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In this study, nanofibers incorporating Prosopis glandulosa mesquite gum (MG) exudate combined with biode-
gradable polymers, pullulan (PL) and chitosan (CH), were produced via the Forcespinning® technique. The
nonwoven composite membranes were characterized via scanning electron microscopy followed by thermog-

gjrr:;?b;f;in ® ravimetric and Fourier-transform infrared spectroscopy analysis. MG nanofiber composites comprised long,
Antibaiterialg continuous fibers with an average fiber diameter of 523 + 180 nm and 760 + 225 nm for 18.1 and 28 wt% of

MG, respectively. These composite membranes were water-stable after crosslinking via heat treatment with a ~3
% water absorption capacity, and demonstrated a thermal capability with an increasing residual weight of ~4 %
near 900 °C at an increasing MG concentration. After 24 hr bacterial growth analysis, MG composite fiber based
membranes show antibacterial properties against E. coli and B. megaterium bacteria with inhibition zones of 11
and 10 mm, respectively. Here, the successful incorporation of naturally-derived MG exudate into nanofiber

Biodegradable polymers

systems was demonstrated, for potential utilization as a natural alternative for wound healing purposes.

1. Introduction

Advancements in nanoscale materials have demonstrated their ma-
terial durability and thermal stability for the possible incorporation of
protein or chemical cue markers [1]. The capacity of nanofiber materials
for protein binding and impregnation techniques as drug delivery sys-
tems hold strong potential towards improved wound healing process
[2]. Current nanofiber structures display characteristics similar to the
extracellular matrix (ECM) [1], which functions as a supportive fibrous
environment for cells in vivo, promoting the exchange of nutrients,
waste, and fibroblast collagen secretion [3]. Various nanofiber compo-
sitions have demonstrated the use of biodegradable polymers incorpo-
rating a range of particle types. Previous findings have demonstrated the
successful inclusion of silver nanoparticles in chitosan-based nanofibers
with an antibacterial capability [4]. Fibers with a combination of
surface-integrated zinc oxide nanoparticles in poly(D, L-lactic acid) and
poly(3-hydroxybutyrate) allowed the growth of pre-osteoblast cells [5].
Further, Boyle et al. [6] determined that ternary composite nanofibers
(~300-600 nm in fiber diameter) [7], [8] were effective in the removal

of inflammatory chemokines, which could improve wound treatment
within recessive dystrophic epidermolysis bullosa patients. These find-
ings suggest that composite nanofibers may be used for improving
wound healing, with the potential for inclusion of bioactive components
to aid the process. Natural, plant-based materials provide a possible
approach for inclusion of bioactive factors in composite nanofibers.
Electrospinning has been used with natural plant-based materials in
conjunction with physiochemical compounds for different applications
[9-14]. Bakhsheshi-Rad et al. [15], has previously shown an interesting
natural silk-based nanofiber composition for wound healing application,
demonstrating proof of principle for the use of natural components in
nanofiber production. Similarly, development of plant-based nanofibers
through Forcespinning® (FS), allows efficient production and high fiber
yield via centrifugal force as previously shown [7], [16], [17]. These
plant-based materials, developed from collected biomass, are found in
seeds, flowers, leaves, and even roots [9], [11], [14], [18]. Such mate-
rials have also been described as ‘smart materials’ due to an applied
plant mimicking behavior for sensing and physical change characteris-
tics [19]. From a natural plant content, multiple physiochemical
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Table 1
Component amounts used in a polymer solution preparation for nanofiber
development. ((—) = 0 mg/g).

Sample CA 1.41 wt CH 1.05 wt PL 9.05 wt MG 28 DI water
% (mg) % (mg) % (mg) wt% (8) (mL)
PL 95 - 608 - 6
LMG- 150 - 900 2 8
18.1*
JMG-28 - - 876 2.8 6
PL/MG-28 138 - 890 2.8 6
CH/PL/ 140 104 900 2.8 6
MG-28

" Different wt% and solvent volume were used for a lower concentration.

compounds are present with an unaltered composition, where a
simplified extraction could prevent molecular disruption [7]. The
incorporation of naturally-derived bioactive compounds through FS
fiber production would enable the production of fibers with bioactive
functional properties. Here, we explore the incorporation of mesquite
gum (MG), a plant species with multiple potential bioactive compo-
nents, into Forcespinning-produced nanofibers.

Prosopis glandulosa (honey mesquite) is an abundant native plant
species in North and South America, with the ability to resist extreme
weather conditions [20-22]. Prosopis spp. gum has demonstrated
beneficial effects in multiple applications due to its capability as an
emulsifying agent, encapsulation, fibril forming, and antibacterial
abilities [23]. Plant gum exudate is known to contain carbohydrates
such as D-galactose, L-arabinose, and D-mannose [21], [24-28]. The
presence of antioxidants, alkaloids, and flavonoid content has been
demonstrated in Prosopis gum as well [23], [29]. Previous studies have
shown the full development of fibers within the incorporation of
different Prosopis spp. and other plant gum exudate [12], [21], [30-33],
with antibacterial and cell growth capabilities [13], [33]. However, the
usage within material development and biological studies of
P. glandulosa gum exudate, a native species in Texas and Mexico, re-
mains unexplored. The possible incorporation of mesquite gum (MG) in
composite nanofibers would further expand our understanding of
P. glandulosa’s capabilities and its application for wound healing.

Here, we explore the fabrication of FS composite nanofibers con-
taining chitosan (CH), pullulan (PL), and P. glandulosa MG exudate as a
potential bioactive additive. MG composite nanofibers incorporating
varying concentrations of MG and PL were characterized via scanning
electron microscopy (SEM), a thermogravimetric analysis (TGA), and
Fourier-transform infrared spectroscopy (FT-IR) analysis. Additionally,
an antibacterial evaluation with Gram-negative Escherichia coli (MM
294) and Gram-positive bacteria Bacillus megaterium (ATCC 14581) was
conducted via disk diffusion. Our results demonstrate that FS-produced
nanofibers allow for the incorporation of naturally-derived plant-based
components with complete structural integrity, further motivating the
potential of these fibers for functional applications in biological studies.

2. Materials and method
2.1. Materials

Low molecular weight (50-190 kg-mol-1, based on viscosity) chito-
san (CH) and citric acid (CA) were purchased from Sigma-Aldrich®.
Pullulan (PL) (P0978) was purchased from Tokyo Chemical Industry Co.
Ltd. (TCI). Deionized water (DI) (18.20 MQcm) used for this study was
filtered through Barnstead MicroPure ST® (Thermo Fisher Scientific).

2.2. P. glandulosa gum collection

MG exudate gum was acquired and collected from a + 20-year-old
mesquite (P. glandulosa) tree (origin: Edinburg, Texas) standing ~3 m
tall while following similar separation and filtration procedures as
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previously described [7]. Bark and debris trapped in MG were removed
by crushing with a pestle in a mortar. After weighing the crushed MG
sample, the sample was combined with DI water in a 50 mL centrifuge
tube, and left overnight sealed with parafilm for complete dissolution at
4 °C for preservation. MG solution was then centrifuged for 10 min at
9000 rpm to further separate debris content. MG supernatant was then
collected with a 3 mL plastic syringe and filtered using a 0.22 pm size
syringe filter.

2.3. Solution preparation

Table 1 displays the components and amounts used in the polymer
solution preparation. Control sample preparation began by adding 608
mg of PL in a CA aqueous solution (CA 95 mg/6 mL DI water) to produce
a PL concentration of 9.05 wt%. The solution was then vortexed and left
stirring for 2 h until reaching full homogenization. A low MG concen-
tration system (LMG-18.1), was prepared introducing 2 g of MG extract
(MG 2 g/2 mL of DI) in a previous PL/CA solution combination in DI
water to obtain a system with 18.1 wt% of MG. In a separate assessment
a high concentration of MG extract (28 wt%) was evaluated without CA
to determine the effects on crosslinking within the combination of just
MG with PL, represented by JMG-28. Similar polymer concentrations
were used at 28 wt% MG with PL into CA solution, PL/MG-28. To further
explore material stability, 104 mg of CH were combined with the CA
solution (CA 140 mg/3 mL of DI water) and left stirring overnight; 900
mg of PL was then added into CA/CH prepared solution, left stirring for
2 h, and vortexed until fully dissolved. When the solution was well
dispersed, 2.8 g of filtered MG was incorporated to obtain 28 wt% MG in
the final solution, as represented by CH/PL/MG-28.

2.4. Nanofiber production

Control PL, LMG-18.1, JMG-28, PL/MG-28, and CH/PL/MG-28
nanofiber samples were spun at low (29-53 %) relative humidity
levels at 7000 rpm via FS on a Cyclone™ L-1000 M (FibeRio Technology,
Corp.) equipped with a two nozzle cylindrical spinneret. Fiber produc-
tion was conducted by injecting 1.5 mL of prepared polymer solution,
with a 3 mL plastic syringe, into spinneret and released through cen-
trifugal force as fine solution jets, producing fibers through solvent
evaporation. These fibers were deposited onto ten collector columns
placed 4.5 in. apart around the spinneret at an 8-inch distance. Nano-
fibers were collected with an aluminum-covered frame, followed by
crosslinking at ~145 °C for 1 h.

2.5. Nanofiber characterization

For nanofiber morphology, PL (control), LMG-18.1, JMG-28, PL/MG-
28, and CH/PL/MG-28 nanofiber membranes were cut into ~5 mm x 5
mm mats, sputtered coated with gold, and analyzed through a scanning
electron microscope (SEM) (Carl Zeiss, SigmaVP). Using ImageJ 1.50i
software, 300 fiber measurements per sample helped determine average
fiber diameter. A thermogravimetric analysis (TGA) (TG 209g3 Tarsus®
NETZSCH) determined both polymer and material thermal degradation
patterns. For a TGA, nanofiber samples weighing ~10 mg were heated
on an alumina crucible from 25° to 900°C at a heating rate of 10 K/min
under inert nitrogen gas flow. Fourier transform infrared spectroscopy
(FTIR) (VERTEX 70 v FTIR Spectrometer, Bruker®) analysis was con-
ducted in transmittance mode (4000-400 em™) for all samples.

2.6. Water stability analysis

To determine water stability of the developed MG composite nano-
fibers, samples were submerged in DI water. Nanofiber samples were cut
into 2inx 1 cm (I x w) strips and taped from end to end onto a glass slide
for viewing under a contact angle meter (KYOWA®© DropMaster).
Further analysis was initiated by submerging 1 cm x 1 cm nanofiber
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Fig. 1. Prosopis glandulosa (honey mesquite) (A) and 5 x 5 in. MG nanofiber mats (B).

samples into 10 mL of DI water for 1 hr. Samples were then lifted and air-
dried for 24 hr, followed by sputter coating with gold for viewing under
the SEM. A water absorption analysis was determined by leaving PL/
MG-28 composites submerged in DI water with filter paper for 20, 30,
and 60 min time points. Prior submerging samples in DI water, a dry
weight was recorded for an initial weight (W;). Once samples were
submerged and removed for drying, an air-dried sample weight was used
to represent its final weight (W) to calculate for a percentage water
absorption capacity, as shown in Eq. (1) [7], [32], [34].

Water absorption capacity (%) = [(WgW;)/W;] x 100 (@D)]

2.7. Antibacterial study

Gram-negative Escherichia coli (MM 294) and Gram-positive bacteria
Bacillus megaterium (ATCC 14581) were tested via disk diffusion. 100 pLs
of bacterial cell suspension from a 1 x 10%/mL culture were placed
individually onto Mueller-Hinton agar plates. Nanofiber samples were
cut into disk shapes of 1 cm in diameter, then laid onto individual spread
E. coli and B. megaterium cultures and incubated at 37 °C for 24 hrs. The
presence of MG was further analyzed by placing five drops of sterilized
MG solution (1:1 ratio of MG/DI water) onto individual agar plates and
incubated for 24 hr. Before incubation, brief centrifugation was used to
remove debris, filtered, heat-treated in an oven at 60 °C, and then UV-
light sterilized for 10 min. After incubation, the observed zone of inhi-
bition for each was recorded.

3. Results and discussion
3.1. Nanofiber production and characterization

MG composed nanofibers were successfully generated through the FS
technique, with different MG concentrations used alongside the com-
bination of CA and CH for thermal crosslinking treatment, while PL
provided fibril capability for LMG-18.1, JMG-28, PL/MG-28, and CH/
PL/MG-28 (Fig. 1A,B). Nanofiber SEM micrographs in Fig. 2a-e
showed long continuous fiber structures, with some particle agglomer-
ations obtained for all samples at different MG concentrations. Fig. 2f-j
demonstrates the fiber size distribution and statistical significance (**p
< 0.01) between all samples, where control PL displayed an average
fiber diameter (D) of 247 & 97 nm and LMG-18.1 with an Dy of 523

+ 180 nm. JMG-28, PL/MG-28, and CH/PL/MG-28 showed an Dy of

637 + 233 nm, 760 + 225, and 681 + 182 nm, respectively. A slight
increase in fiber diameter is displayed as MG concentration is increased.
This change is likely due to the viscosities of MG [20], [21], [32] and
polymer combination [7], influencing the average nanofiber diameter
and its distribution between samples.

3.2. Water stability analysis

Fig. 3a,b shows a side view contact angle. Pendant drop method was
used for water contact analysis to examine surface interaction between
DI water and nanofiber samples. In a DI water drop-fiber interaction, the
water was absorbed immediately by the fibers. This interaction dem-
onstrates the hydrophilic behavior of these nanofiber systems. Samples
LMG-18.1, PL/MG-28, and CH/PL/MG-28 were followed by submerging
into DI water, then removed and air-dried. After the water treatment, the
nanofiber supportive structure remained undisturbed, while also dis-
playing swollen fibers (Fig. 3c). A water absorption capacity analysis
was then conducted to further evaluate both swelling characteristics and
water interactions within PL/MG-28. An initial weight was recorded
from a dry PL/MG-28 nanofiber sample. Submerged in DI water with a
filter paper as previously described [34], then air-dried where a final
weight was measured. Once PL/MG-28 nanofibers were removed and
dried a 5.84 %, 5.65 %, and 3.76 % water absorption capacity was
demonstrated after 20, 30, 60 mins, respectively (p > 0.05). Further
demonstrating a constant performing adequate water retaining capa-
bility. Through crosslinking between hydroxyl and carboxylic groups
[71, water stability is made possible with the introduction of CA and PL;
as such, JMG-28 composite nanofibers have higher solubility due to CA
being omitted from the composition. Within a fluid-based environment,
both a hydrophilic and hydrophobic interaction is described for mate-
rials to display a stable condition for an appropriate biological func-
tional system [1].

3.3. Thermal degradation analysis

The degradation patterns of developed nanofibers containing
different concentrations of MG exudate are presented in Fig. 4. All sys-
tems displayed an initial weight loss due to water evaporation charac-
teristics within the range of 100 °C, at a loss of 11.03 %, 7.53 %, 7.32 %,
5.97 %, and 8.6 % for control PL, LMG-18.1, JMG-28, PL/MG-28, and



C. Rodriguez et al. Materials Today Communications 33 (2022) 104599

@
3

Frequency
8

S

200 400 600 800
Diameter (nm)

o7
S

&
S

©
s

Frequency
8

[l

200 400 600 800 1000
Diameter (nm)

il

200 400 600 800 1000 1200
Diameter (nm)

H

T T T T T T
200 400 600 800 1000 1200 1400
Diameter (nm)

200 400 600 800 1000 1200 1400
Diameter (nm)

Fig. 2. SEM micrographs of MG composite membranes: SEM analysis of Nanofiber morphology for control PL (a), LMG-18.1 (b), JMG-28 (c), PL/MG-28 (d), and CH/
PL/MG-28 (e) nanofibers are shown. Scale bar = 10 um. Fiber diameter distribution is shown for control PL (f), LMG-18.1 (g), JMG-28 (h), PL/MG-28 (i), and CH/PL/

MG-28 (j). Sample size: n = 300. One-way ANOVA post-hoc Tukey’s test demonstrated significant difference between samples (** p < 0.01).
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Fig. 3. Material hydrophilic interactions and water stability: Images display an initial DI water drop contact onto material (a), a quick DI drop absorption (b), and an
SEM micrograph from a dry PL/MG-28 nanofiber sample after being submerged in DI water (c). Scale bar = 2 pm.
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Fig. 4. TGA analysis of composite nanofibers: TGA weight (%) loss is displayed for nanofiber samples control PL (a), LMG-18.1 (b), JMG-28 (c), PL/MG-28 (d), CH/

PL/MG-28 (e), and raw MG exudate (f).

CH/PL/MG-28, respectively. TGA of a raw MG sample showed initial
weight loss of 11.32 % at 165 °C. Within the second degradation stage, a
~5 % mass loss of weight was shown for the raw MG sample at 220 °C,
where a glass transition was previously shown to occur further at 230 °C
from a mesquite gum sample [21], [28]. A similar result found by Basu
et al. [30] was demonstrated, where TGA analysis of gum exudate dis-
played a weight loss due to both water evaporation around 100 °C and
degradation of polysaccharides at 260 °C. Similar material degradation
patterns were present with a lower weight loss at a higher polymer
concentration presence attributed to pullulan and chitosan [7]. In
samples LMG-18.1, JMG-28, PL/MG-28, and CH/PL/MG-28, a second-
ary degradation pattern at 320 °C with a ~50 % weight loss was dis-
played. This loss is consistent with MG exudate thermograph reported by
Basu et al. [30], where 39.77 % residual weight loss was shown at
310 °C along with final carbonization. Further, samples presented
higher thermal stability, with consistent decomposition rate above
~600 °C within a presence of MG, where a final reaction could be due to
remaining polysaccharide components [23]. A higher residual weight
was displayed with an increasing MG concentration, specifically
~15.45 %, 15.69 %, 15.89 %, 19.49 %, 16.88 %, and 23.51 % for control
PL, LMG-18.1, JMG-28, PL/MG-28, CH/PL/MG-28, and MG sample,
respectively. Through the final degradation patterns of MG composites,
an improved thermal stability can be observed compared to control PL

Transmittance (%)

aye 294 1723 L0 1416 4453
1020
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. FTIR analysis of Nanofibers at increasing concentration of MG: FTIR
spectrum of nanofiber control PL (a), LMG-18.1 (b), JMG-28 (c), PL/MG-28 (d),
CH/PL/MG-28 (e), and raw MG (f) sample.
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Table 2

Mean =+ standard deviation (SD) diameter zone of inhibition measurements are
shown for LMG-18.1, JMG-28, PL/MG-28, and CH/PL/MG-28 against E. coli and
B. megaterium. ((—) = no value; n = 3 sample size).

Zone of Inhibition (mm) LMG- JMG- PL/MG-28 CH/PL/MG-
18.1 28 28
E. coli - - 11.33 -
+1.15
B. megaterium - - 10+0 -

nanofibers even after the crosslinking heat treatment process, as shown
due to the possible carbonization of residual MG protein and mineral
content [22].

3.4. FTIR analysis

Fig. 5 displays the FTIR spectrums for PL (control), LMG-18.1, JMG-
18.1, PL/MG-28, CH/PL/MG-28, and raw MG exudate to examine the
effect of MG at variant concentrations. Throughout all spectra, polymer
and plant-based polysaccharide characteristics could be identified
through different functional groups such as carboxylic acid, ether,
amide, and alcohol groups, as previously described [7]. The broad bands
within the range of 3600-3000 cm ™! correspond to hydrogen-bonded
O-H stretches from alcohol and carboxylic acid-OH groups, where
interaction between polysaccharides and water occurs. This interaction
is present in all systems with an increasing presence in MG concentra-
tion. Bands around 2940 cm ! related to the vibrations of CH and CHy
groups were identified as previously described [7], [35]. A C=0O
stretching vibration from carboxylic groups at 1723 cm ™! is demon-
strated; showing a higher intensity as the MG concentration increases. A
band shift shown at 1650 cm ™! from a ~1588 cm ™! corresponds to an
amide I attributed to protein presence, and C—=0 vibration of amino acid
described for Prosopis spp. gum [23], [36]. The apparent shifts in
LMG-18.1, PL/MG-28, and CH/PL/MG-28 could be due to the possible
interactions of hydroxyl and carboxylic groups, where narrowing peaks
are present due to a lack of CA in JMG-28 composites. A COO-

Control

E. coli

B. megaterium
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asymmetric stretch of MG was demonstrated around 1416 cm ! [13].
The bands at 1380 cm™! and 1240 cm™! likely correspond to C=0
stretching of esters from polysaccharides and hydroxyl groups [7], [23].
The presence of carbohydrates is present around a final transmittance
band at 1153 cm ™! and ~1020 em™! attributing to C-O and C-O-H vi-
brations, respectively [36]. In a previous study, MG characteristics were
demonstrated through a UV-absorbance within the range wavenumber
of 200-800 nm, where a Prosopis spp. xylose and glucose (an abundant
plant carbohydrate) was present with an absorbance signal at 210 nm
and 265 nm [23]. As concentration increased, MG composites further
demonstrated the conservation of polysaccharides and other functional
groups after crosslinking.

3.5. Antibacterial study

In Table 2, inhibition zone measurements are presented (diameter in
mm). After a 24 hr incubation, no inhibition was found for control PL
(Fig. 6), LMG-18.1, JMG-28, or CH/PL/MG-28 against E. coli and
B. megaterium cultures. The absence of an inhibition zone in these
samples may correlate with an excluded MG and lower concentration of
MG in PL nanofibers and LMG, while also showing a reduced effect
against bacteria with a lack of CA found in JMG. The lack of bacterial
inhibition for CH/PL/MG-28 could be due to a reduced appropriate fiber
distribution; where within a developed mat a wider fiber distribution
could present a greater porosity (i.e. interfiber space) and therefore
greater surface area with greater effectiveness in a fibrous system. In the
presence of PL/MG-28, a small zone of inhibition against E. coli is
apparent due to the higher concentration of MG and wider fiber distri-
bution (Fig. 6). Samrot et al. [23] demonstrate similar results, where a
minimal bacterial inhibition is present from 2 mg of Prosopis spp. gum
against S. aureus [29] and Bacillus spp. In a separate evaluation of MG
against bacteria, both E. coli and prolific B. megaterium showed an
inability to spread into the areas where MG solution had been applied
(Fig. 6). These inhibitory capabilities of MG are likely due to the pres-
ence of tannins derived from the bark of mesquite [22], which disrupts
the bacterial cell membrane and blocks the metabolic activity of bacteria

PL/MG-28 MG

Fig. 6. Antibacterial study of MG composite nanofibers: After a 24 hr incubation period an E. coli and B. megaterium culture is shown with the presence of PL/MG-28
composites and MG solution. Red circles are indicated for control PL samples, and for both PL/MG-28 and MG solution inhibition zones.
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[29], [37], [38]. MG incorporation demonstrates a promising antibac-
terial capability against Gram-negative bacteria and possible prevention
of spore-forming bacteria, further motivating the introduction of MG
composites in other biological studies.

4. Conclusion

Here, we demonstrate the successful use of Forcespinning® for the
development of composite nanofibers incorporating P. glandulosa MG
exudate. At an increasing MG concentration, nanofiber membranes
consisted of long continuous fibers and a porous three-dimensional
supportive structure similar to the ECM. The developed MG-
containing nanofibers exhibited an interactive water capability while
maintaining structural integrity due to crosslinking. Further, the inte-
gration of MG within these nanofiber systems demonstrated both ther-
mal stability and bacterial inhibition, likely due to phenolic compounds.
P. glandulosa (honey mesquite) provides an ample production of gum
exudate with naturally-occurring bioactive content. These findings
further motivate the exploration of MG, as well as other bioactive
naturally-derived components, for incorporation within nanoscale ma-
terials for future studies in mammalian cell growth studies.
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