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hronic wounds to heal: dispersing
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Rahul Madathiparambil Visalakshan and Krasimir Vasilev

Chronic wounds are affecting increasingly larger portions of the general population and their treatment has

essentially remained unchanged for the past century. This lack of progress is due to the complex problem

that chronic wounds are simultaneously infected and inflamed. Both aspects need to be addressed together

to achieve a better healing outcome. Hence, we hereby demonstrate that the stable nitroxide radical

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) can be plasma polymerized into smooth coatings

(TEMPOpp), as seen via atomic force microscopy, X-ray photoelectron spectroscopy and ellipsometry.

Upon contact with water, these coatings leach nitroxides into aqueous supernatant, as measured via

EPR. We then exploited the known cell-signalling qualities of TEMPO to change the cellular behaviour of

bacteria and human cells that come into contact with the surfaces. Specifically, the TEMPOpp coatings

not only suppressed biofilm formation of the opportunistic bacterium Staphylococcus epidermidis but

also dispersed already formed biofilm in a dose-dependent manner; a crucial aspect in treating chronic

wounds that contain bacterial biofilm. Thus the coatings' microbiological efficacy correlated with their

thickness and the thickest coating was the most efficient. Furthermore, this dose-dependent effect was

mirrored in significant cytokine reduction of activated THP-1 macrophages for the four cytokines TNF-a,

IL-1b, IL-6 and IP-10. At the same time, the THP-1 cells retained their ability to adhere and colonize the

surfaces, as verified via SEM imaging. Thus, summarily, we have exploited the unique qualities of plasma

polymerized TEMPO coatings in targeting both infection and inflammation simultaneously;

demonstrating a novel alternative to how chronic wounds could be treated in the future.
Introduction

Chronic wounds are the classic “chicken or egg” paradox
because they are simultaneously infected and inamed, while it
is not known which came rst.1–3 Chronic wounds are cat-
egorised as either pressure, diabetic or vascular ulcers that
won't heal on their own. Chances are, one knows a person who
is affected, as 1–2% of the population suffer from chronic
wounds.4 In hospitals, this prevalence is even higher; reports
vary but can be placed between single digits up to 28% among
in-house patients.5

This high prevalence translates into incalculable suffering,
loss of limbs and lives as well as 2–3% of the combined
healthcare costs in developed countries.6 In anticipation of an
age-friendly world, we have to anticipate chronic wounds being
stralia, Mawson Lakes, Australia. E-mail:

tion (ESI) available. See DOI:

76
a signicant and growing antagonist. Most research avenues
aim to prevent biolm formation in the rst place. However,
this is a pointless endeavour for chronic wounds, which already
have a pre-formed biolm that requires dispersal.7 Medicinal
recommendations are advising against the topical use of
disinfectants or antibiotics on chronic wounds as they can
damage healthy tissue and lead to drug-resistant pathogens.8

Instead, the current practice is “mechanical” debridement of
the chronic wound, as washing with aqueous solutions has
proven ineffective.9 Despite causing severe discomfort to the
patient and potentially damaging healthy tissue, mechanical
debridement does not break up biolm on the microscopic
level. However, systemic antibiotics are not advised unless
sepsis occurs.8 In essence, most of the medical progress in the
past 100 years has not led to substantial improvement in how
chronic wounds are treated.

Novel strategies have emerged to break up biolm on the
microscopic level using small molecules that can diffuse
through the established biolm and affect the bacteria's
quorum system. The most famous example is nitric oxide which
is a key messaging molecule in eukaryotes and prokaryotes
This journal is © The Royal Society of Chemistry 2020
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alike; having the ability to induce biolm dispersal and
modulate inammation.10,11 However, the short half-life of 5
seconds require its constant production and precise dosage
limit its usefulness for chronic wound treatment.12 Alternative
approaches that disperse established biolm involve enzymes,
specic peptides and other small molecules such as insulin and
bacterial surfactants.7,13,14 Moreover, aspects such as host-
toxicity and bio-degradation are currently unknown and thus
may limit these compounds' applicability. Furthermore, these
compounds only address one half of the equation for chronic
wounds; namely the biolm dispersion and not the other half,
the chronic inammation.

Thus, effectively breaking the vicious cycle of chronic
inammation and bacterial infection requires a simultaneous
two-in-one approach. Nitroxides, such as TEMPO ((2,2,6,6-
tetramethylpiperidin-1-yl)oxyl), are stable radicals that have
demonstrated to be useful both for biolm dispersion and for
modulating inammation.15–23 However, their incorporation
into coatings and polymers has proven to be a tedious multi-
step endeavour which in turn limits their usefulness, albeit
being a currently highly investigated material class.23,24 In
contrast, plasma polymerization is a one-step, rapid and
solvent-free process that can be rapidly scaled to industrial-
scale.25–28 Our greater aim is simple: to coat wound dressings
with a plasma polymer layer that simultaneously down-
regulates inammation and breaks up established bacterial
biolm. Thus, turning wound dressings from passive “passen-
gers” into pro-active “actors” (Scheme 1).

As a rst step, we have recently demonstrated that TEMPO
can be successfully plasma polymerized into thin lm coatings
Scheme 1 Chronic wounds are simultaneously infected and inflamed. Th
coatings which were subsequently challenged with the opportunistic ba

This journal is © The Royal Society of Chemistry 2020
that prevent biolm formation.29 Now, we would like to add
another key puzzle piece to our ndings by demonstrating that
these coatings are also capable of dissolving already formed
biolm by the opportunistic bacteria Staphylococcus epidermidis
(S. epidermidis) that is commonly found in chronic wounds.30

Furthermore, we would like to show how these coatings
modulate the cytokine expression of THP-1 macrophages in
a dose-responsive manner. These ndings, taken together, are
a crucial step towards a new generation of wound dressings that
supersede the currently century-old method of how chronic
wounds are treated.
Results and discussion

We have previously reported the one-step plasma polymeriza-
tion of TEMPO and reported its abilities to affect biolm
formation.29 In this work, we changed the plasma reactor setup
and explored how deposition times affect the coatings compo-
sition, morphology and stability. We chose silicon wafers, cut
into 1 cm � 1 cm squares, due to their ease of use, atomic
composition and excellent atness. All these aspects greatly
simplied the characterization of the TEMPOpp coatings and
allowed for sharper micrographs. Naturally, silicon is not suit-
able as a material for wound dressings but because plasma
processes are substrate independent,31 the resulting coatings, in
future, can be easily transferred to wound dressings. As can be
seen in Fig. 1A, the atomic composition of the TEMPO plasma
polymers (TEMPOpp) changes only minutely with different
deposition times (5, 15 and 30 min), as expected for plasma
polymers, and coincides well with our previous ndings which
e stable nitroxide precursors TEMPOwas plasma polymerized into thin
cterium S. epidermidis and activated THP-1 macrophages.

RSC Adv., 2020, 10, 7368–7376 | 7369
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Fig. 1 (A) Atomic percentages of TEMPOpp 5, 15 and 30 min as determined via XPS (B) AFM surface image of TEMPOpp 30 min (C) thickness of
TEMPOpp 5, 15 and 30min as determined via ellipsometry, error bars represent standard deviation as calculated from the used cauchymodel (D)
EPR signal of pure water (negative control) and supernatant that was in contact with TEMPOpp 30 min overnight.
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were conducted in a different plasma reactor.29 This nding is
interesting because both the nitrogen and oxygen percentage of
the monomer are preserved in the resulting coating. For most
other nitrogen-containing precursors, such as amines and
oxazolines, this does not hold true as during the plasma
deposition nitrogen-bearing species are eliminated (reducing
the % N) and post plasma oxidation is evident (increasing %
O).28,32–35 This peculiarity of TEMPOpp, which has been
observed by us now in two different plasma reactor set-ups, is an
ongoing investigation into the deposition mechanism itself,
which we will detail separately in a future publication.

Fig. 1B depicts the AFM image of the thickest of the plasma
polymers (TEMPOpp 30 min). Additional AFM images of TEM-
POpp 5 min & 15 min are depicted in Fig. S1.† As typical for
plasma polymers deposited at reduced pressure, the coating is
smooth on a nanoscale with a root mean roughness (RMS) of
3.8 nm.36,37 This may not always be the case as the gas-phase
reaction can be rapid and lead to the formation of micro-
scopic “dust-like” particles that embed into the forming
coating.38 These plasma coatings, usually resulting from
conditions that are monomer-rich and power-poor, lead to
coatings that are heterogeneous in morphology and chemistry.
We aimed to exclude the factor of surface topography in the
7370 | RSC Adv., 2020, 10, 7368–7376
subsequent biological experiments, which has been recently
reported upon in-depth.39,40 Thus, producing homogenous
coatings with low RMS eliminated this additional factor in the
downstream experiments.

The TEMPOpp thickness was evaluated via ellipsometry
(Fig. 1C). As anticipated, the thickness correlates with deposi-
tion time, as is typical for most plasma polymers;41–43 this allows
for “dialling” in the thickness of the plasma polymer coating at
will. Since our previous report on the TEMPOpp coatings, we
have been interested in how they exert their biological activity.
We suspected that the coatings themselves are not thoroughly
cross-linked and thus TEMPO-oligomers can diffuse out into
solution which in turn cause the biological effects that we have
observed. Thus, we decided to compare the thickness of the
coatings aer storing them in ambient air for four months.
Interestingly, the very same coatings decreased in thickness
during that time. This observation hints at the coatings being
an intertwined two-component mixture: one component cross-
linked, thus involatile, and the other poorly interconnected
and inlaid within, making it mobile. Therefore, the mobile
component can, over time, evaporate from the coatings and
cause a loss of thickness. This loss of thickness was the most
pronounced for the thinner coating (TEMPOpp 5 min – 31.4%)
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Quantitative biofilm prevention assay of the TEMPOpp coatings after incubation with S. epidermidis for 24 h, n ¼ 3, error bars are the
respective standard deviation of the population (B) quantitative biofilm dispersion microbiological assay of the TEMPOpp coatings after first
growing S. epidermidis into a biofilm for 24 h and then contacting the biofilm with the respective coatings for 6 h, n ¼ 3, error bars are the
respective standard deviation (C) qualitative live/dead images (20�) of the dispersed biofilm.
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and less so for those deposited using longer deposition times
(TEMPOpp 15 min – 14.8% & TEMPOpp 30 min – 16.2%). As the
precursor sublimates rapidly under ambient conditions, these
results hint that these coatings contain, in part, oligomeric
fragments that volatilize over time. To test this hypothesis, we
conducted Electron Paramagnetic Resonance (EPR) measure-
ment of the aqueous supernatant that was in contact with
TEMPOpp 30 min overnight (Fig. 1D). As can be seen, water
itself does not contain any detectable unpaired electrons,
whereas the water that contacted the TEMPOpp exhibits an EPR
signal that is characteristic of TEMPO.44,45 This result strongly
suggests that TEMPO-like molecules are mobile within the
coatings and migrate upon contact with water into the aqueous
phase.

This chimeric behaviour of the coatings, part crosslinked
and part mobile, would for most applications be of a substantial
disadvantage. However, we considered whether it could be
turned into an advantage instead. Because bacterial biolm is
notorious for its ability to prevent xenobiotics from reaching the
bacteria imbedded within, only a handful of smaller molecules
have been demonstrated capable of penetrating and causing
bacterial dispersion; TEMPO is one of them.7,15,16 Our reasoning
was, henceforth, that if the TEMPOpp coatings are releasing
This journal is © The Royal Society of Chemistry 2020
oligomeric TEMPO-like molecule fragments, they would not
only prevent biolm formation but also potentially disperse
existing biolm. If true, this would occur in a thickness-
dependent manner because the coatings' thickness correlates
with the size of the “reservoir” of mobile TEMPO oligomers.
This is an aspect which we have not considered in our previous
publication where we have qualitatively shown that TEMPOpp
coatings prevent biolm formation of the clinically relevant S.
epidermidis.29 To add to these previous ndings, we conducted
a quantitative biolm prevention assay for S. epidermidis. As can
be seen in Fig. 2A, there is a thickness-dependent bacteria
reduction on the TEMPOpp surfaces; by up to two log 10 units
for the thickest TEMPOpp 30 min. More importantly, we have
conducted a test to disperse established S. epidermidis biolm.
For this purpose, a biolm was rst grown for 24 h in tryptic soy
broth which leads to the stereotypical biolm as can be seen in
Fig. 2C (control). Upon this, the biolm was contacted with
TEMPOpp plasma polymers in a sandwich-assay for 6 hours.
Aer which the samples were both imaged and quantitatively
plated out. Fig. 2B depicts the quantitative reduction of bacteria
per cm2 adhering to the surfaces, which again follows a dose–
response manner with the thicker TEMPOpp 30 min coatings
exerting the most prominent effect with more than a two log 10
RSC Adv., 2020, 10, 7368–7376 | 7371
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Fig. 3 (A–D) TNF-a, IL-1b, IL-6 and IP-10 cytokine expression of activated THP-1 macrophages upon contacting the surface coatings for 18 h, n
¼ 3, statistical significance was determined using a 1-way ANOVA with Dunnett's multiple comparison test (E–G) SEM images of THP-1
macrophages on TEMPOpp 5, 15 and 30 min coatings, respectively.
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reduction. The qualitative images can be seen in Fig. 2C where
the TEMPOpp 5 min coatings only exert a marginal effect but
with increasing thickness of the coatings (TEMPOpp 15 min
and TEMPOpp 30 min) the impact of biolm dispersal becomes
increasingly evident. Additional micrographs are found in
Fig. S2.† We also conducted a histogram analysis of the live/
dead stain which reveals a marked increase in the red optical
channel that correlates with the visual results (Fig. S3†). Live/
dead staining is a qualitative46,47 method but, taken together
with the quantitative assessment via viable CFU colonies, both
which we have done, complement each other to paint a thor-
ough picture that the TEMPOpp coatings both prevent and
disperse existing biolm. This result is key for an application
which aims to treat chronic wounds.

The second component to help chronic wounds heal is the
modulation of uncontrolled inammation. The inammation is
intertwined with the cytokine expression as well as the macro-
phage activity, which are both highly elevated in chronic
wounds.48 Thus, regulating cytokine expression is key for better
healing outcomes. For example, IL-1b reduction has been
correlated with better healing outcomes in human subjects with
7372 | RSC Adv., 2020, 10, 7368–7376
type 2 diabetes.49 Similarly, high IL-6 levels were found in
wound uid of chronic wounds, particularly in wounds with
a high bacterial load.50 Analogously, high TNF levels are impli-
cated in many chronic inammatory conditions.51 Elevated
levels of IP-10 were associated with the dissociation of freshly
formed blood vessels with subsequent cell death.52

Nitroxide compounds have been shown to modulate the
immune response both directly via inuencing macrophages
and indirectly via scavenging free RNS and ROS radicals.53,54

However, detailed work on the cytokine response to nitroxide
compounds, such as TEMPO derivatives, is relatively sparse. In
contrast, far more work has been done on the physiological
messenger nitric oxide (NO).55 NO, however, has different
qualities to the stable nitroxides such as a very short half-life of
ve seconds and that it may form highly oxidative peroxyni-
trites. TEMPO derivates, in contrast, do not undergo this
process and scavenge the peroxynitrite radicals instead.56 Per-
oxynitrites themselves are highly cytotoxic, as researched in
work relating to cigarette smoke.57 Therefore, these critical
differences between NO and TEMPO derivatives do not allow for
a direct comparison. As for TEMPO derivatives, for example,
This journal is © The Royal Society of Chemistry 2020
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their ability to lower IL-6 levels in colon tissue of mice with
induced colitis has been demonstrated; attributing the effect to
the antioxidative qualities of nitroxides.58 The same radical-
scavenging qualities of nitroxides were put to use in an experi-
ment to demonstrate their protective qualities for broblasts
against articially elevated TNF-a levels.59 The authors attribute
this effect not only to the nitroxide scavenging of ROS present
but also to the oxidation of ferrous ions, which stops the Fenton
reaction;60 thus stopping the iron-mediated catalysis of
hydrogen peroxide to highly cytotoxic hydroxyl radical.
Furthermore, TNF-concentration within L929 cells were corre-
lated to spin decay of TEMPO, further indicating an interaction
between those two molecules.61

Taken all this knowledge together, we challenged activated
THP-1 macrophages with our coatings to study their cytokine
response (Fig. 3A–D) as well as their adhesion to the coatings
themselves (Fig. 3E–G). As can be seen in Fig. 3A–D, the four
cytokine factors TNF-a, IL-1b, IL-6 and IP-10 were all down-
regulated in a dose-responsive manner correlating with the
increasing thickness of the TEMPOpp coatings. The THP-1 cells
reacted even more vehemently to the presence of the TEMPOpp
coatings than the bacteria, as even TEMPOpp 5min was capable
of inducing a signicant reduction of cytokine expression.
Analogously, TEMPOpp 15 min & 30 min achieved a highly
signicant suppression of all four cytokine factors. To study the
actual cell interaction with the coatings, we acquired SEM
images of the samples (Fig. 3E–G). As can be seen, the activated
THP-1 macrophages did form focal adhesion connections,
albeit being reluctant to spread out over the surface. Cell lysis
was little to none observed with the cells retaining the
morphology. Additional SEM images are found in Fig. S4.†
Thus, the coatings are modulating the cytokine expression of
THP-1 macrophages, while permitting cell adhesion. Taken
altogether, the THP-1 results are promising, but it remains
a question whether this in vitro result would translate into
improved healing of chronic wounds in vivo. Thus, the next step
will be an in vivo assay with diabetic mice to evaluate the coat-
ings' efficacy under more complex conditions.

Conclusions

In summary, we have demonstrated that plasma polymerized
TEMPO coatings present a new approach to address the two
challenges that prevent chronic wounds from healing; namely
disperse existing biolm and modulate cytokine expression. As
discussed, the TEMPOpp coatings themselves are a chimeric
mixture of cross-linked network with imbrued nitroxide-bearing
fragments. The fragments are mobile enough to evaporate with
prolonged storage time (4 months) as seen from the loss of
thickness over time. This leaching of mobile fragments allows
their crossing into the aqueous supernatant, as seen from the
EPR measurements. Thus, we used TEMPOpp coatings, with
their unique properties, to demonstrate that they are capable of
not only preventing biolm formation but also in dispersing
biolm of S. epidermidis in a dose-dependent manner; corre-
lating with the coatings' increasing thickness. This biolm
dispersing effect was evident both from the morphology of the
This journal is © The Royal Society of Chemistry 2020
treated biolm and from the retained number of bacteria on the
surfaces. Furthermore, this dose-dependent effect was also
evident in signicant cytokine reduction of activated THP-1
macrophages which retained their ability to adhere and colo-
nize the surfaces. Thus, in summary, we have exploited the
unique qualities of plasma polymerized TEMPO coatings to
demonstrate their qualities for treating the two underlying
causes of chronic wounds; namely infection and inammation.
Much work remains to explore the full potential of these novel
coatings, and we aim to follow up this work with numerous
studies; elucidating the coatings and leaching more in detail,
study the inammatory reaction via qPCR and ow cytometry,
as well as an in vivo study using an animal wound model.
Experimental
Chemicals & biological material

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), tryptic soy
broth (TSB), phosphate-buffered saline (PBS), growth agar,
Roswell Park Memorial Institute (RPMI) 1460, PMA (phorbol-12-
myristate 13-acetate) and THP-1 human cell lines were
purchased from Sigma Aldrich and used as received. Silicon
wafers 100 mm, CZ, h100i, 5–10 ohm, P/boron, 380 � 25 mm,
one side polished, were purchased from MMRC Australia and
cut into 1 � 1 cm squares using a disco dicer. Subsequently,
these silicon wafers were cleaned using the RCA method.62 Fetal
bovine serum (FBS) and live dead stain were purchased from
Thermo Scientic. Penicillin and streptomycin were obtained
from Fife Technologies. The LEGENDplex ELISA kits were
purchased from BioLegend, San Diego, CA, USA. All kits and
solutions were prepared according to the manufacturer's
directions and bacterial growth media was autoclaved prior to
use.
Plasma polymerization

The general plasma polymerization procedure has been
described elsewhere.63 In short, the 1� 1 cm silicon wafers were
placed into a 13.56 MHz powered plasma reactor and pumped
down to base pressure (<10 mTorr). Aerwards, the samples
were briey treated with an air plasma at �200 mTorr for 1
minute and 50 W to improve adhesion. Aerwards, the samples
were pumped down again to base pressure upon which the
TEMPO vapours were introduced into the chamber through
a ball valve. The pressure was stabilized at 104 mTorr and the
plasma was struck at 10 W for either 5, 15 or 30 minutes. Upon
nishing, the samples were placed into 24-well plates and
stored under ambient conditions.
X-ray photoelectron spectroscopy (XPS)

XPS analysis was done using a Kratos® Axis Ultra DLD spec-
trometer with a monochromatic Al Ka X-ray source operating at
225 W; the X-ray energy was 1486.6 eV. The analysis area was 0.3
� 0.7 mm. To minimise charging, an internal ood gun was
employed. Survey spectra were acquired at a dwell time of 55 ms
with 160 eV pass energy, with steps of 0.5 eV using three sweeps.
RSC Adv., 2020, 10, 7368–7376 | 7373
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The data were processed in the CasaXPS soware (ver.2.3.16
Casa Soware Ltd.®) with Shirley baseline correction.

Scanning electron microscopy (SEM)

The scanning electron microscope used was a (Carl Zeiss
Microscopy Merlin with GEMINI II column) operated at 2 kV.

Atomic force microscopy (AFM)

The AFM images were acquired with n NT-MDT NTEGRA SPM
AFM. AFM was operated in the noncontact mode with gold-
coated silicon nitride tips on the reective side with reso-
nance frequencies 65–100 kHz. The images were acquired at an
amplitude oscillation of 10 nm and with scan rate of 0.5 Hz.

Ellipsometry

The thin lms' thicknesses were measured using a J. A. Wool-
lam (Model MC-200) V-Vase ellipsometer with a wavelength
range of 400–1000 nm (in 10 nm steps) and alignment angles of
65�, 70� and 75�. The obtained data were tted with the
WVASE32 soware (Ver. 3.770) utilizing a two-layer Cauchy
mathematical model. By optimizing the optical parameters, the
mathematical t's mean squared error was minimised, thus
obtaining the corresponding thickness & deviation.

Electron paramagnetic resonance (EPR)

The EPR spectra were taken using a Magnettech MiniScope MS
5000. 100 mL of MilliQ water was added on TEMPOpp 30 min
plasma coating and le for 24 h. The supernatant was subse-
quently lled into 50 mL ringcaps and inserted into a 3.6 mm
quartz EPR tube. The spectra were acquired for a magnetic eld
of 336 � 5 mT, a power of 10 mW, a modulation frequency of
100 kHz, an amplitude of 1 � 1000 and sweep time of one
minute.

Biolm prevention

The biolm assay in question has been used and described
previously.64–66 In short, a�80 �C glycerol stock of S. epidermidis
ATCC 35984 was streak-plated onto a nutrient agar plate and
grown-up overnight at 37 �C. The next day, a single colony was
picked from the agar plate and incubated in 20 mL TSB over-
night at 37 �C for 24 h. Aerwards, the suspension was diluted
to 1.0 McFarland (corresponding to approx. 1 � 108 CFU mL�1)
which in turn was further diluted to 1 � 106 CFU mL�1 in TSB.
The TEMPOpp coated samples and bare silicon wafer (control)
were placed into a 24-well plate. Subsequently, 600 mL of the 106

CFU mL�1 bacterial broth was added to each sample in a 24
well-plate and incubated for 24 h at 37 �C while being agitated at
25 rpm. Subsequently, the samples were washed twice with 600
mL PBS. Aerwards, the samples were placed into 15 mL falcon
tubes with 10mL PBS and sonicated at 30 kHz for 5minutes and
subsequently vortexed for 1 minute. This procedure was done
a total of three times per samples to suspend and disperse all
bacteria from the surface into the supernatant PBS. The
supernatant was subsequently serially diluted in PBS and plated
on nutrient agar. A plate count gave the number of viable CFU.
7374 | RSC Adv., 2020, 10, 7368–7376
The experiments were conducted in triplicates, averaged and
the standard deviation used as error bars.

Biolm dispersion

The biolm dispersion assay described is an adapted version of
a previously published method.67 It is visualized in Scheme S1†
for better understanding. In short, S. epidermidis ATCC 35984
was grown up in TSB solution, as described above. Subse-
quently, this solution was used to growmature biolm on bare 1
� 1 cm silicon wafers in 24-well plate by adding 600 mL of 1 �
106 CFU mL�1 and incubate these for 24 h at 37 �C and 25 rpm.
The resulting biolm was gently washed twice with 600 mL PBS
to remove planktonic bacteria. Aerwards, 100 mL TSB was
added onto the biolm and then sandwiched with the respec-
tive TEMPOpp coating. Bare silicon wafers were used as the
control. These sandwiched samples were then incubated for 6 h
at 37 �C and 25 rpm. Aerwards, the top silicon wafer was gently
removed and the samples were rinsed twice with 600 mL PBS.
The viable bacterial cell count was done using the same process
as for biolm prevention described above. The experiments
were conducted in triplicates, averaged and the standard devi-
ation used as error bars. Separate samples destined for imaging
were stained with 50 mL Live/Dead BacLight viability stain
(prepared according to the manufacturer's instructions) per
silicon wafer and incubated 15 minutes in the dark at room
temperature. Subsequently, the samples were then washed
twice with 600 mL MilliQ water and imaged with a Nikon Eclipse
Ni microscope using a green/red lter and the Nikon digital
sight DS-L3 utilizing 490 nm excitation wavelength at 20�
magnication. Each sample was micrographed at least 4 times
across the whole eld of view. For the histogram analysis, three
images were split into separate RGB channels, averaged and
normalized to an integral of 1 for better comparison; using the
FIJI soware version 1.52p.

Cell culture & cytokine expression

THP-1 human monocytic cell line was used in this study to
assess the inammatory response. THP-1 cells were cultured in
an incubator at 37 �C and 5% CO2 humidied atmosphere with
RPMI 1460 growth medium containing 10% FBS and 1% (v/v)
penicillin/streptomycin. THP-1 suspension cells differentiated
into adhering macrophages using PMA, THP-1 cells were
cultured with media containing 100 ng mL�1 PMA for 48 hours
and another 24 hours with PMA free media.68 Differentiated
dTHP-1 macrophages were seeded on TEMPO coated glass
coverslip with a seeding density of 1 � 105 cells per mL and
incubated 18 h for cell attachment. Aer the overnight cell
attachment, growth medium was removed from the culture and
cells were washed with PBS and fresh media containing 1 mg
mL�1 LPS were added to activate the macrophages. Aer 6 h of
incubation conditioned media was collected, and the superna-
tant was stored in �80 �C for further analysis. Secretion of pro-
inammatory cytokines IL-6, TNF-a, IL-1b and IP-10 were
quantied using human LEGENDplex ELISA kits following the
manufacturer's instructions. All statistics were performed using
graph pad prism 8 soware. All data was expressed as mean �
This journal is © The Royal Society of Chemistry 2020
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standard error mean (SEM). Statistical signicance was deter-
mined using a 1-way ANOVA with Dunnett's multiple compar-
ison test. All experiments were performed thrice in triplicates.
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