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Introduction: In this in-vitro study, we designed a 3D printed composite of zinc oxide
(ZnO) nanoparticles (NPs) with photocatalytic activities encapsulated within hydrogel (algi-
nate) constructs, for antibacterial purposes applicable towards wound healing. We primarily
sought to confirm the mechanical properties and cell compatibility of these ZnO NP infused
scaffolds.

Methods: The antibacterial property of the ZnO NPs was confirmed by hydroxyl radical
generation using ultraviolet (U.V.) photocatalysis. Titanium dioxide (TiO,), a well-known
antibacterial compound, was used as a positive control (1% w/v) for the ZnO NP-based
alginate constructs and their antibacterial efficacies compared. Among the ZnO group, 3D
printed gels containing 0.5% and 1% w/v of ZnO were analyzed and compared with
manually casted samples via SEM, swelling evaluation, and rheological analysis.
Envisioning an in-vivo application for the 3D printed ZnO NP-based alginates, we studied
their antibacterial properties by bacterial broth testing, cytocompatibility via live/dead assay,
and moisture retention capabilities utilizing a humidity sensor.

Results: 3D printed constructs revealed significantly greater pore sizes and enhanced
structural stability compared to manually casted samples. For all samples, the addition of
ZnO or TiO, resulted in significantly stiffer gels in comparison with the alginate control.
Bacterial resistance testing on Staphylococcus epidermidis indicated the addition of ZnO NPs
to the gels decreased bacterial growth when compared to the alginate only gels. Cell viability
of STO-fibroblasts was not adversely affected by the addition of ZnO NPs to the alginate
gels. Furthermore, the addition of increasing doses of ZnO NPs to the alginate demonstrated
increased humidity retention in gels.

Discussion: The customization of 3D printed alginates containing antibacterial ZnO NPs
leads to an alternative that allows accessible mobility of molecular exchange required for
improving chronic wound healing. This scaffold can provide a cost-effective and durable
antibacterial treatment option.

Keywords: zinc oxide nanoparticles, chronic wound healing, 3D printing, antibacterial,
hydroxyl radicals, alginate hydrogels/scaffolds

Introduction

The early treatment and rapid closure are essential for the healing of chronic
wounds for the prevention of hypertrophic scarring.' In the United States alone,
chronic wounds, including diabetic foot ulcers, affect up to 6 million patients
amounting to $10 billion each year.? The treatment and care of such non-healing
chronic wounds that do not respond well to conventional wound-healing strategies
affect not only the patient and the society, but the resulting morbidity and cost are
considerable. Therefore, the establishment of novel approaches for the treatment of

submit your manuscript

Dove n

http:

in O

International Journal of Nanomedicine 2020:15 5097511 | 5097
© 2020 Cleetus et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
BY_Ne

php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-6917-723X
http://orcid.org/0000-0002-4373-3912
http://orcid.org/0000-0001-8121-8463
http://orcid.org/0000-0002-9157-3140
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Cleetus et al

Dove

chronic wounds is much needed. Commercially available
advanced skin substitutes, comprising of bioactive dres-
sings containing mammalian derived matrix components,
and human cells, have widespread clinical applications.’
The use of autografts is often limited by the availability of
a suitable area of healthy donor skin to harvest. Alternative
treatment options for these patients include the application
of cellular and non-cellular biological skin-equivalents.*
However, these treatments involve multiple surgical pro-
cedures and are associated with high costs of production
and repeated wound treatment.* Despite all these existing
strategies for the treatment of non-healing chronic wounds,
it is presently accepted that no treatment significantly out-
performs the others.” There are a few emerging options,
including “smart” peptide hydrogels for first-line treatment
in burn wounds.® Self-assembling peptides have tunable
properties making them popular in various applications.’
However, not enough consideration has been attributed to
understanding the interfacial dynamics between the wound
healing template and the wound zone. To address this
unmet challenge, we focused on developing an innovative
3D printed, acellular scaffold composed of alginate hydro-
gels, impregnated with ZnO NPs as a more efficacious
wound healing therapy, compared to existing products.
Biopolymers such as alginic acid (alginate) have gained
recognition in various applications. One such instance is
their use in packaging pharmaceuticals or drug delivery
systems. Other uses of packaging polymers are found in
the food sector.® Alginate based hydrogels are being
researched for environmental applications, as well,
and modifiable
characteristics.” Alginate is a natural material derived

for their hydrophilic, swellable,
from carbohydrate sources released by clinical bacterial
species, in the same manner as biofilm formation. These
polymers are well utilized over others in medicine due to
their biocompatibility, biodegradability, and accessibility. '
Alginate retains up to 70% water by volume. Therefore,
these types of dressings are best used on wounds that have a
large amount of exudate as the hydrogel can absorb the
exudate secreted from the wound, thereby reducing its
bioburden."' As calcium alginate is a natural hemostat,
alginate-based dressings, which act as inherent tissue sea-
lants, are designated for the treatment of non-healing
chronic wounds. The gel-forming property of alginate
helps form an effective seal against fluid leakage leading
to bonding between adjacent tissue surfaces that further
helps in painless debridement and alleviates the pain experi-
enced by the patient during dressing changes.'' ™" It also

provides a moist environment that leads to rapid granulation
and re-epithelialization of the wound area leading to the
healing of split skin graft at the donor site.'® As a result,
alginate-based wound dressings are well established in the
literature and in clinical wound management.'* Based on
this knowledge, we hypothesized that this alginate bioma-
terial-based wound healing template could be precisely
engineered by 3D bioprinting leading to effective nutrient
and water exchange required for improving chronic wound
healing.

However, there is no evidence of superior effectiveness
of alginate-based wound dressings in those with diabetic
foot ulcers, which is an outstanding example of non-heal-
ing chronic wounds. Diabetic wounds lack their innate
ability to heal and require immense support from the
wound healing templates used, to promote normal healing
and tissue growth. This is complexed by the deficiency of
the cells in this wound region that do not secrete growth
factors such as platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), and transform-
ing growth factor-beta (TGF-B), required for normal
wound healing.'® Studies from other groups have shown
that these cells do not respond to growth factors even
when they are delivered externally from the template dur-
ing the tissue healing process, as these factors need to be
released at specific periods, internally within the wound.'®
Therefore, we conceived the idea of adding zinc oxide
(ZnO) to an alginate-based template, as the micronutrient
Zn present in ZnO is known to promote angiogenesis (de-
novo blood vessel formation) thereby leading to tissue
healing and recovery.'” The dissolution of ZnO particles
releases Zn”" ions in aqueous suspension that adds to the
antimicrobial activity of ZnO.'® ZnO NPs, when combined
with alginate, also enhance the mechanical properties pos-
sessed by these and other natural polymers.'? In addition,
ZnO NPs can generate reactive oxygen species allowing
for an additional mechanism to combat the recent
increases in antibacterial resistance due to antibiotic treat-
ment options.''°

Therefore, in this study, we applied in-house synthe-
sized ZnO NPs, which naturally possess antibacterial prop-
erties and are additionally photocatalytic in the ultraviolet
(UV-B) light range, enabling them to release powerful
hydroxyl (-OH) free radicals for the termination of harm-
ful pathogens and bacteria in the wound site.”° This further
led to the idea of a 3D printed customized wound-healing
template consisting of ZnO NPs homogeneously dispersed
within an alginate template that can be designed readily

submit your manuscript

5098

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Cleetus et al

and made to fit the exact size and depth of the wound
using contour printing.21 3D printing is a layer by layer
addition of material allowing for the creation of unique
shapes and offering the customizability important biome-
dical sectors tissue engineering or pharmaceutics. Several
different techniques can be employed in 3D printing.*
Extrusion 3D printing was adopted for the development
of such a uniquely designed wound healing template. The
addition of ZnO NPs to the alginate pre-gel solution was
expected to enhance its shear-thinning properties as well
as printability and extrusion from a 3D bioprinter.”> The
resultant calcium ion cross-linked gel-like structure is
highly hydrophilic and helps form a slow degradable
cross-linked polymer gel, which will limit wound secre-
tions and minimize bacterial contamination. 3D printed
templates were expected to confer additional structural
fidelity and a slower rate of degradation followed by
sustained retention of moisture, compared to manually
casted gel templates. Since the alginate scaffold is com-
pletely biodegradable in-vivo, this phenomenon makes this
particular concept more patient-friendly and marketable.
Although ZnO is a potent antibacterial, its concentration in
wound healing therapies need to be optimized, as higher
amounts can be toxic in-vivo. Therefore, we designed this
study to include several doses of ZnO mixed within 3D
printed alginate gels to optimize their printability, antibac-
terial properties, and biocompatibility.

Materials and Methods

Materials Used

The principal chemicals and reagents used in this study,
Sucrose (Ci,H»,0;;) and Zinc Nitrate Hexahydrate (Zn
(NO3),°6H,0) for the synthesis of ZnO NPs were pur-
chased from Sigma-Aldrich Inc (St. Louis, MO). Medium
Viscosity Alginic Acid Sodium Salt ((CcH,07)A(CsH,07)
BNa) (alginate), Calcium  Chloride  Dihydrate
(CaCl,*2H,0), Phosphate Buffered Saline (PBS,10X),
Sodium Hydroxide (NaOH) and Terephthalic Acid
(CgHgO4) were all obtained from Thermofisher Scientific
(Waltham, MA).

Synthesis and Characterization of ZnO NPs
In this study, zinc oxide nanoparticles (ZnO NPs) were
synthesized by combustion method, in-house as described
in,?® by heating a solution of 3569.88 mg of Zinc Nitrate
Hexahydrate (Zn(NOs), x 6H,0) and 1200 mg of Sucrose
(C1,H2,04) with 3 mL of DI water in a beaker on a hot

plate. The zinc nitrate decomposition generated brownish-
yellow gases and eventually a blackish-brown foam. The
foam was stirred for approximately 20 minutes, allowing
the carbon to combust away as carbon dioxide, forming
the yellowish-white ZnO NP powder. The hot plate was
turned off, and the NPs turned white as they cooled.
X-Ray Diffraction (XRD)
Scanning Electron Microscopy (SEM) were conducted on

characterization and

the synthesized ZnO NPs to confirm composition and
determine nanoparticle size following previously pub-
lished guidelines.”> Commercially available TiO, was
used as a control for the in-house synthesized ZnO NPs
in this study. Terephthalic Acid (TA) was used to confirm
radical generation from the NPs.

XRD and SEM of Nanoparticles

All gel samples were air-dried and subjected to XRD in a
powder form. The phase and crystal structure of the nano-
particles were analyzed using XRD, and the patterns were
obtained using the Rigaku Benchtop powder X-ray dif-
(Mini
(I=1.5418 A) at room temperature. The scan was carried

fractometer Flex II) using Cu-Ka radiation
out over an interval of 20°— 80° (2-6 range), step size of
0.02°, and a scan rate of 0.6°/min for all the measure-
ments. The crystallite size was determined to be 19 nm
using the Debye Scherrer Relation given as;

D = 0.91/Bcosd (1)

where D is the crystallite size, 1 (CuKa) — 1.5406 A, B is
the full width at half maximum and 0 is the diffraction
angle.

The microstructure of the ZnO and TiO, NPs were
imaged using SEM (Hitachi 4800) in the secondary elec-
tron scattering mode, and the size was measured using
Image] software. The samples were sputter-coated with
gold, prior to imaging, to avoid charging effect.”*

Radical Generation Probe Test

A 5x107* M concentration of Sodium Terephthalate (NaTA)
was prepared by the stoichiometric addition of sodium chlor-
ide and terephthalic acid. One milliliter of NaTA was added
to wells with 5 mg each of either ZnO or TiO, NPs and
placed on a shaker (IBI Scientific, Dubuque, IA, USA) for 10
min to allow reaction. The plate was placed in the Intelliray
600 UV chamber (Uvitron Intelliray 600 Curing Unit, West
Springfield, MA) fitted with a UV bulb (Uvitron UVA 600-
Watt Halide Lamp, 365 nm) for 5 minutes at 100% intensity
to release hydroxyl radicals. NaTA reacted with the hydroxyl
radicals to form 2-hydroxy terephthalate, a fluorescent probe
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for the detection of the hydroxyl radicals.”> One hundred
microliters of samples were placed in black, clear-bottom
96 well microplates (Corning Inc., Corning NY). The plates
were read using Fluoroskan™ Microplate Fluorometer with
Ascent™ Software (Thermo Scientific) with excitation and
emission wavelengths of 355 nm and 444 nm, respectively.

Preparation of Alginate Gels Impregnated
with ZnO NPs

The ZnO alginate gel solution was prepared in 50 mL
centrifuge tubes using the materials listed in Table 1. A
separate solution of 0.25 M Calcium Chloride (CaCl,)
crosslinker was prepared by combining 254 mg of CaCl,
in 8 mL of deionized (DI) water, as done earlier.’® One
hundred microliters of crosslinker were added per mL of
DI water along with the corresponding ZnO or TiO, NPs
for each solution to partially crosslink the alginate for
maintenance of structural fidelity when bioprinted. The
NPs were thoroughly mixed into the CaCl, and H,O solu-
tions using a vortex mixer to avoid settling of NPs. This
was followed by the immediate addition of alginate and
vortex mixing for 10-20 seconds or until the contents of
the tube appeared visually homogeneous.

Gel Fabrication

The gel mixtures were then loaded in 10 mL syringes
(ThermoFisher Sci.) for 3D bioprinting. Controls were
manually casted and shaped within molds by extrusion
from the syringes, as well. Four varying groups were
used in this study, with the gel solutions being, alginate
only, alginate + 0.5% w/v ZnO NPs, alginate + 1% w/v
ZnO NPs, and alginate 1% w/v TiO,. These doses were
finalized based on guidance derived from other published
works where a comprehensive dose range of ZnO NPs
(0.05-1% w/w) was evaluated.”” The results of this inves-
tigation showed significant hemostatic ability, biocompat-
ibility, and antimicrobial effects on bacterial pathogens for
these nanocomposites at 1% ZnO NPs compared to com-

mercially available alginate dressing.?®%°

3D Printed Gels

Ten-milliliter syringes loaded with the gels were fitted
with 24-gauge steel tip needles (HUAHA, Amazon) and
placed in a 3D extrusion bioprinter (BioBot 1, Allevi, PA,
USA; Cellink, MA, U.S.A.). Lattice cube and cylinder.stl
files were designed with the SolidWorks program.
Structure dimensions were modified and converted to
g-code with Repetier Host software, as required for each
experiment. 3D constructs were printed onto petri dishes at
138-207 kPa.*® Once printed, the gels were each cross-
linked again with 100 pL of 0.25 M CacCl, for 20 minutes
and washed with 1X-PBS to remove residual CaCl,.

Manually Casted Gels

Silicone putty molds of 10 mm diameter and 2 mm depth
were created according to product package instructions
(EasyMold® Silicone Putty, Castin’ Craft™). The gels
were manually extruded through the 10 mL syringes into
the molds. Once casted, they were cross-linked in 100 pL
of 0.25 M CaCl, for 25 minutes and washed with PBS, as
done earlier.”!

Scanning Electron Microscopy (SEM) of
the Composite Gels

To assess and compare the dimensions of the pores
within the 3D printed and manually casted gels, cross-
sectional images were obtained via SEM, as described

in previously published studies.’**

Samples were
crosslinked, placed in 193.15°K overnight, lyophilized,
and sliced to reveal a cross-sectional area. These sec-
tions were sputter-coated (Gatan Model 682 Precision
etching coating system, Pleasanton, CA, USA) and
viewed with SEM (S-4800, Hitachi, Japan). Image J
software was utilized to measure the average pore

diameter.

Swelling Assay
The swelling capacity of the 3D printed, and manually
casted gels were analyzed via a swelling assay.>® 3D

Table | Measured Amounts of DI H,O, 0.25 M CaCl,, ZnO, TiO,, and Alginate Constituting the Formation of Each Gel Sample,
Alginate Only, Alginate + 0.5% ZnO, Alginate + 1% ZnO, and Alginate + 1% TiO,

Solution DI H,O (mL) 0.25 M CaCl, (uL) ZnO (g) TiO, (g) Alginate (g)
Alginate only 4.800 500 0 0 0.20
Alginate + 0.5% ZnO 4.775 500 0.05 0 0.20
Alginate + 1% ZnO 4.750 500 0.10 0 0.20
Alginate + 1% TiO, 4.750 500 0 0.10 0.20
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printed lattice and manually casted structures were cross-
linked and placed in a desiccator for 18 hr. Once dried, the
samples were weighed to find the initial dry weight (W),
then placed in PBS to allow swelling. The samples were
then weighed (W) every 24 hr for 5 days to track the
uptake of the solvent within the samples. The following
formula for degree of swelling (Ds) was used to calculate
the swelling ratio:

D, = Wi—W )
Wo

Extent of Degradation
To assess the physical integrity and stability of the bio-
printed gels, they were tracked by phase-contrast imaging
over time. Cylindrical-shaped disks (6-mm diameter) were
printed and crosslinked, then washed in PBS. The gel
disks were then placed in a 12 well plate and covered in
500 pL of PBS, at all times. For the following 5 days, the
gels were imaged every 24 hr.

Rheological Analysis

To determine the rheological parameters of the gels, shear
rheometry analysis was performed on both 3D printed and
casted gels. A biopsy punch was used on gels to obtain
8 mm discs of 1 mm height, which were then placed in 1X
PBS to swell to equilibrium. Using Anton-Paar MCR101
rheometer (Anton-Paar, Graz, Austria) with an 8-mm par-
allel plate geometry, oscillatory shear stress analysis was
conducted at 1% L.V.E. strain from 0.05 to 50 Hz. All
moduli, along with complex viscosity, are reported at
1.99 Hz.

Antibacterial Testing

For confirmation of antibacterial properties of the NP
encapsulated gels, a bacterial test was conducted on
Staphylococcus epidermidis (S. epidermidis), comparing
U.V. exposed and non-exposed gels. All gels were auto-
claved prior to being casted. Gels were printed into 6 mm
disks, crosslinked, and placed in 48-well microplates
(Corning Inc., Corning NY). Two hundred microliter of
nutrient bacterial broth were pipetted into each of the
wells. An erythromycin disk placed within the center of
the well served as a control in each group. The plate
designated for U.V. exposure was placed in the Intelliray
600 for 5 minutes at 100% intensity, while the other plate
was maintained in surrounding room light. The S. epider-
midis was diluted by using an inoculation loop to transfer
10 pL of bacteria into 5 mL of nutrient broth. Each well

had 400 pL of the bacterial broth added to it. The plates
were then incubated at 37°C for 24 hr. At 24 hr and 48 hr
after initial incubation, 100 puL of each sample were trans-
ferred to a clear 96 well plate (Corning Inc., Corning NY)
and placed in the Molecular Devices VersaMax UV/Vis
plate reader with VersaMax SoftMax Pro® software
(Molecular Devices, L.L.C. San Jose, CA) to measure
the optical density at 600 nm wavelength. This experiment
was repeated twice (n=2).

Cytocompatibility

The cytocompatibility of the NP encapsulated gels were
assessed by culturing mitomycin-C treated STO (MITC-
STO) fibroblast cells (Millipore Sigma, Burlington, MA,
USA) in complete growth medium (C.G.M.; Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
with 15 mM HEPES) for direct experimental use after a
24 hr incubation (310.15°K, 5% CO,). To the CGM.,,
12.5% fetal bovine serum and 1% penicillin-streptomycin
were added. Samples were printed in the form of cylind-
rical discs using a sterile environment. Samples were
placed in a 48-well microplate and 200 pL. DMEM
media was added to each well. The plate was placed in a
microprocessor-controlled light-curing system (IntelliRay
600) for a five-minute UV irradiation. Samples were trans-
ferred to a sterile 48-well plate in their respective wells
containing cells, including a control group with cells con-
taining no gels and restricting UV exposure to observe
general fibroblast proliferation. Fibroblast cells were
seeded at a density of 2 x 10° cells/mL within the 48-
well plate. Each well had 200 pL of DMEM media added,
and the plate was incubated 24 hr (310.15°K, 5% CO,).
Cell viability was assessed using Calcein AM (live) stain
and Ethidium Homodimer-1 (dead) stain (LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells, Molecular
Probes). (ZEISS  AxioPhot
Microscope, Germany) was performed to confirm the

Imaging Fluorescent
retention of viable cells and the presence of dead cells in
each sample. All images collected using the ZEN. Digital
Imaging Software underwent quantitative analysis through
FIJI (Image J Digital Imaging extension). Particle analysis
of masked images of Calcein AM (green threshold) and
Ethidium Homodimer-1 (red threshold) measured the cells
observed in the respective wells of each gel group.** The
percentage of live or dead cells was obtained based on the
following equation; this was determined from the average
particle count of each sample (n = 2).
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Number of particles
in green or red

Number of Live threshold image

= 1 0,
or Dead Cells(%) Total number of particles x100%
in green and red
threshold images
3)

Humidity Sensor

To quantify moisture retention for the hydrogels over a 6-
day period, a monitoring system, composed of an
ELEGOO Uno R3 Board ATMega328P ATMEGA16U2
microcontroller, D.H.T. 11 humidity and temperature sen-
sor module, Adafruit MicroSD card breakout board, and
an LCD screen all of which was acquired from Adafruit
Industries (NY, U.S.A.), were programmed through the
Arduino software to take measurements of the DHTI11
module readings every 30 minutes and log them onto the
SD card. For each sample type, a 16 mm x 12 mm 3D
printed lattice hydrogel sheet was placed atop the DHT11
humidity sensor and enclosed within a 35 mm petri dish to
To further diminish
outside air exposure, the petri dish was wrapped exten-

generate an isolated environment .

sively with parafilm to prevent any openings between the
dish enclosure and the wire protrusion of the sensor. The
microcontroller was connected, and measurements began
at the placement of the hydrogel atop the DHT11 sensor,
displaying humidity and temperature readings through the
LCD screen. The data were evaluated based on relative
humidity (RH) percentage recorded on the DHT11 mod-

ule, calculated from the following equation:

Density of water vapor

)xlOO%
)

RH(%) = (

Density of water vapor at saturation

Each hydrogel sample was left atop the sensor for 6 days.
This experiment was conducted twice (n = 2).

Statistical Analysis

All experiments were performed with sample groups of at
least three repeats (n=3) unless otherwise mentioned. Data
are presented as the mean + standard deviation (SD). Two-
way ANOVA, followed by Tukey’s post-test for multiple
comparisons, was performed to determine the statistical
significance between individual sample groups with sig-
nificance set at p< 0.05.

Results and Discussion

Characterization of NPs

Figure 1A shows the SEM micrographs of the prepared
ZnO NPs. The particles were spherical in shape and of
uniform size distribution. The measured particle size was
in the range of 4-6 nm. NPs are known to have effective
interaction with bacteria if the particle size is less than or
equal to 30 nm.>* The smaller the particles are, the larger
their surface area to volume ratio. Here the particle size of
the ZnO NPs is approximately 5 nm, effectively increasing
the surface area for effective interaction. Supplementary
Figure S1A shows the SEM micrographs of the TiO, NPs.
The micrograph at a lower magnification is given as the
inset. The TiO, NPs were non-uniform in nature with
varying sizes, and the particle size range was from 7 to
23 nm as calculated.

The phase and crystallinity of the prepared ZnO NPs
were studied and are shown in Figure 1B. The diffraction
peaks were sharp and intense, suggesting that the nanopar-
ticles are highly crystalline and match very well with the
standard data card (JCPDS — 80-0075; a=3.259 A and ¢ =
5.209 A) of hexagonal phased ZnO. There is no evidence
of any impurity phase present in the sample. Similarly, the
of TiO, NPs are
Supplementary Figure S1B. The characteristic peaks
match with the anatase phase of the TiO, (JCPDS card
No. 21-1272). The crystallite size was calculated using the

X-ray diffractograms shown in

Debye Scherrer relation and was observed to be 20 nm.

Hydroxyl Radical Generation

By comparing the fluorescence of the nanoparticles in
NaTA and DI water, the comparative release of hydroxyl
radicals was ascertained. Data suggested a highly signifi-
cant difference (p<0.001) in fluorescence when either ZnO
or TiO, were added to the NaTA compared to when the NPs
were added to DI water (Figure 2). Measuring the emission
of the 5 mM NaTA without any NPs added, showed similar
results to those obtained from NPs in water. This further
supported the occurrence of the reaction being the transfor-
mation of NaTA to the fluorescent 2-hydroxy-terephthalate
in the presence of hydroxyl radicals.”® There was, however,
the only slightly discernible difference in fluorescence
between the ZnO-NaTA and TiO,-NaTA samples (not sta-
tistically significant). This result ensured the generation of
free hydroxyl radicals from the NPs, which is the primary
mechanism by which the ZnO NP impregnated alginate gels
exhibit antibacterial properties. Studies suggest that ZnO
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Figure |1 ZnO Characterization. (A) SEM micrographs of ZnO nanoparticles at different magnifications. The inset shows the low magnification image of ZnO nanoparticles.

(B) XRD patterns of ZnO nanoparticles prepared in-house.

NPs disrupt the cell membrane to cause cell death.*® This
mechanism is enhanced by the generation of reactive oxy-

gen species (ROS.) such as hydroxyl radicals.®> '

Visual Appearance, Microstructure, and

Composition of Gels

By way of visual comparison, 3D printed gels with and
without NPs looked distinctly different from their manu-
ally casted counterparts (as outlined in Supplementary
Figure S2), due to the presence of a defined lattice struc-
ture, as seen in Figure 3A-D compared to Figure 3E-H.
Supplementary Figure S3 details the preparation of the NP

Fluorescence emission

ZnO NaTA ZnOH20 TiO2 NaTA TiO2 H20

NaTA

Figure 2 Radical Generation Probe Assay. Chart comparing fluorescence emission
of ZnO and TiO, nanoparticles in Sodium Terephthalate (NaTA) and DI H,O and
negative control NaTA. *Indicates statistically significant difference (p<0.05).

incorporated alginate gel prior to either casting or printing
into scaffolds. It may be noted that gels containing doses
of NPs lower than 0.5% w/v were applied towards printing
but exhibited poor printability and shear thinning charac-
teristics due to the extremely low density of the NP when
mixed within the alginate gel solution, prior to printing
and crosslinking (data not shown).

SEM was performed on all the samples manufactured by
two different methods (ie, 3D printed vs manually cast) to
compare morphological features of constructs made using
both techniques. Upon visual inspection of the different
sample images acquired using SEM, it was distinguishable
that the 3D printed samples exhibited smaller sized and
homogeneously distributed pores (Figure 4A—D) compared
to the manually casted samples (Figure 4E—H). It was also
observed that the different gel-formation methods played a
significant role in the relative porosity and morphological
roughness present on each sample, pointing towards a higher
degree of porosity and uneven morphology when samples
were casted (Figure 4). This may be attributed to the Surface
Area to Volume ratio (SA:V), which plays a significant role
in the rate of crosslinking and, as a consequence, the cross-
linking density of the sample. At higher SA:V ratios, cross-
linking was observed to take longer to achieve complete
gelation. Additionally, a higher degree of crosslinking has
been observed to reduce pore size in alginate samples,>* as
well as enhancing its stability®® by reducing the degree of
swelling when exposed to physiologically similar conditions.
We attributed the stability to a reduced ion diffusion through
the smaller pores present in 3D printed samples due to a high
SA and smaller V. The reverse was true for the casted
samples, for the most part, demonstrating a higher V and a
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Figure 3 (A-D) depict 3D printed lattice structures. (E-H) portray manually casted structures. Scale bar in all images depict | mm.

relatively similar SA. These results confirmed the rationale
for adopting an advanced manufacturing technique such as
3D bioprinting for making these NP-based hydrogel
constructs.

Among the 3D printed sample group, statistical analy-
sis showed a significant increase in average pore diameter
(p<0.002) due to the addition of NPs to the alginate
(Figure 4I). Among the manually casted gel group, there
was no statistical difference between the pore dimensions
across all samples.

Supplementary Figure S4 shows the XRD patterns of

pristine sodium alginate gel and sodium alginate gel
infused with ZnO NPs.*® It can be observed that the ZnO
infused sodium alginate gel gives the characteristic peaks
of ZnO NPs, also retaining the characteristics of sodium
alginate. As the concentration of ZnO NPs is increased in
the infusion, the characteristic peaks of ZnO become more
prominent, confirming the presence of ZnO NPs.

Swelling and Degradation Behavior of Gels
The swelling behavior of the manually casted and 3D
bioprinted gels over a period of 5 days was compared,
as shown in Figure 5. In the manually casted sample
groups (Figure 5B), a significant difference in swelling
ratios were observed (p<0.001), while only TiO, showed

significantly smaller ratio in comparison to the alginate

only and 0.5% ZnO samples (p<0.05) in the bioprinted
gel samples (Figure 5A). This shows a more consistent
pattern of swelling over a longer period of time among
the 3D printed samples, indicating the potential for a
more reliable scaffold for wound healing. Overall, the
manually casted samples showed a lesser degree of
swelling than those bioprinted, suggestive of a more
readily available swelling capability when samples
are bioprinted, most likely attributed to its lattice
structure.’> Once in contact with an exuding wound, a
particle trade response happens between the calcium
particles in the dressing and sodium particles in serum
or wound liquid. When a significant proportion of the
calcium ions on the template have been replaced by
sodium, the structure swells and partially dissolves,
forming a gel-like mass. This structure allowed for
better diffusion and uptake of the solvent. In the process
of wound healing, applying these characteristics will
play an essential role in allowing the diffusion of nutri-
ents and controlling any flow of wound exudates or
secretions. Furthermore, when taking into consideration
the swelling results and pore size studies, we were able
to confirm the effect of the difference in manufacturing
methods used to make the gels in this study.

As seen in Supplementary Figure S5, upon visually

tracking the bioprinted samples in PBS over a period of
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Figure 4 Scanning Electron Microscopy (SEM) Imaging and Analysis. Cross-sectional SEM imaging of (A-D) 3D printed gels and (E-H) manually casted gels. (I) Graph
depicting the average pore diameters of both 3D printed and manually casted gels. Scale bar in all images depict 100 um. *Indicates statistically significant difference (p<0.05).
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Figure 5 Swelling and Degradation Assay. (A) Swelling analysis of 3D printed gels over 5 days. (B) Swelling analysis of manually casted gel over 5 days. *Indicates statistically

significant difference (p<0.05).
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Figure 6 Rheological Analysis. Quantification of complex viscosity and moduli measured at 1.99 Hz of 3D printed gels (A and B) compared to casted gels (C and D).

*Indicates statistically significant difference (p<0.05).

28 days, a difference in degradation was seen in the
ZnO samples in comparison to the alginate only and
TiO, samples. Within 7 days, the alginate gel samples
began losing structural fidelity, and TiO, had degraded
extensively. Conversely, both the 0.5% ZnO and the 1%
ZnO samples maintained their structures for a more
extended period of time, remaining intact throughout
the 28 days. Such longevity of the 3D printed gels is
due to the combined crosslinking of both calcium and
zinc ions to alginate.’® Along with zinc’s binding site to
alginate being different from that of calcium’s, zinc ions
are also less selective, presumably leading to the
increased crosslinking of the alginate gels in our study
by the ZnO NPs.*’

Mechanical Properties of the Gels

Samples of gels that were bioprinted into a 3D lattice or
manually casted disks showed predominantly elastic beha-
vior, as seen in Figure 6. Storage and loss modulus for
each sample with varying ZnO concentrations were deter-
mined using shear rheology, utilizing a frequency sweep
between 0.5Hz and 50Hz. Manually casted gels displayed
no significant difference among samples in complex visc-
osity, storage, and loss modulus (Figure 6C and D).
However, all of the manually casted samples had higher
stiffness values, indicated by higher Elastic Moduli

measurements, than their 3D printed counterparts, as
shown in Table 2, possibly due to the uncontrolled forming
of gels onto a casted mold, resulting in disks having
increased mechanical properties. In addition, the manually
casted gels were solid throughout, resulting in their
increased rigidity when compared to the bioprinted gels
with a lattice structure. Statistical analysis showed a sig-
nificant increase in complex viscosity (p<0.002) as well as
the storage and loss modulus (p<<0.003) in bioprinted gels

Table 2 Elastic Modulus and Complex Viscosity Values Obtained
from the Rheological Analysis of Both Manually Cast and 3D
Printed Alginate Only, Alginate + 0.05% ZnO, Alginate + 1%
ZnO and Alginate + % TiO, Scaffolds

Sample Elastic Complex
Modulus (KPa) | Viscosity (KPa.s)
Manually cast
I. Alginate only 280.5 + 123.47 47.03 £ 20.78
2. Alginate + 0.5% ZnO | 210.82 + 93.92 35.37 £ 15.76
3. Alginate + 1% ZnO 30241 + 49.06 50.63 + 8.23
4. Alginate + 1% TiO, 200.28 + 37.13 33.53 £ 6.21
3D printed
I. Alginate only 37.18 + 4.95 6.23 + 0.83
2. Alginate + 0.5% ZnO | 31.48 £ 6.98 527 £ 1.17
3. Alginate + 1% ZnO 65.73 + 853 10.99 + 1.41
4. Alginate + 1% TiO, 37.17 £7.81 6.22 + 1.31
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with the addition of 1% ZnO (Figure 6A and B). This is
indicative of the additional crosslinking provided by zinc
ions on alginate.’® However, this may be beneficial
towards the retention of structural stability and possession
of enhanced mechanical properties by the nanocomposites,
as also shown by others.*® The addition of TiO, appeared

to have no effect on the mechanical properties of the gels.

Bacterial Growth Inhibition

In an ideal scenario, the ZnO NP infused gels should
inhibit the growth of bacterial production largely com-
pared to the TiO, NP-gels. To explore this, both U.V.
exposed and unexposed ZnO laden gels were tested for
antibacterial properties in S. epidermidis bacterial broth, as
illustrated in Figure 7A. Both 0.5% ZnO and 1% ZnO
groups of gels showed a comparable antibacterial activity
to the erythromycin control, a well-established antibacter-
ial treatment (Figure 7B). The TiO, samples showed simi-
lar behavior to the control alginate, which differed from
the ZnO and erythromycin samples’ bacterial growth-inhi-
biting performance. This can be attributed to ZnO NPs’
consistently smaller average size when compared to TiO,
NPs, with size possibly affecting the ability to invade
bacterial cells.*® In general, the U.V. irradiation demon-
strated an effect on the optical density (p<0.05), signaling
the decreased presence of bacteria. This reinforces the
concept of photocatalytically activated formation of hydro-
xyl radicals leading to bacterial cell death.*° S. epidermidis
is a common bacterium on the skin, making it a likely
cause of infection and primary target for this study. In the
occurrence of a wound, the bacteria can travel from the
skin into the body, much as it would in other cases of

A

2. Pipette 200uL of nutrient
broth into wells.

1. Place 3D printed
experimental gel
and control

erythromycin disks \/
in wells. 4.Pipette SmL of \“‘ S. Add 10 L of
nutrient broth S. epidermidis
into test tube. bacteria and
p mix.
(( |
) =

77 6. Pipette 400pL of
bacterial broth into
wells. Incubate plate

for 48 hours (37°).

XV EY.

/ \/‘
3. Expose plates to UV X‘l

or ambient light
(Smin).

trauma or surgery.*' The antibacterial properties of ZnO
were evident in the ability of the ZnO gels to produce a
low optical density of the bacterial inoculated broth com-
pared to alginate samples. This reveals our ZnO gels to
have great potential to be used as an antibacterial dressing
for chronic wound healing.

Cytocompatibility with Fibroblasts

Although bacterial growth-limiting, in order to promote
their use as wound healing templates, the NP infused, gels
should be completely safe when added to growing cell
cultures. In order to explore their cytocompatibility with
fibroblasts, MITC-treated fibroblasts were used in this
study. Post-treatment with MITC, the cells were growth-
arrested and served as an ideal basis for studying the
resultant cytotoxicity when in contact with the NP infused
gels. By way of visual comparison after live/dead staining,
cells retained viability in all samples; however, a higher
number of dead cells were existent in samples cultured
in the presence of NP encapsulated alginate gels
(Figure 8A-J). Quantified
Figure 8K. Due to the homogenous distribution in the

results are depicted in
data set, transformation to normality could not be
achieved, requiring independent assessment of each
experimental group. This was achieved through Post-Hoc
confirmation of the Kruskal Multiple Components test.
The percent cell viability showed no significant difference
(p > 0.05) between any gel samples and the control group
with no gel (Figure 8K). No significant difference across
the five groups in this study revealed uniform cell viability
at 24 hr of culture, signifying an improbability of cyto-
toxicity across experimental groups.

0.25 B Non UV irradiated
[__JuV irradiated
* *
0.2
b * *
o 0.15 *
o
0
6
01
) i i
[} ﬂ ’*‘ H
Alginate Zn0 0.5% Zn0 1.0% TiO21.0% Erythromycin

Figure 7 Bacterial Testing. (A) Schematic of bacterial testing steps conducted on gels in S. epidermidis bacterial broth. (B) Optical density at 600 nm after 48 hr of gel

samples in S. epidermidis. *Indicates statistically significant difference (p<0.05).
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Figure 8 Cytocompatibility. Confocal Imaging of LIVE/DEAD Cell Viability Assay for CF-1 MEF IRR 2M mammalian fibroblast cells, when cultured along with the 3D printed
discs in the same wells. The images consisted of Calcein (A-E), and EtHD-| (F-J) treated cells. Viability was quantified after a 24-hr period as a LIVE/DEAD cell percentage
(K) based on particle analysis obtained through FlJI color threshold segmentation. Scale bar in all images (A-J) depict 100 pm.

As seen in Figure 8K, 1% ZnO (88.4%) and 1% TiO,
(93.4%) had similar percentages (£ 5%) of live cells at
identical concentrations, congruent with the premise of nano-
particle dispersion influencing cell viability.*** Tt is
unknown whether a correlation to toxicity exists due to the
concentration of NPs. However, cell viability was assessed of
the photocatalyzed ZnO NPs, implying the ZnO NPs toxicity
remains under the threshold of substantial cell damage.
studies

would reveal the optimal amount; ideally, at a lower concen-

Future considering nanoparticle concentration

tration of ZnO NPs more cell viability would induce cellular

proliferation, an existent attributed correlation.?’-*®

Retention of Humidity

By using a humidity monitoring and logging microcon-
troller system (Figure 9A) over six days, a 1% ZnO and
alginate hydrogel were revealed to have statistically sig-
nificant higher moisture retention in comparison to the
alginate only gel, suggesting a correlation between the
structural property and incorporation of a larger quantity
of ZnO NPs. A timeline of 8-hour time points shows
prolonged R.H. percentages (Figure 9B) for 0.5% ZnO
and 1% ZnO with an observed difference of 11.73%.
Similarly, 0.5% ZnO and 1% TiO, demonstrated compar-
able trend lines, supported by within range critical values

with an observable difference of 2.49%. Quantitative ana-
lysis upon normal distribution of data, by the Kruskal—
Wallis and Post-Hoc Kruskal Multiple Components tests,
showed an observed difference of 37.31% between 1%
ZnO and alginate, a difference of 25.59% between 0.5%
ZnO and alginate, and a difference of 23.10% between 1%
TiO, and alginate. Divalent ions crosslink alginate, produ-
cing an “eggbox” structure. With Zn ions being less selec-
tive that Ca ions, there is a greater extent of interaction and
increased crosslinking of the alginate. This leads to less
permeability in an increased concentration of Zn cations
and, therefore, less loss of water.>

Study states that ZnO crosslinked alginate had more
stable bonds and decreased pore size with less nitrogen
loss.** This can be translated to the results of our ZnO
scaffolds retaining moisture longer, due to those smaller
pores and stability of the structure. Optimizing ZnO con-
centration with this ability is pertinent towards producing a
moist microenvironment favorable to healing wounds by
creating a bioactive cell membrane that diminishes the

5

expression of scar tissue formation® and works in con-

junction with the advantageous properties of alginate
wound dressings.'>"'*
In summary, the hydroxyl radical assay data demon-

strated the sufficient production of hydroxyl radicals from
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Figure 9 Moisture retention evaluation of hydrogels based upon setup (A) of ELEGOO Uno R3 Board ATMega328P ATMEGA 16U2 monitoring by a (16x2) L.E.D. screen of
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board at 30 minute time points for the course of 7 days. Timeline (B) of relative humidity (%) demonstrated at |16 hr intervals over 7 days correspondent to each hydrogel
type [1% (w/v) ZnO NP —Alginate, 0.5% (w/v) ZnO NP — Alginate, 1% (w/v) TiO, — Alginate, Alginate only].

the combustion synthesized ZnO NPs. XRD analysis
allowed for confirmation of the composition of both the
NPs and the NP laden alginate gels. SEM imaging on ZnO
NPs indicated an acceptable threshold for the antibacterial
mechanism of the nanoparticles, which was further proven
via bacterial testing on S. epidermidis. The size range of
the ZnO NPs in this study was significantly smaller com-
pared to other published reports, thereby implying that this
nanocomposite gel would be effective compared to other’s
works involving ZnO NPs.*® Rheology and SEM demon-
strated the enhanced mechanical and structural properties
of 3D printed, ZnO NP enriched, alginate gel scaffolds.
Swelling and degradation assays and the moisture reten-
tion study on the scaffolds further verified these properties
of integrity. In comparison with other published works,*’
our gels permitted retention of enhanced amounts of
humidity and moisture, which implies that they may
serve as efficient wound healing templates.

By way of comparison between the 0.5% and the 1%
ZnO NP-based alginate gels, the samples containing 0.5%
exhibited greater bactericidal and cytotoxic properties
compared to the other set. This may be attributed to the
release kinetics of the ZnO NPs from the alginate scaffold
when placed in an aqueous environment. Since ZnO and
alginate may crosslink chemically,*® incorporation of NP
amounts, greater than the optimized quantity (>0.5%)
when encapsulated within the alginate, may not necessa-
rily be as effective as the lower doses. Therefore, 0.5%
ZnO NP based-alginate gels may be adopted for wound
healing applications. This outcome is significant in terms
of lowering the dose of ZnO NP (from 1% to 0.5%)

necessary for retention of biocompatibility and antimicro-
bial properties in the alginate-based nanocomposites, in
comparison with others works.?” Future work will explore
the choice of other hydrogel materials such as gelatin or
collagen for being used as a scaffold for ZnO NP encap-
sulation, and their effectiveness in further lowering the
encapsulation dose of ZnO NP while maintaining the
same levels of antibacterial properties and biocompatibil-
ity of the resultant nanocomposites, as demonstrated in
this study.

In utilizing hydrogels as a treatment for both chronic
and general wound healing, the adjoining components
must serve to completely replenish the dermal tissue.*’
Clinical studies on the challenges facing wound treatment
extensively note constant inflammation to be a significant
culprit in preventing reparation.’® Topical zinc oxide
application has been shown to increase wound healing,
improved re-epithelialization, decreased rates of infection,
and deterioration of ulcers.”' By optimizing the concentra-
tion of ZnO NPs in an alginate-based hydrogel as done in
this study, their incorporation fell within the cytotoxicity
range that has been the primary concern for any substance

formulation with topical application of ZnO alone.**-'

Conclusion

This study uniquely explores the 3D printing of a lattice
structure, employing ZnO NP based-alginate gels, for
more enhanced mechanical stability and customizability
of wound healing treatments. The lattice structure is a
bioinspired design based on the arrangement of the bire-
fringent collagen fibers woven in a basket weave pattern.
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Furthermore, in 3D printing, one gains the ability to
manipulate the gel, making it patient-specific, while retain-
ing reproducibility and efficiency. 3D printing of ZnO NP
based-alginate gels may prove to be mechanically sturdier.
Additionally, the degradation and humidity retention stu-
dies allow for the determination of the scaffold’s viability
over time to better define its use for patient application.
The confirmation of the photocatalytic release of hydroxyl
radicals adds to the antibacterial properties thought to be
conferred solely by zinc ions. Furthermore, the use of the
combustion method adds to the relative ease and low cost
of producing ZnO. This study ultimately concludes that
ZnO NP and alginate-based 3D printed lattice structures
provide a viable alternative to existing chronic wound
healing treatment options.
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