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We report a facile, one-step, aqueous surface bioconjugation approach for producing an antifungal surface
coating that prevents the formation of fungal biofilms. By direct reaction between surface epoxide groups
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washing with detergent and reduces the growth of the fungal pathogens Candida albicans by log 6 and
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Fungal infections in humans are a major medical problem,
which globally kill as many people per year as tuberculosis.
Biomedical devices provide additional opportunity for fungi to
adhere and form biofilms, and ultimately cause infections in
immunocompromised humans. Treatment of fungal infections
is inherently difficult due to the eukaryotic nature of fungi and
the emergence of resistance towards standard antifungal ther-
apeutics.® Therefore, there is a strong need to minimise the
adherence of fungal organisms to biomedical devices, so as to
prevent biofilms and subsequent infections.

Approaches that have been investigated mostly comprise
release of antifungal drugs or their covalent attachment to the
device surface as a thin coating.* Releasing coatings are loaded
with antifungal drugs which, once implanted, gradually diffuse
out. This approach usually entails zero-order diffusive release,
which results initially in a high local concentration, but soon
the effective concentration of the antifungal agent falls below
the minimum effective antifungal concentration. Thus, this
approach may prevent fungal colonisation shortly after
implantation, but does not provide longer-term protection,
which may be required for many biomedical devices while
wound healing is underway, or to avoid frequent replacement,
such as with urinary catheters.

In contrast, the approach of covalently binding a drug to the
surface may achieve prolonged action against fungal adhesion
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to the biomedical device at the site of implantation, and avoid
systemic drug administration. However, it is important to select
a drug that retains activity even after surface attachment, which
would suggest avoiding drugs that target endoplasmic
processes. It is also essential to verify that all the drug molecules
are indeed covalently bound and not just physisorbed or in-
diffused, to avoid possible misleading interpretation of
observations.

A potential pitfall, however, might be that an immobilised
surface layer is likely to rapidly become buried underneath
adsorbing proteins when exposed to body fluids, and hence
approaching microbial cells would settle onto a protein layer
and no longer experience the drug molecules underneath.
Perhaps this might be a reason for the lack of success in vivo of
candidate coatings; in vitro tests are usually performed in
microbial broth and thus do not replicate the clinical situation.’
Accordingly, we have in this study also investigated the anti-
fungal performance of coatings after they had been exposed to
an albumin solution.

Caspofungin seems an ideal candidate for a covalently
immobilised antifungal coating due to its inhibition of the 1,3-
B-(p) glucan synthase proteins which are involved in cell wall
synthesis.® While covalent surface attachment of caspofungin
has been reported previously,” approaches such as carbodii-
mide chemistry or reductive amination® entail the use of cata-
lysts or secondary chemicals, which complicate waste treatment
in the scale-up of manufacturing processes. A direct reaction
between the drug molecule and complementary reactive surface
groups would be much preferable; this is achievable via the
spontaneous reaction between amine and epoxide groups. We
have previously developed a plasma polymerisation approach
with an epoxide process vapour to creating thin polymeric films
with surface epoxide groups.” The ring opening of surface
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epoxide groups by amines under neutral pH conditions would
allow facile one-step immobilisation of caspofungin (and other
molecules with amine groups) under gentle aqueous conditions
via an SN2 reaction (Scheme 1). There are no by-products that
would need to be considered in process scale-up.

The deposition of an epoxide-functionalised plasma polymer
interlayer for covalent bonding of bioactive molecules also
offers the advantage that this layer can be applied onto a wide
range of materials, making the present antifungal coating
approach transferable to a wide range of materials and
biomedical devices.'* Plasma polymerisation of allyl glycidyl
ether (AGE) by using a pulsed plasma approach has been shown
to produce coatings with good structural retention of reactive
epoxide groups.>'* Optimal conditions consisted of depositing
an initial layer for 1 minute under continuous wave (CW)
conditions to improve the adhesion to the substrate, followed
immediately by pulsing the plasma for 2 minutes to maximize
surface epoxide groups (CW + pulsed).’

Fig. 1 depicts the thickness of the CW layer being 59.9 +
1.1 nm after 1 min of deposition. Pulsing for an additional
2 min increased the overall thickness to 84.4 £ 1.2 nm. This
slow growth under pulsed conditions was expected and
observed in other publications due to the decreased time-
averaged power input,”* which in turns leads to improved
epoxide group retention.

We explored various washing procedures and how they
affected the stability of the AGE plasma polymer (AGEpp)
coating. Water, ethanol, acetone and SDS were used to wash
samples of the CW AGEpp as well as CW + pulsed AGEpp for 15
minutes. The thickness of the coatings was measured before
and after washing to quantify the washing procedure's effects
on coating thickness, such as swelling or dissolution.

As shown in Fig. 2, washing with water alone had a negligible
effect on the thickness of the plasma polymer layer. The CW-
only coating swelled by less than 1 nm and the CW + pulsed
coating lost a marginal 3 nm of thickness, presumably due to
the dissolution of soluble lower-molecular-weight material from
the film. The CW coating in ethanol experienced a 13% decrease
in thickness and the CW + pulsed coating 16%. Similarly,
washing with acetone led to a decline in thickness of 16% and
17%, respectively. The thickness decrease after washing by both
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Scheme 1 Formation of interfacial amine bond by reacting caspo-
fungin with epoxide surfaces.
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thicknesses of AGEpp coatings as measured by

ethanol and acetone was unsurprising, as previous studies have
shown that these solvents can remove soluble materials from
plasma polymers.’* A gentler alternative was needed, which
could still remove possibly present non-covalently bound cas-
pofungin (and other molecules of interest for bio-conjugation
onto AGEpp), which might not be achieved by washing with
water alone. For this reason, we investigated washing samples
with aqueous sodium dodecyl sulphate (SDS) at 70 °C for at least
half an hour. This method led to only a 5% decrease in thick-
ness for the CW coating and 12% for the CW + pulsed coating.
Hence, we chose, after caspofungin immobilisation, to wash
samples with SDS at elevated temperatures. Previously we
investigated the roles of physisorption and chemisorption for
caspofungin adsorption to plasma polymer surfaces. Surface
analysis on positive and negative control samples provided
convincing evidence for covalent attachment of caspofungin
after using these washing conditions and also did not affect the
biological efficacy of the remaining covalently bound mole-
cules.* Furthermore, when producing coatings on an industrial
scale it would be much preferable ecologically to use SDS
washing rather than organic solvents.

Thus, AGEpp coatings were exposed to caspofungin in
phosphate buffered saline (PBS) and then subjected to SDS
washing. As shown in Fig. 3, nitrogen is absent on AGEpp
coatings, but nitrogen (2.2%) appears on the AGEpp
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Fig.2 Decrease in plasma polymer coating thickness due to exposure
to different solvents and conditions. Positive values represent
a percentage thickness decrease relative to the dry coating thickness.
Error bars are present but appear small at this scale.
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caspofungin-grafted and SDS washed surfaces. As caspofungin
contains nitrogen and AGEpp does not, this is an indication
that caspofungin has been bound to the surface; analogous to
a previous study using different interfacial conjugation chem-
istry but the same washing conditions.* Furthermore, judging
from the nitrogen content, the present AGEpp bound similar
amounts of caspofungin as had previously been immobilised
onto aldehyde plasma polymer interlayers (2.6% N).*

To assess the antifungal activity of the grafted caspofungin,
we tested the surfaces using a modified method based on
Chandra et al. (see ESIT)." This assay enables comparison of
different antifungal surfaces and produces quantitative results.
Results, shown in Fig. 4, reveal a marked difference in activity,
demonstrating that the surface-grafted caspofungin is active,
and this is further supported by kinetic fluorescent microscopy
(Fig. 5).

Fig. 4 illustrates the growth of C. albicans (ATCC 90028) and
C. glabrata (ATCC 90030) (both supplied by Dr Sarah Kidd of the
National Mycology Reference Centre, SA Pathology, Adelaide,
South Australia) on the AGEpp, on caspofungin-grafted
samples, and SDS washed samples. Growth was significantly
lower on the caspofungin-grafted surfaces when compared to
the AGEpp surfaces. In the case of C. albicans, the reduction was
greater than log 6, while with C. glabrata there was a reduction
of log 3. This result is consistent with a previous report on the
activity of a tethered caspofungin coating against C. glabrata
which utilised a contact based assay to determine activity,**
rather than the biofilm quantitation method used here.

Of note is that the antifungal results presented in Fig. 4 were
obtained on surfaces that had first been exposed to bovine
serum albumin (BSA, 0.1 mg ml~") for 24 h at 37 °C to allow for
protein physisorption. This step was included to understand
the potential role of protein fouling on bioactive surface coat-
ings as some have noted a loss of surface activity due to BSA
surface fouling.® Results show that the caspofungin-grafted
surfaces remained antifungal despite protein fouling. The
reason as to why BSA surface fouling does not seem to impair
the efficacy of caspofungin-grafted surface coatings is a matter
currently under investigation. It may be related to the way
fungal cells attach to and spread across surfaces, as well as their
associated virulence factors. Possibly BSA molecules are dis-
placed off the surface as fungal cells compete for surface
adsorption, re-exposing caspofungin. This needs be examined
in more detail.
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Fig. 3 Atomic composition in % as determined by XPS.
uncertainties are <10%.*
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Fig. 4 Candida albicans and Candida glabrata growth on AGEpp and
AGEpp + Caspo samples that had been incubated for 24 h in BSA
(Sigma-Aldrich) solution.

As the interfacial conjugation reaction forms an amine bond
(Scheme 1) and caspofungin contains multiple amine groups, it
is not possible to acquire direct XPS spectral evidence for the
formation of the interfacial bond. To verify that caspofungin
was indeed covalently bound to the surface and not leaching
into solution (at least to concentrations at the MIC or higher),
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Fig. 5 Live—dead (40x) stained micrographs and percentages of C.
albicans in contact with the control and antifungal surfaces at 2 and
24 h time points. At 24 h, the caspofungin modified surface yielded no
visible cells to count.
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we counted the CFU of C. albicans in the supernatant after 90
minutes of incubation (Fig. S11). Comparison of the AGEpp and
the caspofungin modified surfaces showed that the numbers of
planktonic cells in the supernatant were identical (within
experimental uncertainty). This indicated that there was no
measurable effect assignable to leaching of caspofungin killing
fungal cells in solution above the samples.

To visualise the attachment and metabolic activity of cells on
the surfaces, live-dead staining at set time intervals was con-
ducted. The micrographs in Fig. 5 show C. albicans growth on
AGEpp at both time-points, whereas a significant reduction of
attachment, as well as a considerable extent of cell death, are
seen on the caspofungin surfaces. After 2 h, 88% of fungal cells
that were in contact with the caspofungin grafted surface were
dead, while 98% of cells on the AGEpp were alive. By 24 h no
detectable numbers of C. albicans were present on the
caspofungin-grafted surface, whereas on the AGEpp surface
fungal cells had developed a mature biofilm containing cells
with hyphal phenotype. Observations in-between these time-
points (after 4, 6 and 8 hours), are depicted in Fig. S21 and
illustrate the progressive formation of biofilm on the AGEpp
surface and the contrasting death and eventual detachment of
cells in contact with the caspofungin-grafted surface.

In summary, this study has demonstrated a convenient and
straight-forward method for covalently binding the antifungal
drug caspofungin from aqueous solution onto solid materials
surfaces. The antifungal drug and the polymer coating were
covalently attached and had excellent solvent stability.
Caspofungin-grafted surfaces were very efficient against the
clinically significant fungal pathogens C. albicans and C. glab-
rata, even when samples were pre-conditioned with bovine
serum albumin. By using an epoxide plasma polymer coating
that enables one-step covalent attachment and does not require
a reducing agent, facile production of covalently grafted anti-
fungal surfaces can be achieved, suitable for the industrial
manufacture of antifungal surface coatings for medical devices.
Similar coating processes for other health-care devices have
resulted in commercially successful functional biomaterials, for
example in the case of the plasma coating used on Ciba Vision
Night & Day contact lenses.”” The mechanism of resistance to
biofouling, activity against a broader variety of pathogenic
Candida species, biocompatibility and in vivo results will be
reported in a follow-up study.
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