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ARTICLE INFO ABSTRACT

Keywords: Scaffolds based on polymeric fibers represent an engaging biomedical device due to their particular morphology and
Polymeric fibers similarity with extracellular matrices. The biggest challenge to use fibrous materials in the biomedical field is related to
BiOPOIY.eSte"S their favorable platform for the adhesion of pathogenic microorganisms. Therefore, their optimum performance not
Forcespinning only depends on their bioactive potential but also on their antimicrobial properties. The aim of this work was the de-
Centrifugal spinning

sign of antimicrobial (zinc oxide, ZnO) and bioactive (hydroxyapatite, Hap) fibrous materials using poly(D, L-lactic
acid) (PDLLA) as the polymer fiber substrate. Fiber based composite scaffolds were developed using the
Forcespinning® technique. For analysis purposes, the morphological, thermal, antimicrobial and biological properties
of the fibrous hybrid system obtained at a concentration of 5 wt% of ZnO and 5 wt% of Hap were studied. The incor-
poration of the aforementioned nanoparticles (NPs) mixture in PDLLA led to an increase in viscosity and a pseudo-
plastic tendency of the precursor solution, which caused an increase in fiber diameters and their dispersion of values.
Small cavities and certain roughness were the main surface morphology observed on the fibers before and after NPs
incorporation. The fiber thermal stability decreased due to the presence of the NPs. The antimicrobial properties of
the hybrid fibrous scaffold presented a growth inhibition (GI) of 70 and 85% for E. coli and S. aureus strains,
respectively. Concerning the osteoblast-cell compatibility, PDLLA and hybrid PDLLA scaffold showed low toxicity
(cell viabilities above 80%), allowing cell growth inside its three-dimension structure and favorable cell morphology
extended along the fibers. This behavior suggests a promising potential of this hybrid PDLLA scaffold for bone
application.

Biocompatible scaffolds
Tissue engineering

1. Introduction

Polymeric fibers have an important role in the development of biomed-
ical materials. Fiber arrangement in a three-dimensional structure allows
the design of architectures that promote cell adhesion and migration as
well as transfer of vital substances for cell proliferation [1]. In the last de-
cade, there has been a growing interest in the use of polymeric fiber scaf-
folds in the area of tissue engineering [2,3]. Polyester (polycaprolactone
(PCL), poly (lactic acid) (PLA), poly (glycolic acid) (PLG) and poly (lactic-
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co-glycolic acid)) based scaffold systems have gained increasing attention
given their biodegradability, biocompatibility and ease of processing [1].
For the design of polymeric fiber scaffolds, it is necessary to consider the
incorporation of substances that would promote cell-scaffold interaction as
the affected tissue regenerates. In the case of bone substitutes, hydroxyapa-
tite (Hap) has been the most commonly used bioactive component, since it
is the main inorganic constituent in the bone matrix [4,5]. Additionally, it
has been shown that Hap contributes to important biological processes
for bone regeneration, such as osteoconduction [6] (bone growth at the su-
perficial level), osteoinduction [7] (pluripotent cells are stimulated to de-
velop bone-forming cells, process that induces osteogenesis) and
osseointegration [8] (stable anchoring of an implant, obtained by direct
contact between bone tissue and implant) [8]. However, scaffold bioactiv-
ity can also increase by incorporating others ceramic biomaterials such as
laponite nanosilicates, bioactive glasses, calcium phosphates, biphasic cal-
cium phosphate, among others [9,10]. At present, different fibrous hybrid
systems based on biopolyesters and Hap have been studied. In this context,
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it has been reported that these systems offer good support for the adhesion,
growth and osteogenic differentiation of mesenchymal cells (hMSCs) [6,11,
12], osteoblasts (MG-63) [13,14] and mouse pre-osteoblasts (MC3T3-E1)
[15]; these results have been attributed mainly to the presence of Hap.

It is important to emphasize, the properties that promote cell adhesion
and proliferation also favor the growth of bacteria [16]. Bacteria prolifera-
tion in this type of implants hampered its full adoption in tissue engineering
applications [17-19]. Consequently, in the last decades, the incorporation
of biocidal agents (antibiotics, organic substances, metals and metal oxides)
as part of the implant components has been widely studied. There are dif-
ferent metals and metal oxide nanoparticles such as MgO, Ag, Fe,0s3,
TiO,, CuO, Mg (OH), and ZnO which have been used for biotechnological
and biomedical applications. ZnO NPs (n-ZnO) have shown excellent anti-
microbial activity and biocompatibility [20]. Additionally, ZnO combined
with other materials (antibiotic or anti-inflammatory drugs, other metal
oxide/metal doping, plant extracts, polymeric biomaterials/films and ZnO
quantum dots) has showed a reinforced action against pathogenic microor-
ganisms (Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,
Bacillus subtilis, Listeria monocytogenes, etc.) and an enhance in its bioactive
properties [21-23]. Previous studies have reported that n-ZnO has selective
toxicity for bacteria but exhibits minimal detrimental effect on human cells
[24]. In addition, it has been proven that it exerts an osteoconductive and
osteoinductive effect in mesenchymal cells [25]. n-ZnO has a low produc-
tion cost, effective control of its morphology, promotes surface interactions
with different functional groups [26,27] and it appears on the Generally
Recognized List As Safe (GRAS) from the American Food and Drug Adminis-
tration (FDA). Therefore, making it an attractive antimicrobial agent for
biomedical applications. Recently, green approaches for the synthesis of
ZnO NPs have been proposed, such as biosynthesizing ZnO using Lactobacil-
lus strain, Aloe vera peel extract, etc. [28,29]. Different studies of composite
materials based on biopolyesters and ZnO have been reported [30-37]. In
these reports, E. coli and S. aureus, appear to be the most widely studied
strains with ZnO showing an antimicrobial effect on S. aureus strain with
a grow inhibition (GI) above 95% at concentrations =1% of ZnO.

Regarding the hybrid systems with dual antibacterial and bioactive
properties, just a few reports have been published using the ZnO/Hap com-
bination. Zinc-doped Hap nanoparticles (nHap-Zn) have shown promising
potential. Stanic et al. [38] reported antimicrobial activity of nHap-Zn in
E. coli and S. aureus strains, showing a GI = 97%. Gnaneshwar et al. [20]
studied the biological effect of nHap-Zn as part of a system of electrospun
polymeric fibers in human fetal osteoblast cells (hFOB), and evidenced an
increased biological, enzymatic and biomineralization activity in systems
made up with 2% of nHap-Zn. Ajinkya et al. [39] reported good antibacte-
rial (E. coli and S. aureus), bioactive (human osteosarcoma cell, MG-63) and
mechanical performance of electrospun materials based on PCL/Hap/ZnO
at ZnO concentration < 10%.

The strategic combination of bioactive (Hap) and antimicrobial (ZnO)
properties in a biodegradable and biocompatible polymer matrix is attrac-
tive to produce hybrid materials targeted for applications related to tissue
engineering. Therefore, in this work the production of antibacterial/
bioactive fibrous scaffolds with the potential to be used in the regeneration
of bone tissue is studied using a high production and low-cost fiber-based
system production technique. Forcespinning® [40-42] is a centrifugal
spinning technique not widely explored in this field, which opens the
possibility of establishing an understanding of the characteristics of hybrid
materials obtained under the influence of specific parameters and
conditions with proven industrial scale-up.

Based on the authors' knowledge, no reports have been published using
PLA as polymeric matrix with the proposed nanoparticle combination. This
work reports the operating conditions to obtain hybrid materials based on
homogeneous poly(D,L-lactic acid) fibers (PDLLA) with n-ZnO and n-Hap
through the centrifugal spinning technique, Forcespinning®. In addition,
an analysis of the influence of NPs on the rheology of the precursor solu-
tions, morphological characteristics, thermal and mechanical performance,
antibacterial and biological activity of the obtained hybrid materials is es-
tablished.
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2. Experimental methodology
2.1. Materials and reagent

PDLLA provided by NatureWorks LLC (Ingeo 6362D) with Mw = 160
kg'mol ! and B = 1.646 was used as the polymer matrix. The solvent
used for the polymer solution was chloroform, ACS grade, provided by
Fisher Scientific. n-ZnO NPs were synthesized under a procedure described
in a previous work [43]. Hydroxyapatite (Hap), Dp < 200 nm and 97% of
purity, was obtained from Sigma-Aldrich.

2.2. Preparation of the precursor solutions

To obtain PDLLA fibers with 5 wt% of n-Hap and 5 wt% of n-ZnO, 20 g
of precursor solutions containing PLA, n-Hap, n-ZnO and chloroform
(CHCl5) in the amounts of 0.200, 0.011, 0.011, and 19.800 g respectively
were prepared. Dispersions of n-ZnO and n-Hap in CHCl3 were prepared
by using an ultrasound bath (Cole-Parmer 8891) for 50 min. Once the dis-
persion process was completed, PDLLA was added to the system to obtain
the corresponding solution at 10 wt%. The solutions were agitated in a
stir plate (Thermo Scientific, Cimarec + series) between 400 and 600 rpm
for 22 h at room temperature. The viscosities of the solutions were deter-
mined using an Anton Paar rheometer, Physica model MCR 302 with a
cone-plate configuration (diameter 50 mm, angle of 2 and gap of 0.205)
at 25 °C.

2.3. Centrifugal spinning process

The prepared precursor solutions were subjected to a centrifugal spin-
ning process in a Cyclone L-1000 M (FiberRio Technology, Corp.), which
consists of a cylindrical spinneret with two nozzles equipped with regular
beveled needles (30-gauge length, Becton, Dickinson and Company) and
eight collectors in the form of metal bars arranged around the spinneret
at a distance of 15 cm from the nozzles. For each run, 2 mL of polymer so-
lution were added to the spinneret, and fiber spinning was carried out for
5 min at a temperature of 23 = 3 °C with a relative humidity of 59.3% =+
9.6%. It is important to mention that the fiber characterization in the opti-
mization stage was determined from the fibers collected from a single run
(5 min). Once proper parameters were established, the resultant mats
were obtained by the collection of 7 runs (5 min each). The fibers were
placed in a vacuum oven at 30 °C for 24 h, to remove any residual solvent.
Finally, the fibers were stored in plastic bags in the presence of a desiccant
for moisture control.

2.4. Experimental design

The polymer concentrations of the precursor solutions were established
based on a previously published optimization study (10 wt% of PDLLA)
[44]. Similarly, considering the antimicrobial evaluation previously re-
ported by the research team [43], the concentration of ZnO was selected
based on the minimum concentration necessary to achieve inhibition of
bacterial growth above 97%j; which was 5 wt%. Regarding the Hap concen-
tration, through a cell viability study [45], a value of 5 wt% was selected.
The adjustment of the angular speed (w) (7000-10,000 rpm) was made
considering the influence that the incorporation of the mixture of ZnO-
Hap had on the rheological behavior of the precursor solutions.

For the selection of the optimum w, fiber morphology, fiber diameter,
and ultimate yield were considered. The yield/output of the process (np)
was estimated by Eq. (1).

— M 100 )
np = ST
where M,,rand ST are the grams of fibers collected per run (5 min) and the
total solids (polymer + NPs) contained in 2 mL of polymer solution,
respectively.
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2.5. Fibrous material characterization

The morphological analysis was carried out using a scanning electron mi-
croscope (Carl Zeiss, Sigma VP). The images obtained were analyzed with the
Image J software (v. 1.48) to estimate average fiber diameters (D) and aver-
age pore size (interfibrillar spaces). Diameter distributions were obtained by
measuring 100 fibers (20 fibers per micrograph) with three measurements
per fiber, making a total of 300 measurements per sample. Obtained data
was represented by means of box-bars charts, where the boxes reflect 50%
of the population of values located between quartile 1 (Q; = 25% of the pop-
ulation) and 3 (Q3 = 75% of the population) and the bars represent the am-
plitude of the distribution according to the most probable values or those that
appear more frequently. The distribution and dispersion of the n-Hap and
ZnO within the fibers were determined using energy dispersive X-ray spec-
troscopy (EDS, EDAX Octane Super).

For the calculation of the scaffold's porosity, an adjustment of the equa-
tion reported by Wang et al. [46] was used (Eq. (2)),

m
o= (1 - Z*A*—H*p>*100 ©

where m, Z, A, H, and p are the mass, thickness, width, and length of the
scaffold and the density of the polymer with n-Hap in the corresponding
case, respectively.

The surface roughness was determined through atomic force micros-
copy (AFM) (NT-MDT spectrum instrument, SOLVER Nano) operating in
semi-contact mode with a NSGO1 series single crystal silicon tip, N-type,
0.01-0.025 Ohm-cm, antimony doped. The roughness (Ra) was determined
using the average of three to five measurements of the most representative
surfaces on the top of the fiber over 5 ym? areas using muscovite mica sheet
as a substrate.

Thermal properties were evaluated through thermogravimetric analysis
(TGA) (TA Instruments, Q400) and differential scanning calorimetry (DSC)
(TA Instruments, Q200). To perform the TGA, the samples were heated
from 30 to 600 °C under a nitrogen atmosphere, at a heating rate of 10 °C
min~'. Regarding the DSC, the heating was carried out from 70 to 200 °C
at a rate of 10 °C min ™!, the samples were isothermally maintained at
200 °C for 2 min and then cooled down at the same rate to —70 °C. A second
heating cycle under the same conditions was conducted.

Mechanical properties of the fibrous materials were determined by ten-
sile tests using the universal testing machine (Tinius-Olsen, H10KS). The
tensile testing was made using the paper frame method [47,48]. To this
end, test pieces of 32 mm long and 3 mm wide were cut and conditioned
for 24 h at room temperature (23-25 °C). The tensile tests were carried
out at a deformation speed of 2 mm.min ' with a clamp separation of
27.5 mm, using a 50 N load cell (five repetitions).

2.6. Antibacterial properties

The evaluation of the antibacterial activity of the fibrous materials was
made taking as reference the Japanese Industrial Standard, Z280126 [49].
The test was performed for two microorganisms of clinical importance,
Escherichia coli ATCC-25922 and Staphylococcus aureus ATCC-29213. For
the test, 2 X 2 cm samples under aseptic conditions were inoculated with
4 mL of a microorganism suspension in trypticase soy broth, equivalent to
50,000 colony forming units per mL (CFU m:L ™). Subsequently, the sam-
ples were incubated at a temperature of 37 °C and 90% humidity for 24
h. At the end of the incubation time the population of microorganisms pres-
ent in the samples was determined (the tests were done in quadruplicate),
and the antibacterial activity (R) was calculated using Eq. (3):

B M
R= <1og E; — log BTI) 3)

where By and B, are the amounts in CFU-mL ™! of bacteria that survive in the
presence of the reference (material without n-ZnO) before and after 24 h of
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incubation, respectively. M, is the amount of bacteria that survive after 24 h
of incubation in the presence of the antimicrobial material (material with n-
Zn0). Additionally, the inhibition to bacterial growth (GI) was determined
by means of Eq. (4):

B, — M,
GI = <—’ ’) x 100 @
B,

2.7. Biological test

2.7.1. Cell viability

A mouse pre-osteoblast cell line (MC3T3-E1) was used to test the ability
of fibers to support cell growth. The cells were cultured in MEM Alpha me-
dium (1 x ) supplemented with 10% fetal bovine serum (FBS), 100 interna-
tional units per milliliter (IU-mL~") of penicillin and 100 pgmL ™' of
streptomycin. 30,000 cells were inoculated into 1 X 1 cm samples of fi-
brous material, previously sterilized with UV light for 10 min, and incu-
bated at 37 °C (5% CO, in a controlled atmosphere) in 48-well culture
plates. After incubation for periods of 1, 3, 5 and 7 days, the culture me-
dium was removed and 300 pL of resazurin solution (combined in a fresh
culture medium ratio of 1:10) were added, allowing the resazurin to react
for 4 h. Immediately afterward, a volume of 150 pL was taken from each
sample to determine the fluorescence on a microplate absorbance reader
(iMark™ Bio-Rad) at a wavelength of 570 nm.

2.7.2. Cell morphology and proliferation

Confocal microscopy was employed to evaluate cell morphology at day
7. After incubation, samples seeded with MC3T3 cells were lifted and
placed in a new dish to removed non-adherent cells. Cells were stained
with Mito Tracker Red (Invitrogen) to identify mitochondrial morphology,
washed with culture medium twice, and then with phosphate buffered
saline (1xPBS). Cells were then fixed with 2 mL of a 4% formaldehyde solu-
tion in PBS. Finally, they were stained with 4/, 6-diamidino-2-phenylindole
(DAPI) to label cell nuclei, washed, then mounted with 50% glycerol and
prepared for their respective microscopic analysis. Confocal laser scanning
fluorescence microscopy (Olympus FV10i microscope) was used for the cell
visualization.

To visualize the full extent of cellular morphology, samples were la-
beled with the actin-binding dye phalloidin AlexaFluor™ 488 (Invitrogen).
As above, cells were fixed with 4% formaldehyde and washed twice with
1xPBS. Samples were then labeled with 100 pL of a DAPI-Phalloidin
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Fig. 1. Rheological behavior of PDLLA precursor solutions containing ZnO 5%-Hap
5%, n-ZnO 5%, n-Hap 5% and without NPs (blank).
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Fig. 2. SEM images of the PDLLA blank (a), ZnO 5% (b), ZnO 5%-Hap 5% (c), and the box chart of fiber diameters for each system (d), obtained at 9000 rpm.

mixture (ratio: 2 pL-Phalloidin/1 pL-DAPI/1000 pL-PBS) for 10 min at
room temperature in the dark. After treatment, the samples were washed
twice with 1 X PBS and mounted with 50% glycerol for confocal micros-
copy (Olympus FV10i microscope).

To assess cell proliferation, a quantitative analysis was performed. The
number of cells found in ten randomly selected images (area size: 212 X
212 pum) were considered for the study. The number of independent exper-
iments (biological replicates) was 3. These cells were counted and

averaged. Results were represented through the mean +/— standard
error, as the average number of cells per image.

2.7.3. Depths profile study

Three-dimensional segmentation. Confocal images were segmented using
the 3D image processing software Imaris 9.1 (Bitplane AG, Zurich,
Switzerland). Z-stacks were processed using the volume tool to segment
the phalloidin and DAPI signals to reconstruct volumes for the cytoskeleton
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Fig. 3. SEM images of PDLLA-ZnO 5%-Hap 5% systems obtained at different w, 7000 rpm (a), 8000 rpm (b), 9000 rpm (c), 10,000 rpm (d), box plot of fiber diameters for each

system (e), and process yields (np) (f).
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and nucleus, whereas the phase contrast signal was processed using the dots
module to represent the spatial distribution of the material in relationship
to cells. Background subtraction was carried out for all channels. Metadata
of the 3D-reconstructions can be shared upon request and are available in
the original high-resolution .TIFF files.

3. Results and discussion
3.1. Rheological study of polymeric solutions

The apparent viscosities of the precursor polymer solutions of PDLLA
with their corresponding nanoparticle concentration were evaluated as a
function of shear rate. Fig. 1 shows the results obtained from the developed
composite systems and their respective reference systems used for compar-
ison: blank and binary systems formulated with each NPs. The presence of
NPS in PDLLA-ZnO 5% and PDLLA-ZnO 5%-Hap 5% systems produced an
increase in viscosity and show a pseudoplastic tendency, behavior that

g) PLA-blank

um

Sq=84.1+3.9nm
S¢=3323+178.2 nm
Area =5 pum?
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denotes significant interactions among the components. On the contrary,
PDLLA-Hap 5% shows a decrease in the viscosity in comparison with the
pristine system.

Regarding the systems with ZnO, it has been described that the hydro-
gen bridge-type interactions between the polymer and the n-ZnO, can
cause an increase in the viscosity of the precursor solutions as the concen-
tration of NPs increases [50,51]. Regarding the Hap, the decrease in the vis-
cosity was also attributed to strong polymer-NPs interactions [52,53]. In
this case, the Hap size (44.4 + 36.3 nm) (Supplementary Material,
Fig. S1), which is approximately 6 times greater than that of ZnO (6.36 +
2.08 nm), had an effect on the viscosity as well. Taking into consideration
that the Hap size is in the order of the radius of gyration of the polymer
(30-40 nm) [54], the Hap particles could act as a mean for polymer adsorp-
tion; leading to a lower proportion of free polymer chains capable of
interacting with the solvent [55]. This phenomenon could explain the ob-
served decrease in the viscosity [45]. With respect to the incorporation of
the ZnO-Hap mixture into the PDLLA system, there was a slight increase

c) Dj =1.84 +1.03 um
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Fig. 4. SEM images (a, b), box charts of fiber diameters (c), elemental mapping of zinc (d) and phosphorus (e), and EDS spectrum (f) of the PDLLA-ZnO 5%-Hap 5% obtained
using the condition selected in the optimization phase. (g) AFM topography of a fiber surface profile and corresponding roughness parameters, root-mean-square roughness

(Sg) and peak to valley height roughness (S,).
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in the viscosity of the solution compared to that obtained with 5% n-ZnO
alone. This could be attributed to a synergetic effect of the combined NPs
on the viscosity.

The FTIR spectrum of the polymer solutions (Supplementary Material,
Fig. S2) shows a displacement of the carbonyl group band towards a higher
vibration frequency in the PDLLA solution (PDLLA-CHCl3, without NPs),
mainly produced by the inductive effect generated due to the solvent-
polymer interaction. On the other hand, the incorporation of n-ZnO did
not generate a change in the displacement of the carbonyl group, but a
wider band was observed, which could indicate a greater number of inter-
actions. Spectra from the Hap and mixture of NPs (ZnO-Hap) presents
bands with a similar behavior, a lower displacement of the carbonyl
group band compared to the polymeric solution without NPs.

3.2. Effect of NPs and angular speed on fiber formation.

Fig. 2 shows the SEM micrographs of the pristine PDLLA (Fig. 2a) and
PDLLA-NPs fibers (Fig. 2a—c), and the corresponding box and bar diagrams
for Dy dispersions. Fibers of the ternary system (Fig. 2c) have a surface rough-
ness slightly higher than that observed in the absence of NPs (see
Section 3.3.1). Based on these results, it could be stated that the surface ap-
pearance is mainly determined by the nature of the polymer-solvent system.
Regarding the uniformity of the fibers, some thin sections are evidenced, pos-
sibly due to the heterogeneous distribution of the NPs throughout the fibers,
as well as to the pseudo-plastic characteristics of the precursor polymer dis-
persion. In the uniaxial stretching process of a polymeric fluid, the molecules
are forced to align themselves in the direction of the applied stress; however,
when the fluid is highly elastic, the aligned chains tend to relax to assume
their original non-aligned conformation, a behavior that could counteract
the formation of homogeneous fibers [56].

Concerning the dispersion of Dy (Fig. 2d) there is a relationship between
rheological behavior and fiber size. As the viscosity and the pseudo-plastic
tendency of the precursor solution increases, at a constant angular speed, in
this case, 9000 rpm, there is a displacement of the diameter dispersion to-
wards higher values with a wider distribution. For the pristine, binary
and ternary systems, 50% of the population of diameters between Q; and
Q3 were found in the intervals from 0.32 to 0.72 pm, 1.21 to 2.48 pm and
1.34 to 3.58 pm, respectively.

100 -
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Table 1
Residues obtained at 600 °C through TGA of the PDLLA systems at different concen-
trations of ZnO, Hap and ZnO-Hap.

Systems Rest Rreal

(%) (%)
Blank 0.21 0.21
ZnO 5% 4.95 4.05
Hap 5% 5.15 5.39
ZnO 5%-Hap 5% 9.89 7.80

Due to the rheological changes presented by the precursor solution with
the incorporation of the ZnO-Hap mixture, different angular speeds
(7000-10,000 rpm) were evaluated in order to determine the best fiber pro-
duction conditions (Fig. 3). At 8000 rpm, the formation of more homoge-
neous fibers was observed, with a higher production yield (>70%) and
narrower fiber diameter distribution. Therefore, 8000 rpm was selected
for subsequent fibrous scaffold production.

3.3. Morphological, thermal, and mechanical characterization

3.3.1. Morphology

Based on the optimization phase described in the previous section, the
scaffolds were manufactured at w of 8000 rpm; resulting in mostly homoge-
neous, long, continuous fibers with some small defects (Fig. 4a). As
described, the fibers have a rough surface morphology (Fig. 4b). Specifi-
cally, the NPs incorporation produced a slight increase in the surface rough-
ness, obtaining a root-mean-square roughness (Sy) of 84.1 and 109.7 nm for
PDLLA blank and PDLLA-ZnO 5%-Hap 5%, respectively (Fig. 4g). These dif-
ferences should not represent a high impact on cell adhesion given that the
roughness is in the nanometer scale [57]. Regarding the dispersion of fiber
diameters, this was presented in a slightly wider range than that obtained in
the optimization phase (Fig. 4c).

The porosity @, defined in a 3-D fiber scaffold structure as the space be-
tween fibers; was determined through Eq. (2) (Fig. 4c) to be greater than
90%. Additionally, through the Image J software, the area distribution be-
tween fibers was determined. It was found that 50% of the population has
an area above 30 pm? and the values are distributed from 2 to 2561.7 um?.
These results show that part of the pore distribution has sizes large enough
to guarantee cell migration (Supplementary Material, Fig. S3) [5,58].
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Fig. 5. TGA thermograms of PDLLA fibers, obtained with ZnO, Hap and ZnO-Hap.
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Fig. 6. DSC thermograms of PDLLA fibers with ZnO, Hap and ZnO-Hap.

Through EDS spectrum and elemental mapping, the presence of NPs in
the fibers was evidenced (Fig. 4d-f). In all the analyzed areas, both NPs
were identified, observing more agglomeration points for n-ZnO. It must
be pointed out that n-ZnO size (6.36 * 2.08 nm) is six times smaller than
that of Hap (44.4 + 36.3 nm), reason why there is a strong tendency of
n-ZnO to form agglomerates in order to diminish their high surface energy.

3.3.2. Thermal properties

In Fig. 5, the thermo-degradation patterns of the materials formulated
without (blank) and with NPs are presented. In the first instance, it was ev-
idenced for ternary and binary systems, that the residue differs from the ini-
tial concentration. In Table 1, the estimated residue (R.g) and the real one
(Ryear) obtained at 600 °C are presented. Specifically, in the ternary system,
the results were 9.89 and 7.80% for Res; and R, respectively. This differ-
ence is associated with the heterogeneous distribution of the NPs in the
polymeric matrix, more specifically to the n-ZnO, due to the level of ag-
glomeration reflected in the elemental mapping (Fig. 4d). Likewise, the
loss of n-NPs, during fiber production should also be considered.

Regarding the thermal stability of the materials, degradation tempera-
tures of 290, 242, 293 and 235 °C were presented for the blank, ZnO 5%,
Hap 5% and ZnO 5%-Hap 5%, respectively. In the case of the ternary sys-
tem, a decrease in thermal stability is observed, comparable to that pre-
sented by the system obtained at 5% ZnO. Despite the fact that Hap
slightly increases the thermal stability of the fibers, the n-ZnO in the ternary
system had a dominant effect, producing a degradation equivalent to the
system formulated with 5% ZnO. Different publications attribute this be-
havior to the fact that ZnO promotes transesterification and depolymeriza-
tion reactions of PLA [59-61].
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Fig. 7. Young's modulus (E) and tensile strength (o) of the materials obtained with
PDLLA, ZnO, Hap, and ZnO-Hap.

Regarding the thermal transitions experienced by the materials, Fig. 6
shows the DSC thermograms of the heating-cooling-heating cycle. In
these systems, it is typical to observe on the first heating an endothermic
transition that occurs followed by the glass transition of the polymer
[43]. In the ternary system, this transition occurs at slightly lower temper-
ature (61.09 °C) when compared to the rest of the systems. On the other
hand, during the cooling and second heating cycle, only a second order
transition (Tj), typical of an amorphous polymer is shown and at lower tem-
perature due to the incorporation of the mixture of NPs (ZnO 5%-Hap 5%)
(Supplementary Material, Table S1).

3.3.3. Mechanical properties

Fig. 7 shows the mechanical performance of ternary materials and their
corresponding binary systems, for comparative purposes. The PDLLA-ZnO
5%-Hap 5% system presented a marked decrease in its mechanical proper-
ties compared to the reference systems. As described in the previous sec-
tions, a concentration of around 5% of n-ZnO favors the formation of
aggregates that lead to a reduction in the mechanical performance. These
aggregates act as stress concentrators promoting the failure of the material.
The incorporation of Hap, even though its distribution was more homoge-
neous, also had a negative effect on mechanical properties, for the same rea-
sons described for n-ZnO. These results corroborate the important role of
NPs size and their distribution in the mechanical performance.

3.4. Antibacterial properties

Fig. 8 shows the antibacterial efficiency of the materials evaluated with
E. coliand S. aureus. As it can be seen, the incorporation of n-Hap produced
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Fig. 8. Antimicrobial activity (R) and S. aureus/E. coli Growth inhibition (GI) of the
PDLLA fibrous materials obtained with ZnO and ZnO-Hap.
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a decrease in growth inhibition (GI) approx. 30 and 12% for E. coli and
S. aureus, respectively, compared to the system formulated with 5% ZnO.

Saha et al. [62] obtained a similar behavior in the antimicrobial evalu-
ation of a Hap-ZnO biocomposites. In their study the authors argued that
Hap and ZnO distribution interfered with the antimicrobial performance
of the biocomposite, without obtaining a total inhibition of the evaluated
bacteria (E. coli and S. aureus) in 4 h of incubation. On the other hand, Felice
etal. [63] reported a 99% inhibition of S. aureus strains with an electrospun
fiber material based on poly(e-caprolactone) (PCL), Hap and 1% of ZnO,
after 18 h incubation.

However, the surface electrical charge of the materials is another impor-
tant aspect that affects the behavior of bacteria and has to be considered in
their antibacterial performance. As it has already been reported in different
studies, the electrical charges of bacteria are negative, being the E. coli
charge greater than that of S. aureus [64,65]. Regarding the surface charge
of the fibers, the negative partial charge due to the ester group, could have
influenced the adhesion process of the bacteria, causing inhibition in their
growth. On the other hand, Hap has an isoelectric point (PI) of 7, presenting
a positive charge at acidic pH [66]. In this sense, Hap could provide an at-
tractive surface for bacteria promoting the adhesion and growth of bacteria.
In this regard, Villareal-Gomez et al. [67] reported that the bacterial adhe-
sion properties observed in PDLLA-Hap scaffolds are possibly due to the
presence of polar groups in the Hap. Consequently, it could be argued
that n-Hap exerted a shielding effect, affecting the antimicrobial perfor-
mance of the ternary materials.

Regarding ZnO, it has a PI between 9 and 10. Yu et al. [68] determined
that n-ZnO in distilled water (pH approx. 5) has a Z potential of 17 mV. In
the case that the surface electrical charge would favor the adhesion of the
bacteria, it must be considered that unlike Hap, ZnO does have a toxic effect
on bacteria. Therefore, a positive surface charge would favor the
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antimicrobial action of ZnO into de fibrous material. Additional to the
above aforementioned, other factors that could affect the antibacterial per-
formance of the scaffolds are: 1) dispersion of NPs; as it could be observed
in Fig. 4d, ZnO NPs showed a certain degree of aggregation, which pro-
duces a decrease in their surface area and therefore, in active points of inter-
action; 2) real concentration of ZnO; in the thermogravimetric analysis, the
concentration of NPs mixture was lower than expected, thus a lower ZnO
concentration will produce less antimicrobial action; and finally 3) the em-
bedded NPs fraction will not have a direct interaction with the bacteria dur-
ing 24 h of analysis.

The most frequently reported mechanisms of ZnO antimicrobial action
have been: 1) rupture of the cell membrane by contact with n-ZnO; 2) re-
lease of Zn? ™ ions; and 3) generation of reactive oxygen species (ROS),
as a result of photocatalytic activity (activation by UV or visible light).
This last mechanism is ruled out in this study, since the samples were
incubated without UV irradiation, which is essential for the formation of
ROS. On the other hand, in a study carried out by Felice et al. [63] the an-
timicrobial action was evaluated in polymeric fibers with different degrees
of degradation, identifying the release of Zn> * ions as the main mechanism
of antimicrobial action. Based on the foregoing, it is considered, due to the
characteristics of the systems designed in this work, that both direct contact
with n-ZnO and the release of Zn® * ions could be the responsible mecha-
nisms for the observed antimicrobial action.

3.5. Biological properties

3.5.1. Cell viability

Cell viability assesses the cell mitochondrial metabolic activity, which is
a semi-autonomous region of cells that is responsible for producing all the
energy that the cells require to carry out their functions. In Fig. 9-a, the
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Fig. 9. a) Resazurin-MC3T3-E1 Cells Viability Test; Ctr. +: positive control (cells grown on glass coverslips) was taken as reference to determine the cell viability of the
systems. Blank is defined by cell interacting with a PDLLA fiber without NPs. The results are presented as the mean of three experiments * the standard deviation of the
mean (*p < 0.05, “*p < 0.01). b) MC3T3-E1 Confocal micrographs obtained at day 7 of scaffold-cell interaction, after being subject to the cell viability test (scale bar: 20 pm).
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cell viability of the designed scaffolds is observed in relation to the positive
control (Crt. +), defined by cells interacting with glass coverslips and blank
defined by cell interacting with a PDLLA fiber without NPs. PDLLA fibers,
either alone or incorporating ZnO and/or Hap, show an increased cell via-
bility (above 80%) over the time course of days 1, 3, 5, 7, consistent with
increased cell number as the MC3T3-E1 proliferate within the nanofiber
scaffold environment.

The fact that the PDLLA scaffolds have shown viabilities above 100%
with respect to the positive control, suggested that the positive control
cells were near confluency; therefore, no significant changes in metabolic
activity were evidenced for those last days. On the contrary, the scaffolds,
due to a greater surface area and adequate pore size, allowed cells to con-
tinue proliferating. However, since the results for days 5 and 7 did not pres-
ent statistically significant variations, complementary studies were
required to elucidate the scaffold influence on cell behavior. For this reason,
the study of cell morphology and proliferation is further addressed.

Fig. 9-b shows confocal micrographs of cells grown on fibers for the cell
viability test (7 days). Mitochondria are labeled with Mitotracker (red),
while DAPI labels cell nuclei (blue). An important feature is the presence
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of cell clusters/agglomerates in all systems. After 7 days, all scaffolds exam-
ined promoted the growth of MC3T3-E1 cells in clusters within the nanofi-
ber matrix. Furthermore, the mitochondria morphology shows an
interconnected network, representing an efficient system to deliver energy
or transfer calcium between different areas of the cell [69,70].

3.5.2. Scaffold-cell interaction and proliferation

The ability of the examined scaffolds to support cell proliferation and
adhesion test is depicted in Figs. 10-12. As the major determinant of cell
shape, dynamics, and movement [71], the actin cytoskeleton was moni-
tored to examine cell presence within scaffold matrix. In Fig. 10-a, the mor-
phology of osteoblast cells contained in a PDLLA scaffold is visualized by
labeling actin cytoskeletal filaments (Phalloidin) and nucleus (DAPI). It is
clearly observed that the cells lay on the fibers and surround them, while
extending in the direction of the fiber, (Fig. 10-a, Merge). Studies carried
out by several authors with the same cell line, found that indeed an ex-
tended morphology favors cell performance [72,73]. The PDLLA blank
and PDLLA-ZnO 5%-Hap 5% (Fig. 10-b), evidenced the formation of cell ag-
glomerates, similar to those observed in Fig. 9-b. Both systems showed

Fig. 10. Osteoblast cells (MC3T3-E1) morphologies observed in PDLLA fiber scaffolds obtained through confocal microscopy: a) cell and fiber interaction representation,
b) Cell clusters found in day 5 (PDLLA blank) and 7 (PDLLA-ZnO 5%-Hap 5%) of the scaffold-cell interaction test (scale bar: 20 pm), and ¢) SEM images of the osteoblast
cells interacting with the fibers from PDLLA blank and PDLLA-ZnO 5%-Hap 5%, left and right side, respectively (day 7) (scale bar: 2 pm).
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Fig. 11. MC3T3-E1 cells grow embedded in PDLLA-ZnO 5%-Hap 5% fiber scaffolds in three-dimensions. Lateral and upper view of fluorescence confocal Z-stacks (a and c,
respectively) showing the cell cytoplasm (green) and nucleus (red) of MC3T3-E1 cells (yellow asterisks) into the PDLLA-ZnO 5%-Hap 5% fiber scaffolds (white), pointed by
yellow arrows, for day 7 of cell-scaffold interaction. Imaris three-dimensional reconstruction of the fluorescent signal for cytoplasm, nucleus, and fiber scaffolds (represented
as orange dots for better viewing) are shown in b) and d). Scale bar for all figures is 30 pm.

normal cell morphology and no signs of necrosis/apoptosis was found in
the preparations; however, the cells in the blank showed a widely spread
morphology, while the PDLLA-ZnO 5%-Hap 5% produced a more spindle-
like morphology, probably due to the nature of its interaction with the
cells. In Fig. 10-c, the SEM imaging reveals osteoblast cells spread on top
of some fibers for the blank and ternary systems. The cells were completely
in contact with the fibers and some filopodia-like extensions of the cyto-
plasm were observed coming up from the cells towards the fibers (see the
arrows in the Fig. 10c). Previously it has been reported that the filopodia
leads the direction of the migrating cells and facilitate the intercellular com-
munication, which suggest that the scaffold design can promote cell migra-
tion and adhesion [74,75]. Overall, the cell morphologies and the growth
along the fiber scaffolds indicate a favorable cell-fiber interaction.

Regarding cell migration (Fig. 11), cells were found throughout the
length of the samples and at different depth levels for the PDLLA-ZnO 5%-
Hap 5% scaffold. In a sample's volume of 212 X 212 X 75 um, the intercon-
nected group of cells were shown at different depths, finding cells down to
37 pm depth from the surface of the material (Fig. 11-a, b). Additionally, it
was clearly demonstrated how the cells interact with the fibers, located pre-
dominantly along the axial direction of the fibers (Figs. 10-b and 11-c, d). The
cells localization within the fibers also showed biocompatibility, since cells
were able to grow embedded within the scaffolds. Together with the viability
results it can be stated that the scaffold could promote the possible exchange
of nutrients and gases between the cells and the culture media at different
depths within the samples due to the developed porosity, a feature that is de-
sirable in biocompatible materials. This demonstrates a favorable design of
the scaffold, fundamentally related to its chemical nature (polymer and ac-
tive components), porosity and pore size distribution.

Regarding the cell proliferation and adhesion, Fig. 12 shows the results
of the morphology and the number of cells obtained by the cell average
found in 10 areas (212 x 212 pm). Considering that the areas with cell ag-
glomerates were not fully deemed to determine cell proliferation, the im-
ages shown do not necessarily represent the average number of cells
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reported in cell proliferation (Fig. 13-d). In the positive control, which is
the product of the cell interaction with a glass coverslip, the morphology
of viable cells is observed with an extension of the cytoskeleton on the sur-
face, showing evidence of cell growth (see arrow in Fig. 12, day 5) and cell
division (see arrow in Fig. 12, day 7). The positive control served as a refer-
ence to confirm that the study was carried out with healthy cells, and as a
basis for morphological comparison with the systems of interest.
However, it must be considered that the appearance of a cell on a 2D sur-
face will be different from that obtained on a 3D surface, and even more
in the case of polymeric fibers. Due to the cells spread along the fibers
and are distributed at different depth levels through the samples
(Fig. 11), a different surface appearance compared to the reference is pro-
duced. The blank presented a good performance except for day 7, a behav-
ior that favors the ternary system by presenting a sustained increase during
the interaction time.

Regarding the Hap-ZnO combination, Gnaneshwar et al. [20] studied
the biological effect of hybrid nHap-ZnO in electrospun polymeric fibers,
in human fetal osteoblast cells (hFOB); and the authors evidenced greater
biological, enzymatic and biomineralization activity in systems made up
of 2% nHap-ZnO. On the other hand, Felice et al. [63] reported, through
a study of the enzymatic activity of alkaline phosphatase and mineraliza-
tion (generation of apatite), that ZnO could accelerate the regeneration of
bone tissue. Moreover, different studies have shown that ZnO has
osteoinductive and osteoconductive properties. Yusa et al. [25] reported
that Zn>* ions induce osteoblast differentiation through a significant
increase in collagen I (the most common protein of the bone extracellular
matrix), BMP-2 (bone morphogenetic protein, which induces mineraliza-
tion), Runx2 (transcription factor that induces the differentiation of mesen-
chymal cells into osteoblasts) and VEGF-A (angiogenic factor). Our data
demonstrate that fibers incorporating ZnO and/or Hap support cell adhe-
sion and proliferation as well as fibers composed of PDLLA alone, providing
a stable environment for mammalian cell growth while also providing de-
livery of antimicrobial agents.


Image of Fig. 11

V. Padilla-Gainza et al.

Biomaterials Advances 133 (2022) 112594

Day 7

[|pay 1{777) Day 3 [ Day 5 ™= Day 7

H-

™

+
2
S
N
=
=)
o
-
=
S
R
<
]
]
Q
=9
X
W
=9
<
<
X
wn
Q
=
N
7
d)
6_
£
=
o 54
N
&
- 4-
N
8 3
€
— [
= 2 N
Q
(&)
1 NN
ZNN

PDLLA-Blank

PDLLA-ZnO 5%-Hap 5%

Fig. 12. Confocal micrographs showing the morphology and population growth of MC3T3-E1 cells obtained from the proliferation test at different days of scaffold-cell
interaction, for control + a), PDLLA-blank (b), and PDLLA-ZnO 5%-Hap 5% fiber scaffolds (c) (scale bar: 2 pm). Proliferation of MC3T3-E1 cells (d). Cell proliferation
results were obtained by the average number of cells in 10 different areas (image area: 212 x 212 pm) of the sample, selected randomly and through three replications.

4. Conclusion

PDLLA based fiber scaffolds containing ZnO and Hap nanoparticles
were fabricated using the Forcespinning® technique. Rheological, morpho-
logical, thermophysical, mechanical, and biological characterization was
performed on the developed fibrous composite scaffolds. The incorporation
of the NPs mixture led to an increase in viscosity and a pseudo-plastic ten-
dency of the precursor solution, which caused an increase in fiber diameter
(from 0.78 = 0.55 to 2.39 + 0.74 um) and its standard deviation. The
rough surface characteristic of the PDLLA fibers prevailed, regardless the
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incorporation and concentration of NPs. Sq were of 84.1 and 109.7 nm for
PDLLA blank and PDLLA-ZnO 5%-Hap 5%, respectively. The ternary sys-
tems presented a moderate dispersion of NPs, reflecting a higher level of ag-
glomeration for ZnO. The thermal stability of PDLLA decreased due to the
presence of the NPs mixture from 290 to 235 °C, in an equivalent manner
to the systems formulated with only n-ZnO; that means, Hap did not inter-
fere with the catalytic effect of ZnO on polymer degradation reactions. The
antimicrobial properties of the materials were affected by the incorporation
of Hap, obtaining a growth inhibition of the E. coli and S. aureus strains of
70 and 85%, respectively. Regarding cell viability, PDLLA promoted a
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favorable cell response, with viabilities above 80%. In the PDLLA-ZnO 5%-
Hap 5% system, the cells presented a favorable morphology and the scaf-
fold design (porosity greater than 90% and pore size distribution from 2
to 2561.7 ym?), promoted a sustained increase in cell proliferation in
three-dimensions. The antibacterial/bioactive performance and morpho-
logical features of the obtained PDLLA-ZnO-Hap scaffold placed it as a

promising candidate for applications related to bone tissue engineering.
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