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Abstract—Autologous transplantations, the gold standard, did not meet sufficient health tissue coverage area for cartilage damage
treatments. The field of tissue engineering offers a promising alternative to fulfill this limitation by growing patient own cells on
biomaterials through tissue culture, reconstructed into new cartilage tissue, and the implanted to the injury area. To support tissue
regeneration, biocompatible, biodegradable, and high strength silk fibroin (SF) was proposed in this study as scaffold materials. In
this research, direct dissolution in CaCl/fformic acid, a faster and simpler process than traditional dissolution techniques, combined
with salt leaching technique. SF contents on the scaffold were varied from 2 w/v% to 12 w/v% and NacCl size as porogen was fixed in
diameter of 250+58 um. Evaluation of the SF scaffold’s morphology, hydrophilicity, biodegradability, and biocompatibility were
conducted. The results showed porous silk fibroin scaffold had been successfully developed. The SF scaffolds have pore size 261-293
pum with highly interconnected pores. FTIR and XRD analysis of the scaffolds showed the characteristics of silk fibroin, which reveals
the a-helix amorphous andp-sheet crystalline structure and comparable to the silk fibers. The scaffold showed good hydrophilicity
and high water uptakes, which essential properties for cell survival. The scaffold degraded under Protease XIV, indicate
biodegradable properties. Observation of cell attachment confirms the scaffold has good biocompatibility to adipose-derived stem
cells and are suitable to be used in cartilage tissue engineering.
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implanted to the injury area to regenerate the damaged area
I.  INTRODUCTION [2], [3].
Damaged cartilage due to disease and injury can lead to During tissue reconstruction processes, a scaffold material
tissue degeneration in the human body, which needW'th highly porous structure is required to support cell

advanced treatments to support their repair. The current gold@@Wth. nutrient transport, and tissue development. Scaffold
standard in tissue damage treatment was transplantation omate”als Sh.OU|d meet structural gnd fu_nctlonal properties
healthy tissue from one site to another in the same patien l.JCh as high strength _properties, blocomp_auble, and
(autologous transplants) or from different person to the |odegradat_>le [3]. Pore size and interconnectivity of pores
patient (allograft transplants). The significant problems both are also importance morphological - characteristics of

in autologous or allograft transplant were limited coverage _scaffold_s that have a direct influence on th? ceII_—t_o-ceII
area of healthy tissue left in the patient body and limited interactions and mass transport processes which critical for

donor number[1]. New transplant source is required to cell surviyal [2]. Another important requirement is that the
overcome this limitation. The field of tissue engineering degradation rate of the scaffold should match the rate of new

offers a promising alternative for damage tissue repair byt|ssue remodeling. Therefore, altering and controlling the

growing patient own cells on biomaterials through tissue MOrPhological - characteristics and ~ degradation rate of
culture, reconstructed into targeted tissue, and thel,]scaffold materials are essential subjects to be studied.
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Silk fibroin (SF), a protein-based material secreted by dialysis (3-4 days) to remove the salt and then freeze-dried
Bombyx mori silkworm, has extensively used as a suture to obtain regenerated silk (Fig. 1). The SF porous scaffolds
material for centuries due to its high strength and have been produced from this regenerated silk using freeze
biocompatibility, and its slow rate of degradation. The drying, gas foaming, and salt leaching methods [6]. However,
application of silk fibroin as tissue engineering scaffold has this traditional dissolution method takes time-consuming,
been widely studies into various material formats such astemperature sensitive and complex processes. Zhang et al.
Nano fibers, hydrogel, and porous materials [4]. For developed a direct dissolution method using G#&@mic
cartilage tissue engineering, the porous scaffold was moreacid mixture to form SF film [7] and fiber [8] which
suitable compared to others [5]. Usually, the methods usedexhibited simpler and faster processes. Currently, there is no
to generate SF porous scaffold begins with two steps: SFstudy regarding the fabrication of porous SF scaffold using
dissolution in strong inorganic salt such LiBr, followed by CaCbh-formic acid direct dissolution.

Traditional
Dissolution

Dissolve in LiBr or : : 5
CaCl, /E-OH/H.0 - Dialysis L Freeze Drying

(4-6 hrs) (3-4 days) (24 hrs.)

Silk cocoon ,
Direct
Dissolution
Dissolve in CaCl, / .
a . Directly cast
formic acid o s{wape » Scaffolds
(~1 hrs.)

Fig. 1 Comparison of traditional dissolution and direct dissolution method to fabricate salt leached SF scaffold.

Salt leaching was widely used to produce scaffold used in this study was obtained from Hayandra Foundation,
because of easiness pore size control by variating the salfakarta, Indonesia.
particle size as the porogen [9]-[12]. Salt leached silk fibroin , N
scaffold has been successfully produced by traditional B- Préeparation of the Silk Fibroin Scaffold
dissolution commonly using the Hexafluoroisopropanol  The porous silk fibroin (SF) scaffold fabrication was
(HFIP) solvent [6], as well as the aqueous solution [13]. In started by degummed the silk cocoon twice in 0.5 wt%
the present study, direct dissolution method using £aCl NaHCQ; for 1 hour to remove the sericin, rinsed with
formic acid was developed in combination with salt leaching demineralized water and then dried in a fume hood overnight.
fabrication to produce porous silk fibroin scaffold. As The degummed silk was directly dissolved in 8-wt%
illustrated in Fig. 1, the direct dissolution was significantly CaCb—formic acid using magnetic stirrer. The fibroin
reduced the processing time and temperature. Thiscontents were varied 2, 4, 6, 8, 10 and 12 w/v%,
combination will result in fast and controlled porous silk homogenized for 3 hours and then poured into NaCl
fibroin scaffold. Evaluation on the scaffold’s morphology, containing mold (2.5 cm diameter) and then mixed manually
structure, water uptakes, biodegradability, and using glass rod. The average NaCl sizes used were used
biocompatibility will be carried out. The study of 250+58 pm, manually sieved before used. NaCl-silk mixture
biodegradability was carryout using Protease XIV, as theratio was fixed at gr-weight to ml-volume ratio 5:1. For
previous study showed randomly attacking modes compareddiocompatibility study, the scaffolds were fabricated using a

to others [14]. 5 cm diameter mold. The NaCl-silk mixture was then placed
in a fume hood overnight to evaporate the solvent. After
II. MATERIALS AND METHODS dried, the silk-NaCl block was immersed in 70% ethanol for
) 1 hour, followed by immersing into demineralized water for
A. Materials three days to remove the salt with changing the water every

Bombyx mori silkworm cocoon was obtained from CV. 6 hours.
Wisata llmu Sutera, Bandung, Indonesia. Demineralized o I
water, sodium bicarbonate, and sodium chloride were C: Characterization of Silk Fibroin Porous Scaffold
purchased from PT Bratachem, Bandung, Indonesia. 1) Scaffold Morphology Examination:  Scaffold
Calcium chloride, formic acidDimethylsulfoxide (DMSO), morphology was determined by measuring pore size and
and absolute ethanol were purchased from Merck Millipore, pore interconnectivity using Scanning Electron Microscopy
Germany. DMEM basal medium, Phosphatase Buffer Saline(SEM). The scaffolds were cut off approximately 12cm
(PBS), Penicillin, Streptomycin, Fetal Bovine Serum (FBS), square in liquid nitrogen to prevent pore deformation using a
Cacodylate Buffer, and Protease XIV were purchased fromrazor bladend then observed using SEM (Hitachi SU3500,
Sigma Aldrich, USA. Adipose-derived Stem Cells (AdSCs) Japan). In this study, low voltage of 1 to 1.5, keV was used

811



without any gold/carbon coating. The average pore sizes lll.  RESULTS ANDDISCUSSION
were determined by measuring 50 random pores selected
randomly from each sample using Digimizer software A. Scaffold Formation and Morphology

(MedCalc Software bvba, Belgium). Fig. 2 shows SEM images of the cross-sectional scaffold
2) Fourier Transformation Infrared (FTIR) prepared with a combination of direct dissolution and salt

Spectroscopy and  X-ray diffraction (XRD): Fourier leaching technique. The porous scaffolds are formed when
Transformation Infrared (FTIR) Spectroscopy and X-ray th_e _silk co_ncentration was at least six w/v%, indicating a
diffraction (XRD) techniques were utilized to analyze the Minimum silk concentration to produce porous scaffold.
structural features of the degummed silk fiber and the
formed SF samples. The FTIR spectra were recorded from
400 cmt to 2250 critwith 32 scans (Shimadzu IR Prestige-
21, Japan). X-ray diffraction (XRD) assessment was carried
out using monochromatic CueKradiation (30 mA, 40 kV)
with a scanning speed of/tnin (Bruker D8 Advance, USA).

3) Contact Angle and Water Uptakes: Scaffold
hydrophilicity were investigated by static contact angle gm
measurement on the SF film with 6, 8, 10 and 12 w/v%. The §
static contact angle was measured by dropping gl 80ep
of water, and then the shape of the water drop was captured &
using the portable microscope (Dino-Lite, Taiwan). Water
uptakes was also measured as the evaluation of scaffold {
ability to absorb water. The dry scaffold was weighed)(W
then immersed in water at room temperature for 24 h. After c
excess water was removed using tissue paper, the wet weight

of the scaffold (W was determined. The water uptakes of Fig. 2 SEM images of formed scaffold fabricated by salt leaching technique
the scaffolds was calculated as follow: with silk fibroin concentration a) 6 w/v%, b) 8 w/v%, c) 10 w/v% and d) 12

wiv%.
Water Uptakes (%) = (W Wy)/Wqy x 100%.

Below this point, NaCl-silk block is disintegrated after

4) Biodegradability Assessment: Enzymatic degradation immersed in water. An interconnected pore morphology is
in Protease XIV were adapted as biodegradability present in the scaffold with six w/iv%, eight w/v%, ten w/v%,
assessment methods. Dry scaffold piece with defined masand 12 w/v%. The interconnected pore is important to
~200 mg was placed into a 24-well plate in the respectivecellular activity because it is required for nutriton and
control and Protease XIV solution (1 U/mL in control PBS cellular transportation during cell culture [3]. The resulted
solution, pH 7.4). The solutions were replaced daily. The pore shapes are rounded instead of the square as seen in the
scaffolds were collected at 1, 3, 7, and 14 days, and thecommon NaCl crystal. This is due to partial dissolution of
excess solution was blotted dried by using a tissue paperNaCl surface in formic acid. These phenomena are also
The collected samples were weight by using an analyticalfound in the salt SF leached scaffold prepared by the
balance with £ 0.1 mg accuracy. traditional dissolution [13].

; il . Ri G Table shows salt-leached scaffolds have average pore
5) Biocompatibility Assessment: Biocompatibility of the . : R .
scaffold was assessed by observation on cell attachment Olqlameter 261-293 um. This range of pore size is suitable for

the scaffolds prepared with six w/v% and 12 wiv % silk. (r::rglggg [;%?et?];agﬁgwgg hlln h:?re?oTeeontl Zvalltr:] ?;z\;'gtlijiy
SEM was used to determine scaffold biocompatibility by P 9 X gy P '

observing the morphology of the cell-seeded on the SFVS\],(;?,(QAangrgosli'zzglog(;%%?zggessrlﬁn’Tﬁzd t())/rpee rlr:e(;oslljarg?nnent
scaffolds. The scaffolds (4 mm diameter, 2 mm thickness) P ; o Hm. P . .
were steam sterilized at T2 for 15 min, followed by results alsg shpw an increasing average pore size as the silk
conditioning in complete DMEM medium overnight before concentration increased. The pore size formation commonly

cell seeding. A total 1 x $0Adipose-derived Mesenchymal is regulated by initial salt size and silk concentration [13],

Stem Cell (AISCS) were suspended i 1041 medium 1ol 25 e NaCl bl sz used s sty & e sae
achieve efficient seeding on the scaffold matrix. After 3 P 9 y - g

hours of incubation for initial cell attachment, additional Zg\slslr:}ect%rgigtjﬁjnmtz?\Il)or\ilt\gzr ?gnfjtljen(tir?grt;agg\?e\r’g”r;}[ﬁretlratl#);n
500pL DMEM was added. Incubation was conducted at 9

37°C and 5% C@saturation. After incubation for one day, the hlgh_er SF content, Wh'ch has a lower solvent._The more

- . solvent included in the solutions, the more reduction of the
the seeded scaffolds were rinsed with PBS (pH 7.4), thens;alt diameter will occur. As a result, the smaller pore size
fixed in 2.5 v/v% Cacodylate Buffer overnight &iC4 The ' ' P

. . . ill be obtained in the lower SF content. Literature shows
fixed samples were dehydrated with the gradient of alcohol V! ; - ,
(60_100%)? followed byydrying with criticgal point drying. salt leached SF scaffold using a traditional solvent (LiBr or

) : ) ... CaCb/Et-OH/H,0O) resulting in decreasing pore size with
'gféi; ?Sil:;t;r“cgﬁtsego\évlt?agglg), samples were examined with increasing SF content which is in contrary with this study [6],
» Japan). [16]. The gelation of SF solution by NaCl addition when

prepared traditional solvent prevent excessive salt

812



dissolution [6]. However, silk gelation is not formed in FTIR spectra show amide | and Il regions in both SF
CaCl-formic acid solutions as reported by [13], which also degummed fiber and SF salt leached scaffold. Peaks
resulted in this study. As a consequence, the partialobserved at 1655 chr(amide 1) and 1535 cm(amide II) are

dissolution of NaCl particle is more pronounced. corresponding to the amorphoushelix structure. The
TABLE | adsorption peaks at 1445 ¢rand 1235 ci are belonged to
MEASURED PORE SIZEuM) OF THE SALT LEACHED SILK FIBROIN SCAFFOLD crystalline B-sheet structurg17), [18]. XRD analysis shows

peak at 20.7° and 27.7° in both degummed silk fiber and

Sg‘; T2 Silk gbm'n Conczmrat'on (lel?) P | salt-leached scaffolds (Fig. 3 b). The first peak indicates the
(um) B-sheet crystalline region and the second peak indicated the
293 + amorphous region. The silk fiber has higher crystalline
25058 | NF | NFj 26167 27544  286+49 ¢ region as the native characteristics of silk fibroin. However,

the crystallinity of salt leached SF scaffold decreases to
41.5% compared to degummed SF fiber 55.6%. The XRD

NF: Scaffolds were not formed.

B. Scaffold Characterization results of the salt leached scaffold are similar to result from a
previous report [13]. FTIR and XRD results reveal the silk
1) Fourier Transformation Infrared (FTIR) fibroin secondary structure on the silk fiber and the scaffolds
Spectroscopy and X-ray diffraction (XRD): FTIR and XRD is remain similar although there is a decrease in crystallinity
results are shown in Three a) and Fig. 3 b), respectively. The" salt leached SF scaffolds.
2)
a) 25 ] L) et
@ e
= w
= =
= =
= \\/\
— Salt Leached SF Scaffold
—— Degummed SF L
S00 750 1000 1250 1500 1750 2000 2250 !‘D ) :"J . :;O ’ AYD ) SYD ) !;'O
Wavenumber (cm’) 2Theta (°)

Fig. 3 Structural analysis of the salt leached scaffolds and degummed silk by a) FTIR and b) XRD

) the water binding. The water uptake of the scaffolds is 81-

3) Contact Angle and Water Uptakes: Static contact 9695, which is relatively high for tissue engineering
angle measurement on the SF film prepared with various SFapplications as reported by Zhang [16] that obtained 75-95%
concentration is presented in Table . The contact angle of Skyater uptake. Water uptake of the aqueous-derived scaffolds
films is between 49-58°. This result shows the hydrOphI|IC in another Study [13] is about 93% regarc”ess of the
characteristics of silk fibroin and comparable the contact concentration of silk fibroin and pore size. This is due to
angle of silk fibroin prepared from traditional dissolution high water-binding ability, which attributed to the porous
methods [19], [20]. Higher the SF concentration increased strycture inside the scaffold.
contact angle indicates lower wettability and lower
biocompatibility of the SF film due to development of higher
crystalline structure [19]. The hydrophilic behavior of silk
fibroin prepared using direct dissolution should be suitable
for tissue engineering application.

130

.

L)
L&)
1

TABLE Il
MEASUREDCONTACT ANGLE OF SFFILM WITH VARIOUS SF
CONCENTRATION

Measured data Literature

‘o
L=}
1

Silk 6 8 10 12 5 wiv%
Concentration | w/v% | wiv% | wiv% | wiv% [20]

Water Uptake (%)

(CO;)ntact Angle 49 53 55 58 55 g

Fig. 4 shows water uptake of salt leached SF scaffolds
after 24 hours immersion in water. Water uptake decreased . - 5 o 1z
with increasing SF concentration. SF concentration influence Silk fibroin concentration (whv )
the water uptakg, rggulated by wettability p.rOpertIeS.' H|gh¢r Fig. 4 Water uptake properties of salt leached fibroin scaffold with different
silk SF content indicates more hydrophobic behavior as in gy concentration.
line with static contact angle measurement, which reduced
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C. Biodegradability Assessment formation when the AdSCs mixed with fibrin glue [25], as

Fig. 5 shows the remaining mass of the scaffolds preparedVell as seeded in PRP-derived scaffold [23] or fibroblast-
with 6, 8, 10, and 12 w/v% silk after 14 days incubation in derived extracellular matrix [26]. This result confirms the
Protease XIV (1U/mL). As the SF concentration increased, Scaffold resulted in this study has good biocompatibility to
the mass loss of the scaffolds was decreased. The scaffoldd® AdSCs and were suitable to be used in cartilage tissue
with six w/v% show the highest degradation up to 64% after €ngineering.
14 days incubation. The scaffolds with 12 w/v% show the ____

incubation. The result shows a trend that more silk fibroin g .
content on the scaffold will have lower degradation rate, and &
similar with a previous report [13]. This is due to the higher

biodegradability assessment confirmed biodegradable®

prop_erti_es of SF _ Scaﬁol_d which _esse_ntia| in _biO_mEdin'ﬂ Fig. 6 SEM images of cell attachment on the salt leached scaffolds prepared
application, especially in tissue engineering application. with a) 6 w/v% and b) 12 w/v%.

V. CONCLUSION

Silk fibroin scaffold fabrication using a combination of
direct dissolution in CaGfformic acid and salt leaching
techniques has been successfully developed. Highly
interconnected porous scaffolds resulted with pore size
diameter of 261-293 um and suitable for tissue engineering
application. FTIR and XRD analysis of the scaffolds showed
characteristics of silk fibroin-helix amorphous anfl-sheet
crystalline structure and comparable to the silk fiber. Water
contact angle and water uptakes evaluation showed good

Mass Remaining (%)

:l T T T T
a = < ] 12 i

L'ﬁmE [Dauys]

Fig. 5 Degradation behavior of salt leached SF scaffolds 6, 8, 10 and 12

hydrophilic properties of the scaffolds. The scaffolds
degraded under proteolytic enzymes in Protease XIV,
indicating biodegradable properties which are essential in
tissue
attachment confirms the scaffold has good biocompatibility

engineering application. Observation of cell

w/iv% SF contents with 200 pum pore size scaffolds incubated in Proteaset0 Adlpose'der'VEd Stem Cells (AdSCS) and are suitable to

XIV.
D. Biocompatibility Assessment

Fig. 6 presents cell attachment after 1 day of culture on
the scaffolds with 6 w/v% and 12 w/v%, indicates that the
scaffolds support the Adipose-derived Stem Cells (AdSCs)
cell attachments. This result is also in agreement with
previous studies [7], which showed marrow stromal cells
(MSCs) adhesion SF film prepared by C#6kmic acid
solution as a solvent. The cell spreading was also observedt!
on SF scaffold by extension of the cell lamellipodia or
cytoskeleton to the scaffold surfaces. Such kind of 3
attachment activity shows the cells is strongly attached to the
silk scaffold as also shown in the previous study by Minoura [3]
[21]. This activity demonstrated a good response from the 41
cell to materials, suggesting that salt leaching methods useé
to produce this scaffold did not generate non-toxic
properties. The ability of adherent type cell to attach to the[5]
surface of the material was for the cell to subsequent
biological activity such as migration, proliferation, and (g
differentiation [22]. AdSCs is currently attracted great
interest in the cartilage regeneration since it can differentiate
into chondrogenic lineage [23]. The chondrogenic
differentiation of ADSCs was observed on the salt leached
silk fibroin scaffold, which prepared using traditional
dissolution [24]. The scaffolds showed an ability to provide [8]
a suitable environment for human adipose-derived stem
cells’ survival and chondrogenesis. Another finding also [qg)
supported by the studies that showed cartilage tissue
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be used in cartilage tissue engineering.
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