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Surface coatings with covalently attached
caspofungin are effective in eliminating fungal
pathogens†

Bryan R. Coad,*a Stephanie J. Lamont-Friedrich,a Lauren Gwynne,ab

Marek Jasieniak,a Stefani S. Griesser,a Ana Traven,c Anton Y. Pelegde and
Hans J. Griessera

In this work we have prepared surface coatings formulated with the antifungal drug caspofungin, an

approved pharmaceutical lipopeptide compound of the echinocandin drug class. Our hypothesis was to

test whether an antifungal drug with a known cell-wall disrupting effect could be irreversibly tethered to

surface coatings and kill (on contact) biofilm-forming fungal human pathogens from Candida spp. The

first aim of the study was to use surface analysis to prove that the chemical binding to the surface

polymer interlayer was through specific and irreversible bonds (covalent) and not due to non-specific

adsorption through weak forces that could be later reversed (physisorption). Secondly, we quantified the

antifungal nature of these coatings in a biological assay showing excellent killing against C. albicans and

C. tropicalis and moderate killing against C. glabrata and C. parapsilosis. We concluded that caspofungin

retains antifungal activity even when it is irreversibly immobilized on a surface, providing a new insight

into its mechanism of action. Thus, surface coatings that have echinocandins permanently bound will be

useful in preventing the establishment of fungal biofilms on materials.

Introduction

Surfaces with permanently attached antimicrobial compounds
are one strategy for addressing a clinical need for biomaterial
surface coatings that reduce or eliminate microbial pathogens
on contact.1–6 Improved implantable biomedical devices with
long-lasting, contact-killing surfaces would address the need for
combating the problem of infections associated with biofilm
formation on implanted medical devices.7–10

We have recently identified that the great majority of research
conducted on antimicrobial surface coatings is focused towards the
elimination of bacterial pathogens and the problems associated with
fungal pathogens are generally overlooked and underappreciated.5

The pathogenic yeast Candida albicans is in the top-three of
microbial pathogens of intravascular catheter-related infec-
tions.7 Other non-albicans Candida species (such as C. glabrata,
C. tropicalis and C. parapsilosis) also contribute to infections
and contribute to biofilm formation on the surfaces of medical
devices.11,12 In general, the incidence of infection and the
mortality rate for candidaemia are equal or even higher than
most bacterial species.13 A 3 year surveillance study of candidaemia
across all Australian intensive-care units revealed a mortality rate of
greater than 50%.14 While the academic focus has been mainly on
the contribution of bacterial pathogens to biofilm formation,
clinical research shows that the most problematic biofilms are
formed from a polymicrobial community of different species of
bacteria or often both bacteria and fungi.15,16 Thus, our work aims
to understand and contribute to a greatly underappreciated aspect
of research on antimicrobial surfaces, namely developing strategies
to address the largely neglected topic of understanding how to
eliminate fungal biofilms on surfaces. We hope this work will form
a foundation for further studies for combating clinically relevant
polymicrobial infections.

Currently, infections of biomedical devices are often treated
with removal of the implanted material or prolonged adminis-
tration of large doses of systemic antimicrobials.7,17 A different
strategy would be to associate antimicrobial agents directly on
the material surface to enhance the local surface concentration
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of the agent which then prevents attachment or eliminates the
first colonizers. Surfaces that have a reservoir of antibiotics that
gradually release over time may be suitable for short dwelling
devices, however, antimicrobial agents would quickly reach a
sub-inhibitory concentration and this could contribute to the
problem of developing antibiotic resistant pathogens. Surfaces with
permanently (covalently) attached antimicrobial compounds would,
ideally, be lethal to the first colonizers and remain lethal over the
time frame required for the material to be incorporated and
passivated into the body’s natural encapsulation strategy.

For surfaces with covalently attached antimicrobial agents,
we have developed our system using two design principles for
combating fungal pathogens: first, because compound tethering
limits the range of penetration, the agent should be active in the
periphery of the fungal pathogen (i.e. the fungal envelope); and
second, approved pharmaceuticals are a promising choice for
initial investigations because they have a well-defined window of
selectivity for eliminating pathogens while being acceptably non-
toxic to mammalian cells.5 This is of particular importance to
fungal pathogens because fungi and mammalian cells are both
eukaryotic and share a greater commonality in cellular biology as
compared to prokaryotes. For this reason, we have chosen to
study surfaces with immobilized echinocandins. Echinocandins
are lipopeptides that are believed to inhibit 1,3-b glucan synthase –
an enzyme important in construction and remodelling of the
fungal cell wall.18 As the glucan-rich cell wall is a cellular structure
unique to fungi, there is an opportunity with these surface coatings
to selectively eliminate fungal pathogens while remaining
compatible with mammalian cells – a strategy that would be
comparatively more beneficial compared to surface coatings
with less selective agents such as ionic compounds (quaternary
ammonium species or silver ions).

Previously, we showed that it was possible to fabricate
robust surface coatings presenting bioactive compounds by
plasma-assisted deposition of a thin polymer layer that firmly
attaches to the substrate and presents reactive chemical groups
useful in straightforward bioconjugation reactions.19,20 Preliminary
work showed that caspofungin could be coupled to these surfaces
and retained significant antifungal ability, verified by qualitative
live-dead staining, and were also non-toxic to human fibroblasts.21

In this work, we expand on this study and identify the forces
responsible for adsorption of other echinocandins to surface
coatings, and provide quantitative data in biological assays
against four species of fungal pathogens.

Materials and methods
Chemicals and supplies

Water was purified (418 MO cm) by use of either a P.Nix UP 900
purification system (Human Corp. S. Korea), or a Millipore Gradient,
or Direct-Q 5 ultrapure water system. Propionaldehyde (reagent
grade, 97%), Triton X-100 (for molecular biology), sodium cyano-
borohydride, and PBS tablets were obtained from Sigma Aldrich
Australia. Sodium dodecyl sulfate (90%) was supplied by Chem-
Supply, SA Australia. Multi-well plates (12 well, Nunclon surface)

were obtained from Nunc (Denmark). Caspofungin acetate was
purchased from Selleckchem. Micafungin and anidulafungin
were purchased from Toronto Research Chemicals. Polished
silicon wafers h100i orientation were purchased from Gritek,
China, and were cut to 1 cm2 and cleaned before use. Glass
coverslips (No. 1.5, 18 mm diameter) were purchased from
ProSciTech Australia. Sabouraud agar with antibiotics (SAB-ANTI)
pre-poured culture plates and RPMI medium were purchased from
Thermo Fisher Scientific Australia.

Plasma polymerization

The deposition of a thin polymeric coating by gas plasma
polymerization was performed as previously reported22 using
a custom-built plasma reactor23 operated with a 13.56 MHz
power generator and matching network. A 12-well plate was
placed on a 12 cm diameter copper ground electrode and
evacuated to 3 � 10�2 torr pressure. The surface was first
treated with air plasma (approx. 2 � 10�1 torr, 40 W, 2 minutes)
to etch any hydrocarbon contamination. After evacuating again,
the vapour pressure of propionaldehyde was adjusted to 2.0 �
10�1 torr and plasma was ignited at 40 W. After 1 minute, the
plasma generator was switched off and the monomer vapour
was allowed to continue flowing over the substrate for an
additional 1 minute. Freshly deposited polymer layers on
surfaces present reactive aldehyde-groups and were typically
used within hours of treatment. The plasma coating technique
was identically used to coat silicon wafers for ellipsometry and
ToF-SIMS analysis.

Coated samples were analysed for their surface chemical
compositions using either a Kratos Axis Ultra DLD X-ray photo-
electron spectrometer (XPS) equipped with a monochromatic Al Ka
source or a SPECS SAGE system with a Mg Ka source. Charging of
the samples during irradiation was compensated by an internal
flood gun. Each sample was analysed at an emission angle normal
to the sample surface. Survey spectra were acquired at 120 eV pass
energy. Data were processed with CasaXPS (ver.2.3.16 Pre rel. 1.6,
Casa Software Ltd).

ToF-SIMS measurements were performed with a PHI TRIFT
V nanoTOF instrument (PHI Electronics Ltd, USA). A 30 keV,
pulsed primary 197Au+ ion beam was used to sputter and ionise
species from each sample surface. PHI’s patented dual beam
charge neutralisation system using a combination of low energy
argon ions (up to 10 eV) and electrons (up to 25 eV) was
employed to provide an excellent charge neutralisation perfor-
mance. Positive mass axis calibration was done with CH3

+,
C2H5

+ and C3H7
+. Spectra were acquired in the bunched mode

for 60 seconds from an area of 100 mm � 100 mm. The
corresponding total primary ion dose was less than 1 � 1012

ions cm�2, and thus met the static SIMS regime.24 A mass
resolution m/Dm of 47000 at nominal m/z = 27 amu (C2H3

+)
was typically achieved. The samples were characterised by
multiple positive ion mass spectra, which were collected from
sample areas that did not overlap. All recognisable, clear (i.e.
unobscured by overlaps) fragment ions from 2 up to 100 amu
range were used in calculations. The peaks were normalised to
the total intensity of all selected peaks. Multiple mass spectra
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were processed with the aid of principal component analysis,
PCA.25 PCA was performed using PLS_Toolbox version 3.0
(Eigenvector Research, Inc., Manson, WA) along with MATLAB
software v. 7.4.0 (MathWorks Inc., Natick, MA).

Thickness measurements

Layer thicknesses from treated silicon wafer samples were
determined through the use of a variable-angle spectroscopic
ellipsometer (VASE, J.A. Woollam Co. Inc. NE, USA). Data were
acquired at 651, 701 and 751 with light wavelengths scanned
from 250 to 1100 nm in 10 nm intervals. Data at each point
were fit to a two layer model for C and D comprised of an
infinitely thick silicon substrate model with Cauchy overlayer.
A minimum number of uncorrelated fitting parameters (optical
constants in the Cauchy layer) were used to fit both the optical
properties of the film and the film thickness. For all fits, differences
between the obtained data and mathematical model (the mean
squared error, M.S.E.) were minimized and larger final M.S.E.
values resulted in larger absolute error values.

Binding and washing protocols

Plasma polymerized surfaces were incubated for 15 minutes
with 0.1 mg mL�1 caspofungin or micafungin solutions in PBS
buffer. Anidulafungin was first dissolved to 1 mg mL�1 in
ethanol and then diluted to 0.1 mg mL�1 in PBS buffer. After
this, an equal volume of 0.02 mg mL�1 NaCNBH4 solution in
PBS was added and left for at least 5 hours.

Washing protocols were varied and described below. The
most rigorous washing protocol capable or removing all traces
of physisorbed compounds was as follows. Solutions were
aspirated from surfaces and then washed once with PBS buffer.
Then, pre-warmed 0.2 M SDS solution was added to substrates
and incubated at 70 1C for 15 minutes. This solution was
discarded and substrates were washed at room temperature
5 times with PBS buffer, and 3 times with purified water.
Finally, samples were blown dry using purified nitrogen. Control
surfaces (i.e. aldehyde plasma treated and washed) are defined as
freshly prepared plasma polymer surfaces, incubated with PBS
solution for at least 5 hours, then washed using warmed SDS,
PBS and water identical to the procedure described above.

Microbiological evaluation

The number of colony forming units per square centimetre of
echinocandin-treated surfaces was quantified using a modified
version of the ISO22196 protocol ‘‘Measurement of antibacterial
activity on plastics surfaces’’.26 The assay is highly sensitive to
the surface antimicrobial activity because a small volume of
organisms are concentrated between the surface coating and a
sterile coverslip. This assay was adapted to yeasts and the
specifics of our experimental set-up. Briefly, snap-frozen fungal
cultures were streaked on SAB-ANTI medium and grown at 37 1C
until the appearance of healthy, well-defined colonies. Candida
albicans (ATCC 90028) Candida tropicalis (ATCC 750), Candida
parapsilosis (ATCC 22019) and Candida glabrata (ATCC 90030)
were kindly supplied by the National Mycology Reference Centre
(South Australian Pathology, Australia). Individual colonies were

picked and suspended in 0.9% sterile saline solution and
adjusted to an optical density of approximately 0.06 absorbance
units (at 530 nm) relative to a solution blank. Aliquots of 75 mL
were placed on treated or control surfaces and then covered by
18 mm diam. sterile glass coverslips and placed in a 37 1C
incubator for 24 hours. On day 1, the fluid in the wells was
washed and extracted with 2� 1 mL of RPMI medium containing
1% v/v Triton X-100. Microscopy was used to confirm that this
procedure was successful at removing virtually all Candida cells
from the material (Fig. S1, ESI†). Washing included plate agitation
and pipette mixing to remove adherent cells from surfaces.
Extracts were then appropriately diluted and spread on SAB-ANTI
media at 37 1C for 24 hours. On day 2, the number of colonies on
each plate was counted and expressed, through calculation, as the
number of colony forming units per square centimetre (relative to
the area of the covered surface). Each assay included three technical
replicates for surface treated samples. Control surfaces (aldehyde
plasma polymer with washing as defined above) were also
evaluated. These included four technical replicates (P1-4). Three
of these (P1-3) were treated alongside the surface-treated samples
above. The fourth sample (P4) was processed on day 0 – i.e.,
immediately after inoculation and covering, the colonies were
extracted using RPMI and surfactant. P4 was plated on day 0 and
read on day 1 to find the number of colony forming units.
A comparison between P4 and the average of P1-3 shows the
effect (if any) of physically covering the organisms with a coverslip
and incubating for 24 hours. Thus, no statistical difference in
CFU cm�2 between P1-3 and P4 shows that the incubated colonies
on control surfaces are static and neither increase nor decrease in
number in the liquid volume between the surface and coverslip
during incubation. Data are presented as average of three
technical replicates with error bars showing the standard error
(95% confidence).

Results and discussion
Surface analysis

In this study, we investigated the non-specific and specific
physical forces responsible for binding three pharmaceutically
approved echinocandins to surface interfaces: anidulafungin,
caspofungin, and micafungin. The chemical structures of these
are shown in Fig. 1.

When incubated with a chemically-active surface bearing
reactive aldehyde groups, bioactive compounds can become
associated in two ways. Physisorption of compounds by means of
weak and reversible hydrophobic or van der Waals forces
(i.e. dissociation energy B10 s of kJ mol�1) allows for associative
binding but disruption of these forces with washing or when
exposed to media in biological assays could cause their release.
On the other hand, chemisorption (Fig. 2) would produce a specific
chemical bond between nucleophiles on the compound and
electrophiles on the surface producing a covalent, essentially
irreversible linkage (i.e. dissociation energy B100 s of kJ mol�1).

The first aim was to demonstrate that compounds can be
covalently immobilized to surfaces by chemical bonds. This proof
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is of utmost importance to this study since it would otherwise
be easy to argue that physisorbed compounds could release
from surface coatings under assay conditions and eliminate
pathogens, not by novel surface active mechanisms but by their
much more well understood solution mechanisms.5,27,28

Our central hypothesis was that all echinocandins are likely
to physisorb to aldehyde plasma polymer (ALDpp) surfaces.
However, only echinocandins possessing nucleophiles possess
the potential to also form chemical bonds to surfaces. While
the compounds shown in Fig. 1 all possess between five and six
atomic percent nitrogen, most of these nitrogen species are
relatively chemically unreactive, being conjugated mainly in amide
bonds. Only caspofungin possesses pendant primary amine groups
(2-ethyl amine derivatives) that could act as electron donors and
have the ability to bind to aldehyde-reactive surfaces under the
conditions used (Fig. 2). To remove physisorbed compounds, the
sample surfaces must be washed with chemical agents capable of
disrupting hydrophobic or van der Waals forces. Because efficient
washing can be kinetically limited, it is also helpful to choose
conditions such as elevated temperatures to improve efficiency.
Both surface analysis and microbiological assays can be used to
evaluate the washing endpoints.

We have used surface analysis (X-ray photoelectron spectro-
scopy, XPS) to examine the relative abundance of nitrogen on
surfaces. Then we have washed these using different protocols
to investigate their reversibility.

Aldehyde plasma polymer is composed entirely of carbon,
hydrogen, and oxygen and these elements can be characterized
by XPS with the exception of hydrogen. Echinocandins possess
these atoms, as well as a minor portion of nitrogen. Therefore, the
presence of N as detected by XPS is diagnostic for echinocandin
binding to surfaces.

Echinocandins were incubated with aldehyde-bearing surfaces
and reductive amination was carried out using sodium cyanoboro-
hydride. Then surfaces were washed using PBS solution alone, PBS
followed by SDS solution, or PBS followed by SDS solution at 70 1C.
XPS revealed the relative amount of nitrogen remaining on the
surface after washing (Fig. 3). The presence of nitrogen in the
PBS-washed samples showed that all three echinocandins have
the ability to adsorb to aldehyde plasma polymer surfaces. Using
SDS washing, anidulafungin could be completely desorbed and
small amounts of reversibly-adsorbed micafungin and caspofungin
could be removed. These reductions are likely explained by the
disruption of weak physical forces holding them to the surface.
When washed with SDS at 70 1C, physisorbed micafungin could
be completely removed along with an additional loss of 0.4% N
for caspofungin. The fact that only caspofungin (which amongst
these echinocandins is capable of forming amine bonds with
aldehyde-functionalized surfaces) remains after aggressive wash-
ing suggests that SDS washing at 70 1C is required to remove
physisorbed compounds. We therefore infer that amine linkages
formed between caspofungin and the plasma polymer surface is
responsible for this compound’s irreversible chemical binding to
the surface. It should be noted that XPS survey spectra did not
show any traces of elements from the binding and washing steps
after final rinses with water (B, Na, Cl, K, P, S) suggesting that the
washing procedures remove all traces of buffer salts, reducing
agent and surfactant.

We further analysed SDS (70 1C) washed samples by ellipso-
metry and ToF SIMS. Table 1 shows that the thickness of
aldehyde plasma polymer layer was consistent with our previous
studies.22 After caspofungin binding and washing in PBS, the
observed layer thickness increased slightly due to swelling and
reordering of the polymer layer. When this was washed with
either SDS or SDS at 70 1C, the layer thickness decreased by
about 10% but the overall thickness of the coating and visual
observation showed that the plasma polymer layer did not
delaminate from the substrate.

Fig. 1 Chemical structures of echinocandins.

Fig. 2 Formation of covalent bonds between echinocandins possessing a
primary amine group and surface polymer coatings composed of aldehyde
groups.

Fig. 3 Relative atomic percent nitrogen from XPS survey data for three
echinocandins using different washing conditions. ND = none detected.
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Control and echinocandin surfaces exposed to reducing
agent and washed with SDS at 70 1C were also characterized by
multiple positive mass spectra (ToF-SIMS) for evidence of bound
antifungal compounds. In this study principal component analysis
(PCA) was used to extract information from the complex ToF-SIMS
data and to aid in the data interpretation. Relationships between
positive mass spectra for the control ALDpp surface and the
surfaces of anidulafungin, micafungin and caspofungin derivatives
are illustrated by scores plots shown in Fig. 4. The scores plots
on PC1 and PC2 reveal that the positive mass spectra across the
pairs ALDpp control-anidulafungin (trace A) and ALDpp control-
micafungin (trace B) overlap. This reflects similar surface chemistries
of ALDpp control and its modifications (exposed to echinocandins
and washed). In contrast, the scores plot on PC1 and PC2 show
the experimental points across the surfaces of ALDpp and
its caspofungin derivative (trace C) from two well-separated
clusters. This indicates the surfaces are chemically different.
The interaction between the ALDpp surface and caspofungin
after reductive amination is strong, reflecting its covalent
nature. The spectra for individual samples form clusters with
a very low internal scatter along PC1 – the PC that captures
most of the data variance. Clearly ALDpp and ALDpp-Caspo
surfaces are chemically homogeneous. Fig. 5 shows loadings of
positive mass spectra for ALDpp and ALDpp-Caspo on PC1.
They correlate in a very logical manner with the relevant scores
plot (trace C, Fig. 4). The C2H3O+, C3H5O+ fragments are key
characteristics of ALDpp, whilst all the CH–N+ (immonium) and
CH–NO+ ions are associated with ALDpp-Caspo. The principal
negative loading on PC1 is that of the C4H8NO+ fragment ion
that can be derived from the caspofungin structure (see Fig. 6).

To summarize the forces responsible for adsorption, PBS
washing alone is not sufficient to disrupt weak forces reversibly
holding echinocandins to surface coatings. SDS washing at
70 1C appears to provide means for disrupting physisorption
of non-covalent anidulafungin, micafungin, and some caspo-
fungin binding to the surface. This is in line with other groups’
observations showing it necessary to use surfactant washing at
elevated temperatures to prove covalent attachment to plasma
surfaces.29 Since caspofungin possesses amine groups that can
be conjugated to aldehyde surfaces, its presence after reductive
amination and SDS washing, as verified by XPS and ToF-SIMS,
strongly indicates the formation of a covalent bond to the
polymer surface coating.

Preparation of samples for biological testing

Deposition of plasma polymers is a substrate-independent
surface coating technique meaning that identical surface coatings

can be applied to substrates as diverse as plastic coverslips, Teflon,
glass, gold, silicon and others.19,21,30 It was straightforward to
adapt the same functionalization procedure used above on flat
silicon and glass pieces to polystyrene labware in the form of a
12-well plate. These multiwell plates are convenient in biological
assays because the surface coating can be applied uniformly
to the bottom of the well. This is verifiable by analysis of a
removable silicon substrate placed within the wells during
plasma treatment and/or echinocandin linking. XPS results
showed that the well bottoms are chemically identical to planar
substrates and also confirmed covalent attachment of caspo-
fungin (trivial results not shown).

Table 1 Thickness measurements by ellipsometry of aldehyde plasma poly-
mer, with attached caspofungin, and various surface washing treatments

Thickness of surface coatings by ellipsometry

ALD-pp (never wetted) 18.9 � 0.1 nm
ALD-pp + caspo + PBS washing 21.0 � 0.1 nm
. . .above + SDS washing 19.7 � 0.3 nm
. . .above + SDS washing @ 70 1C 18.9 � 0.1 nm

Fig. 4 Scores plots on PC1 and PC2 of positive mass spectra for aldehyde
plasma polymer control (&) and surfaces with (A) anidulafungin (K) (B)
micafungin (E) and (C) caspofungin (’). Echinocandins were exposed to
aldehyde surfaces with reducing agent and then washed with PBS, SDS
(70 1C), and final PBS and water washes.
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Biological evaluation of antifungal surfaces

Twelve-well plates were treated with aldehyde plasma polymer
and subsequently covalently linked with caspofungin, and
washed using SDS at 70 1C, PBS, and water. A quantitative
assessment of the antifungal nature of the treated surfaces was
determined by using a modified ISO22196 protocol adapted for
yeasts, and the specific materials used. The results are shown in
Fig. 7.

Results showed that ALDpp-caspo surfaces were effective at
eliminating 98% of C. albicans colonies compared to control
samples. The control samples (ALDpp) were washed using the
same protocol including SDS washing. In addition to controls
that were processed exactly as the caspofungin surfaces, the
protocol also included a second control surface that was
processed without any incubation time and colonies counted.
The number of colony forming units (CFU) in the non-
incubated samples (day 0) and incubated samples (1 day) were
essentially the same and within the error of the assay (non-
incubated = 32.6 � 13.0 � 103 CFU cm�2; incubated = 27.5 �
10.0 � 103 CFU cm�2). This suggests that the yeast colonies
were growth neutral in saline solution. Thus, the effect of
applying the coverslip over the sample and incubating was

not responsible for any adverse cell effects including death.
When the assay was repeated in growth medium under conditions
that more closely relate to the production of biofilm, very high
reductions in viable colony counts were observed with 99.7% killing
at 24 h and 99.9% killing at 48 h (Fig. S2, ESI†).

In brief, the testing protocol placed yeast inoculum in close
contact with the treated surface by covering the liquid with a
sterile coverslip and incubating. The advantage of this assay is
that observed biological effect is highly relevant to the surface
coating since only a small volume of liquid used and this
reduces the amount of suspended organisms that persist in
the solution and do not contact the surface.28

As further proof that it is only covalently attached echinocandins
(caspofungin) responsible for their biocidal activity (and not other
echinocandins leaching from the surface), we attempted to adsorb/
bind micafungin to the surface of plasma-polymer treated 12 well
plates. For this we repeated reductive amination and washed again
with using SDS at 70 1C to remove physisorbed compounds. In the
bioassay, we recorded the same amount of CFU cm�2 for the
micafungin sample (39.0 � 18.3 � 103 CFU cm�2) and the control
sample (45.6 � 14.5 � 103 CFU cm�2) and no statistical difference
in means. Thus, micafungin (which does not possess a primary
amine group) after binding and washing does not reversibly adsorb
to the plasma-polymer treated polystyrene wells and kill C. albicans.

Activity of caspofungin treated surfaces for non-albicans
Candida species

Fig. 8 gives results for C. albicans (as above) and 3 other Candida
species as the percentage of CFUs surviving on the caspofungin-
treated surface. The same control experiments were repeated
indicating that the surface treatment and not the presence of the
coverslip was responsible for killing. Against C. tropicalis,
caspofungin-tethered surface coatings were effective at eliminating
nearly all colony forming units. For C. parapsilosis and C. glabrata,
the surface coating was effective in eliminating approximately two-
thirds to one-half (respectively) of viable colonies.

The typed yeast isolates used in this work are all considered
susceptible to echinocandins according to CLSI methods and
breakpoints. With caspofungin, C. parapsilosis has a 24 hour
MIC range of 0.25–1.0 mg L�1 (mode 1.0) according to the CLSI

Fig. 5 Loadings on PC1 for positive mass spectra ion fragments for
aldehyde plasma polymer (ALDpp) and caspofungin-linked aldehyde
plasma polymer (ALDpp-Casp) surfaces.

Fig. 6 Structure of caspofungin showing structural elements that could
result in C4H8NO+ ion fragments (shown in red).

Fig. 7 Number of C. albicans colony forming units per square centimetre
that were viable after being inoculated between the substrate and sterile
coverslip for the duration indicated.
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Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Yeasts (document M27-S4). C. tropicalis has a MIC of
0.25 mg L�1,31 C. albicans has a published MIC of 0.125 mg L�1,32

and C. glabrata has a MIC of 0.06 mg L�1.33

By definition, MIC values are only relevant to solutions
because they are expressed relative to their volumetric concen-
tration where molecules freely diffuse in three dimensions. In this
work, echinocandins are presented from the surface (a pseudo 2-D
presentation of compounds of immobilised compounds) and the
relevance of data from solution MICs is therefore not strictly
comparable. However it is useful to compare the relative order of
susceptibility in both solution and surface testing results. By broth
microdilution method (i.e. MIC) the four typed strains arranged
from most to least susceptible to caspofungin are C. glabrata 4
C. albicans 4 C. tropicalis 4 C. parapsilosis which is a different
order to that observed on surfaces (see Fig. 8). This suggests that
surface-delivered compounds are likely acting on the isolates by a
different mechanism caused by the way in which the organisms
interface with caspofungin presented from the surface. Therefore
we should consider the way in which yeasts would be exposed to
surface-bound caspofungin as they settle and colonise surfaces.

It is well known that there are species-specific differences in
yeasts that result in how they colonise surfaces and form
biofilms. For example, compared to C. albicans, and C. tropicalis,
C. glabrata does not form true hyphae.34 Additionally, C. albicans is
known to form larger and more complex biofilms compared to
C. parapsilosis.35 It is clear that these different organisms will
grow and spread on surfaces in different ways. Thus, we would
expect that ALDpp-caspo surfaces would have a different effect
for different Candida spp. Whereas the ALDpp-caspo surface
seemed to be highly effective in eliminating C. albicans and
C. tropicalis colonisers, other factors must be at play that explains the
reduced killing of C. parapsilosis and C. glabrata. It has been
noted that C. glabrata is different in this list being non-
dimorphic, possessing unique sensing abilities and specific
adhesins, resulting in markedly different virulence strategies

compared with C. albicans.36 The response in connection with
caspofungin surfaces is intriguing. In solution, echinocandins
are thought to exert their antifungal effect on yeasts by inhibiting
b-1,3-glucan synthase, an enzyme vital in construction and
remodelling of the fungal cell wall. For yeasts that transition to
a hyphal or pseudohyphal form there would be increased
reliance on the enzymatic remodelling of the cell wall at growing
hyphal tips and also close surface contact with these structures
as they attempt to probe and spread across the surface. We
observed that C. albicans, when incubated in contact with
caspofungin surfaces in growth medium for 24 hours, did not
develop hyphae and were composed of dead, irregular yeast cells
and cellular debris (Fig. S3, ESI†). Therefore it is plausible that
the different virulence strategies and lack of a hyphal stage in
C. glabrata could account for the different killing rates seen as
these yeast encounter the surface coating. The mechanism of
action of caspofungin-tethered surfaces and its role in biofilm
formation is currently a matter under investigation by this
research group.

Conclusions

In this work we have developed a surface coating technique that
allowed caspofungin to be conjugated to surfaces. We demon-
strated that our washing protocols were rigorous enough to
prevent reversible physisorption to the surface, thereby proving
the specific, covalent, and irreversible nature of compound
attachment. Importantly, the mechanism of action of the
tethered antifungal agents would therefore not be attributable
to the release of reversibly bound compounds. Surfaces with
covalently-attached caspofungin were effective at eliminating
nearly all C. albicans and C. tropicalis organisms present when
in close contact with the surface. Lower killing rates were
observed for C. glabrata and C. parapsilosis. Thus, caspofungin
covalently attached to surfaces prevents the initial attachment
of medically-relevant biofilm-forming yeast species. The impor-
tance of this work in the context of antimicrobial surfaces is
that compared to surface coatings prepared with cationic or
metallic agents that have the potential to harm mammalian
cells, echinocandin-attached surfaces should be more selective
in eliminating fungi because they target the integrity of the
glucan structure unique to fungal cell walls. We see this work as
importantly contributing to key missing areas in the growing
field of antimicrobial surfaces (1) by specifically advancing the
understanding of surface coatings that eliminate fungal pathogens
and (2) by the use of surfaces presenting pharmaceutically
approved and highly effective echinocandin compounds.
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