectroscopy and scanning electron microscopy (SEM), respectively. The

performance of the scaffolds was tested in terms of their swelling behavior and

mechanical properties. They were cultured with MC3T3E1 osteoblast cells and

L929 fibroblast cells. The main biological performance of cell proliferation was

analyzed. The molecular organization of the fabricated biphasic scaffolds pos-

sessed interaction and mobility properties via the –OH and the amide I, II, and

III groups. Their morphology demonstrated pores with fibrils. They showed a

high level of performance in terms of swelling, mechanical strength, and cell

proliferation. Finally, based on the findings of this research, it can be deduced

that PVA/5% SF can provide a suitable biphasic scaffold with high promise for

oral and maxillofacial surgery for instance mandibular ridge augmentation and

repair of alveolar cleft lip and palate.
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Introduction

Many patients suffer from bone defects at the oral

maxillofacial area [1]. In severe cases, patients bene-

fited from effective biomaterial implantations at the

defect site [2, 3]. However, biomaterials for implan-

tation need to be biocompatible and non-toxic [4, 5].

Some materials scientists and surgeons have created

good performance biomaterials to promote new tis-

sue formation at a defect site that is suitable as a

surgical approach [6]. Therefore, it is a challenge to

develop biomaterials that merge bioperformance and

surgical requirements, especially for surgery in the

oral and maxillofacial area.

Tissue engineering scaffolds are effective biomate-

rials, which are often used in the treatment of patients

that suffer from a tissue defect due to disease or

trauma [7, 8]. They are often used to enhance new

tissue formation in large defects [9–11]. Interestingly,

some previous research proposed scaffolds as per-

formance biomaterials to enhance new tissue forma-

tion at a defect area for oral and maxillofacial

surgery. In some cases, surgeons have used both two-

dimensional (2D) and three-dimensional (3D) scaf-

folds to complete surgery. However, the surgery is

complicated and it is important to reduce the risk of

infection during surgery [12, 13]. Therefore, it is

necessary to design novel scaffolds that support

biological functions, avoid infection, and meet the

requirements for surgical applications.

Biphasic scaffolds are often created for defect areas

that include two types of tissue [14]. For instance,

biphasic scaffolds are used in osteoarthritis, which

involves defects of both bone and cartilage tissue [15].

Another example is a biphasic scaffold created for an

anterior cruciate ligament, which contacts the bone

[16]. Therefore, biphasic scaffolds are fabricated to

promote tissue formation at defect sites that have the

complicated structure of two phases, which are the

soft tissue and bone tissue. Biphasic scaffolds can

reduce the surgical time that minimizes the risk of

infection. Furthermore, biphasic scaffolds can facili-

tate new tissue formation and maintain the contour

shape of the defect area until repair is complete. So

far, few reports are available regarding biphasic

scaffolds fabricated for oral and maxillofacial surgery

in contact with both soft tissue and bone tissue

[14, 15]. In this research, biphasic scaffolds were

fabricated as performance biomaterials for the novel

function of tissue repair in oral and maxillofacial

surgery.

An attractive approach to fabricating performance

scaffolds is mimicking, which has been used to

design innovative materials for mechanical engi-

neering [17, 18], nanotechnology [19], and materials

science and engineering [19], to name a few. Mim-

icking is applied to create desired structures,

mechanical properties, fabrication process, and per-

formance. In the case of materials for bone augmen-

tation, many materials have been fabricated into 2D

scaffolds with structures and functions similar to

regenerative tissue [9]. For example, 2D scaffolds

were fabricated into a mimicked structure similar to

soft tissue for bone augmentation [20]. Other scaf-

folds were created into 3D porous structures with

components that provided biological characteristics

similar to the extracellular matrix (ECM) of tissue

[21]. 3D scaffolds are also used as biomaterials for

oral and maxillofacial surgery. However, little

research has reported on biphasic scaffolds based on

mimicking materials design suitable for the two-

phase environment of a tissue defect at the oral and

maxillofacial area [14].

Polyvinyl alcohol (PVA) is a synthetic polymer,

which is used in the creation of biomaterials; some of

its applications are in the areas of artificial skin and

cartilage [22]. Since PVA possess a good thermo-

plastic performance, it can be processed into various

forms [23]. Furthermore, due to its biocompatibility,

non-toxicity, biodegradability, and hydrophilicity,

PVA is suitable for tissue engineering of scaffolds

[24]. PVA is often blended with other polymers to

enhance its toughness giving it suitable mechanical

properties for the engineering of bone tissue scaffolds

[22, 25]. Since PVA has a non-biological function,

organic or inorganic molecules, which have impor-

tant roles in enhancing bone formation, are added to

PVA, for instance, collagen, gelatin, hydroxyapatite,

b-tricalcium phosphate, and titanium oxide [26, 27].

These molecules are normally mixed with PVA

before fabrication into different scaffolds with dif-

ferent techniques, for example freeze-drying, particle

leaching, electro-spinning, solution casting, and

micro-bubble [28, 29]. Some studies report that PVA

scaffolds with biomolecules were fabricated with

adapted techniques to form structures and geome-

tries that would be suitable for the proposed appli-

cation. For instance, some research presented

adaptation of particle deposition incorporated with
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the layer-by-layer technique to fabricate PVA mem-

brane scaffolds [30]. In this research, PVA was

selected as the base material for fabrication with an

adapted technique suitable for biphasic scaffolds.

Silk fibroin (SF) is a natural polymer, which is used

in various biomaterial applications [31]. As is the case

with PVA, due to its biocompatibility, non-toxicity,

and biodegradability, SF is often used in the tissue

engineering of scaffolds [32]. Interestingly, SF pos-

sesses amino acids that act as binding sites for cell

adhesion, which gives it a good osteo-conductive

performance [33]. Furthermore, SF has three struc-

tural forms: 1) random coil, 2) alpha helix, and 3) beta

sheet [34]. Each form has different properties that

affect the performance of biomaterials [35]. For bone

tissue engineering, SF organized as a beta sheet

structure has been selected often as the base material

for scaffolds due to its dense structure that has a

greater effect on physical and mechanical stability

than the other forms [36, 37]. Therefore, SF is often

used in the engineering of bone tissue scaffolds [38].

Importantly, SF scaffolds have the physical proper-

ties and biological functions suitable for maintaining

the contour shape and promote new bone tissue at a

defect site [20, 39]. Based on the good points of SF, it

was selected to be incorporated with the PVA base in

the fabrication of biphasic scaffolds in this research.

Mimicked biphasic scaffolds are often fabricated

with the assembly of two monophasic scaffolds into

different geometries [40]. For our scaffolds, we pre-

sent an alternative choice for fabrication. The scaf-

folds formed a biphasic structure via self-

organization during fabrication. In this research,

biphasic scaffolds were created based on mimicking

materials design using the micro-bubble technique

incorporated with freeze-drying before methanol

treatment. For fabrication, PVA was blended with

different amounts of SF into a solution, which was

then fabricated into the biphasic scaffolds. The mixed

solution with micro-bubbles was poured into a mold

to prepare the samples, which were then freeze-dried

to form the biphasic scaffolds before methanol treat-

ment. The obtained biphasic scaffolds were charac-

terized, and the biological response of cells was

investigated. Finally, the scaffolds were evaluated for

their potential in oral and maxillofacial surgery.

Materials and methods

Preparation of the silk fibroin solution

The silk fibroin (SF) was provided by the Queen

Sirikit Sericulture Center, Narathiwat, Thailand. The

SF solution was prepared according to the protocol

proposed by Panjapheree et al. [14]. Initially, the SF

fibers were heated in a 0.02 M solution of sodium

carbonate (Na2CO3) for 20 min and then washed with

distilled water to remove the sericin glue before

drying. The dried SF fibers were dissolved in a 9.3 M

lithium bromide solution (LiBr) at 70 �C for 150 min.

The SF solution was then dialyzed using distilled

water for 3 days and centrifuged at 9000 rpm for

20 min. Finally, a purified SF solution was obtained.

Three concentrations of SF solutions were prepared

at 1%, 3%, and 5% (w/v).

Preparation of the PVA solution

The polyvinyl alcohol (PVA, Mw & 47,000 g/mol,

98% hydrolyzed) was purchased from the Fluka

Chemika Company. The PVA powder was dissolved

in distilled water at 20% w/v and stirred at 80 �C for

75 min. The PVA solution was allowed to cool to

room temperature to prevent coagulation while

mixing with the SF solution.

Preparation of the 3D PVA/silk scaffolds

The design of the bubbling process is shown in Fig. 1.

A bubble column with a diameter of 30 mm was

firmly connected to a diffuser with a pore size of

10–16 lm (ROBU� Glasfilter-Geräte GmbH, Grade

P4). The column was connected to plastic tubes, a

flow meter, and an air compressor. A bubble cloud

was generated as air was blown through the bubble

column.

A volume of 10 ml of SF solution was loaded into

the bubble column at different concentrations (1%,

3%, and 5% w/v). Air at a flow rate of 200 cc/min

was fed into the column containing the SF solution to

generate air bubbles within the solution. The PVA

solution was then poured into the column to mix

with the bubbled SF solution as the air was flowing.

The mixed solution was allowed to foam until it

reached the maximum foam volume. After that, the

foam was transferred to an aluminum mold and

frozen at –4 8C for 12 h to form a bulk solid of a 3D
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PVA/silk scaffold before thawing at room tempera-

ture for 30 min. The freeze-drying technique was

then applied to form the dried PVA/silk scaffold at

-96 8C for 12 h. The dried scaffold was immersed in

50% v/v methanol at room temperature to transform

proteins from random coil to beta sheet structures for

10 min. Table 1 illustrates the list of samples fabri-

cated at different concentrations of the silk solution.

Characterization

Fourier transform infrared (FTIR)
spectroscopy

The molecular organization of the PVA/silk scaffolds

was analyzed using a Fourier transform infrared

spectrometer (FTIR, EQUNOX55, Bruker, Germany)

in the ATR mode under wave numbers ranging from

4000 to 400 cm-1.

Scanning electron microscopy (SEM)

The morphological study was carried out using

scanning electron microscopy (SEM, JEOL, JSM-

5800LV) at an accelerating voltage of 20 kV. The cell

size (bubble size) was evaluated using the ImageJ

software.

Swelling test

The swelling properties of the scaffolds were tested

by immersion in PBS at 37 �C for different time

points: 15, 30, 60, 120, 240, 480, and 960 min. Both the

original and swollen weights of the scaffold were

measured in order to calculate the swelling proper-

ties using the following equation: Swelling ratio = (

Ws–Wd)/Wd. The Ws and Wd represented the

weights of the swollen scaffold and the dry scaffold,

respectively.

Mechanical testing

Compression testing was performed using a univer-

sal testing machine (Tinius Olsen, H10KS) to evaluate

the compressive strength of the samples. The scaf-

folds were cut into a square shape of 1 9 1 9 1 cm3.

The test was performed on the samples under both

Figure 1 Experimental setup for PVA/silk scaffold fabrication via bubbling technique.

Table 1 List of 3D scaffold samples fabricated at various

concentrations of SF solution

Scaffold samples Concentration of SF solution(%w/v)

PVA 0% silk fibroin

PVA/1% SF 1% silk fibroin

PVA/3% SF 3% silk fibroin

PVA/5% SF 5% silk fibroin
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dry and wet conditions. For the wet condition, the

samples were soaked in a buffer solution (phosphate

buffer saline [PBS]) for 24 h at room temperature. The

load was 100 N at 1 mm/min. A strain limit of

0.4 mm/min (40%) was considered. The scaffold

samples were subjected to a compressive load along

the axis to assess the mechanical properties of the

PVA/silk scaffolds. The compressive moduli were

measured via the Horizon software, and a

P value\ 0.05 was regarded as statistically

significant.

Fibroblast culturing

The L929 fibroblast cells were kept in DMEM media

that consisted of 10% fetal bovine serum (FBS, Gibco,

Invitrogen, USA), 1% penicillin and streptomycin

(Gibco, Invitrogen, USA), and 0.1% Fungizone

(Gibco, Invitrogen, USA). The cells were incubated at

37 �C in a humidified incubator at 5% CO2 and 95%

air. The cells were seeded at a density of 2 9 104 per

scaffold.

Osteoblast culturing

The MC3T3E1 cells were cultured in the alpha MEM

supplement with 10% fetal bovine serum (FBS, Gibco,

Invitrogen, USA), 1% penicillin and streptomycin

(Gibco, Invitrogen, USA), and 0.1% Fungizone

(Gibco, Invitrogen, USA). The cells were then seeded

at a density of 1 9 106 onto the scaffold, and the

culture was incubated at 37 �C in a humidified

incubator at 5% CO2 and 95% air.

Cell proliferation

After cell seeding of the fibroblast and the osteoblast

cells, cell proliferation was evaluated on days 1, 3, 5,

and 7 with PrestoBlue� reagent (PrestoBlue� Cell

Viability Reagent, Invitrogen, USA). The medium

was removed and rinsed several times with PBS. The

PrestoBlue was combined with the medium at a ratio

of 1/10 and added directly to the scaffold, which was

then incubated for 1 h at 37 �C. Finally, 200 ul of

solution was collected in a 96-well plate, and its

wavelength absorbance was measured at a 600 nm

emission wavelength.

Statistical analysis

Samples were tested for their physical and mechan-

ical properties. Culturing of the fibroblast and

osteoblast cells was also evaluated. The data are

presented as mean ± standard deviation. The results

were statistically measured and compared by one-

way ANOVA and Tukey’s HDS test (SPSS 16.0 soft-

ware package). P values\ 0.05 were accepted as

statistically significant.

Results

Macrostructure of the PVA/silk scaffolds

We aimed to design and construct a scaffold with a

structure that is closely similar to the ECM in the

body [25]. The ECM possesses the complex structure

of proteins, which are important for cell adhesion

[26]. Silk is composed of two proteins: fibroin and

sericin [27]. Therefore, its structure resembles that of

the ECM. Therefore, a 3D scaffold was fabricated by

combining PVA and silk firoin via the bubbling

process to simulate and mimic the ECM (Fig. 2). The

PVA/silk scaffolds had two structures: the thin film

layer and foam. The PVA solution was stable without

the assistance of any other chemicals or organic sol-

vents. Different concentrations of silk solution were

used to generate the scaffold structures of various

pore sizes. The dried scaffolds maintained their 3D

shape without damage to their pore structure or silk

shrinkage in the scaffold structure. The microstruc-

ture of the scaffolds is presented in Fig. 3.

Morphological study

Figure 3 shows the cross-sectional views of the scaf-

folds prepared at various concentrations of the SF

solution. Cleary, all of the fabricated scaffolds

exhibited two distinct structures (Fig. 3a–d). One of

them is that of a layer of a highly porous and inter-

connected cell network structure and the other is that

of a layer of thin film. It was obvious that the cellular

structure had a sphere-like shape, which was uni-

formly covered by the SF fibers throughout the scaf-

fold. In addition, the introduction of SF into the

scaffold provided highly porous internal networks in

the structure (Fig. 3e–h). As more SF was added, a

more complex internal network was generated.
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Clearly, the PVA/5% SF scaffold demonstrated a

dense internal network throughout the structure.

Figure 4 shows the size distribution of sub-pores

and main pores of the PVA/silk scaffold. The average

sub-pore sizes of PVA/0% SF, PVA/1% SF, PVA/3%

SF, and PVA/5% SF were 116.68, 113.58, 106.08, and

103.5 lm, respectively. The average main pore sizes

of PVA/0% SF, PVA/1% SF, PVA/3% SF, and PVA/

5% SF were 443.08, 389.04, 424.20, and 436.04 lm,

respectively. Apparently, the size of the sub-pores

decreased under the same flow rate as the concen-

tration of SF increased in the solution.

FTIR spectroscopy analysis of PVA/silk
scaffolds

FTIR was used to analyze the PVA/silk fibroin

sponge and film structures (Fig. 5). The results are

demonstrated in Figs. 5a and b. Regarding PVA, two

major vibration peaks were observed at

3550–3200 cm-1 and 3000–2840 cm-1. They were

verified as O–H and C–H from the alkyl groups [28].

Three major vibration peaks for the silk were found at

1698–1622 cm-1, 1540–1520 cm-1, and

1258–1229 cm-1 belonging to the amide I (C = O

stretching), amide II (N–H bending), and amide III

(C–N stretching) groups, respectively [41, 42].

The film analysis results showed that PVA, PVA/

1%, PVA/3%, and PVA/5% had –OH wavenumbers

of around 3259, 3274, 3272, and 3276 cm-1
, respec-

tively. PVA/1%, 3%, and 5% SF demonstrated amide

I groups at values of around 1653, 1654, and

1646 cm-1, respectively. The amide II groups of

PVA/1%, 2%, and 3% SF were detected at around

1542, 1542, and 1538 cm-1, respectively. In terms of

the amide III groups, the wavenumbers were 1240,

1240, and 1239 cm-1 for PVA/1%, 3%, and 5% SF,

respectively.

The sponge structure of the PVA, PVA/1%, 3%,

and 5% SF showed –OH groups at around 3279, 3279,

3285, 3275 cm-1, respectively. Meanwhile, the amide

I groups had wavenumbers at around 1646, 1655, and

1647 cm-1, respectively. The amide II values were at

around 1540, 1547, 1541 cm-1, respectively, and the

amide III wavelengths were approximately the same

at 1239 cm-1.

Swelling behavior of the PVA/silk scaffolds

The swelling property of the scaffold in each group

was observed between 15 and 240 min in PBS at

37 �C, and a rising trend over time was observed

(Fig. 6). The pure PVA group showed the highest

swelling percentage over the first 15 min, whereas

the 3% SF group showed the lowest swelling

Figure 2 Photographs of the

fabricated PVA/Silk scaffolds:

a 0% w/v; b 1% w/v; c 3%

w/v; and d 5% w/v.
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percentage. At the 30 min time point, the 5% SF

overtook the pure PVA group in terms of swelling.

Meanwhile, the 1% SF group continued to exhibit the

lowest swelling increase of all the groups, and its

swelling trend was steady until 120 min. The 5% SF

group experienced the highest swelling proportion

among the groups at 240 min, while the 3% SF group

showed the lowest level of swelling.

Mechanical properties of the PVA/silk
scaffolds

In this research, the SF was incorporated into the

scaffold to improve its mechanical properties under

both dry and wet environments (Fig. 7). In the dry

condition (Fig. 7a), the PVA/5% SF scaffold showed

a significantly higher compressive strength than the

other scaffolds. The PVA/1% SF and PVA/3% SF

scaffolds exhibited similar compressive strength. The

results demonstrated that the compressive strength

grew as the SF concentration increased. The strength

Figure 3 SEM images of the

fabricated biphasic scaffolds:

a, e PVA; b, f PVA/1% SF; c,

g PVA/3% SF; and d, h PVA/

5% SF. White and yellow

arrows indicate the areas of

film and sponge structures,

respectively. The yellow circle

indicates the cell structure.
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of the scaffolds under a wet condition (Fig. 7c) was

also analyzed to mimic the environment in the body

where they would come into contact with body flu-

ids. Once again, the PVA/5% SF scaffold expressed

the highest compressive strength, whereas the PVA/

3% SF scaffold showed the lowest level of strength. In

the wet condition, all scaffolds presented lower

compressive strengths than in the dry condition due

to water absorption. The stress–strain curve of the

PVA/silk scaffolds in both dry and wet environ-

ments is presented in Figs. 7b and d. In the dry

condition, the scaffold with the lowest compressive

strength was the PVA/3% SF scaffold, whereas in the

wet condition, the PVA/0% SF scaffold demonstrated

the lowest compressive strength.

Cell proliferation of fibroblast
and osteoblast cells

Cell proliferation was measured on days 1, 3, 5, and 7

using PrestoBlue reagent (Fig. 8). At day 1, the PVA

scaffold showed the lowest fibroblast cell prolifera-

tion rate, and the PVA/5% SF scaffold had the

highest proliferation rate (Fig. 8a). Fibroblast cell

proliferations of the PVA/1% SF and PVA/3% SF

scaffolds were not significantly different. Cell

Figure 4 Size distribution of the sub-pores a and main pores b of the scaffolds according to the different amounts of silk fibroin.
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proliferations increased from day 1 to day 3 in all

scaffolds; however, the non-modified PVA scaffold

had the lowest rate, and the PVA/3% SF scaffold

showed higher proliferation than the PVA/1% SF

scaffold but lower than the PVA/5% SF scaffold.

However, at day 5, the PVA/5% SF scaffold showed a

significantly lower proliferation rate than the PVA/

3% SF scaffold. Proliferation of the PVA/3% SF

scaffold was significantly higher than the other scaf-

folds. On day 7, however, fibroblast proliferations of

the PVA/5% SF and PVA/3% SF scaffolds were not

significantly different but significantly higher than

the scaffolds of the pure PVA and PVA/1% SF. The

pure PVA scaffold consistently exhibited the lowest

fibroblast proliferation performance at all time points.

Osteoblast cell proliferation was measured at days

1, 3, 5, and 7 using the same reagent, PrestoBlue

(Fig. 8b). Overall, an increasing trend from days 1 to

7 was observed. At day 1, no significant difference

was observed among the groups. The PVA/5% SF

scaffold showed a higher osteoblast proliferation

than the PVA/3% SF and PVA/1% SF scaffolds at

day 3. This difference was especially remarkable

compared to the pure PVA scaffold. A similar trend

was observed at day 5. The PVA/5% SF scaffold still

showed a significantly higher rate of proliferation

than the other scaffolds. However, the difference

between the PVA/1% SF and PVA/3% SF scaffolds

was not significantly different, but the proliferation

rates of both the PVA/1% SF and 3% SF scaffolds

were significantly higher than the pure PVA scaffold.

At day 7, the PVA/5% SF scaffold once more

expressed a significantly higher proliferation rate

than the other scaffolds. Also, the PVA/3% SF scaf-

fold had a significantly higher proliferation rate

compared with the pure PVA scaffold. However, the

difference in osteoblast cell proliferation rates

between the PVA/1% SF and 3% SF scaffolds was not

significantly different.

Discussion

Molecular organization in biphasic
scaffolds

Molecular organization is one of the important clues

in explaining the potential of scaffolds in their uti-

lization in tissue engineering [43]. Some research has

demonstrated that molecular organization,

Figure 5 FTIR spectra of the biphasic scaffolds: a PVA/silk

fibroin film and b PVA/silk fibroin sponge.

Figure 6 Swelling behavior of biphasic scaffolds: PVA, PVA/1%,

3%, and 5% SF.
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interaction, and mobility have an influence on the

expression of the physical and mechanical stability of

scaffold materials [44]. The stability of scaffold

materials is an important facet of their performance

in regulating new tissue formation [45]. In our

research, FTIR was selected to characterize molecular

organization. FTIR characterization is related to the

behavior of chemical groups of materials [46]. This

refers to their molecular organization [47]. Some

research has shown that molecular organization is

Figure 7 Compressive strengths and stress–strain curves of the biphasic scaffolds under dry a and b and wet c and d conditions.

Figure 8 Proliferation of

fibroblasts cultured on PVA/

silk fibroin films a and

proliferation of osteoblasts

cultured on PVA/silk fibroin

sponge b measured with

PrestoBlue reagent on days 1,

3, 5, and 7.
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closely related to the structure of materials [48]. The

PVA/silk fibroin film manufactured in this study

demonstrated the molecular mobility of –OH groups

and the interaction of the amide I, II, and III groups.

This refers to the fact that there are two expressions

of molecules, which are mobility and interaction that

refer to the loose and dense structure formation,

respectively, of scaffold materials [49, 50]. The

mobility of the –OH group in our bioengineered

material was mainly due to the molecules of PVA,

whereas the interaction of the amide I, II, and III

groups can be attributed to the SF molecules. The

PVA/SF sponges manufactured in this research

showed a molecular mobility of the –OH, amide I, II,

and III groups, which indicated the loose structural

formation of sponges [51].

Macrostructure of biphasic scaffolds related
to mimicking materials design

The biphasic scaffolds in this research were formed

via the micro-bubble technique. The macrostructure

formation with this technique started with the micro-

bubbles diffusing into the PVA ? SF solution. At this

step, the micro-bubbles were distributed into the

solution. They were then trapped by PVA in the

solution, and the solution with the micro-bubbles

distributed was poured into the mold to form the

biphasic scaffolds. At this step, the solution under-

went phase separation. The first phase was charac-

terized by the continuous polymer phase without

non-continuous micro-bubbles at the bottom. The

second phase was the continuous polymer phase

with non-continuous micro-bubbles on the top. This

phase-separated solution acted as the preform of the

biphasic scaffolds. At the next step, the preform was

solidified into biphasic scaffolds via freeze-drying.

Finally, the biphasic scaffolds had their film layer

connected to the sponge layer.

Our biphasic scaffolds which have the film layer

connected to a sponge layer can be related to mim-

icking materials design that is suitable for tissue at

the oral and maxillofacial area. Based on the gross

anatomy, the oral and maxillofacial area shows a

layer of soft tissue connected to the porous structure

of bone tissue. The soft tissue is constructed mainly of

an ECM membrane that serves as a scaffold for the

cells of soft tissue. On the other hand, bone tissue is

composed mainly of a 3D porous ECM that plays the

role of a scaffold embedded with bone cells.

Importantly, this correlates well with our biphasic

scaffolds based on mimicking materials design,

which is similar to the gross anatomy of the oral and

maxillofacial area. Furthermore, with materials pro-

duction in mind, the biphasic macrostructure of our

scaffolds was formed during fabrication. This is the

attractive point suitable for scaling up the fabrication.

This is an alternative choice for mass production of

biphasic scaffolds.

Morphology of biphasic scaffolds related
to mimicking materials design

In terms of the biphasic scaffolds fabricated in this

study, the morphology of the film can be attributed to

the micro-bubble fusion [52]. On the other hand, the

sponge showed a homogenous structure composed

of both main pores and sub-pores. The morphology

of the film came from the collapse of micro-bubbles

during fabrication [53]. This morphology acts as a

barrier, which exhibits a suitable performance in

preventing soft tissue invasion into the bone tissue

during augmentation. As for the morphology of the

sponge, the main pores resulted from the solidifica-

tion of the micro-bubbles [54]. The sub-pores formed

via the removal of the ice crystals during freeze-

drying (Fig. 9) [55].

PVA with high amounts of SF demonstrated the

presence of fibrils in the wall of the main pores. In

particular, the PVA/5% SF scaffold showed a greater

number of pores with fibrils than the other combi-

nations because SF self-organizes into fibrils more

readily in higher concentrations [56]. Our research

demonstrated that the PVA/silk fibroin sponge pos-

sessed a structure that consisted of pores with fibrils.

Importantly, the morphology afforded by the com-

bination of pores and fibrils is suitable for the pro-

motion of cell adhesion, proliferation, and migration,

which enhances bone formation [57, 58].

Earlier research demonstrated that a homogenous

structure with main pores and sub-pores is similar to

the structure of bone [59]. Furthermore, research has

shown that fibrils act as an ECM [60]. The sponge

morphology of our scaffolds indicates the suitability

of mimicking materials design to fabricate scaffolds

with a structure similar to natural spongy bone.

Similar to the macrostructure, the micro-formation of

the porous structure was self-organized during fab-

rication. Our results demonstrated that biphasic

scaffolds of PVA/SF fabricated by the micro-bubble
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technique incorporated with freeze-drying can form

the self-organization of the macro- and microstruc-

tures, which is advantageous for mass production of

biphasic scaffolds.

Evaluation of biphasic scaffolds related
to performance of biomaterials

Our biphasic scaffolds were tested for their physical

and mechanical properties as well as cell prolifera-

tion to evaluate and identify their application. Prin-

cipally, swelling behavior is related to the diffusion of

nutrients and biological signals that enhance the

necessary cell behaviors leading to the promotion of

tissue formation [61]. In our research, the PVA/5% SF

combination showed the highest level of swelling due

to the morphology of the pores with fibrils, which

contributed to the swelling behavior. Furthermore,

the film layer of the PVA/5% showed more molec-

ular mobility of the –OH groups than the other

scaffolds. This was related to the low molecular

interaction between molecules, which led to the dif-

fusion of water molecules that penetrated other

molecules leading to the high level of swelling [62].

The mechanical properties are an important clue to

understanding cell proliferation and play an impor-

tant role in the promotion of issue formation [63].

Furthermore, suitable mechanical properties are

needed to maintain both contour and shape during

new tissue formation [7].

Meanwhile, some research has shown that cell

proliferation is the clue biomarker related to the

potential of a material in tissue engineering [64]. In

particular, a high cell proliferation rate leads to a high

level of tissue formation [65]. Therefore, cell prolif-

eration was selected to serve mainly as a trigger

related to the potential of our biphasic scaffolds. In

our research, the film layer showed good fibroblast

cell proliferation, which occurred because the film

layer had a dense morphological structure with suf-

ficient stability to support cell adhesion leading to

enhancement of cell proliferation [66].

The morphology of the sponge layer had pores

incorporated with fibrils, which is a suitable structure

to support cell response, adhesion, spreading,

migration, and proliferation [67, 68]. The fibrils

facilitate cell adhesion and movement due to their

structure [69], and the pores provide space for cell

Figure 9 Proposed morphological formation of biphasic scaffolds.
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proliferation. Some previous studies reported that

different pore sizes are suitable for different cells

which can be regulated into different tissue types

[58, 70]. The pore size of bone tissue is about 300 lm
which is suitable for osteoblast cell proliferation [71].

In our research, the pore size of the scaffolds was in

the suitable range for promotion of cell proliferation,

which is supported by previous studies.

The PVA/5% SF scaffold had the highest level of

swelling, mechanical strength, and cell proliferation

because of the unique pore morphology with fibrils

that could facilitate tissue formation. These are the

good points of our biphasic biomaterial scaffolds.

Identification of applications for biphasic
scaffolds in oral and maxillofacial surgery

According to the mimicking materials design, our

biphasic scaffolds demonstrated a structure that had

similar gross anatomy of a defect at the oral and

maxillofacial area, particularly in areas that involve

two phases of tissue: soft tissue and bone tissue. The

biphasic scaffolds in this research presented the

Figure 10 Biphasic scaffolds

proposed for oral and

maxillofacial surgery.

a Scaffolds for mandibular

ridge augmentation and

b scaffolds for alveolar cleft

lip and palate repair.
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morphology of a sponge layer, which is similar to the

ECM of spongy bone. This structure is suitable for

repair of a tissue defect at the oral and maxillofacial

area. Figure 10 illustrates examples for the applica-

tion of biphasic scaffolds in oral and maxillofacial

surgery for instance mandibular ridge augmentation

and alveolar cleft lip and palate repair.

The first application of our biphasic scaffolds is for

mandibular ridge augmentation as proposed in

Fig. 10a. Bone loss repair can be performed by using

grafting materials such as tri-calcium phosphate,

hydroxyapatite, biphasic calcium phosphate, and

calcium sulfate [72, 73]. The surgery protocol

involves adding grafting material into the bone loss

site before covering with a barrier membrane to

prevent soft tissue invasion during augmentation.

The defect is then closed by suturing. In reality, this

protocol has many steps to complete the operation.

Interestingly, our biphasic scaffolds have functions as

a ready-to-use material: 1) to function as a barrier to

prevent soft tissue invasion, which is the basic func-

tion of the film layer, 2) to promote bone formation

based on the function of the sponge layer, and 3) to

maintain contour shape at mandibular area without

collapse during augmentation.

The second application involves the repair of

alveolar cleft lip and palate as proposed in Fig. 10b.

Some patients need surgery by adding bone grafting

materials to the defect site before suturing. Similar to

mandibular ridge augmentation, we propose our

biphasic scaffolds for repair of alveolar cleft lip and

palate to serve the functions to prevent soft tissue

invasion, promote bone formation, and maintain the

contour shape. Eventually, our biphasic scaffolds

based on mimicking materials design show the per-

formance as a ready-to-use material which is suit-

able for oral and maxillofacial surgery.

Conclusion

Biphasic scaffolds of polyvinyl alcohol with silk

fibroin were fabricated based on mimicking materials

design. We propose our scaffolds for oral and max-

illofacial surgery. After fabrication, the biphasic

scaffolds were characterized for their molecular and

morphological formation, which is correlated with

important properties related to the required functions

suitable for oral and maxillofacial surgery. Our scaf-

folds demonstrated a structure based on mimicking

materials design. First, the macrostructure demon-

strated a film layer in contact with a sponge layer,

which is similar to the gross anatomy of a defect site

environment of soft tissue and bone tissue. Second, a

porous structure with fibrils was demonstrated in the

sponge layer, which is similar to the ECM of spongy

bone. Our scaffolds demonstrated based mimicking

materials design matched with the requirements of a

surgical approach. Furthermore, our research

demonstrated an attractive choice for biphasic scaf-

fold fabrication that showed structural self-organi-

zation at both the macro- and microscale similar to

the natural complicated structure of bone including

soft tissue. Our scaffolds exhibit their performance as

a ready-to-use material with the properties needed

for mandibular ridge augmentation and repair of

alveolar cleft lip and palate. This also showed the

possibility of scaling up the fabrication of biphasic

scaffolds into mass production. Nevertheless, since

the scope of our work was on the optimization of

fabrication and the characterization and testing of the

scaffolds, the results reflect the state of the art for

applications in materials science. For future work,

our scaffolds need in vivo testing to clarify biological

performance that will concentrate on cell and

molecular biology.
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