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Abstract: Starch is a widespread natural polymer used in healthcare applications due to its low cost
and antibacterial properties. The use of starch in its many forms and its sometimes combination
with metallic nanoparticles have all contributed to the advancement of biomaterials. However, few
studies have been conducted on biocomposites composed of jackfruit starch and silver nanoparticles
(AgNPs). As a result, this research aims to study the physicochemical, morphological, and cytotoxic
features of a Brazilian jackfruit (Artocarpus heterophyllus) starch-based scaffold loaded with AgNPs.
Gelatinization and chemical reduction were used to synthesize the scaffold and AgNPs, respec-
tively. X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning electron micros-
copy coupled with energy-dispersive spectroscopy (SEM-EDS), and Fourier transform infrared
spectroscopy (FTIR) were utilized to explore the properties. The findings supported the develop-
ment of anisotropic, stable, monodispersed AgNPs. The presence of AgNPs in the scaffold matrix
was revealed by XRD and SEM-EDS. AgNPs were found to modify the crystallinity, roughness, and
thermal stability of the scaffold while leaving its chemical and physical characteristics unchanged.
Finally, the scaffolds did not show adverse effects on the L929 cells.
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1. Introduction

Scaffolds are three-dimensional porous structures that facilitate tissue growth/re-
modeling by supporting human cell adhesion, proliferation, differentiation, and orienta-
tion in a stable environment. They are commonly employed in biomedical tissue engi-
neering and are made of biocompatible and biodegradable materials that allow for the
incorporation and transport of medicines and biological components [1-4].

Starch is a low-cost, biodegradable, biocompatible, and natural polymer widely used
in fabricating scaffolds [5-8]. Amylose (glucose units joined by a-1,4-glycosidic bonds)
and amylopectin (glucose units linked by glycosidic bonds at a-1,4 and «-1,6 carbons)
chains make up starch's molecular structure [9]. Starch, like other polysaccharides and
proteins, is a thermoplastic polymer composed of linear chains linked by weak bonds and
capable of being processed into membranes [10], gels [11], nanofibers [12], microparticles
[13], nanoparticles [14], and scaffolds [6]. It can also encapsulate pharmaceuticals and me-
tallic nanoparticles that bond to the long polymeric chains and hydroxyl groups of mo-
lecular structure [15,16].
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Silver nanoparticles (AgNPs) stand out among metallic nanoparticles due to their
distinctive physical, chemical, and biological features, particularly antibacterial and anti-
fungal activities [17], simple production, low cost [18], high conductivity, chemical stabil-
ity, and catalytic activity [19,20]. They have a wide range of applications in biomedicine
and are commonly coupled with biomaterials to provide bactericidal effects [21]. By at-
taching to peptidoglycans, AgNPs can permeate bacteria membranes, causing structural
alterations, increased membrane permeability, and, eventually, death [21]. AgNPs can
also interact with bacterial proteins through this mechanism, inhibiting DNA replication
and, consequently, bacterial growth [22].

A few different types of starches can be utilized to make scaffolds and biomaterials.
They are derived from many plant sources and have varying compositions and properties
that are determined by growing circumstances, area, harvest season, and climate [10,23-
27]. Commercial starches made from wheat, corn, potato, rice, and cassava have already
been extensively explored and are widely exploited in the industry [28]. Searching for
novel forms of local starch sources in Brazil would be critical, given their importance and
the differences in their qualities.

Jackfruit (Artocarpus heterophyllus) provides a different type of starch, showing po-
tential among starch sources. The high amylose concentration, low gelatinization temper-
ature, and small gelatinization enthalpy change of jackfruit starch make it a promising
starch resource [27,29,30]. However, additional research is still necessary.

In this study, we synthesized a jackfruit (Artocarpus heterophyllus) starch-based scaf-
fold loaded with AgNPs and tested its physicochemical, thermal, morphological, and cy-
totoxic properties for biomedical applications. The production of such scaffolds utilizing
readily accessible, inexpensive, and domestic starch sources was another primary objec-
tive of this study.

2. Materials and Methods
2.1. Chemicals

The jackfruit used for starch extraction was obtained from the local market of Cam-
pina Grande, Paraiba, Brazil. All chemical reagents were of analytical grade. Silver nitrate
(AgNO:s), tribasic sodium citrate dihydrate (NasCeHs07.2H20), and hydrogen peroxide
35% (H202) were purchased from Neon. Sodium borohydride (NaBH4), and glycerol
(299%) were from Sigma-Aldrich. The aqueous solutions were prepared with ultrapure
water (18.2 mQ.cm), obtained from a GEHAKA Master System MS2000 System.

2.2. Starch extraction from jackfruit seed endocarp

The starch extraction method was adopted from Perez, et al. [31]. In the first stage,
jackfruit seeds were washed, peeled, and crushed in a blender until a thick and homoge-
nous mass was obtained, adding water in a 1:4 (m/v) ratio. The paste was filtered through
organza bags (100 mesh). The filtered starch suspension was decanted for 24 hours in a
refrigerated atmosphere at 5 °C. The floating portion was removed, and the starch sus-
pended in water was again decanted. This suspension and settling procedure were re-
peated until a white starch color was acquired. Following this, the starch was lyophilized
(for 48 hours) and sieved to 200 mesh.

2.3. Synthesis of AGQNPs

AgNPs were synthesized through the chemical reduction method described by
Zhang, et al. [32]. Initially, 30 mL of ultrapure water was transferred to a beaker and mag-
netic stirring (500 rpm) was performed at room temperature (25 °C). The system was then
filled with 30 pL of silver nitrate (0.1 mol.L-?), 1.5 mL of sodium citrate (0.9 mmol.L?), 60
uL of hydrogen peroxide (35%), and 200 uL of sodium borohydride (90 mmol.L"). After
adding sodium borohydride, the magnetic stirring was increased to 1150 rpm for 3
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minutes, the period required for forming AgNPs. Our earlier study [33] provides more
information on the effects of mixing intervals and variations in the volume and concen-
tration of NaBH4 and H20: on the size, dispersion, and stability of AgNDPs.

2.4. Synthesis of starch jackfruit scaffold

The starch scaffold was obtained according to the methodology proposed by Perez,
Bahnassey and Breene [31]. 7.5 g of starch and 2.5 mL of glycerol were first added to a
beaker containing 250 mL of ultrapure water while magnetic stirring (300 rpm) was per-
formed at 85 °C. The starch solution was then cooled to room temperature (25 °C), trans-
ferred to Petri dishes, and frozen (24 hours), defrosted (2 hours), frozen (24 hours), and
lyophilized.

2.5. Synthesis of Starch-AgNPs scaffold

The starch-AgNPs scaffold was developed using the same process as the starch jack-
fruit scaffold, with a few modifications. After cooling to room temperature, 12.5 mL of the
AgNPs solution (1x102 mol.L") was added, followed by freezing (24 hours), defrosting (2
hours), freezing (24 hours), and lyophilizing.

2.6. Characterizations
2.6.1. Characterization of the silver nanoparticles (AgNPs)

UV-Vis spectroscopy was used to confirm the synthesis of AgNPs. A Bomem-Michel-
son spectrophotometer, model MB-102, was used to scan in the wavelength range of 250-
1100 nm. The spectrums were collected using quartz cuvettes with a 10 mm optical path.

The size, polydispersity, and stability of nanoparticles were determined using dy-
namic light scattering (DLS) and Zeta potential (PZ) techniques. The analyses were carried
out on a Brookhaven Zeta ZetaPals Instrument. The tests were performed at room tem-
perature without diluting the samples, with a scattering angle of 90°, laser wavelength of
632.8 nm (He-Ne), average viscosity of 0.887 mPa.s, and refractive index of 1.330. All
measurements were taken three times.

The AgNPs morphology was investigated using a field emission scanning electron
microscope (FE-SEM, Hitachi model S4700EI), operating at a voltage of 15 kV. AgNPs
were diluted in ultrapure water at a ratio of 1:10 and coated with platinum.

2.6.2. Scaffolds characterization

X-ray diffraction (XRD) was used to prove the inclusion of AgNPs in the starch-
AgNPs composite and to verify the crystallinity of the starch. The experiment was carried
out on a Shimadzu XRD-7000 with CuKa radiation (1.5418), 40 kV, and 30 mA current, in
the interval of 10-80° and a resolution of 2°/min. The General System Analyzer Structure
(GSAS II) program was utilized for Rietveld refinement.

FTIR spectroscopy was employed to identify the vibration bands of starch and to
assess the interaction between starch and AgNPs. The analysis was carried out on a Perkin
Elmer Spectrum 400 device in the range of 4000-650 cm™ with a resolution of 4 cm™ in
diffuse reflectance mode for 32 scans at room temperature (25 °C) using an attenuated
total reflectance (ATR) accessory equipped with zinc selenium (ZnSe) crystal.

To analyze the existence of AgNPs in the scaffold, evaluate morphological changes
following AgNPs incorporation, and identify the starch microstructure, scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS, HITACHI
model TM-1000) was used. All images were taken from uncoated samples at a 15 kV ac-
celerating voltage, 1 mm depth of focus, 30 nm resolution, low vacuum, and variable pres-
sure (1 to 270 Pa). At the same conditions, EDS analyses were performed on an EDS Quan-
tax 50 XFlash Bruker. Image processing was carried out using the Quantax 50 program.
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The thermal stability of the starch and starch-AgNPs scaffolds was evaluated using
differential scanning calorimetry (DSC). A PerkinElmer DSC, model 8500, was employed
in a temperature range of 25-300 °C, a heating rate of 10 °C/min, in a nitrogen atmosphere,
and a flow rate of 20 mL/min. Alumina crucible and a sample mass of 3.00 + 0.05 mg were
used.

The cytotoxicity assessment was performed according to the direct contact method
described in ISO 10993-5:2009 [34] and ISO 10993-12:1998 [35]. Initially, 0.5 g of scaffolds
were weighed and sterilized for 30 minutes via UV radiation. Next, the extracts were pre-
pared by submerging the scaffolds in 1.25 mL of PBS solution (0.05 M) for 24 hours. Then,
100 pL/well of L1929 cells suspension were seeded in 96-well plates and incubated for 24
hours at 37 °C + 1 °C under 5% * 1% CO:2 atmosphere. After cultivation, 50 uL of the me-
dium extracted from the samples was added and the cells were incubated for another 24
hours. Finally, the cytotoxicity assay was conducted by the MTT method.

After the incubation time, the culture medium was removed and 100 puL of MTT so-
lution (5 mg.mL") was added and the plates were incubated under the same conditions
for another 4 hours. The cells were then treated with 100 pL of DMSO to dissolve the
formazan crystals. Plates were read by the optical density method on the PerkinElmer
Victor X3 microplate reader at 570 nm with 650 nm reference filters. Latex sheets and high-
density polyethylene (HDPE) were used as positive and negative controls, respectively.

3. Results and Discussion
3.1. Characterization of the silver nanoparticles (AgNPs)

The UV-Vis spectrum of the AgNDPs colloidal solution is shown in Figure 1A. Three
absorption bands were found in the UV-Vis analysis. According to the Schatz calculation,
the first band at 333 nm corresponds to out-of-plane quadrupole resonance; the second
shoulder-shaped band around 465 nm indicates dipole resonances characteristic of trian-
gular nanoparticles [36]; and the third band with maximum absorption at 744 nm resem-
bles the plasmonic surface characteristic of the resonance band of almost perfect triangular
nanoparticles [36,37]. According to Mie's hypothesis, anisotropic particles should be pre-
sent because they have three absorption bands [37,38]. Furthermore, the colloidal solution
of AgNPs acquires a blue color after synthesis, which can be attributed to the plasmonic
excitation of the surface of triangular-shaped nanoparticles (nanoplates) [39,40].

The nanoparticles in the DLS result (Inset of Figure 1A) had an average size of 33.27
nm and a polydispersity index (PDI) of 0.205, which is typical of monodisperse solutions
(0.300), which range from 0 to 1. As a result, the smaller the value, the more monodisperse
the colloid [41]. PZ findings revealed AgNPs with a surface charge of -33.39 mV, confirm-
ing stable AgNP production [39]. Additionally, Figure 1B is an FE-SEM micrograph show-
ing the formation of nano-sized, anisotropic, monodisperse silver particles.
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Figure 1. (A) UV-Vis spectrum of AgNPs colloidal solution. Inset: Size distribution of AgNPs meas-
ured by the DLS. (B) FE-SEM micrograph showing the formation of nano-sized, anisotropic, mono-
disperse silver particles.
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3.2. Morphological characterization

SEM micrographs of jackfruit starch granules, starch scaffold, and starch-AgNPs
scaffold are shown in Figure 2A-F. The starch granules (Figures 2A and 2B) had a rounded
irregular bell shape with cuts on their surface, which are typical of this type of starch [42].
The granules ranged in size from 4-6 pm. Dutta, ef al. [43] and Zhang, Zhu, He, Tan and
Kong [29] found similar results.

SEM micrographs of the starch scaffold and starch-AgNPs scaffold shown in Figures
2C, 2D, 2E, and 2F revealed that both scaffolds had a porous structure created by well-
defined pores and arranged with high interconnectivity. Water evaporation during the
lyophilization process resulted in a significant level of porosity [44,45]. It appears that
adding AgNPs roughens the surface of the scaffold, facilitating cell attachment and pro-
liferation [46]. The incorporation of metallic nanoparticles into the starch polymer matrix
has been shown to modify the interactions between starch and glycerol [47,48], increasing
its compactness and roughness.

The EDS analysis revealed the presence of AgNPs in the scaffold (Figure 2G). Starch
was associated with levels of 59.4% carbon and 33.2% oxygen. The silver ions in the nano-
particles were responsible for the 5.4% silver content. The findings of Li, ef al. [49] and
Vaidhyanathan, et al. [50] are consistent with these results.
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Figure 2. SEM micrographs of (A) and (B) jackfruit starch granules; (C) and (D) Cross-section of
starch scaffold; and (E) and (F) starch-AgNPs scaffold. (G) EDS analysis of the starch-AgNPs scaf-
fold.


https://doi.org/10.20944/preprints202211.0092.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2022 d0i:10.20944/preprints202211.0092.v1

6 of 12

3.3. Phase analysis

Figure 3 depicts the XRD pattern of jackfruit starch, starch scaffold, and starch-
AgNPs scaffold. According to Figure 3B, the starch scaffold exhibited amorphous polymer
structures with a crystallinity of 16.95% according to the Rietveld refinement; diffraction
peaks positioned at 15.86°, 17.38°, 21,04°, 22.94°, 23.88°, and 28.88°; confirming the crys-
talline structure of type A [51,52]. These peaks in the scaffold are identical to the peaks in
the starch diffractogram (Figure 3A), although with lower intensity, as explained by Pozo,
Rodriguez-Llamazares, Bouza, Barral, Castano, Miiller and Restrepo [52] and Dutta, ef al.
[53].

After adding AgNPs into the scaffold (Figure 3C), the crystallinity increased to
33.88%, representing a 16.93% increase over the scaffold without AgNPs. It has been
shown that the presence of AgNPs leads to a higher degree of crystallinity in polyimide
films [54]. Furthermore, the starch-AgNPs scaffold exhibited four diffraction peaks at
37.80°, 44.02°, 64.36°, and 77.50°, which corresponded to the planes (111), (200), (220), and
(311) and correlated to the face-centered cubic structure of metallic silver (JCPDS file No.
03-0921). This validated the inclusion of AgNPs in the scaffold [55-57].
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Figure 3. XRD pattern of (A) starch jackfruit, (B) starch scaffold and (C) starch-AgNPs scaffold.

3.4. Scaffold chemistry

The FTIR spectra of starch, starch scaffold, and starch-AgNPs scaffold are shown in
Figure 4. The vibration bands in the jackfruit starch spectrum (Figure 4A) represent fea-
tures of the molecular deformations present in the starch molecules. Stretching and angu-
lar deformation of -OH and C-O-H bonds are responsible for the bands localizated at
3400 and 1650 cm!, respectively. The symmetrical and asymmetrical stretches of -C—H are
represented by vibration bands at 2926 and 2897 cm-!, respectively. The C-O-H bonds are
represented by the bands 1460-1400 cm!. Absorptions at 1340 and 1024 cm™ are due to —
C-OH group deformations. Vibration modes associated with -C-C-H bonds were de-
tected at 1418, 1205, and 1080 cm!, whereas C-O, C-O-C, and C-C stretches correspond
to 1153, 1107, and 933 cm! bands, which are typical of the vibration modes associated with
pyranose rings found in natural polysaccharides [58-61]. Therefore, all these bands could
be related to jackfruit starch bonds.

The FTIR spectra of the starch (Figure 4B) and starch-AgNPs (Figure 4C) scaffolds
matched the starch jackfruit spectrum very well. Such behavior shows that the interaction
of the AgNPs with the starch is physical rather than chemical [62,63]. This suggests that
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while AgNPs are present in the scaffold (as shown by the XRD and EDS data), they do not
chemically interact to the starch polymer chains.
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Figure 4. FTIR spectra of (A) jackfruit starch, (B) starch scaffold and (C) starch-AgNPs scaffold.

3.5. Thermal analysis

Figure 5 depicts the thermograms of the starch and starch-AgNPs scaffolds, which
display three endothermic peaks. The first refers to starch gelatinization, which has a ge-
latinization temperature of 81.3 and 71.3 °C in the starch and starch-AgNPs scaffolds, re-
spectively; the second peak, at temperatures of 110.2 °C and 105.8 °C in the starch scaffold
and starch-AgNPs scaffold, can be attributed to the gelatinization of the amylose present
in the starch, which is complexed by lipid [29,64-66]. The melting temperature (Tm, third
peak) of the starch increases from 146.3 °C to 185.2 °C with AgNPs incorporation. This
peak is caused by the melting of crystalline starch domains that have been reorganized
during retrogradation [67].

The results reveal that after incorporating AgNPs, the gelatinization temperatures of
starch and amylose decrease while the Tm rises. There is evidence that AgNPs and other
metallic nanoparticles have a greater effect on the Tm than they do on changing the initial
degradation temperatures, as was the case for the gelatinization temperatures [63,68]. The
increase in Tm is explained by the fact that AgNPs are more heat-stable [63,69]. Shameli, et
al. [70] reported similar results, observing an 18% increase in the enthalpy of starch-
AgNPs composite films. Heat stability was similarly enhanced when AgNPs were in-
cluded in gelatin films and sugar palm starch biocomposites, as observed by Kanmani and
Rhim [71] and Rozilah et al. [69], respectively.

do0i:10.20944/preprints202211.0092.v1
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Figure 5. DSC analysis of (A) starch scaffold and (B) starch-AgNPs scaffold.

3.6. Cytotoxicity analysis

Figure 6 demonstrates that the cell viability values of both scaffolds, one without
AgNPs and one with, were 80.2% and 80.3%, respectively. Also, adding AgNPs did not
result in any reduction in the viability of the cells, which suggests that AgNPs do not have
any cytotoxic effects. The veracity of the data was confirmed by the fact that the negative
control showed a hundred percent cell proliferation. According to ISO 10993-5, if the ma-
terial has a value that is lower than 70%, it is considered to have a toxic effect [34]. Both
scaffolds exhibited cell survival values higher than 70%, demonstrating that the jackfruit
starch scaffold loaded with AgNPs is not toxic to L929 cells. Therefore, it is appropriate
for application as a biomaterial in treating various conditions, such as wounds.
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Figure 6. Cytotoxicity of negative control, starch scaffold and starch-AgNPs scaffold obtained by
the MTT method.
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4. Conclusions

In this study, we investigated the impact of incorporating silver nanoparticles
(AgNPs) into a Brazilian jackfruit (Artocarpus heterophyllus) starch-based scaffold by ana-
lyzing its chemical, physical, thermal, and morphological characteristics. The chemical re-
duction technique yielded monodisperse, isotropic, and stable AgNPs with a size of 33.27
nm. The presence of AgNPs in the starch scaffold was verified by EDS and XRD analyses.
The FTIR spectra of jackfruit starch and starch-AgNPs scaffolds were identical, suggesting
that the interaction of AgNPs with starch was purely physical. SEM revealed the scaffolds
to have a very porous three-dimensional structure. AgNPs inclusion maintained the scaf-
fold's porosity while increasing its surface roughness and crystallinity, all conducive to
enhancing biological responses. In conclusion, the crystallinity, roughness, and melting
temperature of the starch jackfruit scaffold were all improved by the addition of AgNPs.
The scaffold could be developed using AgNPs to better survive temperature changes and
demonstrate stronger biological interactions. The L.929 cell survival rate was greater than
70% for both scaffolds, confirming that the scaffold loaded with AgNPs is non-toxic to
L929 cells and hence is clinically relevant for treating, i.e., wounds. These findings have
implications for a wide variety of starch-based scaffolds. The next stage of our investiga-
tion will involve applying this strategy to adding AgNPs and fine-tuning the biological
characteristics of the scaffold.
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