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ABSTRACT: Superporous materials based on two proteins, collagen and sericin were synthesized by freeze-drying considering various

ratios between the two proteins. To evaluate the influence of sericin content on the structure/properties relationship, the obtained

scaffolds were further characterized using spectroscopic analysis, thermal, and mechanical techniques. Scanning electron microscopy

was used to investigate the morphological structure of the scaffolds and the swelling properties as well as the stability of the scaffolds
were also assessed. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012

KEYWORDS: porous materials; proteins; structure-property relations

Received 5 September 2011; accepted 20 April 2012; published online

DOI: 10.1002/app.37934

INTRODUCTION

The promising next generation of biocompatible scaffolds that
mimic extracellular matrix has attracted much attention over
the last decades. Natural polymers are generally considered bio-
compatible for tissue engineering applications. The protein-
based polymers have the advantage of mimicking many charac-
teristics of extracellular matrix which allows for different cell
types to develop and proliferate. The protein polymer structure
is consisting of 20 distinct amino acids linked by amide (or
peptide) bonds. The differences between characteristics of pro-
tein are given by side chains and their distribution along pro-
tein backbone."?

Collagen is one of the most widely used biomaterials due to its
excellent biocompatibility and biodegradability properties, well
established structure and biological characteristics. Type I colla-
gen consists of three a-helix polypeptide chains of ((Gly)-X-Y),
amino acids, where Gly is glycine, X is proline, and Y is hydrox-
yproline, arranged in characteristic sequences to form a unique
conformational structure of triple helix.” Hydroxyproline is
characteristic only for collagen and it confers stability, especially
through intermolecular hydrogen bonds.

Extracted as aqueous solution or gel, type I collagen can be
processed in different forms such as: medical devices, artificial
implants, or support for drug release and scaffolds for tissue
regeneration that have an important role in medicine today.*™

© 2012 Wiley Periodicals, Inc.
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Sericin is an adhesive silk protein synthesized by silkworm and
acts as a glue to envelop the fibroin fibers in the formation of a
cocoon. Silk sericin (SS) is a highly hydrophilic macromolecular
protein being composed of 18 amino acids, among which the
polar amino acids with hydroxyl and amino groups such as ser-
ine, lysine, and aspartic acid account for 72%. The secondary
structure of SS is various due to the obtaining conditions, being
mainly an amorphous random coil (easily water soluble) and to
a less extent a f§ sheet organized structure (more difficult to dis-
solve in water).”™" Aramwit et al.'* previously reported that SS
is nontoxic to fibroblast cells and enhances wound healing by
promoting collagen production in wounds."> Earlier reports
claimed that SS could be a source of immunogenic reactions;
however, few studies have investigated the use of SS in the tissue
engineering field. SS has been identified as the cause of the
inflammatory response to undegummed silkworm silk, but is
strongly influenced by the physical association with fibroin-silk
and a significant activation of macrophages occurs.'®'? SS itself
generates very low immune responses and nowadays is com-
monly used as a value added product.'®

The reactive functional groups (hydroxyl, carboxyl, and amino)
of SS offer the possibility to react with other polymers (both
natural and synthetic). In the last decade, many researchers
have focused on development of novel materials using SS and
natural (chitosan, keratin, cellulose) or synthetic (polyethylene-
glycol, polyvinylalcohol) polymers into applicable forms for
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various applications.'’™** Recent studies have found that SS has
excellent features such as antioxidative, antibacterial, UV resist-
ant, moisture-absorbing and -desorbing properties, enzymes or
drugs immobilization.”>*” SS films support also the attachment
and growth of 1929 murine fibroblasts and cultured human
skin fibroblasts.”**’ SS forms fragile materials that are not suita-
ble for use in medical applications, but Mandal et al.*
strated that after blending with gelatin, it can form a scaffold
and be a good candidate for tissue engineering applications.

demon-

Hence, SS could be a promising natural resource for developing
novel protein-based biomaterials with various cosmetic, medical,
and pharmaceutical applications. Moreover, due to its proteic
nature SS is also susceptible to the action of proteolytic enzymes
present in the human body.'' Very recently, Keskin and co-
workers’! reported the synthesis of sericin/collagen membranes
and suggest their use as wound dressing material if sericin ratio
is less than or equal to the collagen component.

The main objective of this study was to synthesize and charac-
terize novel three-dimensional (3D) scaffolds consisting in two
protein-based polymers: collagen and sericin. The scaffolds with
different sericin amounts were prepared by crosslinking with
glutaraldehyde (GA) followed by freeze-drying. The resulting
scaffolds were characterized by attenuated total reflection Fou-
rier transform infrared (ATR-FTIR). To further investigate the
effect of SS on the thermal behavior of the scaffolds thermogra-
vimetric analysis (TGA)/derivative thermogravimetry (DTG)
and differential scanning calorimetry (DSC) were performed.
Scanning electron microscopy (SEM), swelling ratio (SR), and
collagenase degradation were further used to analyze the struc-
ture/properties relationship. To the best of our knowledge, there
are no reports on the influence of collagen: sericin ratio on the
thermal properties, morphology, swelling degree, and in vitro
degradation of the two proteins-based scaffolds. The obtained
superporous materials could be used as scaffolds for different
cell types or drug delivery systems depending on the ratio
between collagen and sericin.

EXPERIMENTAL

Materials

Type I fibrillar collagen was extracted from calf hide by acid
and alkaline treatments as previously described.” Collagen (Coll)
gel with a concentration of 1.54% (w/w) was further prepared.
Sericin silkworm (SS) was purchased from Sigma-Aldrich (Ja-
pan). Bicinchoninic acid (BCA) kit for protein determination
was purchased from Sigma Aldrich; the kit contained reagent A:
BCA solution and reagent B: 4% (w/v) CuSO, x 5 H,O solu-
tion. Bovine serum albumin (BSA) (concentration 1 mg/ml in
0.15 M NaCl) was provided as control sample in the BCA Pro-
tein Assay kit. Collagenase of Clostridium histolyticum was
received from Sigma-Aldrich and GA from Merck (Germany).
Sodium hydroxide and phosphate buffer solution (PBS), pH 7.4
were of analytical grade.

General Measurements

FTIR spectra were registered on a VERTEX 70 BRUCKER FTIR
spectrometer equipped with an ATR accessory. All FTIR meas-
urements were performed in the ATR-FTIR cell on Ge crystal,
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at room temperature. The FTIR spectra were recorded using 32
scans in 600-4000 cm™~' wavenumber region. X-ray diffraction
(XRD) patterns were recorded on a Panalytical X’PERT PRO
MPD X-ray diffractometer with Cu Ko radiation. The scanning
speed was 0.6/min, and the measurement range was 20 = 5-
50°. XRD analysis was conducted to study changes in the crys-
tallinity of the scaffolds. UV-VIS spectroscopy was performed
on a CINTRA 101 (GBC Scientific Equipment Pty.) double-
beam spectrometer, using the wavelength scan method. TGA
results were achieved on a Q500 TA instrument. A typical sam-
ple was heated from 20 to 700°C at a heating rate of 10°C/min
under a constant nitrogen flow rate (balance flow 10 mL/min,
oven flow 90 mL/min). DSC curves were registered on a
Netzsch DSC 204 F1 Phoenix equipment, using a heating rate
of 10°C/min. The sample was heated from 20 to 300°C under a
constant nitrogen flow rate (20 mL/min). SEM was performed
with a QUANTA INSPECT F SEM device equipped with a field
emission gun with a resolution of 1.2 nm; gold coating was per-
formed for enhanced surface conductivity. A Universal Testing
Machine, Instron 3382 instrument, equipped with a 2 kN load
cell at ambient temperature was used to estimate the mechanical
properties of the samples. Cylindrical scaffolds measuring 12
mm in diameter and 4 mm in thickness were used for the tests.
The samples were presoaked in PBS for 2 h and then they were
examined at a cross-head speed of 1 mm/min. All the measure-
ments were performed in triplicates the average value was calcu-
lated and reported. Next, the compressive stress (kPa) corre-
sponding to each strain (%) was plotted.

Methods

Synthesis of Collagen-Sericin Scaffolds. To determine the mo-
lecular weight of SS powder sodiumdodecylsulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed. The
results indicate that SS contains peptides with molecular weights
ranging from 30 to 40 kDa. Different values of the molecular

weight of SS are reported in literature due to various extraction
methods.'>"?

Collagen-sericin scaffolds (Coll-SS) with variable concentration
of SS and constant Coll content (see Table I for details) were
prepared as follows. Briefly, the appropriate amount of SS was
dissolved in 1 mL distilled water and further added to 8 mL
Coll gel. 1 mL GA solution (0.5% reported to the weight of dry
collagen) was added for in situ crosslinking. The resulting gels
were then cast in polystyrene dishes and kept at 4°C for 24 h.
They were washed with distilled water and freeze-dried for 48 h

Table I. The Scaffolds Compositions

No. Samples Coll : SS (wt/wt) T%? (wt/v)
1 Coll 5:0 1.2

2 Coll-SS1 5:1 1.44

8 Coll-SS2 52 1.68

4 Coll-SS3 5:3 1.92

5 Coll-SS4 5:4 2.16

6 Coll-SS5 5:5 2.4

T = total solid content expressed as total weight per volume of solution.
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Figure 1. Typical appearance of porous Coll-SS4 scaffold in both dry and
hydrated state. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

to obtain porous scaffolds as follows: cooling to —40°C (4 h),
keeping at this temperature for 5 h, then freeze-dried at —40°C
and 0.12 mbar for 10 h. Then they were heated to +20°C at a
rate of 3°C/h (20 h) at 0.12 mbar followed by heating (6 h) to
30°C at a rate of 2°C/h and finally freeze-dried at same temper-
ature at 0.01 mbar for 3 h, using the Christ Model Delta 2-24
LSC freeze-dryer (Germany). 3D porous Coll-SS scaffolds were
thus obtained as it can be seen from Figure 1.

Characterization of the Scaffolds. ATR-FTIR spectra were
recorded for Coll-SS scaffolds, pure Coll scaffold and neat SS.
XRD was performed to reveal the crystallinity of such scaffolds.
To further investigate the effect of SS on the Coll-SS structures,
the thermal behavior was revealed by TGA and DSC tests. SEM
was used to investigate the morphological structure of the
scaffolds.

A conventional gravimetric procedure was used to determine
the SR of the investigated scaffolds.* The swelling behavior was
determined by immersing samples in double-distilled water at
37°C. At scheduled time intervals, the samples were withdrawn,
wiped (to remove the surface water) and weighed in the swollen
state. The experiments were repeated four times under the same
conditions and the average values were reported. SR was calcu-
lated using the following equation:

%SR = 100 (1)

Wt — Wi

wi
where, W, denotes the weight of the swollen samples at immer-
sion time #, and W; denotes the weight of the dry samples. To
further assess the effect of pH and ionic strength of external sol-
vent on the swelling properties of the scaffolds, the maximum
swelling ratio (MSR) was determined in PBS of pH 3, 7.4, and
11, as the equilibrium value established after 24 h.

The mechanical properties of the obtained superporous hydro-
gels were further estimated through compression tests. All the
scaffolds were totally hydrated in distilled water prior testing.
Furthermore, the integral stabilities of the obtained scaffolds
were investigated by studying the in vitro release of the SS
according to Aramwit et al.'” The samples (@ lcm) were
immersed into 10 mL distilled water at room temperature. Sam-
ple aliquots were extracted at different times 1 h, 4 h, 6 h, 24 h,
72 h, 120 h, 168 h, 336 h, 504 h, and 672 h and the absorbance
was measured at 562 nm. The amount of protein released was
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compared with a BSA standard curve. All experiments were per-
formed in triplicate. Enzymatic degradation of collagen scaffolds
was also investigated by monitoring the mass loss of scaffolds as
function of exposure time to a collagenase solution according to
a procedure described in the literature.>** Pieces of collagen
scaffolds (1 c¢cm in diameter) were accurately weighed (wet
weight without excess of water), placed in a solution of PBS
and collagenase (1 ug/mL) at pH 7.4, and incubated at 37°C. At
regular intervals, the swollen scaffolds were removed from the
collagenase solution, wiped and weight. The percent of degrada-
tion of matrices was determined using Equation (2):

% weight loss = Wt — Wi/ Wi x 100, (2)

where, W; is the initial weight and W, is the weight after time t.
Each biodegradation experiment was repeated 5 times. The final
percentage of biodegradation was calculated as the average
values.

RESULTS AND DISCUSSION

Spectral Characterization

ATR-FTIR spectra successfully confirmed the composition of the
scaffolds. Figure 2 shows the ATR-FTIR spectra of the Coll-SS
scaffolds and of the raw materials.

Neat SS exhibits the characteristic absorption bands at 3299
cm ™' (O—H and amide N—H stretching vibration), 1646 cm ™'
(amide 1), 1531 cm™ ! (amide II) and 1242 cm ™' (amide III).
These bands are very useful for estimating protein secondary
structure and are typically assigned to a disordered structure
because SS exhibits a random coil conformation.***

Instead Coll shows its characteristic vibrations at 3323 cm '

(stretching vibrations of O—H and N—H bonds from both
amides and primary amines), 1650 cm~! (amide 1), 1554 cm ™!
(amide 1), and 1240 cm ™' (amide III). Typical for Coll a band
is observed at 1451 cm ™' due to the pyrrolidine ring of hydrox-
yproline residues. This vibration is not significant in SS due to
the low concentration of this amino acid in the peptide chain.
The recorded bands for Coll perfectly matched with data
reported in the literature.’*™*

On the other hand, an essential parameter for the presence of
triple helix structure is Ap/A;4s, defined as the ratio between
the areas of amide III and 1451 cm™' bands. Andrews et al.*!
showed that if the value of Ap/A145, > 1 then the triple helix is
confirmed. Considering this, the calculated value for the Coll
used in this work was 1.01 this proving the existence of a triple
helix configuration. The ratios Apj/Aj4s; for the Coll-SS scaf-
folds are not relevant any more for the nature of Coll as in
these materials the signal for amide III has a double origin: Coll
and SS.

Further on, the spectra of the mixed Coll-SS scaffolds indicate a
right-shifting of two of the main peaks when compared with
the raw materials (Figure 2). Thus, the broad vibration at 3323
cm " in Coll is shifted to 3315 cm™ ' in sample Coll-SS1 and to
3302 cm™ ! in sample Coll-SS5. Nevertheless, the shape of this
signal directly depends on the composition of each scaffold as it
is the result of overlapping vibrations of O—H and N—H
bonds. In the same time, the maximum for amide II shifts from
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Figure 2. ATR-FTIR spectra of SS and Coll-SS scaffolds. The specific vibrations of Coll are indicated with dash lines to better visualize the shifting with
increasing SS loading. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1554 ¢cm~ ! in Coll to lower wavenumbers like 1551 cm™! in

sample Coll-SS2 and to 1545 cm™' in sample Coll-SS5. The
shifting of bands at 3323 cm ™' and 1554 cm™ ' in Coll confirms
the increased SS content within the scaffolds but also possible
interactions between Coll and SS through hydrogen bonds.

Figure 3 presents the results of crystallographic analysis (XRD)
for all the porous scaffolds that were prepared using the same
Coll concentration and various SS contents. The obtained dif-
fractograms were compared with the XRD patterns of pure Coll
scaffold and neat SS.

Coll

The XRD profiles showed that the obtained materials exhibit
typical patterns of amorphous phase with the absence of crystal-
linity peaks. For the pure Coll scaffold some crystalline halos at
20 = 8.3° and 18° could be observed indicating a tendency to
structural organization. SS showed a weak and wide pattern
with a maximum 26 around 20.9° with a spacing of 4.8 A due
to noncrystalline form as the typical characteristic diffraction
pattern of amorphous SS. To date, most experimental evidences
indicate that the secondary structure of SS is mainly amorphous
(random coil) and contains few f-sheets, but lacks a-helix, so

Intensity (counts)

Coll-SS1
Coll-S52

30
2 Theta {degrees)

Figure 3. XRD diffractograms of Coll-SS scaffolds. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. TGA (a) and DTG (b) curves of Coll-SS scaffolds. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

X-ray analysis is not very efficient for SS because of its low crys-
tallinity. The XRD patterns of prepared porous SS materials reveal
a major peak around 19.5° and a minor peak around 8.4°. The
intensity of these halos decreases with SS loading due to the fact
that SS alters the diffraction signature from the Coll helix.

Figure 4 shows TGA (a) and DTG (b) curves of Coll-SS scaf-
folds with an increased amount of SS.

The thermograms of all samples showed similar profiles. The
initial weight loss of samples observed around 100°C is due to

Mnﬁ?l‘iﬁﬁ WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

loss of moisture while the second weight loss, in a temperature
range of 200—400°C, is associated with the breakdown of side chain
groups of amino acid residues, as well as the cleavage of peptide
bonds from the proteins®’ [Figure 4(a)]. It should be also noted
that the residual mass at 700°C gradually increases at higher levels
of SS because of the neat SS which exhibits a lower weight loss
(65%) (data not shown) than simple Coll (73% weight loss).

DTG curves clearly show one main decomposition peak
(around 310°C) assigned to the thermal degradation of crystal-
line regions from both Coll and SS proteins [Figure 3(b)]. As
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Figure 5. Overlay plot of DSC and DTG curves for neat sericin. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

the SS amount increases this peak is slightly shifted toward
lower temperatures (318°C for Coll-SS1 to 305°C for Coll-SS5).

Moreover, as the SS amount increases a second peak appears
(around 215°C) characteristic to SS as it will be further
observed from Figure 5. DTG curve exhibits two maximum
degradation events at 215 and 290°C which correspond to the
thermal degradation of the amorphous and crystalline domains,
respectively. This fact also demonstrates the downward shifting
of the peak assigned to the thermal degradation of the crystal-
line regions from both Coll and SS from Coll-SS scaffolds as it
was previously mentioned. The thermal behavior of neat SS was
additionally proved using DSC analyses. For a better visualiza-
tion DSC plot was presented in overlay with the DTG thermo-
gram (Figure 5). The two peaks observed in DTG curve fully
overlap the endothermic peaks displayed in DSC thermogram.

More details about the thermal behavior of Coll-SS scaffolds
can be revealed from the DSC curves (Figure 6).

On the DSC thermograms two distinct endothermic peaks were
identified. All analyzed samples exhibit similar behavior suggest-
ing the good miscibility between Coll gel and SS solution in the
resulting freeze-dried scaffold.

Under the influence of heating all studied scaffolds exhibit a
broad endothermic peak around 90°C due to an advanced
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Figure 6. DSC curves for Coll-SS scaffolds. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

dehydration. The obtained results are in good agreement with
those reported for Coll and SS separately investigated.*>™*
According to our data, as the SS content increases, this peak is
shifted to higher temperatures compared with Coll (from 92°C
up to 100°C) probably due to an increased number of hydrogen
bonds, established between the Coll and SS molecules, which
partially hinders the dehydration of Coll. However at a high
quantity of SS (in Coll-SS5 scaffold) the hydrogen bonds are
more likely to be formed between the SS molecules rather than
between SS and Coll. Thus the dehydration of Coll is more
facilitated so that the peak shifted to lower values (88°C).
Therefore, the competition of hydrogen bonds formation
between SS and Coll and SS itself is a key factor which influen-
ces the thermal transitions (Figure 7).

Increasing the temperature, DSC curves exhibit a supplementary
endothermic peak around 220°C, which is assigned to the melt-
ing temperature (7T;,) of the amorphous domains from both
proteins Coll and $S.”*®*” This melting/decomposition temper-
ature decreases gradually as the SS content increases due to a
lower thermal resistance of SS (215°C) with respect to native
Coll scaffold (221°C). As SS is loaded the amorphous phase
consecutively increases leading to a less ordered structure of the
scaffolds and thus the thermal degradation starts earlier (from

WS.S/\\/\/\S,SN\/\

NN eey e NN

b)

Figure 7. Hydrogen bonds between Coll and SS (a) and between SS molecules (b).
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Figure 8. SEM images of Coll scaffold: (a) general view; (b) detail of entangled fibrils (approximately 1 um diameter); white arrows indicate ribbon-like

structures. SEM images of Coll-SS1: (c) entangled fibrils forming round pores, and (d) ribbon-like structures.

219°C for Coll-SS1 to 217°C for Coll-SS3 and 215°C for Coll-
SS5).

The morphology of the porous scaffold is very important
because it affects a series of characteristics like the water uptake
capacity and the mechanical properties. Nevertheless, the chemi-
cal degradation of the porous materials depends directly on the
porosity.

In this context, the morphology was evaluated using SEM
images. In Figure 8(a,b) it can be observed that Coll used as ref-
erence material in this study appears as a highly porous network
with pores formed through the entanglement of fibrils. Ribbon-
like structures are occasionally observed. Introducing SS in the
scaffold modifies the porosity of the materials as further shown
[Figure 8(c,d)]. The matrix with the lowest SS content exhibits
two types of internal architectures. Fibrillar structures are still
present [Figure 8(c)] similar to those characteristics to Coll
Through the interconnections of these fibrils an external shell of
the material is formed, with ring-like pores ranging from 60 to
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130 um. The core consists in multilayered ribbons and denser
meshes as shown in Figure 8(d).

Further increasing SS concentration generates more homoge-
nous porous scaffolds. It should be also remembered that
increasing SS amount corresponds to augmenting of the total
solid content as shown in Table I. This is very important as all
the morphological changes observed represent the synergistic
effect of the two above mentioned compositional factors. Thus,
each Coll: SS ratio leads to a different porosity, but keeping the
same tendency to generate a sponge-like network with increas-
ing homogeneity.

Thus, Coll-SS2 scaffold [Figure 9(a)] appears as spongeous
structure with round cavities of different diameters, from 50 to
90 um. Separation walls with multiple holes start to be distin-
guished as very thin structures. The morphology of Coll-SS3
[Figure 9(b)] is very similar to that of Coll-SS2, but the mate-
rial is denser, the separation walls become thicker and the pores
decrease in diameter to approximately 35-80 pm.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37934
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Figure 9. General morphology of Coll-SS2 (a), Coll-SS3 (b), Coll-S54 (c), and Coll-SS5 (d) as obtained by SEM.

If Coll: SS ratio < 1 and the total solid content is above 2%,
the morphology changes again, remaining homogenous as gen-
eral appearance but presenting multilayered structures con-
nected by fibrillar pillars [Figure 9(c,d)]. These layers become
more tightly packed in Coll-SS5 when compared to Coll-SS4.
Nevertheless, these materials exhibit a different porosity, consist-
ing in the free volume between the pillars and the continuous
layers. The sizes range from 25-70 um in Coll-SS4 to 2-35 pum
in Coll-SS5. These architectural features strongly depend on the
composition of the scaffolds and will further influence the wet-
ability, swelling, and degradation of the materials.

The swelling properties of biomaterials are very important when
aiming biomedical applications. The water uptake is a key factor
for the surface and mechanical properties of hydrogels. In the
same time, it influences the eventual loading/release of bioactive
species in/from these materials as well as the degradative
processes.

The water uptake was monitored for an extended period of
time till equilibrium was achieved and it was found to be
affected by both morphological and compositional factors (Fig-
ure 10).
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Figure 10. SW in water versus time for Coll-SS scaffolds and Coll control.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 11. MSR of Coll-SS scaffolds after 24 hours at pH 3, 7.4, and 11.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The presence of SS in the materials decreases the swelling tend-
ency when compared with the control Coll scaffold. It is
obvious that interconnected pores forming a foam-like structure
enhance water uptake and thus facilitate swelling occurrence,
while denser materials reduce water uptake capacity. Thus, in a
first view, it was observed that all the materials reach MSR
(expressed as the maximum value of the SW) very fast (approx-
imately 90% in the first hour). This behavior is mainly due to
the 3D porous structure of the matrices facilitating the penetra-
tion of water into the scaffold. The hydrophilic nature of the
two polymer components and the ratio between them also
contributed.

On the other hand, when comparing the values of the MSR
(Figure 10), it can be noticed that increasing SS content leads
to lower values. The decrease is significant when compared with
Coll scaffold. Increasing SS when the ratio Coll: SS >1 is associ-
ated to moderate decrease of MSR values (4500 *= 125% for
Coll-SS1, 4200 = 100% for Coll-SS2, and 3800 = 140% for
Coll-SS3). This is also in agreement with the morphological fea-
tures previously described. Further increase of SS content when
Coll: SS < 1 simultaneously with the total solid content (T >
2%) leads to even lower MSR (3500 * 210% for Coll-SS4 and
3200 = 180% for Coll-SS5). This is normal as these composi-
tions are associated with denser materials, more tightly packed
and with smaller pores. Moreover, the results of the swelling
tests in correlation with the porosity assessed by SEM confirm
the superporous nature of the Coll-SS scaffolds.

With respect to the potential biomedical applications of these
scaffolds, the swelling equilibrium values at the end of 24 h
(MSR % in Figure 11) are presented for different pH values. It
was noticed that the equilibrium values are not influenced by
the solvent pH and ionic strength. Furthermore, a lower swel-
ling response with increasing SS content was identified to be
similar with the swelling tendency in double-distilled water.

The next objective was to determine the mechanical properties
of the investigated superporous hydrogels. First, all the scaffolds
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Figure 12. Effects of different SS content on mechanical properties of

Coll:SS gels. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

were totally hydrated in distilled water prior testing. It is known
that in the swollen state physical entanglements are nearly non-
existent and consecutively the strength of the material depends
almost entirely of the crosslinking density. Figure 12 depicts the
compressive stress versus strain curves of the Coll-SS scaffolds
in the swollen state.

From the curves, it can be easily observed the effect of different
SS content on the mechanical properties of hydrogels. As shown
in Figure 12, the stress and strain of Coll-SS1 and Coll-SS2 are
very close to that of Coll. This result indicates that small
amounts of SS do not affect the mechanical properties of Coll
hydrogels. The compressive stress significantly decreases with
increasing SS content from 180 kPa for Coll-SS3 to about 40
kPa for Coll-SS4, Coll-SS5, and Coll-SS6. This fact could be
assigned to the amorphous nature of SS, a higher content of
this protein in matrices reduces the mechanical strength of the

25+
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Figure 13. The amount of protein released from the synthesized scaffolds.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 14. In vitro degradation behavior shown after collagenase treatment
for 24 h.

Coll: SS scaffolds. This outcome is absolutely consistent with
the conclusions mentioned above in XRD or thermal analysis
sections.

The stability of the scaffolds was assessed both in distilled water
and through enzymatic attack as further presented. In a first
step, it was noticed that the amount of protein released in water
increases in time, reaching stability in approximately 24 h (Fig-
ure 13). Very important, Coll proved to be stable in water for 7
days, while a strong positive influence of SS content on the pro-
tein release was observed. Therefore, it seems that SS is the
Accordingly, Coll-SS5
approximately seven times more protein when compared with
the sample with the lowest SS content (Coll-SS1). These results
indicate a strong composition-stability/degradability depend-
ency. Furthermore, releasing SS could have beneficial effects on
collagen production in wounds as previously suggested by Ara-
mwit et al."”’

main released component. releases

Then, the analysis of the structure/properties relationship was
continued by in vitro degradation of the materials using collage-
nase. The control of degradation rate of the scaffolds is an im-
portant feature, as the in vivo resorption influences tissue regen-
eration ability. Collagen can be fully digested only by
collagenases that are distinctive enzymes as they are able to
cleave collagen triple helical region under physiological condi-
tions of pH and temperature. The results of in vitro degradation
performed with collagenase in PBS, 7.4 pH at 37°C are
presented in Figure 14. The degradative process starts with
the penetration of the enzyme inside the polymer matrices. The
network of interconnected pores as well as the fast swelling
(MSR was reached in only 1 hour) facilitates the fast attack
of the enzyme. Thus, Coll presents a 10% weight loss after 1 h
while Coll-SS materials lose between 18-30% of their mass in
the same time interval. After 24 h, Coll lost ~ 20% of its mass
while SS-containing materials present more important weight
losses, ranging from 25% in Coll-SS1 to total collagen digestion
in Coll-SS4 and Coll-SS5.

This behavior could be attributed to the SS component acting
as a diluent of the Coll network. Increasing SS corresponds to
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decreasing Coll density in the network and enhances the degra-
dation process in terms of degradation rate.

Therefore, SS exhibits a strong influence on the stability of the
Coll-SS scaffolds leading to superporous materials which de-
grade faster. This behavior can be further considered an advant-
age or disadvantage depending on the targeted application.

CONCLUSIONS

Novel superporous scaffolds based on two proteins, collagen,
and sericin were synthesized using various ratios between the
two components. SS content strongly influences the structure-
properties relationship. All the morphological changes observed
using SEM represent the synergistic effect of the SS loading and
of the augmenting of the total solid content. The architectural
features in correlation with the results of the swelling tests con-
firm the superporous nature of the Coll-SS scaffolds and
strongly influence the in vitro degradation of the materials. Fur-
thermore, the mechanical properties can be easily tuned by
increasing the crosslinking density to make the material suitable
for different biomedical applications.
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