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Abstract: In this study, chitosan and collagen (Ch: Col)-based materials containing curcumin (Cur) as
a bioactive compound were developed for wound-healing purposes. The effects of incorporating
curcumin and increasing its concentration on both the rheological properties of the formed solutions
and the morphological and thermal properties of the three-dimensional scaffolds obtained from them
were evaluated. Rheology showed that the presence of curcumin resulted in solutions with a solid-
like behavior (G’ > G”), higher collagen denaturation temperatures, and higher viscosities, favoring
their use as biomaterials for wound healing. A greater cross-linking effect was observed at higher
curcumin concentrations, possibly between the amino groups from both polymers and the hydroxyl
and keto groups from the polyphenol. Such cross-linking was responsible for the delay in the onset
of degradation of the scaffolds by 5 °C, as revealed by thermogravimetric analysis. Moreover, the
pore diameter distribution profile of the scaffolds changed with increasing curcumin concentration;
a greater number of pores with diameters between 40 and 60 um was observed for the scaffold
with the highest curcumin content (50 mg), which would be the most suitable for the proposed
application. Thus, the materials developed in this study are presented as promising biomaterials for
their biological evaluation in tissue regeneration.
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1. Introduction

Wounds are discontinuities created in healthy tissue that can be caused by chemical,
physical, and immunological processes, among others. The wound-healing process com-
prises several steps, ranging from healing through inflammation to the induction of cell
proliferation [1,2]. One of the main factors that can negatively affect the wound-healing
process is the attack of free radicals, which are highly unstable species capable of oxidizing
the new cells that have been proliferating around the wound, thus damaging them and
delaying the healing process [3].

The use of biomaterials stands out as one of the best alternatives for the wound-healing
process due to their biocompatibility, non-toxicity, capacity to induce cell interactions and
responses, and their capacity for tissue regeneration [4,5]. In this sense, chitosan and
collagen are two options of polymers that are extensively used as biomaterials, individually
or in combination [6-9]; chitosan, a polysaccharide derived from chitin, has advantages
due its antimicrobial activity and its positive charge in solution [10-12]; collagen, the most
abundant protein found in bone and tendons, acts as an extracellular matrix in the control
of the function, structure, and shape of tissues [13].
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One of the ways to improve both the physicochemical and biological properties of
chitosan- and collagen-based biomaterials involves the addition of nutraceutical com-
pounds that also act as cross-linkers; curcumin, a yellowish pigment found in turmeric
(Curcuma longua), is one of these compounds [14]. Its keto and hydroxyl groups can promote
the cross-linkage of polymers, thus increasing their structural stability, and its numerous
biological properties (such as anti-inflammatory, anti-fungal, anti-cancer, and anti-invasive
properties) also improve the performance of the formulated biomaterials [4,15,16]. More-
over, the proven antioxidant activity of curcumin makes its application in preventing
oxidation and scavenging free radicals useful in the wound-healing process.

The interaction between curcumin with both chitosan and collagen has already been
elucidated in several studies in the literature, many of which propose the use of these
biomaterials for application in wound healing. Dharunya et al. (2016) [4] developed
an aerogel based on cross-linked collagen with curcumin, which presented controlled
anti-proteolytic activity, making it a suitable 3D scaffold for biomedical applications. In
another study, Rezaei et al. (2018) [17] developed chitosan and collagen scaffolds containing
curcumin nanoparticles; the scaffolds with the best physicochemical properties were those
containing the polymers in a 2:1 ratio (chitosan: collagen), with and without curcumin
nanoparticles incorporated. However, the scaffolds without the nanoparticles did not cause
any up-regulation in TGF-1 or Smad7 mRNA expression; therefore, they were unable
to accelerate the wound-healing process, while the scaffolds containing curcumin were
effective in this acceleration [18]. In a recent study, a combination of chitosan, collagen,
and curcumin was tested in the form of electrospun nanofibers containing polyethylene
oxide, which also targeted the wound-healing process [19]. Curcumin was successfully
released from the nanofibers for up to 3 days and did not cause any significant cytotoxicity
to human dermal fibroblasts, which also makes its use and incorporation in other types of
biomaterials, such as three-dimensional scaffolds, promising.

As far as we know, the aforementioned studies with the combination of chitosan,
collagen, and curcumin did not conduct any rheological characterizations of these materials,
which, once well detailed (with oscillation, temperature, and flow tests, for example), can
be combined with the thermal, morphological, and structural properties observed for the
scaffolds. Moreover, rheology can unravel how the incorporation of curcumin may affect
the stability of the polymeric matrix against deformation, shear, and temperature at the
molecular level. Thus, the aim of this study was to develop chitosan- and collagen-based
materials with different concentrations of curcumin and to analyze their rheological profiles
(viscoelastic and steady shear), as well as the structural and thermal characteristics of the
scaffolds formed. The materials developed were suitable for the proposed application with
their solid-like behavior, high collagen denaturation temperatures, and high viscosities.

2. Materials and Methods
2.1. Materials

All solvents and reagents were of analytical grade and were used as such. The squid
pens used as a source of 3-chitin for chitosan preparation were obtained at Miami Comércio
e Exportacdo de Pescados Ltda (Cananéa, SP, Brazil). The bovine tendon used for collagen
extraction was obtained at Casa de Carnes Santa Paula(Sao Carlos, SP, Brazil). Curcumin
was purchased from a local manipulation drugstore (Sao Carlos, SP, Brazil).

2.2. Methods
2.2.1. Chitosan Obtention

Chitosan was obtained from squid pens (Doryteuthis spp.) through a demineralization,
deproteinization, and deacetylation process adapted from Horn, Martins, Plepis (2009) [20].
Briefly, the procedure involved the removal of impurities with a 0.55 mol L~! HCl solution,
followed by the extraction of 3-chitin in an alkaline medium (0.3 mol L-! NaOH, 1 h,
80 °C); finally, a new alkaline treatment (NaOH 40% w/w, 80 °C, 3 h, N; flow) led to the
deacetylation of 3-chitin and obtention of chitosan, which was washed to neutrality and
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dried. The reaction yield was 26.44%, and the chitosan acetylation degree and molecular
weight were 5.68 £ 0.05% and 205 kDa, respectively, as determined according to the
procedures developed by Lavertu et al. (2003) [21] and Rinaudo (2006) [22].

2.2.2. Collagen Obtention

The extraction of collagen from the bovine tendon followed the procedure described
by Horn, Martins, and Plepis (2009) [20] and started with the removal of unwanted organic
materials by washing in a 0.9% (w/w) saline solution (NaCl) and in deionized water until
completely clean. Then, the tendon was submitted to hydrolysis in an alkaline solution
(pH > 12) containing chlorides and sulfates of Na*, K*, and Ca?* for 96 h. After this
period, the tendon was removed from alkaline conditions and placed in another solution
containing sulfates and chlorides of Na*, K*, and Ca?* ions for 6 h. The excess salts were
removed by washing in a 3% (w/w) boric acid solution and deionized water (3 h each),
followed by washing in a 0.3% (w/w) EDTA solution and deionized water (3 h each). Finally,
type I collagen was extracted and maintained in a pH 3.5 acetic acid (HAc) solution. Its
concentration of 1% (w/w) was determined by weighing after lyophilization in a Freeze
Dryer Modulyo model (Edwards High Vacuum International, West Sussex, UK).

2.2.3. Curcumin Purification

The purification process of commercial curcumin was carried out by dissolving the
powder in a 1% HAc/ethanol solution (20:1 ratio) at room temperature and under protection
from light until complete solubilization. The solution was then filtered, the ethanol was
removed by evaporation for 24 h, and the purified curcumin solution was lyophilized for
16 h to obtain a thin powder.

2.2.4. Preparation of Chitosan/Collagen/Curcumin Scaffolds

To prepare the solutions containing chitosan, collagen, and curcumin, both polymers
were solubilized separately in 1% (w/w) HAc at a concentration of 1% (w/w), leading to
the Ch and Col solutions. These solutions were mixed in a 1:1 ratio at room temperature,
leading to Ch: Col (without curcumin) solution. Next, curcumin (Cur) was dissolved in
1 mL of HAc 1% at concentrations of 10, 20, and 50 mg; 1 mL of Cur solution was mixed
with 20 g of the polymeric solutions, resulting in the Ch: Col: Cur10, Ch: Col: Cur20, and
Ch: Col: Cur50 solutions. For the preparation of scaffolds, the air was removed from the
solutions, which were placed in Teflon® molds, frozen, and lyophilized.

2.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was conducted to identify the main functional groups of chitosan,
collagen, and curcumin, as well as to verify the interactions between them in the Ch: Col:
Cur20 sample. For that, chitosan and curcumin (previously dried) were mixed in KBr,;
collagen, in turn, was diluted in HAc with a pH 3.5 (final concentration of 0.2%), placed in
Teflon® molds, and dried under air flow to form a film through the casting method. The
equipment used was an FTIR Shimadzu IR Affinity—1 (Shimadzu, Kyoto, Japan), and the
spectra were obtained in the region of 4000-400 cm~! with 32 scans and a resolution of
4em~ L

2.2.6. Rheological Assays

The rheological study was performed with the Ch: Col, Ch: Col: Cur10, Ch: Col: Cur20,
and Ch: Col: Cur50 solutions in an AR-1000 N stress-controlled rheometer (TA Instruments,
New Castle, DE, USA) with a cone/stainless steel plate geometry of 60 mm in diameter,
angle of 0° 30/, and a fixed gap of 15 pm. The temperature was controlled with a Peltier
system. Prior to measurements, the prepared solutions were stored under refrigeration and
protected from light. The rheological assays started with the determination of the linear
viscoelastic region (LVR) of the solutions in the strain sweep measurements, from 0.01 to
100 Pa, at a frequency of 1.0 Hz and at 25 °C; then, the behavior of the viscous (G”) and
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elastic (G”) moduli of the solutions were evaluated as a function of temperature from 25 to
75 °C with a heating ratio of 5 °C min~! at a fixed strain and frequency of 10% and 1 Hz,
respectively. Finally, flow tests determined the viscosity of the solutions while varying the
shear rate from 1 to 1000 s~ at 25 °C.

2.2.7. Thermogravimetric Analysis (TGA)

The thermogravimetric profile of the chitosan/collagen/curcumin scaffolds was as-
sessed with TGA-Q50 equipment (TA Instruments, New Castle, DE, USA). A sample of
5-6 mg was used, with a temperature range from 25 to 800 °C at 10 °C min~! under a
synthetic air atmosphere (60 mL min~1).

2.2.8. Scanning Electron Microscopy (SEM)

The morphology of the scaffolds—both the surface and cross-sectional surface—was
observed using a ZEISS LEO 440 instrument (Zeiss, Cambridge, UK) with an OXFORD
detector (model 7060) and an electron beam of 20 kV. Before the analysis, the scaffolds were
covered with a 6 nm gold layer. The diameters of the scaffolds pores and channels were
calculated using the UTHSCSA Image Tool software. For each scaffold, 20 measurements
were performed in the surface and cross-sectional surface photomicrographs at 500 and
1000 x magnification, respectively.

2.2.9. Statistical Analysis

The Shapiro-Wilk test was used to verify the data distribution. The results for the pore
and channel size were examined using analysis of variance (ANOVA), followed by Tukey’s
test, with a significance level of 5%.

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of chitosan, collagen, curcumin, and the Ch: Col: Cur20 scaffold
are shown in Figure 1. The spectra allow the identification of bands referring to the main
functional groups of both polymers and curcumin; this was also a structural identification
of this compound, which was of commercial origin. In Figure 1a, the characteristic bands of
chitosan are observed, with an emphasis on the broad band in the region of 3700-3100 cm~1,
which is related to the axial deformations of the O-H and N-H bonds present in the
polysaccharide structure (Table 1). Such deformations are also responsible for the band
of lower intensity observed in the region of 3300 cm~! for collagen in the spectrum in
Figure 1b. Regarding curcumin, the main bonds that lead to the broad band observed
between 3360 and 3450 cm~! are the O-H bonds of the phenolic rings present in the
curcuminoid structure (Figure 1c).

Other characteristic bands can be observed along the spectra, such as those present
in the region of 1660-1653 cm™~!; in the case of the polymers, these bands arise due to the
stretching of the C=0 bonds of the carbonyls that comprise amide I [23,24]. In relation to
curcumin, the band at 1660 cm 1 refers to the C=0 bonds of the beta-diketone found in the
central region of the molecule, which can lead to an intermolecular hydrogen atom transfer
and to a keto-enol tautomerism [25].
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Figure 1. FTIR spectra of chitosan (a), collagen (b), curcumin (c), and Ch: Col: Cur20 scaffold (d).

Table 1. Characteristic FTIR bands of chitosan, collagen, and curcumin.

Wavenumber (cm—1)

Chitosan Collagen Curcumin

3700-3100
3300
3450-3360
2930-2880

1660

1655 (sh) *
1653 (sh) *
1640
1560
1558

1456

1413
1385

1400-1350

1240
1238
1190-960
1000

O-H and N-H deformation
O-H and N-H deformation
O-H phenol deformation
C-H axial deformation
C=0 carbonyl and
keto-enol tautomerism

C-H axial deformation

Amide |
Amide I
O-H water bond
Amide II
Amide II
C-H pyrrolidine rings
deformation
CH, axial deformation
CH; out-of-plane deformation
C-O alcohol and
phenol deformation
O-H axial deformation
Amide III

C-O axial deformation

O-H and N-H deformation C-H alkene deformation

* (sh) = stretching bands.

Other prominent bands are the ones in 1624 and 1524 cm !, which are related to the
protonated amino groups of chitosan (NHz*), the ones in 1558 and 1238 cm ™!, which are
characteristic of collagen amides II and II, respectively, and the band at 1000 cm !, which
is related to the deformation of C-H bonds of the alkenes that are present in the structure
of curcumin. The presence of these characteristic bands of the three components in the
spectrum of Ch: Col: Cur20 (Figure 1d) shows the effectiveness of the incorporation of
curcumin in the polymeric matrix, which will be attested by the rheological studies below.

3.2. Rheological Assays
3.2.1. Strain Sweep Measurements

The rheological study of chitosan and collagen solutions without curcumin and with
curcumin at different concentrations started with the sweeping of their elastic and viscous
moduli as a function of %strain; one of the main parameters for the characterization of the
viscoelastic behavior of polymeric solutions is their linear viscoelastic region (LVR), that is,
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the region in which the G” and G” moduli remain constant, regardless of the deformation
to which the solution is subjected. The LVR is a direct indicator of the resistance of the
solution to the applied deformation, and from its extension, it is possible to evaluate the
structural strength of the polymeric network formed [26].

Figure 2a shows the graphs of G’ and G” as a function of %strain; in all cases, the
elastic modulus exceeded the viscous one (G’ > G”), which is characteristic of a solid-like
behavior [26,27]. This behavior indicates that the solutions of chitosan and collagen had a
gel-like structure and that their gel-like response was not affected by the incorporation of
curcumin into the system. From the curves, it was possible to determine the parameters
shown in Table 2: the first one, yiyg, is the critical deformation of the solutions, that
is, the maximum deformation that can be applied before the LVR ends and the moduli
decrease; the greater ypyr is, the more resistant to the applied deformation the solution
will be. Likewise, the G'1yr parameter is the value of the elastic modulus at the limit of the
LVR, and it starts to decrease as soon as the LVR ends. For the solutions in this study, the
incorporation of curcumin and the increase in its concentration in the chitosan and collagen
matrix did not affect yyyr value, but interfered in the elastic behavior, leading to G'ryr
values up to 30 Pa lower in the Ch: Col: Cur10 solution when compared to the solution
without curcumin. The increase in curcumin concentration, in turn, led to a gradual increase
in the elastic moduli of the solutions, going from 43.96 to 57.46 Pa in Ch: Col: Cur50.
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Figure 2. G’ and G” moduli as a function of %strain (at 1 Hz and 25 °C) (a); G’ and G” moduli as a
function of temperature (25 to 75 °C, 5 °C min !, at 10% strain and 1 Hz) (b). G’ (empty symbols)
and G” (full symbols) for Ch: Col (=), Ch: Col: Curl0 (-), Ch: Col: Cur20 (=), and Ch: Col: Cur50 (a).

Table 2. Rheological parameters obtained from strain sweep, temperature sweep, and flow measure-
ments: YpyR, critical deformation at the limit of the LVR; G’ yR, elastic modulus value at the limit of
the LVR; tand, G” /G’ ratio; G'-G” difference at 1% strain; T and G’crossover; Mo, Viscosity at zero shear
rate, obtained through the adjustment of the curves with the Cross model.

Parameter Ch: Col Ch: Col: Cur10 Ch: Col: Cur20 Ch: Col: Cur50
Yivr (%) 17.9 18.6 17.8 18.5
G'tyr (Pa) 77.6 44.0 46.9 57.5
tand 0.5 0.7 0.7 0.6
G-G” 35.7 13.7 18.5 24.0
Terossoverl (°C) 33.8 32.9 34.7 35.3
G’ croosver1 (Pa) 14.5 15.5 13.8 13.2
Terossover2 (°C) 59.8 53.9 51.6 55
G croosver2 (Pa) 74 4.1 2.7 3.5
1o (Pas) 35.3 42.8 57.5 61.3

This effect of curcumin incorporation on the decrease in the elastic character of the
solutions can also be observed in the tand parameter; as this parameter is the ratio between
the viscous and elastic moduli, tand values < 1 indicate the predominance of G’ [28]. As
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shown in Table 2, tand increased with the incorporation of curcumin into the polymeric
matrix (which again points to a decrease in the elastic character of the solutions) and slightly
decreased at higher curcumin concentrations.

Finally, the last parameter obtained from the strain sweep curves was the difference
between the moduli at 1% strain (inside the LVR); G’'-G” indicates whether the moduli
are approaching or retreating from each other and reinforces the effect that the addition
of the polyphenols brings to the system. As expected, the difference between the moduli
decreased with the incorporation of curcumin, since the elastic modulus decreased. In
general, this behavior can be explained by the greater number of interactions that were
formed between the polyphenols of curcumin and the polymeric network of chitosan and
collagen; phenolic compounds tend to accentuate the viscous moduli of polymeric solutions
and, consequently, decrease their elastic character due to the new interactions formed [29].
However, the opposite effects were observed for the strain parameters in the solutions with
higher concentrations of curcumin (i.e., a further increase in G'ryr and in G’-G”, as well
as a further decrease in tand for Ch: Col: Cur20 and Ch: Col: Cur50), which may be an
indication of a probable cross-linking of the polymeric network with higher concentrations
of polyphenols [30].

3.2.2. Temperature Sweep Measurements

Figure 2b shows the curves of the G’ and G” moduli as a function of temperature; in
general, all solutions presented curves with similar profiles, starting with the predominance
of G’ at 25 °C. From 25 to 35 °C, a small plateau was observed in which both the elastic and
viscous moduli remained constant, thus reflecting the stability of the polymeric matrix.

Right after this region, the first crossover between the moduli occurred, in which
G’ = G” and G” soon overcame the elastic modulus; this effect was associated with the
thermal denaturation of collagen, whose triple helix collapsed into a random coil [31]. The
temperature at which such an effect happens can also be called the collagen denaturation
temperature (T4) and is easily obtained at the point where G” = G” or where tand reaches
its maximum [30]. In this study, the addition of curcumin to the polymeric matrix delayed
the denaturation of collagen by about 1.5 °C (from 33.8 °C in Ch: Col to 35.3 °C in Ch:
Col: Cur50) (Table 2), which is a new indicator of the possible cross-linking induced by
this polyphenol.

From 35 to 50 °C, the elastic modulus of the solutions started to rise again, and in
a more accentuated way than the predominant viscous modulus; the second crossover
occurred above 50 °C for all solutions, which was an indicator of the gelling process
in which G’ became greater than G” again; this is also representative of a liquid—solid
transition. This gelling point is associated with the elimination of energized water molecules
at high temperatures, which rearranges the polymeric chains and leads to an increase in the
elastic behavior of the solutions [27,29]. The addition of curcumin to the polymeric matrix
led to a gelling point that was about 8 °C and 6 Pa lower for the Ch: Col: Cur20 solution
when compared to Ch: Col, which was probably related to the initially smaller number of
interactions between the polymers and water molecules due to the polyphenols’ presence.

3.2.3. Flow Measurements

Figure 3 shows the viscosity curves as a function of the shear rate (s 1) for the solutions;
in the adopted shear rate range (from 1 to 1000 s !), all chitosan and collagen solutions—
containing or not containing curcumin—presented a Newtonian behavior, that is, a decrease
in viscosity with the application of shear. This behavior was associated with the ordering
of polymeric chains, which were initially randomly distributed, when in the presence of
shear [31].
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From the adjustment of the curves with the Cross Equation (Equation (1), where g is
the zero-shear viscosity (Pa s), 1 is the viscosity limit at infinite shear (Pa s), 7y is the shear
rate (s 1), k is the consistency index (s), and 7 is the rate index), it was possible to estimate
the values of 1, that is, the viscosity at zero shear (Table 2).
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The incorporation of curcumin and the increase in its concentration promoted a linear
effect of increasing the 779 value of the solutions from 35.32 Pa s in Ch: Col to 61.27 Pa s
in Ch: Col: Cur50. This effect of increasing the viscosity of polymeric solutions with the
incorporation of polyphenols was already observed by Almeida et al. (2018) [32], who
attributed it to the greater stiffness of a polymeric system containing curcumin.

Therefore, the results of the rheological assays (both oscillatory and steady shear)
pointed to a proven interaction of curcumin with the polymeric network of chitosan and
collagen, probably by cross-linking the amino groups of the polymeric matrix of collagen
and chitosan with the OH and the keto groups of the curcumin structure. Moreover, a
clear effect of curcumin concentration on the cross-linking of the polymeric system was
observed. This cross-linking led to solutions with a more accentuated solid-like behavior,
higher collagen denaturation temperatures, and higher viscosities, thus favoring their use
as biomaterials for wound healing and tissue regeneration [30].

3.3. Thermogravimetric Analysis (TGA)

Once the rheological behavior of the chitosan and collagen solutions containing cur-
cumin at different concentrations was elucidated and the effects that the polyphenol addi-
tion had on the polymeric matrix were evaluated, the solutions were frozen and lyophilized
for the obtention of scaffolds. The thermal stability of the scaffolds was investigated for
the scaffolds without curcumin (Ch: Col), as well as for the scaffolds with the lowest and
highest amounts of polyphenol (that is, Ch: Col: Curl0 and Ch: Col: Cur50, respectively).

The thermogravimetric curves obtained, as well as their derivatives, are shown in
Figure 4. All of the scaffolds with and without curcumin presented four stages of weight
loss, whose percentages are displayed in Table 3. The first stage of weight loss, from 25 to
100 °C, represents the loss of absorbed water, ranging from 16.96 to 18.51%; next, the loss of
structural water bound to the polymeric molecules in the scaffolds took place from 100 to
200 °C. The incorporation of curcumin led to percentages of bound water that were about
3.6% lower in relation to those of the Ch: Col scaffold (9.08%), which reinforces what the
previous rheological results had pointed out: The presence of the curcuminoid decreased
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the interaction sites in the polymeric network available for water contact, which also led to
lower gelling temperatures.
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Figure 4. Thermogravimetric curves (solid lines) and their derivatives (dotted lines) for: (—) Ch: Col,
(—) Ch: Col: Curl0, and (—) Ch: Col: Cur50.

Table 3. Weight loss and Tonset of the scaffolds determined through thermogravimetric analysis.

Weight Loss (%)

Scaffold Tonset (OC)
25-100 °C 100-200 °C 200410 °C  410-750 °C
Ch: Col 18.09 9.08 47.37 25.18 254.38
Ch: Col: Curl0 18.51 5.49 46.8 28.8 259.53
Ch: Col: Cur50 16.96 5.39 53.86 24.19 259.89

The third stage of weight loss of the thermogravimetric curves, from 200 to 410 °C, is
related to the degradation of the collagen structure, and it presented the highest weight
loss values, as well as the highest derivatives. From the peak of the derivatives in the third
stage, it was possible to calculate Tonset, that is, the temperature at which the polymeric
network started to degrade for each scaffold; again, the results of curcumin incorporation
were promising, leading to Tonset Values that were about 5 °C higher than in the case of the
Ch: Col scaffold (Table 3). This result may be related to the cross-linking effect promoted
by polyphenol, as mentioned in the rheological results. Finally, the last stage of weight
loss, from 410 to 750 °C, refers to the decomposition and carbonization of the degradation
products from the previous stage [11].

3.4. Scanning Electron Microscopy (SEM)
3.4.1. Surface and Cross-Sectional Surface Images

Figure 5 shows the appearances of the scaffolds obtained, as well as their surface and
cross-sectional surface morphologies. The incorporation of curcumin into the polymeric
matrix of chitosan and collagen led to changes in the coloration of the scaffolds, which
changed from white (in the case of Ch: Col) to yellowish with the highest concentration
of polyphenols (Ch: Col: Cur50). Regarding the surface morphology of the scaffolds
(Figure 5a—c), all of them presented interconnected pores in the polymeric network, which
is advantageous and desirable for the proposed application, since scaffolds must allow the
transport of nutrients, absorb fluids and moisture, and allow cell migration and prolifera-
tion [33]. Moreover, there was a clear increase in the number of pores with the inclusion
of curcumin compared to the compact matrix observed for Ch: Col. No agglomerates or
precipitates of curcumin were observed along the surface of the scaffolds, which indicated
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the homogeneity of the mixture and the complete miscibility of the polyphenol in the
polymeric matrix.

Figure 5. SEM images of the surface (200x magnification) and cross-sectional surface (1000 x magni-
fication), respectively, of Ch: Col (a,d), Ch: Col: Cur 10 (b,e), and Ch: Col: Cur 50 (c,f).

Regarding the cross-sectional surface micrographs of the scaffolds (Figure 5d—f), the
polymeric fibers were channeled-distributed, and the addition of curcumin in its highest
concentration led to a greater compaction of these channels, which was probably due to the
cross-linking effect caused by the polyphenol. No visible agglomerates or precipitates of
curcumin were observed in these cases either.

3.4.2. Pore and Channel Size

Once the surface and cross-sectional surface morphologies of the chitosan, collagen,
and curcumin scaffolds were analyzed, the pore diameters of their surfaces were measured.
The pore size of scaffolds intended to be applied as biomaterials in wound healings is
one of the factors that most influences their performance and efficiency in the application;
ideally, a scaffold must have pores with an adequate size to absorb moderate amounts
of fluids (such as exudates that are released from the wound or injury) and to allow the
maintenance of a moist environment in the wound bed at the same time [34].

Table 4 shows the average pore diameter values obtained for each sample. Although
no statistically significant difference was observed between the samples, a clear tendency
towards an increase in the pore diameter was noted for the scaffold with the highest concen-
tration of curcumin, Ch: Col: Cur50, with an average diameter that was about 10 um larger
than the average diameter of the scaffolds without curcumin (Ch: Col) and the scaffolds
with curcumin in a lower concentration (Ch: Col: Cur10). This effect of increasing the pore
diameter of scaffolds based on biopolymers with the inclusion of bioactive compounds,
such as phenols and polyphenols, was already observed by Bertolo et al. (2020) [35]; the
inclusion of pomegranate peel extract (rich in phenolic compounds) in chitosan and gelatin
scaffolds led to an increase in the diameter of the surface pores.
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(b)

Counts

Table 4. Average pore size and channel size values for the scaffolds.

Scaffold Pore Size (um) Channel Size (um)

Ch: Col 35.15+10.862 3647 +£7.302
Ch: Col: Curl0 35.14 £ 12.642 28.62 £2.36°
Ch: Col: Cur50 4531+ 8752 18.48 +2.30 ¢

b, ¢ In the same column, values with different superscript letters indicate statistically different samples according
to ANOVA and the Tukey test (p < 0.05).

Regarding the diameter of the channels observed in the cross-sectional images of the
scaffolds, the effect of curcumin incorporation was opposite to the effect on the surface
pores; Table 4 shows the average values obtained for the channels in each scaffold; in
general, polyphenol promoted a greater compaction of the scaffolds’ structure, leading to
channels that were less spaced from each other. The difference in the size of the channels
was statistically significant among the three scaffolds, and in the case of Ch: Col: Cur50,
the channels (18.48 £ 2.30 um) presented half the average diameter observed for Ch: Col
(36.47 £ 7.30 um).

Figure 6 shows the distribution of the pore diameter values measured for each of
the scaffolds; the sample without curcumin (Figure 6a) presented a higher number of
pores with diameters between 20 and 40 pm; with the addition of curcumin at its lowest
concentration (Figure 6b), there was a shift of this higher number of pores to the region
of 40-50 pm. When the amount of curcumin was increased (Figure 6c), the pore diameter
distribution profile of the scaffolds changed completely, and a greater number of pores
with diameters between 40 and 60 um was observed.

12

(a) Il ch: Col

Counts

40 60 100
Pore size (um)
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Counts
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Figure 6. Pore size distribution for Ch: Col (a), Ch: Col: Cur10 (b), and Ch: Col: Cur50 (c).
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Many studies in the literature have dealt with the optimal pore size for scaffolds that
will be applied for tissue regeneration; the pore size is affected by many factors, including
the choice of biopolymers and the presence of bioactive compounds (such as curcumin
in this study). The type of tissue to be regenerated and that will be in contact with the
scaffold also affects the optimal range desired. Ideally, pores with a range of 90 to 130 pm in
diameter allow cell migration and proliferation, but in vitro results of cell growth in pores
with diameters smaller than 100 pm have already been reported [36]. Furthermore, reports
in the literature have already noted that microvascular epithelial cells generally require
even smaller pores of about 40 pm for proliferation and differentiation [37]. In this case,
the Ch: Col: Cur50 scaffold would be the most suitable for application in wound-healing
applications, since it has a greater number of pores with diameters of around 40 pm and
a structure with a greater number of channels that are interconnected with each other by
smaller distances.

4. Conclusions

Curcumin was evaluated as a valuable bioactive compound in the development of
chitosan- and collagen-based materials for wound-healing purposes due to its antioxi-
dant, anti-inflammatory, and antiseptic properties. The effects of curcumin incorporation
and concentration were evaluated for the rheological properties of Ch: Col solutions; the
polyphenols decreased the elastic behavior of the polymers at low concentrations, but the
opposite tendency of further increasing G’ was observed with higher curcumin concen-
trations (20 and 50 mg). Likewise, both the elastic and viscous moduli were affected by
temperature, and curcumin incorporation delayed the denaturation temperature of collagen
(Tq4) of the scaffolds by about 1.5 °C. The TGA results also showed promising effects of
curcumin on delaying the temperature at which scaffolds start to degrade by about 5 °C.
The cross-linking brought by the polyphenols was also reflected in the greater viscosity and
stiffness of the solutions, as well as in the greater compaction of the polymer channels in
the cross-sectional surface images obtained with SEM. The diameters of the surface pores
increased according to the increase in curcumin concentration, ranging mainly from 40 to
60 um for Ch: Col: Cur50, the most suitable scaffold for the continuation of the biological
and in vitro studies that are necessary for the proposed application.
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