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Improving Infection Resistance in Tissue Engineered
Scaffolds for Tensile Applications Using
Vancomycin-Embedded Melt Electrowritten Scaffolds

Asha Mathew, Brenna L. Devlin, Dilpreet Singh, Naomi C. Paxton,
and Maria A. Woodruff*

It is important to consider mechanical, biological, and antibacterial properties
of scaffolds when used for tissue engineering applications. This study
presents a method to create complex “wavy” architecture polycaprolactone
(PCL) scaffolds toward the development of tissue engineered ligament and
tendon tissue substitutes, fabricated using melt electrowriting (MEW) and
loaded with vancomycin (5, 10, and 25% w/w). Scaffolds are characterized for
both mechanical and biological properties. Loading PCL scaffolds with
vancomycin with modified solvent evaporation technique achieves a high
loading efficiency of maximum 18% w/w and high encapsulation efficiency
with over 89%. Vancomycin loaded PCL scaffolds with all three doses (5, 10,
and 25% w/w) display antibacterial activity against Gram-positive
Staphylococcus aureus (S. aureus) up to 14 days of release. Initial burst
followed by a sustained release is observed on all three vancomycin loaded
scaffolds for up to 28 days. Importantly, in addition to antibacterial properties,
vancomycin-loaded PCL scaffolds also display improved mechanical
properties compared to traditional crosshatch design MEW scaffolds and are
noncytotoxic at all concentrations as demonstrated by live-dead staining, cell
attachment and proliferation assays indicating its potential as an effective
treatment option for tissue regeneration in rotator cuff injuries or other
tissues undergoing tensile biomechanical loading.
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1. Introduction

Implant-associated infections pose a ma-
jor challenge in clinical settings, leading to
increased morbidity, mortality, and health-
care costs.[1] The development of bioma-
terials with antimicrobial properties has
gained significant attention to overcome
this issue.[2] One promising strategy is the
use of drug-loaded implants, which can de-
liver antibiotics directly to the site of infec-
tion, or prophylactically release antibiotics
locally within a surgical site, resulting in
higher local concentrations and lower sys-
temic toxicity. Vancomycin is a commonly
used antibiotic for implant-associated in-
fections, due to its broad-spectrum activ-
ity against Gram-positive bacteria.[3] How-
ever, clinical use of vancomycin is limited
by its low systemic absorption, resulting
in the need for high doses and potential
side effects.[4] Controlled-release systems
for localized, sustained delivery to over-
come the limitations of conventional an-
tibiotic therapy can improve clinical out-
comes in patients with implant-associated
infections.

Biofabrication scaffold manufacturing
approaches (3D printing) are accelerating

the ability to create multifunctional implants that combine the
controlled release of bioactive ingredients such as antibiotics
while providing a biomechanically relevant scaffolding structure
to stabilize a defect region and host tissue regeneration.[5] Of
the diverse range of scaffold manufacturing techniques available,
melt electrowriting (MEW) is emerging as a promising technique
for the fabrication of microfiber scaffolds on a much smaller scale
than traditional 3D printing approaches which allow precision
control over scaffold architecture[6] and the ability to process a
growing number of polymers and polymer composites into suit-
able scaffolds for tissue engineering applications.[7,8] The process
involves melting and extruding a polymer feedstock through a
charged nozzle, resulting in the deposition of fibers with diame-
ters ranging from microns to nanometers.[9] MEW scaffolds can
mimic the structural and mechanical properties of native tissues,
providing an ideal platform for tissue engineering and regenera-
tive medicine applications.[10]
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Coupling precision biomimetic scaffold design technol-
ogy with advanced antibiotic-releasing biomaterials presents a
promising new avenue in MEW research. Several recent studies
have proposed inclusions of pharmaceutical additives to MEW
scaffolds[11] for applications in sublingual drug delivery[12] and
the treatment of pelvic organ prolapse (POP).[13] Drug loading,
defined as the mass ratio of drug to drug-loaded scaffolds is an
important parameter in determining the clinical translation of
such scaffolds. Currently, most drug loaded scaffolds have low
drug loading of maximum 10% w/w, ranging anywhere between
1 and 10% w/w.[3,12,14,15] Developing high drug loaded scaffolds is
still a challenge. Herein, we report for the first time the incorpora-
tion of high doses of vancomycin loading (5, 10, and 25% w/w) on
MEW scaffolds designed for tensile loading regimes, applicable
toward the development of ligament and tendon tissues, among
others. Further we characterize the encapsulation efficiency, re-
lease profile and antimicrobial activity of vancomycin-embedded
MEW scaffolds against common bacterial pathogens responsible
for implant-associated infections and biocompatibility in vitro.

The results of this study provide insight into the feasibility and
potential of MEW scaffolds as drug delivery systems for mitigat-
ing implant-associated infections. This study demonstrates how
MEW technology facilitates the design and fabrication of complex
structures with tailored mechanics, with high reproducibility and
accuracy, opening new avenues for tissue engineering and regen-
erative medicine applications.

2. Results and Discussion

2.1. Scaffold Fabrication and Mechanical Characterization

A schematic representation of MEW and the use of high voltage,
air pressure, and translation speed to deposit fibers on a mov-
ing collector is shown in Figure 1A. The three scaffold categories
investigated are shown in Figure 1B–D, which include two wavy
patterns (wavy A and wavy B) with pore size 1250 μm in addi-
tion to three different porosities (750, 1000, and 1250 μm) of the
well-documented crosshatch scaffold.

The detailed average mechanical response of different scaffold
geometries is shown in Figure 1E and the mechanical properties
are listed in Table 1. Crosshatch is a simple, model geometry of-
ten used as a starting point in tissue-engineered scaffolds due
to its rapid fabrication and reproducibility.[16–18] It was observed
that the change in pore size of crosshatch scaffolds significantly
affected their mechanical properties, such as elastic modulus, ul-
timate tensile strength (UTS), and yield strength. For example,
the reduction in pore size has most pronounced effect on the elas-
tic modulus of scaffolds (Figure 1F), significantly increasing it by
≈86% (1000 μm pore size) and ≈176% (750 μm pore size) com-
pared to 1250 μm pore size, respectively (p < 0.05), i.e., from 2.53
± 0.38 MPa (crosshatch 1250 μm) to 4.73 ± 1.31 MPa (crosshatch
1000 μm), and 7.07 ± 2.53 MPa (crosshatch 750 μm). Whereas
UTS and yield strength (Figure 1G,H) observed an increment
of ≈30–38% for 1000 μm pore size and ≈75–85% for 750 μm
pore size geometry, respectively. This behavior can be attributed
to the improved mechanical strength due to increased number
of fibres in the scaffolds with reduction in pore size. However,
crosshatch geometry is characterized by straight fibers and has

limited movement in the longitudinal and transverse directions,
making it less than ideal for mimicking tissues such as tendon
and muscle due to rigidity.

By utilizing the precise deposition of micronscale fibers
achieved using MEW, deviating from these straight-line ge-
ometries to target more biomimetic mechanical properties is
possible.[19–23] Hence, two different scaffold patterns (wavy A and
wavy B) with 1250 μm pore size, having different combinations
of movement in the longitudinal and transverse directions were
subsequently printed and investigated for their mechanical re-
sponse and suitability for applications in tissue engineering dur-
ing tensile loading conditions. From Figure 1E, it is observed that
as the geometry shifts from crosshatch to wavy pattern, there is
a variation in the mechanical response with appearance of very
low-stiffness toe region. This resulted from the flexibility intro-
duced into the scaffold design due to wavy fibers which expand
in loading directions. Elastic modulus for wavy A and B scaf-
folds was calculated from the linear elastic region after toe region.
While the stiffness of the scaffolds (elastic modulus) decreased
significantly from crosshatch (2.53 ± 0.38 MPa) to wavy A geom-
etry (0.64 ± 0.07 MPa) (p < 0.01), the drop is not significant for
wavy B geometry (1.84 ± 0.23 MPa). The wavy A geometry has
the longest length of fiber to uncrimp during loading (≈2.80 mm
of diagonal fibers per 1.25 mm spacing between straight fibers,
causing the observed elongated toe region and slower transition
to the linear region compared to wavy B geometry that only had
a total length of ≈1.50 mm fiber to uncrimp during loading. The
larger amplitude of the wavy A fibers resulted in errors due to
layer shifting[21,24] which also led to a slight decrease in the elas-
tic modulus (Figure 1F). In contrast, UTS (Figure 1G) and yield
strength (Figure 1H) showed a significant increase for both wavy
A (>60%) and wavy B (>29%) geometries respectively, indicating
superior failure performance of wavy scaffolds. Furthermore, the
mechanical response curve of wavy B geometry is similar to the
J-shape curve of human supraspinatus tendon studied by Smith
et al. and shown in Figure S1 (Supporting Information).[25] While
wavy B shows a promising alternative, due to added flexibility,
further investigation is needed to fully characterize the scaffold
parameters to tune their mechanical properties to mimic human
tissue. Hence, it was concluded from the initial mechanical anal-
ysis that the wavy B geometry was the most suitable for the rotator
cuff application, so this was carried forward for the antimicrobial
loading and release studies.

2.2. Mechanical Testing of Geometrically Optimized
Vancomycin-Coated MEW Scaffolds

Since this study presents coating of PCL scaffolds with very high
doses of vancomycin (5, 10, and 25% w/w), it is important to
study their effect on the mechanical properties of scaffolds, es-
pecially for load bearing applications. The stress–strain response
data of the chosen wavy scaffold geometry with different antimi-
crobial coating compositions is shown in Figure 2A, with elas-
tic modulus, UTS and yield in Figure 2B–D, respectively. These
results are also summarized in Table 2. Results indicate that
vancomycin coating did not significantly affect the mechanical
properties of any of the different-coated scaffolds. Although not
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Figure 1. A) Melt electrowriting (MEW) schematic with mechanical loading direction and response. B–D) Scaffold designs with optical micrograph
insert of printed scaffolds with 1250 μm pore size (scale 2 mm). B) Crosshatch, C) wavy A and D) wavy B scaffold geometries respectively. E) Average
stress–strain response curves obtained for (a) crosshatch 750 μm, b) crosshatch 1000 μm, c) crosshatch 1250 μm, d) wavy A 1250 μm, and a) wavy B
1250 μm with the yield point denoted by the circle. F–H) Average mechanical properties of different scaffolds including F) elastic modulus, G) UTS, and
H) yield strength. (n=3, with *p ≤ 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001, and ns = nonsignificant).

significant, elastic modulus increased for all compositions of
antimicrobial coating compared to the uncoated control group.
However, the UTS and yield strength showed a mixed trend.
While the UTS and yield strength of the 5% w/w (5%V-PCL)
and 25% w/w (25%V-PCL) groups showed a slight reduction of
approximately 0.5% and 2.5%, and ≈3.5%, respectively, with re-
spect to the uncoated scaffold, and a slight increase in UTS and
yield strength by almost 3.0% and 3.5% was observed for the 10%
w/w (10%V-PCL) group. Overall, the antimicrobial coatings did
not adversely affect the PCL scaffolds.

2.3. Vancomycin Loading, Encapsulation and Release from MEW
Scaffolds

Antibiotic-loaded scaffolds can be prepared either by mixing an-
tibiotics with polymer solution and solution spinning to form
antibiotic encapsulated nanofibers[26] by encapsulating antibiotic
loaded microspheres onto scaffolds,[27,28] by incubating scaffolds
in antibiotics coagulation bath also known as dip coating[29] or
by solvent evaporation techniques.[30] Of the above mentioned
methods, encapsulation efficiency has been shown to be highest

Macromol. Mater. Eng. 2023, 308, 2300168 2300168 (3 of 10) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300168 by U

niversity O
f Southern Q

ueensland, W
iley O

nline L
ibrary on [21/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Table 1. Average scaffold and mechanical properties of the different ge-
ometries (n=3).

Geometry Elastic modulus [MPa] UTS [MPa] Yield strength [MPa]

Crosshatch 750 μm 7.07 ± 2.53 0.61 ± 0.01 0.58 ± 0.01

Crosshatch 1000 μm 4.73 ± 1.31 0.46 ± 0.01 0.44 ± 0.01

Crosshatch 1250 μm 2.53 ± 0.38 0.35 ± 0.03 0.32 ± 0.01

Wavy A 1250 μm 0.64 ± 0.07 0.56 ± 0.01 0.52 ± 0.02
*Wavy B 1250 μm 1.84 ± 0.23 0.47 ± 0.03 0.41 ± 0.01

∗Denotes the selected geometry.

using the solvent evaporation technique (>80%).[30] Hence, we
employed a modified solvent evaporation technique in this study,
to load vancomycin onto the MEW PCL scaffolds using three dif-
ferent doses; 50 μg mg−1 (5% w/w), 100 μg mg−1 (10% w/w), and
250 μg mg−1 (25% w/w). Since, vancomycin is poorly soluble in
100% ethanol, a 50% ethanol was used as the solvent. An amount
of 5, 10, and 25% w/w of vancomycin was dissolved in 50%
ethanol in which MEW scaffolds were incubated for 8 h to allow
ambient time for adhesion. Solvent was completely removed by
leaving the scaffolds under hood overnight. A reproducible load-
ing with high encapsulation efficiency was achieved using this
technique. As shown in Figure 3A, when loaded with 5, 10, and
25% w/w of vancomycin, wavy MEW scaffolds displayed an en-
capsulation efficiency of 99.09± 7.40%, 98.15 ± 2.80%, and 89.91

Table 2. Average mechanical properties of the shortlisted wavy B scaffold
geometry with different antimicrobial coating compositions (n=3).

Vancomycin coating Elastic modulus
[MPa]

UTS [MPa] Yield strength
[MPa]

Uncoated (control) PCL 1.84 ± 0.37 0.55 ± 0.01 0.52 ± 0.02

5%V-PCL 2.11 ± 0.19 0.55 ± 0.01 0.49 ± 0.02

10%V-PCL 2.17 ± 0.23 0.57 ± 0.02 0.53 ± 0.01

25%V-PCL 2.11 ± 0.16 0.54 ± 0.02 0.49 ± 0.03

% Variance in
properties

Elastic modulus
[MPa]

UTS [MPa] Yield strength
[MPa]

Uncoated (control) PCL Reference values

5%V-PCL +14.70 −0.47 −3.36

10%V-PCL +18.00 +2.98 +3.48

25%V-PCL +14.72 −2.37 −3.31

± 3.60%, respectively. Previous studies reported 1.67% w/w load-
ing efficiency of vancomycin onto PCL coated bioceramic scaf-
fold via dip coating,[31] 5% w/w loading efficiency of nanofibers
produced by co-spinning vancomycin with PCL solution,[3] and a
maximum 9% w/w loading efficiency of vancomycin-loaded poly-
caprolactone/polyethylene oxide/hydroxyapatite 3D scaffolds via
direct ink writing.[32] A loading efficiency of 18.40% w/w (weight
of vancomycin loaded on scaffold/ total weight of the scaffold

Figure 2. A) The linear elastic stress–strain data for the optimized geometry and each vancomycin concentration, B) the elastic modulus, C) UTS, and
D) yield strength. n=3 and ns = no significant difference.
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Figure 3. A) Vancomycin encapsulation efficiency and B) release profile of vancomycin loaded on wavy melt electrowriting (MEW) scaffolds. The graph
represents the percentage of vancomycin encapsulation and release at various time points from 4 h to 28 days. C) SEM images of vancomycin loaded
on wavy MEW scaffolds before and after 1, 7, and 14 days of release in PBS at 37 °C. n=8 for both loading and release studies. **p < 0.001.

after vancomycin loading) was acheived for 25%V-PCL group
which is almost twice the loading efficiency (w/w) compared to
other loading techniques reported previously. Scanning electron
microscopy (SEM) micrographs show uniform coating of van-
comycin onto MEW scaffolds at various doses (Figure 3C). For
high doses (25% w/w), a thick coating of vancomycin on to fibers
was visible. As shown in Figure 3A, the encapsulation efficiency
decreased by increasing the vancomycin loading on MEW scaf-
folds from 5% to 25%. This indicates that at 25% w/w entire scaf-
fold is coated with vancomycin with no room for further loading
which would have resulted in the reduction in loading efficiency
from 98.10% to 89.90%. Even at this high loading concentration,
encapsulation efficiency is much higher that other previously re-
ported techniques. Previous studies suggest that co-extrusion of
nanofibers with antibiotics and in situ coating of antibiotic loaded
microspheres has a maximum of 80% encapsulation efficiency

(weight of drug encapsulated on the carrier system/weight of
drug added)[26,28] whereas immersion of scaffolds in antibiotic
coagulation bath has the least encapsulation efficiency of max-
imum 30%. Solvent evaporation techniques are most favorable
for hydrophobic drugs, however, this method could be also em-
ployed for hydrophilic drugs such as vancomycin which we have
demonstrated can be dissolved in at least 50% ethanol.

The release kinetics of the vancomycin-loaded MEW scaf-
folds was investigated in vitro over 28 days. Previous studies
have shown that a reversible cellular association happens be-
tween bacteria implant surface in the first 1–2 h postimplanta-
tion and around 2–3 h postimplantation a strong adhesion re-
sulting in irreversible molecular binding occurs between bacte-
ria and implant surface.[33] Hence, the first 4 h post-implantation
are considered critical. Therefore, a burst release of antibi-
otics in the first few hours of implantation is an important
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Figure 4. Conservation of the drug bioactivity over 14 days of release in vitro. A–C) Staphylococcus aureus agar plate growth inhibition assay for various
doses of vancomycin and D) quantification of the growth inhibition for various doses of vancomycin over 0 to 14 days of release in PBS at 37 °C (n=3).

requirement for preventing bacterial colonization on the im-
planted material.

A total of 43.08 ± 4.80%, 33.27 ± 1.14%, and 23.68 ± 3.03%
release was observed within 4 h of incubation at 37°C in PBS for
5%V-PCL, 10%V-PCL, and 25%V-PCL, respectively (Figure 3B).
With lower doses the release followed a biphasic profile with an
initial burst release of vancomycin in the first 0–4 h followed by
a more sustained release over the next 28 days. Within 14 days,
97.69 ± 5.30% of vancomycin was released from 5%V-PCL, while
the 10%V-PCL group showed 88.45 ± 3.80% release and the
25%V-PCL group released 57.46 ± 2.72% of the drug. By 28 days,
100% drug was released from 5%V-PCL, 93.98 ± 9.07% from
10%V-PCL, and 71.13 ± 3.07% from 25%V-PCL (Figure 3B). The
initial dose of vancomycin significantly affected the early and late
phases of the release. SEM imaging confirmed the continuous
release of vancomycin over the experimental time frame with a
gradual exposure of the PCL fibers as the drug was released, as
shown in Figure 3C. Traces of vancomycin, as observed by SEM,
were still found on scaffolds coated with 10%V-PCL after 7- and
14-days release, while 25%V-PCL shows adhered vancomycin
even at 28 day release in PBS at 37°C which supports the re-
lease kinetics data shown in Figure 3B. According to previous re-
ports, clinical signs of infection after arthroscopic rotator cuff re-
pair was presented in patients between 7–78 days postsurgery.[34]

Hence, sustained release of antibiotics over 1−2 months post-
surgery is desirable, suggesting 25%V-PCL group as a potential
best choice for clinical application.

2.4. In Vitro Antibacterial Activity of Vancomycin-Loaded
Scaffolds on Staphylococcus Aureus

Staphylococcus aureus (S. aureus) infections are common among
implant related infections especially with orthopedic, shoulder,
or rotator cuff repair surgeries.[35–37] Hence, the antibacterial
efficacy of vancomycin-loaded wavy scaffolds against S. aureus

was assessed. The disk diffusion test demonstrated that all three
doses of vancomycin on MEW scaffolds were highly able to pre-
vent S. aureus proliferation with a distinct zone of inhibition vis-
ible around the scaffolds as depicted in Figure 4A–C. It is also
important for a carrier system to preserve the bioactivity of the
antibiotics over the time frame of the drug release. The present
study demonstrated that the scaffolds loaded with vancomycin
displayed antibacterial activity even after 14 days of release in PBS
at 37°C, shown in Figure 4.

2.5. Cell Viability and Proliferation of MSCs on
Vancomycin-Loaded MEW Scaffolds

To assess the biocompatibility of MEW scaffolds loaded with high
doses of vancomycin, an in vitro study was conducted to assess
the behavior of mesenchymal stem cells (MSCs) on vancomycin-
loaded MEW scaffolds. Cell nuclei and cytoskeleton were visu-
alized using fluorescence microscopy on days 3 and 7. The hy-
drophilic nature of vancomycin facilitated an increase in cell at-
tachment on the antibiotic-loaded groups compared to the un-
coated control group. By day 7, the cells can be seen to have mi-
grated through the layers of the scaffold, shown in Figure 5A.
The smallest inter-fiber distance of these wavy scaffolds is still
quite large (approximately 300 μm) however the early stages of
cell bridging can be seen. Cell viability using a live dead stain
also showed high viability on days 1 and 7 for all groups as shown
in Figure 5B. Increased cellular metabolic activity was observed
in the 5%V-PCL and 10% V-PCL group at different time points
based on the alamarBlue results seen in Figure 5C. The 25% V-
PCL group showed a considerable decrease in proliferative behav-
ior between days 1 and 7 compared to 5%V-PCL and 10% V-PCL
group. This might be due to the higher amount of vancomycin
released from 25%V-PCL group days 1 to 7. Approximately 22,
44, and 100 μg of vancomycin was released from 5%V-PCL, 10%
V-PCL, and 25%V-PCL group, respectively, between days 1 and

Macromol. Mater. Eng. 2023, 308, 2300168 2300168 (6 of 10) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300168 by U

niversity O
f Southern Q

ueensland, W
iley O

nline L
ibrary on [21/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Figure 5. A) Nuclei and cytoskeleton fluorescence microscopy images of mesenchymal stem cells (MSCs) cultured on three doses of vancomycin-loaded
scaffolds (5%V-PLC, 10%V-PCL and 25%V-PCL) at days 3 and 7. The control sample refers to a scaffold with no antibiotic coating, B) the live dead cell
viability results at days 1 and 7, and C) the cellular metabolic activity measured using the fluorescence emitted at 582 nm for each concentration of
vancomycin (n=3).

7. However, it should be noted that in all doses cellular metabolic
activity of MSCs was improved when compared to control group
with no vancomycin coating. A previous study reported a dose
dependent cell death of MSCs when treated directly with various
doses of vancomycin.[38] According to this study a direct dose of
40, 160, 320, 640, and 1280 μg induced 9.43%, 13.79%, 19.35%,
24.80%, and 51.85% cell death, respectively, when compared to
no vancomycin treatment group. Our results suggest that load-
ing vancomycin onto MEW PCL scaffolds that mimic the struc-
tural and mechanical properties of native tissue is creating an
ideal environment for cells to attach and proliferate. However,

proliferative behavior of the cells is dependent on the amount of
vancomycin released.

3. Conclusion

In the present study, we present a new methodology to embed
high doses of vancomycin on MEW PCL scaffolds which can pre-
vent infection without compromising scaffolds mechanical and
biological properties. To achieve high antibiotic loading, we em-
ployed a simple modified solvent evaporation technique. High
antibiotic loading of 18.4% w/w (weight of vancomycin loaded
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on scaffold/total weight of the scaffold after vancomycin loading)
was achieved which is an impressive twofold increase in loading
efficiency compared to current coating methods. Encapsulation
efficiency ranging from 89% to 99% was achieved by varying the
drug dose from 25% to 5%. A burst release followed by a sus-
tained release of vancomycin was observed with all tested doses
of vancomycin loaded scaffolds. A prolonged release over 28 days
was observed on MEW scaffolds loaded with the highest concen-
tration of vancomycin suggesting its potential to fight infections
occurring at the later stages of implantation. High loading of van-
comycin on MEW PCL scaffolds did not adversely affect the me-
chanical properties, cell adhesion, and proliferation, further sup-
porting its potential as an ideal scaffold for tissue engineering
and regeneration purposes.

4. Experimental Section
All reagents were obtained from Sigma–Aldrich (Australia), unless oth-

erwise stated. All solvents were of analytical grade and used without pu-
rification.

Melt Electrowriting: To fabricate scaffold constructs with micron scale
precision to better mimic the mechanics found in soft tissues, scaffolds
were designed in MATLAB and printed using a custom-built MEW printer
described previously.[39] Three designs were investigated; the standard
crosshatch pattern, used as a control and two sinusoidal waves. The waves
are herein referred to as wavy A, which features a wave in the longitu-
dinal direction and straight fibers in the trans-verse direction; and wavy
B, which features a wave in both directions. Polycaprolactone (45 kDa)
was heated to 90 °C and printed using a 21 G needle. A working dis-
tance of 2.5 mm, air pressure of 0.025 MPa, and a translation speed of
600 mm min−1 was maintained for each print, slightly above the critical
translation speed (CTS) of the jet to ensure straight fibers with minimal
deviation from the programmed print path. Scaffolds were programmed
with an additional 3 mm fiber path extending beyond the scaffold mar-
gins (Figure S2, Supporting Information) to ensure sufficient room for
the jet to conform to the sharp corners at the edges of the scaffold. Volt-
age was maintained at 3.5 kV for the crosshatch pattern and adjusted by
up to 0.7 kV for the sinusoidal waves to minimize variation in fiber di-
ameter. Samples were printed in triplicate at a constant scaffold size of
24 × 12 mm.

Vancomycin Loading Onto MEW Scaffolds: To facilitate maximum local
administration of antibiotics to the surgical site and to avoid adverse effect
of high doses of systemic administration, vancomycin hydrochloride was
directly coated onto MEW scaffolds by solvent evaporation techniques[30]

with slight modification. Briefly, for preparing samples for mechanical test-
ing, MEW scaffolds (2 × 0.5 cm, 10 layers) were placed into 24-well plates,
to which 50 μg mg−1 scaffold (5% w/w), 100 μg mg−1 scaffold (10% w/w),
and 250 μg mg−1 scaffold (25% w/w) of vancomycin dissolved in 1000 μL
of 50% ethanol as a solvent was added and incubated at room tempera-
ture for 8 h under mild agitation. The scaffolds were left in a fume hood
for the solvent to evaporate. After complete evaporation of the solvent,
samples were removed from the 24-well plates and placed on new 24-well
plates until mechanical testing was performed. For encapsulation assays,
release, disk diffusion, and cell viability studies, 6 mm biopsy punched
MEW scaffolds were used and placed individually into a 2 mL polypropy-
lene Eppendorf tube (flat bottom) for the coating procedure. To this 5, 10
and 25% w/w vancomycin dissolved in 200 μL of 50% ethanol (solvent)
was added and incubated at room temperature for 8 h under mild agita-
tion. The scaffolds were left in a fume hood for the solvent to evaporate.
After complete evaporation of the solvent, vancomycin loaded scaffolds
were carefully removed from the Eppendorf tubes and transferred to 96-
well plates and stored at−20 °C until use. The empty Eppendorf tubes were
retained for encapsulation studies. The final vancomycin loading was de-
termined as the ratio of the mass of vancomycin to the total mass of the

vancomycin loaded scaffold. The morphology MEW scaffolds both with
and without the vancomycin coating were characterized by scanning the
gold coated samples with a scanning electron microscope at an acceler-
ated voltage of 10 kV (SEM, Jeol JSM-7001F).

Mechanical Testing: Uniaxial tensile strength testing was performed
on MEW PCL scaffolds using a Tytron microforce tester with a 10 N load
cell (MTS Systems Corporation, USA) at a strain rate of 1 mm s−1 and
force-displacement data was recorded. Stress and strain analysis was per-
formed using the relations 𝜎 = F/A and 𝜖 = ΔL/L0, respectively, where
F is the normalized axial force, A is the average cross-section area of the
scaffold, L0 is the initial length, and ΔL is the value of the extension of
the scaffolds in the loading direction (Figure 1A) calculated from nor-
malized displacement data measured using tensile tester.[6,10,40–42] The
cross-sectional area was approximated as a rectangle using the scaffold
height (10 layers × average fiber diameter) and printed scaffold width
(12 mm), consistent with previous reports of MEW scaffold mechanical
methodology.[19,43] The initial length (L0) of the test samples in the me-
chanical testing machine was kept uniform during this test, approximately
10 ± 0.1 mm. Table S1 (Supporting Information) shows the average cross-
sectional areas of the scaffolds (mean ± SD) used for calculating stress
and strain, measured using a bright-field electron microscope (Axio Im-
ager M2m, Zeiss, Germany). All scaffold geometries were tested in tripli-
cate and mechanically characterized to determine elastic modulus, yield
strength, and ultimate tensile strength. The most suitable scaffold geom-
etry was then selected, based on its similarity to ideal J-shape mechanical
response of the scaffold geometry to the human supraspinatus tendon, for
analysis using the antibacterial coating. Subsequently, the optimal scaffold
design was printed in triplicate, coated, and tested using the same loading
protocol to study the effect of different coating compositions on the me-
chanical properties. Uncoated optimal design PCL scaffolds were tested
as a control for comparison. Statistical significance between experimen-
tal groups was calculated in Microsoft Excel using a two-tailed Student’s
t-test function to calculate p-value and one way ANOVA to identify differ-
ences between experimental parameters, where p < 0.05 was considered
significant.

Encapsulation Efficiency and Release Kinetics of Vancomycin from MEW
Scaffolds: One of the most important parameters in developing infec-
tion resistant biomedical scaffolds is the encapsulation efficiency of the
loaded antibiotics, which is the indicator of loading efficiency of the an-
tibiotics on to the scaffolds. Encapsulation efficiency of vancomycin on to
MEW scaffolds was determined via absorbance technique.[44] At first, the
vancomycin solution standard curve was plotted. A vancomycin stock so-
lution (1000 μg mL−1) was prepared by dissolving 5 mg of vancomycin
in 5 mL of distilled water (dH2O). Serial dilutions were prepared from
1000 to 0 μg mL−1 each by diluting the initial concentration to half. An
amount of 200 μL of each concentration was transferred to a 96-well plate
and then scanned using a microplate spectrophotometer (BIO-RAD xMark
Spectrophotometer). The absorbance at these solutions at 282 nm was
measured to establish the vancomycin solution standard curve. Based on
the relationship between the vancomycin standard solution concentration
and the corresponding absorbance at 282 nm, a linear equation for the
vancomycin standard curve was obtained. Vancomycin encapsulation onto
MEW scaffolds was determined using this standard curve. After comple-
tion of vancomycin coating process using modified solvent evaporation
technique, each vancomycin loaded scaffold (n=8) was first removed from
the polypropylene Eppendorf tube and transferred to a 96-well plate. To
the polypropylene Eppendorf tubes retained after vancomycin coating pro-
cess, 1000 μL of dH2O was added and vortexed for 30 s to dissolve any un-
coated vancomycin left inside Eppendorf tube. From this 200 μL solution
was transferred to a 96-well plate and then scanned using a microplate
spectrophotometer (BIO-RAD xMark Spectrophotometer) to measure the
absorbance at 282 nm. The absorbances obtained were correlated with
a standard vancomycin calibration curve (R2 = 0.9997) to determine the
amount of uncoated vancomycin. The final amount of vancomycin loaded
onto each scaffold was obtained by subtracting the uncoated amount from
the initial amount of vancomycin added at the beginning of the coating
process. Encapsulation efficiency was determined as the ratio of weight of
vancomycin on the scaffold to the weight of the vancomycin added. For the
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release of vancomycin from MEW scaffolds, coated scaffolds (n=8) with
doses of 50 μg mg−1 (5% w/w), 100 μg mg−1 (10% w/w), and 250 μg mg−1

(25% w/w) were placed in a fresh new Eppendorf tube with 1000 μL PBS
at 37 °C under agitation of 80 rpm. At each time point (4 h, 1, 7, 14, and 28
days) 250 μL of PBS was removed (stored at −20°C until evaluation) and
replenished with equal volume of fresh PBS. The concentration of released
vancomycin at each respective time was determined by measuring the ab-
sorbance at 282 nm (wavelength) using BIO-RAD xMark Spectrophotome-
ter and correlating it with the standard vancomycin calibration curve (R2

= 0.9986).
In Vitro Antibacterial Activity: The antibacterial activity of vancomycin

coated MEW scaffolds against S. aureus (ATCC 25 923), was determined
by disc diffusion method. Briefly, the bacterial strain was inoculated onto
Brain Heart Infusion Agar (Oxoid) and incubated at 37°C for 24 h. After in-
cubation, isolated bacterial colonies of the stock culture were suspended
in sterile saline until the turbidity was compatible with 0.5 Mac Farland.
A 100 μL S. aureus suspension was spread onto a Mueller-Hinton agar
(Oxoid) plate. MEW scaffolds (6 mm) coated with various doses of van-
comycin (5, 10, 25% w/w named hereafter as 5%V-PCL, 10%V-PCL, and
25%V-PCL, respectively) and control scaffold with no vancomycin coating
in triplicate were placed onto the agar plate and incubated for at 37°C. To
qualitatively evaluate the antibacterial efficacy of the vancomycin-coated
scaffolds, samples which had been placed in release media (PBS) for 4 h,
1, 7, and 14 days were removed from Eppendorf tubes at each time point
and were also tested using the disc diffusion method. All samples were
sterilized for 3 h under UV prior to the disk diffusion test. The bacterial
growth on the plate was visualized directly, after incubation of the plates
at 37°C for 18 h and the diameter of the inhibition zone was measured
according to Clinical and Laboratory Standards Institute (CLSI M02-A10)
recommendations.

Cell Viability, Proliferation, and Morphology of Cells Grown on
Vancomyocin-Coated and Uncoated PCL Scaffolds: Adipose-derived
MSC (ATCC) were cultured according to the provider’s protocol. Cells
were expanded in basal medium (ATCC, PCS-500-030) supplemented with
the recommended growth kit (ATCC, PCS-500-040) to form the complete
growth medium. MEW scaffolds with (5%V-PCL, 10%V-PCL, and 25%V-
PCL) or without vancomycin coating (PCL) were biopsy punched into
6 mm discs, placed in well plates, and sterilized through UV irradiation.
At ≈80% confluency, the cells were seeded at a density of 15000 cells
per scaffold. The seeded scaffolds were cultured for 7 days, with the cell
culture medium changed every 2–3 days. All assays were performed in
triplicate unless otherwise stated.

Cellular viability on the MEW scaffolds was assessed by a live and
dead cytotoxicity kit (Invitrogen, L3224). PBS solutions of 0.2% calcein-
AM, to stain live cells green (excitation/emission ≈494/517 nm), and
0.05% ethidium homodimer-1, to stain dead cells red (excitation/emission
≈528/617 nm), were prepared. Samples were stained for 20 min followed
by subsequent washing steps with PBS. The stained samples were imaged
using a fluorescence microscope (AxioObserver 7, Carl Zeiss).

Cellular metabolism was assessed using an alamarBlue (Invitrogen,
DAL1100) assay. On days 1, 3, and 7, samples were transferred to a fresh
well plate and the culture medium replaced with 300 μL of media con-
taining 10% (v/v) alamarBlue solution. After 4 h incubation at 37°C, the
scaffolds were removed and the fluorescence of the medium at an excita-
tion wavelength of 560 nm was recorded using a spectrophotometer (Clar-
ioSTAR, BMG Labtech, Germany). Results were normalized to the control
(cells seeded at the bottom of the well plate at day 0 with the same seeding
concentration).

At selected time points (days 3 and 7), immunostaining for cell nuclei
and F-actin cytoskeleton was performed. The samples were rinsed in PBS
then fixed for 30 min in 4% paraformaldehyde in PBS, prior to incubation
for 5 min with 0.2% Triton-X100 for membrane permeabilization. The sam-
ples were then rinsed in PBS and incubated for 30 min in a PBS solution
containing 1:1000 DAPI (4,6-diamino-2-phenylindole, Invitrogen, D1306)
and 1:250 Phalloidin (Invitrogen, A12379) with excitation/emission values
of ≈358/461 nm and ≈495/518 nm, respectively. Imaging was performed
on the AxioObserver 7 microscope using the ApoTome 3 (Carl Zeiss) for
precise mathematical sectioning.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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