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Transforming Spirulina maxima Biomass into Ultrathin
Bioactive Coatings Using an Atmospheric Plasma Jet: A
New Approach to Healing of Infected Wounds

Tuyet Pham, Tien Thanh Nguyen, Ngoc Huu Nguyen, Andrew Hayles, Wenshao Li,
Duy Quang Pham, Chung Kim Nguyen, Trung Nguyen, Jitraporn Vongsvivut,
Neethu Ninan, Ylias Sabri, Wei Zhang, Krasimir Vasilev,* and Vi Khanh Truong*

The challenge of wound healing, particularly in patients with comorbidities
such as diabetes, is intensified by wound infection and the accelerating
problem of bacterial resistance to current remedies such as antibiotics and
silver. One promising approach harnesses the bioactive and antibacterial
compound C-phycocyanin from the microalga Spirulina maxima. However,
the current processes of extracting this compound and developing coatings
are unsustainable and difficult to achieve. To circumvent these obstacles, a
novel, sustainable argon atmospheric plasma jet (Ar-APJ) technology that
transforms S. maxima biomass into bioactive coatings is presented. This
Ar-APJ can selectively disrupt the cell walls of S. maxima, converting them
into bioactive ultrathin coatings, which are found to be durable under aqueous
conditions. The findings demonstrate that Ar-APJ-transformed bioactive
coatings show better antibacterial activity against Staphylococcus aureus and
Pseudomonas aeruginosa. Moreover, these coatings exhibit compatibility with
macrophages, induce an anti-inflammatory response by reducing interleukin 6
production, and promote cell migration in keratinocytes. This study offers an
innovative, single-step, sustainable technology for transforming microalgae
into bioactive coatings. The approach reported here has immense potential
for the generation of bioactive coatings for combating wound infections and
may offer a significant advance in wound care research and application.
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1. Introduction

Wound infection and subsequent healing
impairment is a complex process with a
significant global impact, affecting millions
of individuals worldwide.[1,2] In particular,
chronic wounds result in substantial mor-
bidity due to extended healing times and of-
ten the inability to heal.[3] This ubiquitous
problem highlights the need for innovative
materials and methods capable of enhanc-
ing wound healing and the rate of recov-
ery. Beyond alleviating symptoms, such as
pain, effective wound treatment can help re-
duce hygiene-related complications and the
risk of infection, which pose serious threats
to successful healing. The clinical need,
combined with the growing wound care
product market, projected to reach between
$15 and $22 billion annually by 2024,[4]

underscores the opportunities for the in-
troduction of novel wound treatments.

Wound infections arise from contami-
nation by pathogenic bacteria, leading to
tissue colonization and the expression of
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virulence factors.[1,2,5] Factors influencing wound infections
highly depend on the type of wound, the patient’s overall health
status, and the healthcare environment. With an estimated
1%–3% of all surgeries in the United States resulting in sur-
gical site wound infections, and up to 50% of diabetic foot ul-
cers becoming infected,[1] the management of wound infections
is of paramount importance. Antibiotic treatment is the princi-
pal intervention used to curtail infections.[1,2] The overuse and
misuse of antibiotics are known to lead to the development of
antibiotic resistance and are rapidly becoming the most urgent
problem in healthcare.[6] Silver-based dressings have been widely
used in the treatment of infected wounds.[7–9] Nevertheless, the
wound-healing effectiveness of these dressings is compromised
by the cumulative toxicity of silver.[10,11] Furthermore, a concern-
ing development is the emergence of bacterial silver resistance
in wound care, posing a serious challenge.[8,12,13]

Microalgae, such as Spirulina maxima, have emerged as a
promising alternative in the quest for effectively treating wound
infections.[14,15] It is worth to note here that S. maxima has
the most recent scientific name Limnospira maxima;[16] how-
ever, due to the common use, S. maxima name is used through-
out this study. These unicellular organisms possess a simple re-
productive system that generates a biomass containing bioac-
tive compounds, including phycocyanin, anthocyanin, and active
oligosaccharides.[16–18] Notably, these microalgae exhibit potent
antioxidant activity that can counter the damaging effects of in-
flammation at the site of the wound, as well as strong antibac-
terial properties crucial for preventing infections.[14,15] Neverthe-
less, harnessing the full potential of these microalgae for wound
care has traditionally been limited by several key challenges.[19,20]

An important challenge arises when attempting to extract, refine,
and encapsulate the valuable compounds derived from microal-
gae. The thick cell walls of microalgae, which serve as a protective
barrier in their natural aquatic habitats, pose a significant obsta-
cle, rendering the extraction processes inefficient.[19,20] Further
complexity to the refinement and encapsulation procedures can
lead to the degradation or loss of the bioactive compounds, conse-
quently diminishing their potential benefits for wound healing.

In this study, we present an innovative approach to develop
ultrathin coatings derived from S. maxima, integrating biotech-
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nology and plasma physics. With the increasing demand and in-
terest in antibacterial coatings, plasma techniques have gained
significant prominence.[21–23] Herein, we harness the capability
of an atmospheric plasma jet operated in an inert argon gas, to
convert single cells of S. maxima biomass into a durable and
functional bioactive ultrathin coating (refer to Scheme 1). Us-
ing this technology, we succeed not only to ensure the preser-
vation of all bioactive compounds within the biomass but also
to enable the breakdown of polysaccharides present in the mi-
croalgal cell wall. The resulting formation of bioactive linkages
significantly enhances the bioavailability of the wound-healing
compounds present in the microalgal cells. The bioactive coat-
ings produced from this process exhibit an ensemble of heal-
ing properties including promotion of skin cell proliferation and
expediting wound closure. Moreover, the coatings possess anti-
inflammatory properties, which are crucial in the management
of wound-related inflammation and pain, and ensuring effective
wound healing.[24,25] Importantly, the coatings display potent an-
tibacterial characteristics, offering a protection from wound in-
fections and reducing the need for antibiotics, and the associated
problems with the development of resistance. To the best of our
knowledge, our pioneering technology is the first of its kind ca-
pable of transforming single microalgal cells into a functional
bioactive coating. Our approach could offer a comprehensive so-
lution for wound healing via harnessing the full therapeutic po-
tential of S. maxima using a plasma-assisted transformation of
algal biomass into efficient and cost-effective coatings.

2. Results and Discussion

2.1. Designing and Characterizing Argon Atmospheric Plasma Jet
Process to Transform S. maxima Biomass into an Ultrathin
Coating

The robust cell wall of S. maxima presents a considerable bar-
rier to the utilization of its bioactive compounds.[19,20] In response
to this challenge, we have developed a novel argon atmospheric
plasma jet (Ar-APJ) system, capable of selectively disrupting the
polysaccharide structures within the algal cell wall. The inertness
of argon plasma jet is ideal for transforming the sensitive biolog-
ical material of S. maxima. This technique not only allows for the
reforming the polysaccharide fragments within the cell wall, but
also preserves the essential bioactive compounds. The successful
manipulation of polysaccharide linkages paves the way for pro-
ducing contiguous coatings directly from microalgae biomass. A
detailed schematic of the argon plasma jet system can be found
in Figure 1A,B and Text S1 (Supporting Information). Optical
emission spectroscopy was utilized to provide the comprehensive
characterizations for our Ar-APJ system, as detailed in Text S2
and Figure S1 (Supporting Information). A typical optical emis-
sion spectrum and the corresponding emission bands covering
a range of 200–950 nm are shown in Figure 1C. The peaks in
the wavelength range of 690–912 nm are attributed to the 4p→4s
transition of the excited argon species.[26] The peaks observed at
316, 337, 357, 380, and 405 nm are associated with the second
positive system (SPS) of molecular nitrogen N2 (C3Πu→B3Πg,
Δv = 0).[27] The generation of the N2 (C3Πu) emission is at-
tributed to the excitation of ground-state N2 (X1Σ+

g ) molecules
by electron collisions, as shown in Equation (1). On the other
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Scheme 1. A schematic depicting the one-step argon atmospheric pressure plasma jet (Ar-APJ) process to transform S. maxima biomass into an ultrathin
bioactive coating. A) S. maxima is sprayed onto a universal substrate. B) Ar-APJ process transforms the S. maxima biomass into a durable, bioactive,
ultrathin coating. C) Antibacterial wound dressings as a proposed application for the Ar-APJ technology.

hand, the low-lying N2 (B3Σ+
g ) emission is associated with the

de-excitation transitions of N2 (C3Πu), as described by Equa-
tion (2).[28]

e− + N2

(
X1

+∑
g

)
v = 0 → N2(C3Πu)v′ = 0 + e− (1)

N2(C3Πu) → N2

(
B3

+∑
g

)
+ hv (2)

The detection of an emission peak of ·OH at 309 nm corre-
sponding to A2Σ+→X2Π (Δv = 0) indicates the dissociation of
water molecules by high-energy electron collisions [Equation (3)]
and the Penning process with excited argon and water vapor
[Equation (4)].[28]

e− + H2O → e− + H + ⋅OH (3)

Ar∗ + H2O → Ar + H + ⋅OH (4)

The atomic oxygen lines observed at 777 and 844 nm are the
result of the 2s22p3(4S0)3s → 2s22p3(4S0)3p transition induced
by electron impact collisions with oxygen molecules, as given
in Equation (5).[28] The generated O can potentially recombine
with H radicals, ultimately leading to the formation of ·OH, as
described in Equation (6).[29]

O2 + e− → 2O + e− (5)

O + H + M → ⋅OH + M (6)

It should be noted that despite the use of argon carrier gas, the
OES shows the presence of nitrogen and oxygen species that are
unavoidable in processes carried out in ambient air.[29] The OES
spectrum also shows peaks corresponding to the generation of
reactive oxygen and nitrogen species (RONS) during treatment,
which can further break down S. maxima cell walls, turning them
into a robust coating with further treatments (Figure 1D). Three
different voltages (5.2, 7.6, and 10 kV) and three gas flow rates
(5, 10, and 20 liters per minute [LPM]) were selected to generate
argon plasma. The results of optical emission spectroscopy[11] re-
flecting the Ar-APJ conditions are presented in Figure S2 (Sup-
porting Information). The optimal condition for generating the
maximum plasma intensity, namely, 10 LPM at 10 kV, was se-
lected for the treatment of S. maxima. A summary of the selected
conditions is shown in Table S1 (Supporting Information).

Furthermore, the Ar-APJ treatment designed in this study is
a substrate-independent process, meaning that the coatings can
be prepared on almost any type of biomaterial. The preparation
of plasma-treated S. maxima coatings directly on commercial
wound dressing is shown in Figure S13 (Supporting Informa-
tion).

2.2. Effects of Ar-APJ on S. maxima Biomass

Before the Ar-APJ treatment, the surfaces of silicon wafers or cov-
erslips were precoated with S. maxima with a density of 0.1 mg
cm−2. The cell viability of S. maxima biomass was found to be
completely dead, shown in Text S3 (Supporting Information).
The cell wall of S. maxima can be stained with a 0.01% (w/v)
calcofluor white solution, so cell walls can be visualized under
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Figure 1. Overview of argon atmospheric plasma jet (Ar-APJ) system. A) Photograph showing the setup argon atmospheric plasma treatment (Ar-APJ)
used to transform S. maxima biomass into a robust ultrathin coating. B) Photograph showing the argon atmospheric plasma jet (Ar-APJ). C) OES spectra
of Ar-APJ at the argon flow rate of 10 LPM and voltage at 10 kV. D) Illustration of how Ar-APJ can turn S. maxima into a contiguous ultrathin coating.

the epifluorescence microscope (Figure 2). Scanning electron mi-
croscopy (SEM) was employed to examine the microalgae mor-
phology post Ar-APJ treatments. The initial condition of un-
treated S. maxima revealed an intact cell wall and morphology,
with a length of ≈40 ± 10 μm (Figure 2A). Upon subjecting a
100-s Ar-APJ treatment to a 1 cm2 area, the cell wall underwent
fragmentation into smaller segments, each ≈20–25 μm in length
(Figure 2B). Although the majority of the cell wall remained in-
tact, the treatment caused noticeable cracks on the microalgal
surfaces. Further extending the treatment time to 200 s across
1 cm2 area resulted in a significant transformation. S. maxima
lost its native structure, completely disintegrated, and subse-
quently reformed into ultrathin films (Figure 2C). For a more
comprehensive analysis of the effects of Ar-APJ on S. maxima,
see detailed discussions in Text S4 (Supporting Information),
along with Figures S4 and S5 (Supporting Information).

These observations align with previous studies demonstrating
the capacity of atmospheric plasma treatment to disrupt only the
peptidoglycan layer of bacteria.[30,31] The degree of cell disruption
depends on the treatment duration.[32] The high-energy and re-
active species generated during the plasma treatment procedure

induce chemical reactions within the cell wall, causing the break-
age of intermolecular bonds and the rearrangement of molec-
ular structures.[33,34] Moreover, reactive species generated from
the plasma treatment, such as reactive oxygen species (ROS) and
reactive nitrogen species,[35] have been shown to interact with
and modify the cell wall components of microalgae, affecting
the physicochemical properties of the cell wall, including surface
charge, hydrophobicity, and permeability.[36]

Based on these observations, the Ar-APJ treatments of 200 s
over 1 cm2 are selected for further studies. Henceforth, untreated
S. maxima coatings will be annotated as Sm, and plasma-treated
coatings will be annotated as PSm. Notably, we found that APJ-
treated coatings (PSm) exhibit resilience and durability against
multiple washings with water. These plasma-treated coatings re-
main intact even after being submerged in water for a duration
of 24 h and even under the flow of water (Text S12, Figure S12,
and Video S1, Supporting Information). The durability of PSm
demonstrates that the thin coating will remain intact and will
not delaminate when it is applied to its intended wound site. This
property enables the coating to remain in place and provide a sus-
tained release of bioactive compounds, such as phycocyanin. The
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Figure 2. Morphological analysis of S. maxima following Ar-APJ treatment,
observed using epifluorescence (left) and scanning electron microscopy
(SEM) (right) imaging techniques. Morphology of A) untreated S. max-
ima. S. maxima treated with Ar-APJ for a duration of B) 100 s and C) 200 s
over a surface area of 1 cm2, resulting in significant changes in the
cell wall structure. D) Photographs showing the durability of coatings
of untreated (Sm) and treated S. maxima (PSm) with the conditions of
200 s m−2. Original coatings of Sm and PSm were then washed with water
to examine their durability.

sustained release of these bioactive compounds can inhibit bac-
terial growth and support the wound healing process. The data
are shown in Figure S10 and Text S8 (Supporting Information).

The water contact angle results indicate that all PSm sam-
ples exhibit greater wettability compared to the corresponding

Sm samples at the respective concentrations (Figure S11, Sup-
porting Information). At an algae concentration of 0.1 mg cm−2

on the surface, the water contact angle of PSm and Sm was
27.7° ± 4.6 and 43.1° ± 3.1, respectively. This trend was also ob-
served at a coating concentration of 0.6 mg cm−2, where the cor-
responding contact angle of PSm and Sm was 23.5° ± 2.9 and
59.6° ± 2.8, respectively. Consequently, the surface treatment us-
ing Ar-APJ appears, involving algae coating at both concentration
ranges, significantly enhanced the wettability of the PSm sam-
ples.

2.3. Analysis of Changes of Functional Groups of S. maxima

To characterize the biomolecular changes to the structural
components of S. maxima following Ar-APJ treatment, we
used synchrotron-sourced macro attenuated total reflection
Fourier-transform infrared (ATR-FTIR) microspectroscopy.[37,38]

Figure 3A shows representative spectral maps of the regions of
interest as a function of FTIR absorption intensity. This was
generated by integrating the spectral region for lipids in the
methylene region (3000–2800 cm−1), for proteins in the amide
region (1705–1600 cm−1), and for polysaccharides and nucleic
acid changes in the fingerprint region (1200–950 cm−1). The
heat maps indicate variations in the intensity of these regions.
Although the maps are normalized, a decrease in intensity in
the C─H and fingerprint spectral regions can be observed af-
ter plasma treatment, along with an increased intensity of amide
I and II peaks. These observations may indicate cellular break-
down, leading to the leakage of intracellular components. We
conducted principal component analysis (PCA) to identify dis-
tinct changes in the ATR-FTIR spectra between treated and un-
treated substrates, as shown in Figure 3B. With PC-1 describing
90% of the spectral variation between samples, the two sets were
found to be quite variable. Peaks for PC-1, used to identify the
wavenumbers and corresponding chemical components that dif-
fered the most between Sm and PSm coatings, were obtained
from the divergence of PCA loading. The intensity of the load-
ing peaks indicates a degree of difference, with higher intensity
showing the most variation. The key peaks are highlighted in
Figure 3C, and the corresponding biochemical compounds are
summarized in Table S2 (Supporting Information). Within the
lipid region, two groups of weaker peaks associated with changes
to the methyl/methylene groups (2960 and 2925 cm−1) of the
phospholipids within the cell membrane were observed. These
changes likely result from the rupture of the cell membrane due
to plasma treatment. Most of the peaks within the PC-1 loadings
are in the amide I and amide II bands, as indicated by the bands
at 1638, 1514, and 1452 cm−1. Variations within the polysaccha-
ride regions could be due to alterations in the various structural
polysaccharides during plasma treatment, as demonstrated by
changes in the 1155 and 1045 cm−1 bands. Thus, these results
align with previous studies, contributing to our understanding
of the effects of Ar-APJ on the functional groups of microalgae
(more details can be found in Text S5, Supporting Information).

Likewise, the changes observed in the PCA loading spectra
are readily apparent when examining individual spectra extracted
from second derivatives (Figure 3D). These alterations are char-
acterized by heightened amide I and II bands in PSm compared
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Figure 3. Mapping the biochemical changes of untreated (Sm) and Ar-APJ-treated (PSm) coatings using synchrotron macro attenuated total reflection
Fourier-transform infrared (ATR-FTIR) microspectroscopy. A) Heat map images of different chemical components in S. maxima, including lipid, amide
I/II (protein), and polysaccharide regions across Sm and PSm coatings. Scale bar = 20 μm. B) PCA score plots of Sm and PSm. C) PCA-PC1 loading
spectra. D) Second derivative FTIR spectra.

to the Sm coating. Moreover, the amide I band exhibits a sub-
tle broadening and shift, while the amide II band undergoes
deformation and a slight shift toward a lower wavenumber af-
ter plasma treatment. In the lipid region, the peaks experience
a slight shift toward a lower wavenumber, indicating lipid oxi-

dation resulting from the Ar-APJ treatment. However, the most
significant variation is observed in the polysaccharide region. No-
tably, the peak intensity at 1045 cm−1 diminishes and exhibits
slight broadening, while simultaneously shifting toward a higher
wavenumber post-treatment.
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Figure 4. XPS spectra of Sm and PSm in A) C 1s, B) O 1s, and C) N 1s regions.

2.4. Analysis the Elemental Composition and Chemical State of
S. maxima after Ar-APJ

The effect of Ar-APJ treatment on the chemical composition
of S. maxima was investigated using X-ray photoelectron spec-
troscopy (XPS) (Figure 4; Figure S3 and Table S3, Supporting In-
formation). The C 1s, O 1s, and N 1s spectra of S. maxima be-
fore and after plasma treatment are shown in Figure 4. The C
1s spectrum in Figure 4A can be deconvoluted into various car-
bon species, in which the highest peak at 285 eV corresponds to
C─H/C─C bonds while the remainder located at ≈286.4, 287.9,
and 288.6 eV are assigned to C─O/C─N, C═O, and O─C═O
functional groups, respectively.[39,40] Interestingly, the PSm sam-
ples exhibit a remarkable decrease in C─H/C─C and C─O/C─N
groups but increase in O─C═O groups, indicating a strong in-
teraction between the S. maxima samples and ROS generated by
the atmospheric plasma. The same trend can also be observed
in the O 1s spectra with the O═C/O─C ratio increasing from
0.6 for Sm to 1.4 for PSm coatings (Figure 4B and Table S3,
Supporting Information). These findings are consistent with the
ATR-FTIR analysis discussed above. In addition, the XPS data re-
vealed a higher nitrogen content in the plasma-treated samples
(Figure 4C and Table S3, Supporting Information), likely related
to the cytoplasmic proteins released by the cell membrane dis-
ruption. This is also evident by the significant increase in the
amounts of trace elements (e.g., phosphorus, magnesium, potas-
sium, calcium, and sodium) detected in S. maxima samples after
Ar-APJ treatment (Figure S3 and Table S3, Supporting Informa-
tion).

2.5. Effects of Ar-APJ Treatment on Bioactive Compounds of S.
maxima

The effects Ar-APJ treatment on the bioactive components of S.
maxima were assessed (Figure 5A). The total protein and total
polysaccharide of Sm and PSm coatings were extracted and quan-
tified as previously described.[41] As expected, PSm had lower
total polysaccharide contents in comparison to untreated Sm,
shown in Figure 5B, Text S6, and Figure S6 (Supporting Informa-

tion). These findings suggested that Ar-APJ treatment on S. max-
ima caused a breakdown of some polysaccharides into smaller
fragments.[30] The decrease in polysaccharide content in PSm can
be attributed to the structural changes caused by the treatment,
resulting in near-complete destruction of the cell wall. This inter-
pretation is also supported by the ATR-FTIR and XPS analysis of
the polysaccharide spectral region which consistently indicated
a reduction in polysaccharide abundance. As a consequence, a
larger quantity of bioactive compounds was released. As shown
in Figure 5C, the percentage of total protein in the Sm and
PSm was measured to be 43.7% and 39.9%, respectively. How-
ever, there was no significant difference between these samples
(p > 0.05), i.e., Ar-APJ treatment did not significantly affect the
protein components.

C-phycocyanin is an important bioactive pigment-
protein complex of interest in S. maxima, and
is responsible for antibacterial and antioxidant
properties.[42,43] To evaluate the release of C-phycocyanin
from S. maxima, Sm and PSm coatings were soaked in a
phosphate-buffered saline (PBS, 10 × 10−3 m, pH 7.4) so-
lution at 37 °C over 0.25, 1, 24, and 48 h (Figure 5A). The
study revealed a consistent increase in C-phycocyanin re-
lease for both Sm and PSm. More specially, Sm released
10.3 μg mL−1, while PSm released ≈9.6 μg mL−1 of C-
phycocyanin at the 15-min mark (Figure 5D). After 48 h, Sm
released cumulatively 21.1 μg mL−1 of C-phycocyanin, compared
to 19.4 μg mL−1 for PSm. Notably, PSm consistently exhibited
lower levels of C-phycocyanin release compared to Sm at all
time points. The formation of a new matrix of polysaccharides
after Ar-APJ treatment may contribute to the better retention
and slower release of C-phycocyanin. In the context of wound
healing applications, the slower release of C-phycocyanin from
PSm could be advantageous. A sustained and slower release
may allow for prolonged delivery of C-phycocyanin over an
extended period, thereby maintaining its anti-inflammatory,
antioxidant, and wound-healing properties.[42,43] The availability
of C-phycocyanin in PSm for an extended duration could lead to
persistent therapeutic effects.

Antioxidants contribute to wound healing by shielding tissues
and cells from harmful oxidative species that can impair the
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Figure 5. Effects of treatment on bioactive components of S. maxima. A) The diagrams showing the process to evaluating bioactive com-
pounds of treated (PSm) and untreated (Sm) S. maxima. B) Total polysaccharide concentrations, and C) total protein concentrations of
Sm and PSm. D) The concentrations (μg mL−1) of released C-phycocyanin in PBS (10 × 10−3 m, pH 7.4) from the Sm and PSm coat-
ings. E) DPPH assay used to quantify antioxidant activity of these coatings. n = 3, all data represented as mean ± SD, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

healing process.[42,43] As shown in Figure 5E, the antioxidant
properties of Sm and PSm coatings were sustained over a 48-h
period. We observed a strong antioxidant activity for both Sm
and PSm after 15 min (0.25 h). The antioxidant performance
remained stable for both coatings after 1 h. At durations greater
than 1 h, there was no significant difference in antioxidant
performance between the Sm and PSm samples. This indicates
that the Ar-APJ process does not interfere with the antioxidant
functionality of the bioactive components.

2.6. Antibacterial and Antifouling Capacity of Ar-APJ-Treated
S. maxima

The antibacterial activity of Sm and PSm was assessed using
confocal laser scanning microscopy (CLSM, Figure 6). For Pseu-
domonas aeruginosa, both Sm and PSm had a high rate of an-
tibacterial activity, with 82% and 93% dead cells, respectively.
Furthermore, qualitative SEM analysis (Figure 7A) revealed a re-
duction in cell density and disruption to typical morphology of

Small 2023, 2305469 © 2023 The Authors. Small published by Wiley-VCH GmbH2305469 (8 of 17)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202305469 by A
nsto, W

iley O
nline L

ibrary on [14/12/2023]. 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.small-journal.com

Figure 6. Evaluating antibacterial properties of untreated (Sm) and Ar-APJ-treated S. maxima (PSm) against Gram-negative Pseudomonas aeruginosa
and Gram-positive Staphylococcus aureus. A) Confocal laser scanning microscopy (CLSM) images and corresponding plots quantifying the antibacterial
efficacy of Sm and PSm against B) P. aeruginosa and C) S. aureus. Dead bacteria are colored as red, viable bacteria are colored green. Scale bar = 10 μm.
n = 3, all data represented as mean ± SD. ****p < 0.0001. C) Illustrated schematic depicting the antibacterial mechanism of Sm and PSm involving
reactive oxygen species (ROS) and membrane potential.

P. aeruginosa. For Staphylococcus aureus, the Sm coating had an
antibacterial efficacy of 35%, which was increased to 73% on the
PSm substrate. This observation was also accompanied by an ob-
servation of reduced cell density.

To elucidate the capacity of Sm and PSm to inhibit biofilm
formation, we cultured S. aureus and P. aeruginosa on the sub-
strates for 48 h and measured biofilm thickness, biovolume, and
absorbance of safranin (Figure 8). We observed significant reduc-

tions in all metrics for Sm and PSm coated surfaces, compared to
the untreated control substrate. The biovolume of S. aureus and
P. aeruginosa was reduced by 70%–80% on the Sm and PSm sub-
strates compared to the untreated control substrates. The biofilm
thickness of S. aureus was reduced by 55%–60% on the Sm and
PSm substrates, while for P. aeruginosa, the reduction was 75%
in the case of PSm. These results were corroborated by a safranin
absorbance assay, which measured a decreased absorbance by

Small 2023, 2305469 © 2023 The Authors. Small published by Wiley-VCH GmbH2305469 (9 of 17)
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Figure 7. SEM images showing the morphology of A) P. aeruginosa and B) S. aureus on Sm and PSm. Scale bar (top row) = 10 μm, scale bar (inset -
bottom row) = 2 μm.

≈50% for S. aureus and ≈78%–80% for P. aeruginosa on both sub-
strates. These results confirm that the bactericidal activity of Sm
and PSm surfaces inhibits the formation of biofilm.

2.7. Examining Antibacterial Mechanisms of Both Sm and PSm
Coatings

The fluorescence intensity analyzed via CLSM was utilized to as-
sess the membrane potential and intracellular ROS of both P.

aeruginosa and S. aureus on Sm and PSm. The results, shown in
Figure 9 demonstrate that more ROS were formed for both P.
aeruginosa and S. aureus on PSm compared to Sm. This aligns
with previous research which has shown that antimicrobial com-
pounds can lead to the intracellular generation of ROS, im-
posing secondary bactericidal effects beyond the primary target
mechanism of the antimicrobial compound.[44] This process is
thought to occur via the overstimulation of electrons via the tricar-
boxylic acid cycle, the activation of Fenton chemistry. Therefore,
the higher ROS generation on PSm compared to Sm could be

Small 2023, 2305469 © 2023 The Authors. Small published by Wiley-VCH GmbH2305469 (10 of 17)
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Figure 8. The antifouling capacity of Sm and PSm against S. aureus and P. aeruginosa. A) 3D model representations of Z-stack micrographs captured
by CLSM. B) Biovolume measurements. C) Biofilm thickness. D) Safranin absorbance study. n = 3, all data represented as mean ± SD, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

attributed to this mechanism. Indeed, the intracellular genera-
tion of ROS has been proposed as a common end-point in the
bactericidal mechanism of multiple antimicrobials with differing
primary targets,[45] making it plausible that a similar occurrence
is observed with Sm and PSm. Figure 9 further reinforces this ob-
servation, showing a lower ratio of polarized to depolarized mem-
brane for both P. aeruginosa and S. aureus on PSm compared to
Sm. This indicates that there is more membrane damage on PSm
and points to the major antibacterial mechanism being the pro-
duction of intracellular ROS, leading to cell death.

2.8. Biocompatibility Assay

We further evaluated the biocompatibility of untreated (Sm) and
treated (PSm) S. maxima coatings. Macrophages grown from dif-
ferentiated THP-1 monocytes were selected as the in vitro cellular
model.[46] A standard MTT assay which measures the metabolic
activity of cells was used to determine cell viability. No significant
reduction in cell viability was noted for either Sm or PSm for 24 h
(Figure 10A). The THP-1 cells proliferated to full confluency af-
ter 72 h on PSm. The CLSM micrographs of THP-1 cells (stained
with DAPI and phalloidin) on both Sm and PSm in Figure 10A
demonstrate that the cells adopted their normal metabolically ac-
tive morphology. The cells appear to be more proliferated on PSm
compared to Sm. Based on these results, Sm and PSm were safe
and do not possess any cytotoxicity, according to ISO 109993-5
standards.[47] These results were consistent with previous litera-
ture, which indicated that S. maxima is safe for use with human
cells.[48]

We also evaluated the pro-inflammatory response of THP-1
macrophage to Sm and PSm by measuring the secretion of IL-
6. IL-6 is a pro-inflammatory cytokine crucial in chronic inflam-
matory diseases. It is produced by cells such as macrophages, T-

cells, and B-cells, participating in the immune response against
infections and tissue damage.[49] The concentrations of IL-6 were
measured at two different time points as shown in Figure 10C.
More detailed information is presented in Text S7 (Supporting In-
formation). After 1 d of incubation, IL-6 levels on Sm and PSm
were detected to be 172.3 and 112.6 pg mL−1 of IL-6, respectively.
And after 3 d of incubation, the concentration of IL-6 secreted by
THP-1 cells on PSm was significantly lower than that of Sm. This
indicates that PSm coatings exhibit superior anti-inflammatory
properties, which may be beneficial for wound healing.

2.9. Keratinocyte Proliferation and Wound Scratch Assay

The impact of Sm and PSm coatings on mammalian cell prolif-
eration was investigated using HaCaT cells as a model skin cell
line. CLSM micrographs (Figure 11A) showed qualitatively that
HaCaT cell density was comparable on all tested surfaces after
3 d of incubation. Furthermore, the MTT assay revealed that there
was no significant difference in HaCaT viability between the Sm
and PSm surfaces (Figure 11B).

Keratinocyte migration plays a pivotal role in wound closure
and re-epithelialization. The ability of Sm and PSm to promote
the migration of human epidermal keratinocytes (HaCaT) was
investigated using wound scratch assay.[50] The scratch width, as
defined by the distance between the edges of the scratch, of Sm
and Psm were 789 ± 18 and 236 ± 17 μm, respectively, on day 1.
On day 2, the wound was completely closed on PSm, whereas, the
wound scratch was still open in the case of Sm and control. The
scratch widths between different groups and time points showed
statistically significant differences, clearly demonstrating the bet-
ter healing ability of PSm compared to Sm. The results indicate
that on the PSm coatings the cells exhibited significantly higher
migration levels than on Sm and control after 2 d. This is in

Small 2023, 2305469 © 2023 The Authors. Small published by Wiley-VCH GmbH2305469 (11 of 17)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202305469 by A
nsto, W

iley O
nline L

ibrary on [14/12/2023]. 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.small-journal.com

Figure 9. Membrane potential and intracellular ROS generation. A) CLSM
micrographs and ratio of polarized to depolarized membrane and fluores-
cence intensity of ROS created when incubated P. aeruginosa with Sm and
PSm. Green signal in CLSM micrographs represents intracellular ROS.
B) CLSM images and ratio of polarized and depolarized membrane and
fluorescence intensity of ROS created when incubated S. aureus with Sm
and PSm. Green and red presented bacterial with polarized and depolar-
ized membrane, relatively. Scale bar = 10 μm. n = 3, all data represented
as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

agreement with the MTT results. The capacity of the PSm coat-
ings to enhance skin cells migration is a valuable property, indi-
cating potential for enhancing wound healing rate.

Overall, our investigations into the antibacterial, antifouling,
biocompatibility, and wound healing properties of PSm reveal
that the materials generated by our process possess dual func-
tionality. As bacterial infections are a primary factor in poor
wound healing, the PSm coatings promise to improve clinical
outcomes by simultaneously inhibiting bacteria and promoting
wound healing.

3. Conclusion

We have developed a novel Ar-APJ process which can transform
S. maxima biomass into a bioactive ultrathin coating for treat-
ing wound infections and enhancing wound healing. We found
that our Ar-APJ system is sufficiently delicate to break down cell

walls of microalgae while enabling the retention of most of bioac-
tive components of S. maxima. Subsequently, the fragmented cell
wall was reformed to create a contiguous layer which acts as a
robust and stable ultrathin coating. This treatment promoted the
sustained release of bioactive compounds such as C-phytocyanin.
The Ar-APJ assisted coating was found to exhibit enhanced an-
timicrobial properties compared to the already high antibacterial
rate of untreated S. maxima. Ar-APJ-assisted coating was found
to be biocompatible with THP-1 and HaCaT cells. Furthermore,
a reduction in the expression of pro-inflammatory cytokines sug-
gests a favorable reduction of inflammation. The results pre-
sented herein provide support for the potential wound healing
properties of Ar-APJ-assisted S. maxima coating, attributed to its
diverse bioactive components. However, it is important to note
that other components in S. maxima may also contribute to these
effects, warranting further advanced experiments to elucidate the
underlying phenomena. Overall, this study demonstrates the po-
tential of our Ar-APJ technology to generate bioactive coating
from S. maxima and thus overcome current processing chal-
lenges.

4. Experimental Section
Integrated Plasma System for the Treatment of Microalgae Biomass: The

configuration of the integrated atmospheric plasma jet system for the
treatment of microalgae biomass was set up as shown in Figure 12A. AC
power supply (Variac SRV-5, POWERTECH, AU) was employed in conjunc-
tion with an electronic transformer (NP-10000-30, NeonPro Co, USA) to
power the jet system. The power supply maintained a fixed frequency of
24 kHz, while the voltage was set to 10 kV. A tungsten-steel rod (150.0 mm
× 2.5 mm) inserted into a dielectric ceramic tube (150 mm length, inner
diameter 12.0 mm, outer diameter 14.0 mm) was connected to the high-
voltage power supply, while a cone-shaped grounded electrode was posi-
tioned at a distance of 15 mm from the nozzle. To prevent the plasma from
turning into an arc discharge, a 10 kΩ resistor was installed. The plasma
jet was ignited directly from the nozzle, which was located 30 mm above
the samples (Figure 12B), with argon gas supplied at a flow rate of 10.0
standard LPM. More information was included in Text S1 (Supporting In-
formation). A PLASUS EMICON MC spectroscopic plasma monitor and
process control system (PLASUS, DE) with EMICON MC version 4.6 soft-
ware was used to record the optical emission spectroscopy[11] of argon
plasmas. The optical sensor head was positioned at a distance of 250 mm
from the plasma jet (see Figure 12).

Sources of S. maxima: S. maxima (OxyMin Spirulina Organic) was ob-
tained as the dry biomass from OxyMins (QLD, Australia). Most of these
cells were found to be nonviable. The compositions of S. maxima are
shown in Figure S6 (Supporting Information).

Effects of Ar-APJ Treatment on Morphology of S. maxima Cell: Prior the
plasma treatment, microalgae S. maxima was coated on various surfaces
(silicon wafers, coverslips, and glass slides) to achieve the dry weight den-
sity of 0.1 mg cm−2. More details are explained in Text S8 (Supporting In-
formation). Then, it was treated with atmospheric plasma in 100 and 200
s cm−2. The glass slides were stained for 5 min with a 0.01% calcofluor
white solution (Sigma-Aldrich, Inc., Saint Louis, MO), and potassium hy-
droxide was added to improve sensitivity in detecting microalgae. The im-
age of S. maxima cell wall with and without treating plasma was observed
by Olympus IX83 inverted epifluorescence microscope.[51] Prior to scan-
ning electron microscopy, the microalgae were coated with 2 nm platinum.
Scanning electron microscopy was performed at Flinders Microscopy and
Microanalysis using an FEI Inspect F50 SEM (https://doi.org/10.25957/
flinders.sem). Electron micrographs were obtained with an electron beam
voltage of 5 kV.

Sessile Drop Water Contact Angle Measurements: Sample wettability
was studied using a RD-SDM02 contact angle measuring equipment. Sm
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Figure 10. Evaluation of biocompatibility of Sm and PSm against THP-1 macrophage. A) CLSM images of THP-1 macrophage cell in 1 d after incubating
on Sm and PSm substrates. B) Viability percentage normalized to tissue culturing plates (TCP) of THP-1 cell after incubating with Sm and Psm substrates
for 1 and 3 d. C) IL-6 concentration of THP-1 (pg mL−1) after incubating with Sm and PSm for 1 and 3 d. n = 3, all data represented as mean ± SD,
*p < 0.01.

and PSm samples with concentration 0.6 and 0.1 mg cm−2 deposited on
round glass coverslips were used as substrates for the wettability mea-
surements. Small droplet of 3 μL Milli-Q water was carefully placed on
the surface to determine the advancing contact angle. Subsequently, the
droplet’s images were captured using a microscope camera and was used
to measure using ImageJ.

Synchrotron ATR-FTIR Microspectroscopy: The setup was carried out
previously.[38] A single FTIR image covering a 350 × 350 mm2 sampling
area was captured using an Agilent FTIR microscope equipped with a
liquid-N2 cooled Stingray FPA detector and a 15× objective lens. Each FTIR
image was made up of a 32 × 32 array of spectra that represented chem-
ical data that was collected from a region on the sample plane that was
around 10.9 × 10.9 mm2. For each biological replication, Resolution Pro
was used to get at least five excellent FTIR spectral map. Prior to each
sample spectral image measurement, IR imaging software with an 8 cm−1

resolution, 128 co-added scans, and background measurements were
carried out.

XPS Analysis: A Thermo Scientific K-alpha XPS spectrometer equipped
with Al K𝛼 X-ray source (1486.7 eV) and concentric hemispherical elec-
tron analyzer was utilized for XPS experiments. All S. maxima sam-
ples were prepared on silicon substrates. The XPS data were then an-
alyzed with CasaXPS software. C 1s peak at 285 eV was used as a
charge reference.[40,52] To minimize possible damages to the samples
caused by prolonged X-ray exposure, XPS was carried out in the mul-
tiplex mode with seven scans for each element and two scans for XPS
survey.

Phytochemical Compounds: Sm and PSm coatings were incubated
with 50 mL of 0.5 m NaOH/urea solvent. The mixture was placed into
an ultrasonication apparatus (Sonics VibraCell VXC 500) at frequency of
40 kHz and power of 80 W. The ultrasonication treatment was carried out
continuously at room temperature for 30 min. After that, solution was cen-
trifuged 10 000 rpm in 10 min to collect supernatant. This supernatant was
used for examining total polysaccharide and protein concentration. The

total polysaccharide content was assessed using the phenol/acid sulfuric
acid method,[53] while the total protein content was determined using the
Lowry method[54] content. Further details can be found in Text S9 (Sup-
porting Information).

Release Level of C-Phycocyanin: S. maxima solution was sprayed onto
a 12-well plate to achieve a density of 0.1 mg cm−2. Atmospheric
plasma jet treatment was then applied to the plate surface as above.
Next, 1 mL of PBS (pH = 7.4) was added to each well and incu-
bated at 37 °C in the dark. The release level of C-phycocyanin was
evaluated at various time points, including 15 min, 60 min, 24 h,
and 48 h. Cell debris was removed from the PBS solution through
centrifugation at 13 000 rpm for 10 min, and the blue-colored su-
pernatant was collected. The supernatant was then analyzed at wave-
lengths of 615 and 652 nm using SYNERGY-HTX multiwell plate
reader. C-phycocyanin concentration was determined by applying equation
below.[55]

C − phycocyanin (mg∕mL) =
OD615 − 0.474 × OD652

5.73
(7)

Antioxidant Ability: The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
was conducted following the previous method.[56] A stock solution was
prepared by dissolving 24 mg of DPPH in 100 mL of methanol, which
was then stored at −20 °C until further use. The working solution was
prepared by mixing 10 mL of the stock solution with 45 mL of methanol
to achieve an absorbance at 515 nm using a SYNERGY-HTX multiwell
plate reader (BioTek, Vermont, USA). The sample (150 mL) was then al-
lowed to react with 2850 mL of the DPPH solution in the dark for 24 h.
Subsequently, the absorbance was measured at 515 nm. The stan-
dard curve was found to be linear in the concentration range of 25–
800 × 10−3 m Trolox. The results were expressed in mm Trolox equiva-
lent/g fresh mass (TE/g). Additional dilution was performed if the mea-
sured DPPH value exceeded the linear range of the standard curve.
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Figure 11. Evaluating the wound healing ability of Sm and PSm. A) CLSM images of HaCaT cell (blue shows nucleus stained with DAPI, and green
shows F-actin stained with phalloidin) over the periods of 1 and 3 d, scale bar = 10 μm. B) Viability normalized to tissue culture plates (TCP) of HaCaT
cell after incubating with Sm and PSm in 1 and 3 d. C) Wound scratch assay using HaCaT cells after incubation with Sm, PSm, TCP, and negative control
(NC) from day 0 to day 2. D) Scratch width of HaCaT cell after incubating with Sm and PSm (Green X menas complete healing or wound closure). Scale
bar = 100 μm. n = 3, all data represented as mean ± SD, *p < 0.001.

Standard curve of antioxidant ability was presented in Text S7 (Supporting
Information).

Evaluating Antibacterial Capacity: The Sm and PSm coatings were
placed in a 12-well tissue culture plate and then seeded with 200 μL of
S. aureus ATCC 25923 and P. aeruginosa ATCC 15692 at a concentration of

105 CFU mL−1. After the silicon wafer was incubated for 18 hours, it was
gently washed once with PBS. Next, the bacteria were stained for 10 min in
SYTO9 (Sigma) (excitation and emission maxima, 480 and 500 nm) and
propidium iodide (PI) (Sigma, excitation, and emission, 490 and 635 nm)
in the ratio of 1:1. Confocal laser scanning microscope (Zeiss_LSM880,
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Figure 12. Schematics showing the setup of Ar-AAJ. A) Schematic representation of the integrated plasma jet system with the optical emission spec-
troscopy characterization systems; and B) the outlet design of the plasma jet reactor.

Oberkochen, Germany) was used to observe the percentage of dead bac-
teria.

Antibacterial percentage = Dead bacterial
Total bacterial

× 100% (8)

The bacterial cells were fixed in 4% glutaraldehyde for 1 h at room tem-
perature. The samples were dehydrated in a sequential graded ethanol
(30%, 50%, 70%, 90%, and 100%). Finally, all samples were coated with
2 nm platinum. Samples were then observed in a FEI Inspect F50 (FEI
Company, Oregon, USA) at 5 kV with a working distance of 5 mm.

ROS Quantification: To initiate the assay, 100 μL of the diluted 2′,7′-
dichlorofluorescin diacetate (DCF-DA) solution (Abcam, Australia) was
added to each well. The plate was then incubated for 45 min at 37 °C
in a dark environment. Subsequently, the DCF-DA solution was carefully
removed from the wells. As a positive control, tert-butyl hydroperoxide
(TBHP) was applied to the bacterial samples without S. maxima. The
fluorescence measurements were conducted using CLSM at an excita-
tion/emission wavelength of 485/535 nm. The fluorescence intensity was
used to determine the density of ROS.

Fluorescence intensity = FItest − FIblank (9)

where FItest represented fluorescence of green color of Sm and PSm
and FIblank represented fluorescence intensity of background.

Membrane Integrity Quantification: Bacteria on Sm and PSm were
stained with 1 × 10−6 m DiO (Biotium Corp., Hayward, CA) and incubated
in the dark for 5 min. Then, 2 × 10−6 m DPA was added to the bacterial
solution and incubated for 45 min in the dark. Finally, fluorescence images
were captured using CLSM.[57]

Ratio of polarized and depolarized membrane =
FIred

FIgreen
(10)

where FIred represented fluorescence intensity of polarized membrane
and FIgreen represented green fluorescence intensity of depolarized mem-
brane.

Biofilm Culture: A single colony of S. aureus ATCC 25923 and P. aerug-
inosa PAO1 was transferred to 5 mL of tryptone soy broth (TSB) and in-
cubated overnight at 37 °C until stationary phase. The cell density was
inferred from optical density at 600 nm and the overnight culture was di-
luted to a final cell density of 106 CFU mL−1. The treated and untreated
substrates were placed in 24-well plates and sterilized by UV exposure for

20 min per side. The sterile substrates were immersed in 1 mL of bacte-
rial cell suspension and then stored in a sealed box with a damp paper
towel to maintain a humid environment. The box was placed atop an or-
bital shaker at 60 RPM in a warm room (37 °C) for 48 h. After the first 24 h,
the cell suspension in each well was replaced with fresh media to remove
exhausted nutrients and stationary phase cells.

3D Biovolume Analysis: The inoculated substrates were gently re-
moved from their cell suspensions and dipped in sterile PBS to rinse off
nonadherent cells. The washed substrates were placed in fresh 24-well
plates and immersed in BacLight Live/Dead reagents, with an equal pro-
portion of SYTO9 (excitation and emission maxima, 480 and 500 nm) and
propidium iodide (excitation and emission maxima, 490 and 635 nm) in
PBS at the concentraion of 1.5 μL/mL. The samples were incubated at
room temperature for 15 min and then imaged on an Olympus FV3000
confocal laser scanning microscope. At 3 random locations per sample,
3D Z-stack images were assembled by taking scans at 0.5 μm intervals
along the Z-axis. The Z-stacks were imported into Imaris 3D analysis soft-
ware and converted to 3D models using the “surfaces” function. Total bio-
volume was measured by combining the red and green channels.

Safranin Absorbance: Biofilms were cultured on the substrates as de-
scribed above. Following incubation, the substrates were gently rinsed in
PBS to remove nonadherent cells. Each sample was individually placed
in the wells of a clean 24-well plate and immersed in 0.1% safranin for
10 min. The safranin solution was removed and gently rinsed off with ster-
ile PBS. The rinse was repeated two times. PBS was removed and the sam-
ples were then immersed in a decolorizing solution of ethanol and acetone
at a 1:1 ratio. The samples were left to soak in the decolorizing solution
for 10 min on an orbital shaker at 60 RPM. To measure the intensity of
absorbance, 100 μL aliquots were taken from the samples and transferred
to a 96-well plate and optical density was measured at 530 nm. The S.
maxima surface coating was expected to contribute to the absorption of
safranin, so a Sm and PSm control was used without the presence of bac-
teria. The absorbance values of the Sm and PSm experimental samples
were corrected by subtracting out the value derived from the no-bacteria
control.

Biocompatibility and Pro-Inflammatory Assay: Macrophages-like THP-
1 cell at a density of 105 cells /well were seeded on Sm and PSm coatings.
After 24 and 72 h, cytotoxicity assays were performed using MTT assay
from Sigma (Text S10, Supporting Information). Macrophage-like THP-1
cells were fixed with 4% paraformaldehyde for 20 minutes. The coatings
were then incubated with 0.1% Triton-X (Sigma) for 10 min. Next, it was
incubated with Alexa 488-phalloidin (Thermo Scientific) for 90 min. Subse-
quently, DAPI (Thermo Scientific) was applied and incubated for 10 min.
The coatings were then washed with 2 mL of PBS afterward. CLSM was
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used to image both phalloidin and DAPI stained samples. Further details
can be found in Text S10 (Supporting Information).

The media from each well was collected, followed by stimulation with
IL-6. The IL-6 produced in the culture medium was quantified using the
IL-6 specific ELISA kit, following the manufacturer’s instructions (Invit-
rogen, Thermo Fisher Scientific, AU). Media without cells was used as a
control.[58] More information can be found in Text S11 (Supporting Infor-
mation).

HaCaT Cell Proliferation: The HaCaT cells (human epidermal ker-
atinocyte line, cell line services, Eppelheim, Germany) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Gibco, AU) and 1% strepto-
mycin/penicillin (Gibco-BRL, AU). When the cells reached ≈80%–85%
confluence, they were harvested using 0.25% Trypsin-EDTA (1X) (Gibco-
BRL, AU). A volume of 200 μL of HaCaT cells at a density of 105 cells mL−1

was seeded onto Sm and PSm substrates and incubated for 1 and 3 d. MTT
and CLSM assays were carried out on HaCaT cells.

Wound Scratch Assay: Wound scratch experiment was conducted us-
ing Incucyte SX5 live-cell analysis instrument (Sartorius). Plasma treated
and untreated 24-well plates were seeded with 1 × 106 HaCaT cells in trip-
licates and incubated for 24 h at 37 °C and 5% CO2 till a uniform cell
monolayer was formed. These monolayers were consistently scratched us-
ing a sterile 100 μL pipette, washed with 1× PBS and replaced with fresh
DMEM. The well plates were placed in Incucyte SX5 live-cell analysis in-
strument and images were recorded for 2 d. Incucyte 2022A Rev1 software
was used to measure the scratch width. The controls involved untreated
tissue culture plates (TCP) seeded with cells and the negative control in-
volved cells whose migration were retarded by treating with 1% dimethyl
sulfoxide, Sigma (NC).

Statistical Analysis: All experiments were conducted in triplicate to en-
sure accuracy. The cell viability percentage and all other quantitative data
are reported as the mean ± standard deviations . Statistical comparisons
were made using ANOVA analysis, with p-values less than 0.05 deemed
to be statistically significant. The statistical analysis was facilitated using
GraphPad Prism version 5.00 for Windows, provided by GraphPad Soft-
ware, San Diego, CA (www.graphpad.com).

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