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Apoptosis of Multi-Drug Resistant Candida Species on
Microstructured Titanium Surfaces

Phuc H. Le, Denver P. Linklater, Arturo Aburto-Medina, Shuai Nie,
Nicholas A. Williamson, Russell J. Crawford, Shane Maclaughlin, and Elena P. Ivanova*

The proportion of hospital-acquired medical device infections caused by
pathogenic, multi-drug resistant Candida species occurs in up to 10% of
implantations. In this study, a unique antifungal micro-pillared titanium
surface pattern is developed, which demonstrates both fungicidal and
fungistatic activity, persistently deterring biofilm formation by Candida
albicans and multi-drug resistant Candida auris fungi for up to 7 days. The Ti
micropillars of 3.5 μm height are fabricated using maskless inductively
coupled plasma reactive ion etching. The micro-textured surface consistently
kills ≈50% of Candida spp. irreversibly attached cells and prevent the
proliferation of the remaining cells by inducing programmed cell death.
Proteomic analysis reveals that Candida cells undergo extensive metabolic
stress, preventing the transformation from yeast to the filamentous/hyphal
cell phenotype that is essential for establishing a typical in vitro biofilm. The
mechanical stress imparted following interaction with the micropillars injures
attaching cells and induces apoptosis whereby the Candida cells are unable to
be revived in a non-stress environment. These findings shed new insight
toward the design of durable antifungal surfaces that prevent biofilm
formation by pathogenic, multi-drug resistant yeasts.

1. Introduction

Candida spp. are commensal inhabitants of the human mi-
croflora that can be detected in the digestive and vaginal tracts.[1]

Although Candida albicans is the most prevalent cause of can-
didemia, more than half of all Candida infections are now
caused by other Candida species;[2–3] particularly multi-drug re-
sistant Candida auris.[2–4] Multi-drug-resistant Candida-related
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infections have poor clinical outcomes
corroborated by an associated high mor-
tality rate.[5] Indeed, candidemia is asso-
ciated with a 15–35% attributable death
rate in adults and a 10–15% mortality
rate in newborns.[6] Candida spp. are able
to effectively colonize and form biofilms
on implantable biomaterials. There is in-
creasing concern for the implication of
Candida spp. being involved in dental im-
plant diseases as Candida are isolated in
≈30% of peri-implantitis sites.[7–9] Since
the use of antifungal agents is not always
effective in the case of infections caused
by antifungal-resistant Candida spp., it
is critical to develop alternative strate-
gies for preventing their attachment and
biofilm formation on implantable mate-
rials.

Within the last decade, it was de-
termined that the nanostructured to-
pographies observed on the surface
of many insect wings could physi-
cally rupture bacterial cells.[10–16] The
nanostructured surfaces of cicada

Psaltoda claripennis wings were demonstrated to mechanically
kill pathogenic bacteria Pseudomonas aeruginosa American Type
Culture Collection (ATCC) 9027 and the drug-resistant Es-
cherichia coli K12.[12,17] The surfaces of the wings of dragon- and
damselflies, e.g., Diplacoides bipunctata and Calopteryx haemor-
rhoidalis, exhibited broad-spectrum bactericidal activity toward
Gram-positive, Gram-negative, and Bacillus subtilis spores, where
the bacterial cells and spores were determined to be physically
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lyzed.[10,18–20] Currently, an array of diverse biocidal topographies
that eliminate attached cells by application of mechanical forces
that stretch the cell wall/cell membrane until it ruptures has been
developed.[21–23]

Although eukaryotic yeast cells are structurally different from
prokaryotic cells, the “mechano-biocidal” effect of both natu-
ral and artificial nanostructured surfaces toward C. albicans cells
has been shown. Nowlin et al. observed that Saccharomyces
cerevisiae cells were effectively ruptured after 8 h incubation
on the surfaces of cicada Tibicen tibicen wings.[24] It was also
noted that the biocidal activity of the wing surface patterns
of insects such as Magicicada septendecim and Neotibicen tibi-
cen that possessed nanopillars of lower aspect ratio was com-
paratively reduced.[24,25] Indeed, the mechano-bactericidal action
of nanostructured topographies has been shown to be depen-
dent on both surface feature size (aspect ratio) and density, as
well as the cell morphology and cell wall characteristics of the
bacteria.[13]

Inspired by the mechano-biocidal effect of insect wing topogra-
phies, recently, the antifungal activity of nanostructured mate-
rials, such as titania (TiO2) nanotubes[26] and Ti nanowires,[27]

zinc oxide (ZnO) nanowires,[28] TiO2-Cerium oxide (CeO2)
nanofibers,[29] and graphene[30] nanocoatings on Ti substrata has
also been demonstrated. For example, the graphene nanocoat-
ings exerted a persistent (7-days) inhibitory effect on the biofilm
formation on the Ti surface. Candida cells attached to the
graphene nanocoatings presented as isolated micro-colonies
without any hyphal elements. In addition, Yuan and Zhang, who
investigated the antifungal mechanism of biomimetic zeolitic
imidazolate framework (ZIF) nano-dagger arrays on poly(methyl
methacrylate) (PMMA) substratum[31] observed that the ZIF coat-
ing on PMMA exhibited strong fungicidal activity achieved by di-
rect physical contact with the nano-array surfaces. Kollu et al.,
also demonstrated that pillars of ≈300 nm height exerted suffi-
cient pressure on the C. albicans cell membrane to induce cell
death.[25]

By contrast, micro-rough topographies have been shown
to increase Candida adhesion.[32–33] A micro-rough topogra-
phy can increase osseointegration of Ti dental implants by
accelerating bone tissue regeneration and increasing the me-
chanical retention in the bone bed;[34] however, considering
that Candida spp. are proficient colonizers of micro-rough
Ti surfaces, there are serious implications with regard to
infection.[35–36]

Regardless, the antifungal mechanism of nano- and mi-
crostructured topographies, including tubes, wires, pillars, etc.,
has not been illuminated. C. albicans cells were not effectively
killed by a microcone array on silicon (Si) substrata as they were
observed to rest inbetween the microcones on silicon surfaces
(height: 3.5 μm, base width: 630 nm) due to the vast distance
(3.7 μm) between the microcones. In addition, C. albicans cell wall
may be too thick for the tip of the microcone silicon surfaces (tip
width: 1–10 nm) to penetrate.[37] Valdez-Salas et al. demonstrated
that Ti nanotubes may disrupt C. albicans nanoadhesion bonds
at the biointerface and hypothesized that the surface topography
and structural orientation play a crucial role in reducing C. albi-
cans attachment.[38] Herein, in light of the mechano-bactericidal
action of nanostructured surfaces, we hypothesize that surface
features in the order of microns could apply sufficient me-

chanical force to the cell wall of Candida cells to promote cell
lysis.

In this work, we aimed to fabricate antifungal Ti surfaces with
a micro-pillar pattern using maskless chlorine-based inductively
coupled plasma reactive ion etching (ICP-RIE). Complemen-
tary microscopic techniques, including confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM),
were used to determine the attachment and viability of two
pathogenic Candida species over 7 days. Additionally, the Can-
dida cells biointerfaces with the micro-pillared surfaces were
investigated using focused ion beam SEM (FIB–SEM). Func-
tional proteome analysis of the Candida cells interacting with
micro-pillared Ti surfaces was conducted to assess the metabolic
response of Candida cells while interacting with the micro-
pillared Ti. Based on the data generated in due course of this
study we propose a new mechano-fungicidal mechanism asso-
ciated with micro-pillared pattern fabricated on Ti surfaces: pro-
grammed death of injured Candida cells upon interaction with
micro-pillared Ti.

2. Results and Discussion

2.1. Surface Characterization of Micro-Pillared Ti

In this study, we developed a micro-pillared Ti surface using a
previously optimised ICP-RIE method. The surface topography
and architecture of micro-pillar Ti and as-received, non-textured
Ti surfaces were characterized using SEM (Figure 1) and AFM
topographic analysis (Figure S1, Table S2). Analysis of the low-
and high-resolution SEM micrographs (Figure 1a,b) revealed the
Ti surface to be composed of micron-sized pillars that are clus-
tered to create pyramidal structures. Based on the AFM analysis,
primary micropillars were estimated to be ≈760 nm in diameter
and 3.5 μm in height (Figure 1b,c). The surfaces of as-received
Ti had typical directional depressions caused by the cutting and
grinding of the Ti rods with Sa of 418 ± 13.8 nm (Figure S1 and
Table S2).

Analysis of the surface wettability determined by measure-
ment of the water contact angle (WCA) of a sessile 10 μL
droplet revealed that the surfaces demonstrated a moderate de-
gree of hydrophobicity, exhibiting a WCA of 57° and 65° for
as-received Ti and micro-pillared Ti, respectively (Figure 1a;
Figure S1). The WCA of micro-pillared Ti surfaces was within
the previously observed range.[22] The elemental analysis of the
as-received and micro-pillared Ti surfaces, as performed by X-
ray Photoelectron Spectroscopy (XPS), is shown in Figure 1c,f.
The XPS spectra revealed two significant doublet peaks char-
acteristic of Ti, including Ti 2p 1/2 and Ti 2p 3/2 (Figure S2)
for both surfaces being studied. Furthermore, narrow scans of
the O 1s and Ti 2p areas were used to verify the structure of
a stable oxide layer (TiO2). The XPS data confirmed that the
chemical composition of the micro-pillared Ti surfaces did not
change during the fabrication processes such as grinding, pol-
ishing, and plasma etching. The surface characterization includ-
ing surface roughness and EDS analysis of as-received, micro-
pillared Ti and negative control – mirror polished Ti was also
provided in Table S2 and S3, and Figure S3, in Supporting
Information.
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Figure 1. Surface topography, architecture, wettability, and chemical characterization of micro-pillared Ti surfaces. A,B) Representative top-view and
tilted (55°) SEM micrographs. Scale bars are 20 μm and 5 μm for top-view and tilted high-resolution micrographs, respectively. The water contact
angle (inset to SEM images) showed that micro-pillared Ti surfaces were moderately hydrophobic (n = 5). C) Representative 2D AFM micrograph and
corresponding AFM line profile. The scale bar of the inset AFM micrograph is 2 μm. D,E) FIB-SEM cross-section of the micro-pillared Ti showing the
clustering of the pillars. Platinum and titanium are indicated.

2.2. Attachment of C. albicans and C. auris and Antifungal
Activity of Micro-Pillared Ti

The comprehensive investigation of micro-pillared Ti surfaces’
antifungal properties was conducted using direct plate counting,
fluorescence and electron microscopy, and proteomics. First, the
attachment of C. albicans and C. auris cells over a 7-day incuba-
tion period was assessed. Calcofluor white was used to stain the
cell wall of attached Candida cells, as it binds specifically to the
(1,3)-𝛽 and (1,4)-𝛽 polysaccharides of cellulose and chitin (Figure
S4) and allows the direct visualization and quantification of the
cells attached on the sample (Figures 2 and 3). The cell density af-
ter Days 1, 3, and 7 of attached C. albicans cells on micro-pillar Ti
was reduced by ≈3× in comparison to the numbers of C. albicans
cells attached on as-received Ti surfaces (Figure 2b). A 10-fold re-
duction in attachment was observed (***p < 0.001) for C. auris
cells interacting with micro-pillared Ti substrata (Figure 2b). The
quantification of viable Candida cells retrieved from the micro-
pillared Ti surfaces using the direct plate counting technique re-
vealed a similar trend. Specifically, the number of C. albicans cells
was 1.3 × 105 and 8.7 × 103 (CFU mL−1) for as-received Ti and
micro-pillared Ti, respectively, equating to a 15-fold reduction in
attachment on micro-pillared Ti surfaces after 7 days observation
in comparison to the number of cells attached on as-received
Ti surfaces (Figure 2a and Figure S5). The number of C. auris
cells was decreased 5-fold on micro-pillared Ti (8.0 × 103 colony
forming units (CFU) mL−1) compared to as-received Ti (4.2 ×
104 CFU mL−1) after 7 days incubation (Figure 2a and Figure
S5). While the cell density of attached C. auris cells on micro-
pillared Ti surfaces was observed to increase at day 7 (Figure 2b),

the number of CFU, was decreased, thus indicating that the cells
detected on the surfaces were not able to proliferate and form
biofilms.[39] Thus, the micro-pillared Ti surfaces designed and
fabricated in this study showed both fungicidal (≈50% of fungi-
cidal efficiency) and fungistatic activity by preventing the prolif-
eration and biofilm formation of remaining cells.

A decreased propensity of Candida attachment to hydrother-
mally etched Ti surfaces and Ti surfaces that featured numerous
sharp peaks was also reported previously.[27,40] It is likely that the
reduction in the number of cells attached to the surface is due
to a decrease in the surface area available for cell settlement and
proliferation.[41–42] The Ti surfaces fabricated in this study, pos-
sessed an array of micropillars that reduced total surface area,
whereas the higher attachment density of both Candida spp. on
the as-received Ti surfaces is most likely due to the presence of
numerous shallow pits and valleys (Figure S1), that are compa-
rable with the size of C. albicans cells (3 – 4 μm) and support cell
attachment and proliferation.[40,43]

Further investigation of the C. albicans and C. auris cells attach-
ment and their physiological status was conducted using CLSM
(Figure 3a). Fluorescent labeling with thiazole orange (stain-
ing yeast nucleus, in green color) and Live-or-Dye (staining free
amines of the intracellular proteins when the cell is non-viable, in
red color) was used to discriminate between viable and non-viable
cells, respectively.[40] The proportion of viable C. albicans and C.
auris cells attached to the as-received Ti substrata remained at
≈90% or greater over the 7-day incubation period (Figure 3b,d –
top panel). In contrast, the proportion of viable C. albicans cells
was found to be 70% on Day 1, 44% on Day 3, and then ≈51%
and 58% on Day 5 and Day 7, respectively (Figure 3b – bottom
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Figure 2. Attachment of C. albicans and C. auris cells. A) Quantification of
C. albicans and C. auris CFU mL-1 on the as-received Ti and micro-pillar Ti
surfaces over a 7-day incubation. B) Quantification of total number of at-
tached C. albicans and C. auris cells on the as-received Ti and micro-pillared
Ti surfaces by fluorescence microscopy. The data were derived from the
analysis of the CLSM micrographs (n = 15). C) The number of viable at-
tached cells of C. albicans and C. auris on the as-received Ti and micro-
pillared Ti surfaces over a 7-day incubation. The number of live cell den-
sities was calculated using the CLSM micrographs (n = 15). Three inde-
pendent technical repeats were carried out (n = 5). Statical significance is
indicated by *** p < 0.001, ** p < 0.01, * p < 0.05.

panel). Furthermore, the number of non-viable C. auris cells on
micro-pillared Ti was ≈55%, 50%, 64%, and 48% on Day 1, Day 3,
Day 5, and Day 7, respectively (Figure 3d – bottom panel). Thus,
these data indicate that the micro-pillared Ti can directly and per-
sistently kill ≈50% of attached cells of both Candida strains, and
effectively deter microbial proliferation and biofilm formation.

Since Candida cells attached to abiotic or biotic surfaces create
micro-colonies and secrete capsular extracellular polymeric sub-
stances (EPS) in order to facilitate their attachment and biofilm
formation,[44] the production of EPS was visualized by fluores-

cent staining with Concanavalin A (Figure 4). Analysis of CLSM
micrographs showed that both C. albicans and C. auris cells se-
creted elevated levels of EPS after 3 days of incubation on the
as-received Ti surfaces (Figure 3a,b, orange arrow in as-received
Ti panel). By contrast, the production of EPS by Candida cells at-
tached to the micro-pillar Ti surfaces was negligible, even on Day
7 (Figure 4a,b, in micro-pillar Ti panel).

A laser-structured micro-pillared Ti substratum with average
surface roughness in the order of 6–8 μm was recently demon-
strated to reduce the adhesion and proliferation of C. albicans,
effectively preventing biofilm formation.[45] Analysis of cell at-
tachment and morphology revealed an increased extent of dis-
organization and spacing between fungal cells and a reduction
in cell density. Importantly, the authors noted the absence of hy-
phae and pseudohyphae. It was hypothesized that the inhibitory
effect of the laser-structured Ti surfaces could partly be attributed
to the presence of titanium nitride and/or oxides on the surface.

As the surface chemistry and wettability of the Ti substrata re-
mained unchanged following the surface modification process
(Figure S2b and Table S3), our data suggests that the micropil-
lar topology played a significant role in facilitating the antifungal
activity of the micro-pillared Ti substrata against both Candida
species, preventing their attachment, proliferation, and biofilm
formation.

2.3. Cell Morphology of C. albicans and C. auris on Micro-Pillared
Ti Surfaces

SEM analysis of Candida cell morphology, when attached to the
micro-pillar Ti surfaces, revealed the deformed shape of both cell
strains (Figure 4c,d, highlighted in red in micro-pillar Ti panel)
in comparison to the Candida cells attached on as-received Ti
(Figure 4c,d, yellow arrows in as-received panel). Here, both C.
albicans and C. auris cells appeared lysed upon attachment to
the micro-pillared Ti surfaces. In agreement with CLSM imag-
ing, Candida cells on micro-pillared Ti surfaces did not appear to
have produced any EPS, whereas C. auris cells on as-received Ti
surfaces are enclosed in an EPS matrix from Day 3. Both C. al-
bicans and C. auris were only observed as spherical yeast cells on
micro-pillar Ti surfaces. By contrast, Candida cells on as-received
Ti surfaces exhibited a budding yeast phenotype (yellow arrows;
SEM images; Figure 4c,d and Figure S6). Both C. albicans and
C. auris form ovoid-like cells that proliferate by budding.[46] The
budding yeast phenotype critically indicates the production of
daughter cells and the proliferation of the yeast population on
the substratum.[46] True hyphal forms exhibit a homogenously
elongated shape and lack of constrictions at a solid septum.[46]

2.4. Functional Proteomic Analysis of Differentially Expressed
Proteins in Candida on Micropillar Ti Surfaces

Given that the micro-pillar Ti surfaces display both fungicidal and
fungistatic activity, a functional proteome analysis was used to
identify the involvement of proteins in a range of complex path-
ways pertaining to cell attachment, metabolism, motility, prolif-
eration, and cell stress (Figure 5).[47] As C. albicans and C. au-
ris cells could excrete EPS on the as-received Ti, but not on the
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Figure 3. Physiological status of C. albicans and C. auris cells attached to as-received Ti and micro-pillar Ti surfaces over the 7-day incubation.
a,c) Representative CLSM micrographs showing the proportion of live/dead a) C. albicans and c) C. auris cells attached on as-received Ti and micro-pillar
Ti surfaces at four discrete sampling points. CLSM images are merged channels, where live cells are green, dead cells are red, and compromised cells
are orange. b,d) The proportion of live/dead attached b) C. albicans and d) C. auris on as-received Ti and micro-pillared Ti surfaces. C. albicans and C.
auris cells attached to the as-received Ti displayed high levels of viability, as seen by the dominance of the green color. In contrast, the cells attached to
the micro-pillared Ti substratum showed a consistent proportion of dead cells (red color) and the cells with a compromised outer layer/and membrane
(orange color) that were damaged as a result of interacting with the micro-pillared Ti surface. The quantification of live and dead cells was conducted
using the CLSM micrographs (n = 15).

micro-pillar Ti surface after 3 days, the cells were collected for
proteomics analysis at this time point.

Proteins involved in carbohydrate and lipid metabolism, en-
try to cells’ stationary phase, and stress response to an external
stressor were considerably upregulated for Candida cells of both
strains on micro-pillar Ti surfaces. At the same time, the expres-
sion of proteins involved in the development of the cytoskele-
ton including actin filaments and microtubules, and biosynthesis
processes were inhibited (Figure 5c).

Specifically, functional proteomic analysis of C. albicans fol-
lowing interaction with the micro-pillar Ti revealed signifi-
cant up-regulation of ADF-H domain-containing protein, of the
ADF/cofilin protein family that is involved in the actin filament
debranching process.[48–49] The formation of the branched actin
networks is essential for cell polarity. Cell polarity in yeasts is in
turn essential for cell mobility, and proliferation.[46] Proteins that
depolymerize actin filaments are up-regulated during periods of

cytokinesis, cell motility, and extreme stress.[49] As our study has
shown that Candida cells on micro-pillared Ti surfaces do not
form the yeast budding phenotype and, therefore, are not actively
undergoing cytokinesis, it is likely that actin filament debranch-
ing was incurred because of cell stress. In fact, our prior research
revealed that nanoscale surface architectures with a larger ratio of
peaks to valleys were not only resistant to C. albicans attachment
but also acted as an exogenous stress factor, triggering an altered
actin cytoskeleton network in attached yeast cells.[43] Similarly,
microtubule-associated proteins MHP1P/MAP-homologous pro-
tein 1 were also up-regulated. Over-expression of these proteins is
commonly involved with cell-cycle arrest in times of stress.[50–52]

There was also elevated production of a few other proteins in-
volved in halting the cell cycle, such as protein kinases that de-
repress stress-induced genes[53] as well as amino-acid permease
GAP6, which plays a role in activation of such protein kinases.[54]

Evidence of cell cycle arrest and cell stress was further associated
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Figure 4. Cell morphology and EPS production of attached C. albicans and C. auris cells on the as-received Ti and micro-pillared Ti surfaces over 7 days.
a,b) Fluorescent micrographs of capsular and extracellular EPS produced by C. albicans and C. auris on micro-pillar Ti and as-received Ti surfaces over
7 days incubation. Candida cells were stained with Concanavalin A, which specifically binds to a-mannopyranosyl and a-glucopyranosyl glycoproteins
(components of biofilm). EPS production is indicated by the orange arrows. Both types of yeast cells started to secrete EPS after a 3-day incubation period
on the as-received Ti surfaces, but not on the micro-pillar Ti surfaces. Scale bars are 5 μm. c,d) Representative SEM micrographs of the morphology of
C. albicans and C. auris cells attached on the as-received Ti and micro-pillar Ti surfaces. The C. albicans and C. auris cells that attached to the as-received
Ti surfaces presented an elongated shape with surface buds, indicating that they were able to produce daughter cells (yellow arrow). The C. albicans and
C. auris cells attached onto the micro-pillar Ti surface appeared deformed after attachment on the micropillars (false-colored red and red arrow). Scale
bars are 5 μm.

with the down-regulation of certain proteins, required for the de-
velopment of the Candida filamentous/hyphae phenotype that is
required to form biofilm[55] (Figure 5c).

Elevated levels of proteins involved in vacuolar transport,
amino acid transmembrane transport, and intracellular protein
transport, and the transmembrane transport proteins that are re-
quired for the transfer of ions, micro- and macromolecules across
the cell membrane were also noted (protein identification can be
found in Table S3).[56] Two other up-regulated proteins, which
are part of the endoplasmic reticulum through Golgi vesicle-
mediated transport process,[57] may be involved in the synthesis
of carbohydrate molecules, in the carbohydrate metabolic process
and in cellular lipid metabolism (Table S3). These proteins may
be also associated with the general amino acid control system,
which responds to deprivation in yeast cells by blocking trans-
lation initiation and accumulating the activator protein Gcn4.[58]

Gcn4 expression can be triggered by a variety of additional stres-
sors that limit translation, one of which is oxidative stress.[59]

For example, it was found that TiO2 nanopillars induced bacte-

rial cell envelope deformation of both Gram-positive and Gram-
negative bacteria and caused oxidative stress.[60] It was also re-
ported that attachment of bacterial cells on sharp structures[61]

or silver-coated carbon nanotubes [62] was associated with a stress
response, manifested as an impairment in processes like micro-
bial proliferation and biofilm formation.

2.5. Apoptosis – Programmed Cell Death of Candida Cells
Induced by Micro-Pillar Ti

Apoptosis, also known as programmed cell death, has been re-
searched intensively for yeasts in recent years.[64–66] It is a man-
ner of cellular suicide whose process is intimately associated with
the eradication of damaged cells.[67] Yeast apoptosis may be ini-
tiated by external stimuli such as physical stress.[66] Herein, we
postulate that Candida cells that are not immediately killed by
the stretching action of the Ti micro-pillared array may undergo
programmed cell death because of sub-lethal injury incurred dur-
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Figure 5. Comparative proteomic analysis of proteins extracted from C. albicans and C. auris cells attached onto micro-pillar Ti compared to those
attached onto as-received Ti surfaces after a 3-day incubation. a,b) Hierarchical cluster analysis (HCA) of differentially expressed proteins from a) C.
albicans and b) C. auris showed a trend for down-regulation (green) and up-regulation (red) of proteins for as-received Ti and micro-pillar Ti. Normalized
protein abundance is shown on a scale from green to red, ranging from low to high protein abundance. The heatmap only covered significantly changed
proteins (p-Value < 0.05 and log2(fold change) ≥ 1 or ≤ −1). c) A summary of the functional analysis of biological processes that were up- and down-
regulated in attached Candida cells on micro-pillar Ti. d) Clusters of protein network expressed by attached Candida cells on micro-pillar Ti. Significant
associations were seen between the proteins expressed by C. albicans in response to cell rupture and those that led to apoptosis. The cluster network
was generated by using STRING Database (SIB – Swiss Institute of Bioinformatics) and applying the STRING means clusters algorithm.[63] The STRING
program automatically assigns colors to clusters based on the relationship between their protein sequences.

Adv. Mater. Interfaces 2023, 10, 2300314 2300314 (7 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202300314 by SE
A

 O
R

C
H

ID
 (T

hailand), W
iley O

nline L
ibrary on [03/04/2024]. 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.advmatinterfaces.de

ing attachment to the microtextured surface because of their in-
ability to be revived in a stress-free environment post incubation
on micro-pillar Ti surfaces. We recently demonstrated that bac-
teria exposed to nanopillar silicon surfaces that incurred a me-
chanical injury not sufficient to kill the bacteria instead under-
went programmed apoptosis-like death (ALD). In addition, when
the mechanical stress was removed, the self-accumulated reac-
tive oxygen species (ROS) incurred post-stress ALD in damaged
cells.[68]

It is well known that the expression of metacaspases is neces-
sary as one of the fundamental processes associated with apop-
tosis in yeast cells.[69] It is likely that activated caspase 1, acti-
vates “cell death executor” gasdermin D, which is initiated pore
formation in the cell membrane leading to cytosol leakage and
cell death. Our functional proteome analysis revealed that the
metacaspases-1 protein (Yca1p) was expressed by both C. albi-
cans and C. auris on micro-pillar Ti (protein ID: Q5ANA8 and
A0A0L0NNH3 for C. albicans and C. auris, respectively). The ex-
pression of this protein is a strong indicator of the activation of
the apoptosis pathway in Candida cells adhering to micro-pillar
Ti.[66]

Certain key cellular pathways such as DNA replication, mito-
chondrial activity, RNA, and protein stability, appear to be neg-
atively impacted by the expression of metacaspases.[69] In fact,
Candida cells attached to micropillar Ti over-expressed proteins
associated with these biological processes (Table S3). In terms
of DNA replication, C. albicans up-regulated expression of DNA
replication licensing factor MCM2 and elongator subunit pro-
teins, which are critical for the replication process. The turnover
rate of certain mRNAs influences the amounts of protein ex-
pression, and perturbing this process may have profound effects
on gene expression.[69] mRNA turnover in yeast involves many
decay mechanisms, including 3′/5′ exonucleolytic digestion.[70]

These effects result in the emergence of apoptotic phenotype
and the acceleration of chronological deterioration.[71] Herein,
exosome complex exonuclease RRP41 was shown to be up-
regulated in C. albicans cells; this protein is accountable for the
3′-5′ exonucleolytic nonsense-mediated decay pathway. In addi-
tion to protein stability, one of the biological mechanisms con-
trolling the cell death pathway is the ubiquitin (Ub)-mediated
covalent modification (ubiquitination).[69] Proteomic analysis re-
vealed that several proteins involved in the proteasome-mediated
ubiquitin-dependent protein catabolic process were up-regulated
in Candida exposed to micropillar Ti surfaces. These proteins in-
clude the ubiquitin-specific protease expressed by C. albicans, as
well as the UBX domain-containing protein and Pru domain-
containing protein expressed by C. auris. It was also found
that C. auris cells exhibited a high level of cytochrome b pre-
mRNA-processing protein 6, which is responsible for protein
stabilization.

It is widely known that mitochondria play a major role in reg-
ulating the cell death response.[69,72] The activation of metacas-
pases in reaction to hyperosmotic stress requires the release of
cytochrome c from mitochondria.[72] It was observed that C. auris
expressed the UCR hinge domain, which is involved in the bio-
logical process of ubiquinol cytochrome c reductase that is trig-
gered by mitochondria. Significantly, both C. albicans and C. auris
cells produced a significant number of proteins associated with
the above-mentioned mitochondrial activities (Table S3).

The clustered protein network shown in Figure 5d demon-
strates that there were significant correlations between the pro-
teins produced by C. albicans in response to cell disruption and
leading to apoptosis. Specifically, the disruption of the cell wall
generated by micro-pillared Ti led to the production of pro-
teins involved in cellular lipid metabolic, carbohydrate derivative
metabolic, and biotin biosynthetic activities in order to promote
the rebuilding of the cell membrane. Those proteins involved in
intracellular protein transport and stress response indicate that
cells were subjected to physical stress induced by micropillars.
The expression of several proteins, including metacaspases and
those involved in the mRNA process, chromatin remodeling, and
nucleosome assembly, provides compelling evidence that C. albi-
cans cells were undergoing apoptosis (Figure 6). Consequently,
it is hypothesized that the micro-pillar Ti not only produced the
collapse of the cell wall but also induced programmed cell death
– apoptosis.

Additionally, chromatin condensation is another characteris-
tic indication of yeast apoptosis.[69] YL1-C and NGG1, a subunit
of a chromatin-remodeling complex, were both considerably up-
regulated in C. albicans cells attached to Ti micro-pillared surface.
Chromatin remodeling is the reorganization of chromatin from a
condensed to a transcriptionally appropriate form, enabling tran-
scription factors to regulate gene expression.[73] It indicates that
the chromatin structure of C. albicans cells appeared to be in a
dense condition, forcing the expression of these proteins in or-
der to rearrange their chromatin network.

2.6. Investigation of the Candida-Micropillar Ti Biointerface

The biointerface of Ti micropillars and Candida cells was fur-
ther investigated using cross-sectional FIB milling of the cell-
surface interface. FIB SEM was used to gain insight into the
interactions between the attached Candida cells and the Ti mi-
cropillars that would result in the cell deformation as observed
in the SEM images in Figures 4c,d and 6. Sequential milling
of the cell-surface interface revealed that when C. albicans and
C. auris cells encountered the Ti surface micropillars, the ho-
mogenous line of their cell walls was disrupted (Figure 7). It
is clearly observed that the cell walls of C. albicans and C. auris
cells were indented at the point of attachment to the micropil-
lar surface causing an irregular morphology of the cell wall as
indicated by the yellow dashed line (Figure 6). In the case of
C. auris cell, which was at the advanced stage of the interaction
with the micropillars, the micropillars appeared to penetrate the
cell wall, as a loss of cell wall and membrane integrity was ob-
served. In addition, the irregular top surface of the cells that had
attached to the micro-pillar Ti suggested a loss of turgor pres-
sure, which is related to cell rupture. In contrast, the cell wall of
cells attached onto the as-received Ti appeared in a healthy shape
without any damage, at the surface attachment points (Figure S5,
yellow dashed line). A similar observation of stretched and dis-
torted C. albicans cell membrane during interactions with nanos-
tructured surfaces of T. tibicen wing was observed by Nowlin et
al, proven by FIB-SEM micrographs, where the C. albicans cell
membrane was significantly stretched and distorted across the
nanoscale protrusions on the wing surface.[24] It has been shown
that nanostructured surfaces with features that have a larger
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Figure 6. Cellular targets of metacaspases-dependent of Candida apoptosis interacting with micro-pillar Ti surfaces. Activation of YCA1 appears to be
associated with impairments in various critical cellular processes such as DNA replication (indicated by MCM2 protein), mitochondrial function (indi-
cated by UCR hinge domain protein), RNA stability (indicated by RRP41 protein), protein stability (indicated by Pru and UBX domains), and chromatin
condensation (indicated by YL1-C and NGG1 proteins), which are all associated with yeast apoptosis. The expression of these proteins provides strong
evidence that Candida cells underwent apoptosis. Created with BioRender.com.

aspect ratio than those with a lower aspect ratio may induce in-
creased cell rupturing.[14,24] Herein, the Ti micropillars are con-
siderably higher aspect ratio, more rigid, and broader in diame-
ter (3.5 m in height and clustered tips of ≈760 nm in width) com-
pared to those nanostructured features on insect wings. Although
physical penetration of the micropillars into the cell membrane
is unlikely due to the large tip diameter, it is assumed that me-
chanical deformation of the Candida cell wall as it adsorbs to the
micropillar surface leads to a significant stress response, and ul-
timately programmed cell death.

3. Conclusion

Herein, the micro-pillar Ti surfaces exhibited remarkable an-
tifungal properties against two pathogenic yeasts, C. albicans,
and multidrug-resistant C. auris. Micro-pillar Ti surfaces demon-
strated both fungistatic and fungicidal behavior, being able to sus-

tainably eliminate ∼50% of Candida cells upon attachment and,
at the same time, prevent yeast cells from forming a biofilm over
a 7-day incubation. Functional proteome analysis revealed that
the yeast cells were under external stress while interacting with
micro-pillar Ti surfaces and expressed elevated levels of protein
involved in cell cycle arrest and apoptosis. We propose a new
mechano-fungicidal mechanism associated with micro-pillared
surfaces: programmed death of injured apoptotic cells via pyrop-
tosis resulting in the pore formation in the cell membrane, lead-
ing to cytosol leakage and cell death. The apoptosis is associated
with down-regulated proteins that are involved in development
of filamentous/hyphae shape biofilm phenotypes of yeast cells,
thus confirming that the yeast cells were unable to form a biofilm.
This is the first example of a micro-pillared surface with biofilm-
resistant properties that is also capable of mechanical rupturing
and/or injuring yeast cells and persistently deterring their prolif-
eration.

Adv. Mater. Interfaces 2023, 10, 2300314 2300314 (9 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Representative SEM micrographs of FIB milling of the cell-micropillar interface of Candida cells attached to micro-pillar Ti surfaces. a) The
cell morphology and ultrastructure on control, as-received Ti surfaces. b) A Candida cell on a micro-pillar Ti surface with a large cytoplasmic vacuole
(green arrow) and ultrastructural degradation. Micro-pillars are in direct contact with the cell wall. c) Advanced state of cell death on micro-pillar Ti
surfaces. Cross-sectional image shows collapse of cell structural integrity, and many internal vacuoles (green arrows). d–g) High-resolution (HR) FIB-
SEM micrographs demonstrating the breakdown of the cell wall (green dashed line) and cytoplasmic membrane (yellow line) of Candida in contact with
the micropillars (white dashed line). The micro-pillars are observed inserted into the cell cytoplasm. The nucleus appears condensed (blue outline),
evidence of chromatin condensation and a hallmark of apoptosis.

4. Experimental Section
Surface Preparation and Fabrication: Commercially pure (CP) ASTM

Grade 2 titanium (Ti) rods, 1 cm diameter (Goodfellow, UK) were cut
into discs ≈1 – 1.5 mm thickness using a Secotom-50 (Struers, U.S.A.).
These referred to as as-received Ti discs were washed with MilliQ wa-
ter (Resistivity: 18.2 M cm, 25 °C) and then sterilized by sonicating for
15 min in 100% and 70% ethanol (EtOH) (Chem-supply, Australia). After
drying at room temperature overnight, the as-received discs were placed
in a desiccator to prevent any adsorption of moisture. No further sur-
face changes were made to this group, which was used as a control in all
experiments.

To produce micro-structured surfaces, the as-received Ti surfaces were
polished to mirror finish (polished Ti). The initial grinding and polishing
process was conducted as shown in Table S1. Prior to processing, samples
were sonicated successively in acetone, isopropanol, and deionized water
for 10 min each time. Some polished Ti surfaces were retained for control
experiments, while the remainder was subjected to reactive ion etching for
the fabrication of micro-pillar Ti surfaces.

Modification of the polished Ti substrata to impart a surface mi-
crostructure was achieved using a chlorine-based, maskless plasma etch-
ing technique using Oxford Instruments (Plasmalab System 100) as pre-
viously described by Linklater et al.[22] Briefly, the polished Ti discs were
placed on a quartz carrier wafer and subjected to reactive ion etching (RIE;
Plasma Lab System 100, Oxford Instruments, U.K.), using Cl2 gas main-
tained at a flow rate of 30 standard cubic centimeters per minute (sccm),
1000 W ICP, and 100 W RF power, and 7 mTorr pressure for 40 min. The
micro-pillar Ti discs were stored in a desiccator to prevent any moisture
from being present on the surface of the discs.

Surface Characterization: A FEI Verios 460L XHR scanning electron mi-
croscope (SEM) mounted with Oxford X-Max20 Energy Dispersive X-Ray
Detector (EDX) was used to obtain typical surface micrographs and the
survey elemental compositions for all the sample surfaces at 3 kV under
1000× magnification in high vacuum condition. Surfaces were stored in a

vacuum chamber overnight before use to remove any debris attached to
surfaces.

Atomic Force Microscopy: The surface topography of the substrata was
characterized using a NanoWizard 4 tip scanning atomic force microscope
(JPK BioAFM Business, Bruker NanoGmbH, Germany). The AFM head
was placed on an upright optical microscope (IX81, Olympus, Japan),
and the tests were conducted in an acoustic hood and on an active vi-
bration isolation table (Accurion, Germany). The scans were carried out
in an air-conditioned environment at a temperature of ≈25 °C using an n-
type antimony-doped silicon probe (SICON, AppNano, USA) in the Quan-
titative Imaging (Qi) mode. The spring constant of the cantilever was
0.10.6 N m−1. Triplicate scans of each surface were collected across a 50
× 50 μm2 scan area, and a set of roughness characteristics, including av-
erage roughness (Sa), root mean square roughness (Sq), and maximum
height (Smax), were then calculated.[74,75] Gwyddion (ver. 2.53) was used
to analyze the AFM images.[76]

Surface Wettability: After air drying overnight, the water contact angles
of the surfaces being studied were determined. The static water contact
angle was determined for each sample using the sessile drop technique.
Contact angles were determined using a Phoenix-MT(T) instrument (SEO
Co., Korea) coupled with SurfaceWare 9 software. Within two seconds of
the 10 μL droplet touching the surface, the static water contact angles were
measured. The results were an average of five independent measurements
taken on each sample.

X-Ray Photoelectron Spectrometer: The elemental analysis of the sam-
ple surfaces was performed using a Thermo Scientific K-alpha X-ray pho-
toelectron spectrometer (XPS) (Thermo Fischer Scientific, USA). The K-
alpha EPS equipment was equipped with a 150 W monochromatic X-ray
source (Al K, hv = 1486.6 eV). The photoelectrons released at 90 degrees
to the surface from a 400 × 400 μm2 area were analyzed at 200 eV for sur-
vey spectra and subsequently at 50 eV for region spectra. Survey spectra
were collected at a resolution of 1.0 eV per step, whereas region spec-
tra were collected with a precision of 0.1 eV per step. The relative atomic
concentrations of elements as determined by XPS were quantified using
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the peak area in the designated high-resolution zone and the instrument-
specific sensitivity settings. Each of the titanium 2p, carbon 1s, and oxygen
1s peaks were scanned with high resolution.

Yeast Strains, Culture Conditions, and Sample Preparation: Candida albi-
cans ATCC 10231 samples were purchased from the American Type Culture
Collection (ATCC, Manassas, Virginia, USA), and Candida auris DSM 21092
samples were purchased from the DSMZ – German Collection of Microor-
ganisms and Cell Cultures GmbH (Leibniz Institute, Germany). The yeast
stocks were prepared in 20% glycerol nutrient broth (Oxoid, USA.) and
stored at −80 °C. To ensure their purity, two separate samples were taken
from the glycerol stock for subsequent growth on potato dextrose agar
(PDA) plates (Neogen Culture Media, Australia), at 35 °C for 24 h. One
colony was sampled from these plates and transferred to sterile potato
dextrose (PDB) medium (Neogen, Australia), pH 7.2 – 7.4, then the cell
density of the working suspension was adjusted to OD600 = 0.1 (≈106 cells
mL−1) using a UV-VIS Halo DB-20 spectrophotometer (Dynamica, UK).

Inoculation of the micro-pillar Ti, as-received Ti, and polished Ti discs
with yeast cells was carried out as follows: the sterile surfaces were placed
within a Costar 24-well plate (Corning, USA) and immersed in 3 mL yeast
cell suspension. The samples were incubated at 35 °C for 1, 3, 5, and 7
days in duplicate, in a humid environment to minimize any evaporation of
the fungal suspension. After incubation and prior to cell attachment analy-
sis, the samples were washed gently three times with 3 mL of MilliQ water
to remove any non-attached cells. Three independent technical measure-
ments were carried out. The data on polished titanium surfaces (negative
control) are reported in Tables S1 and S2 and Figures S3, S7 and S8 (Sup-
porting Information).

4.0.0.1. C. albicans and C. auris Cell Attachment: To observe the cell
morphology and extent of attachment using scanning electron microscopy
(SEM), samples were incubated as described above and then fixed with
2.5% glutaraldehyde for 1 h at room temperature, followed by dehydration
with graded ethanol (EtOH) series of 30, 50, 70, 90, and 100% for 15 min
each. The samples were subsequently sputter coated with Iridium (Ir) at a
thickness of 7 nm using an EM ACE600 sputter coater (Leica, Germany).
Imaging using the FEI Verios 460L XHR scanning electron microscope was
performed at 3 kV. The beam current was kept at 50pA, and a thermolumi-
nescent dosimeter was used as the detector for this SEM investigation.

Confocal Laser Scanning Microscopy: A Zeiss LSM 880 Airyscan up-
right confocal laser scanning microscopy (CLSM) system (Carl Zeiss Mi-
croscopy, Germany) equipped with a 63 water-immersion objective (ZEISS
60/1.0 vis-IR) was used to visualize attached cells on surfaces. The exam-
ined surfaces were carefully washed three times (3 mL each) with MilliQ
water to remove non-attached cells and then put in a 3.5 mm glass-
bottomed Petri dish filled with 3 mL MilliQ water. Yeast Live-or-Dye Fixable
Live/Dead staining kit (Biotium, USA) was used to differentiate between
the live and dead cells. The live cells will remain green-colored, the dead
cells will be stained red, and the cells possessing a compromised mem-
brane will appear an orange color due to the overlap of the green and red
fluorescence signals. Calcofluor white (Biotium, USA.), and Concanavalin
A (ConA) CF Dye Conjugates (Biotium, USA) were used to stain the cell
wall and extracellular polymeric substances (EPS), respectively. The num-
ber of attached. C. albicans cells to surfaces were quantified using fifteen
different fields of view of 135 × 135 μm2 for each sample. To detect and
count attached cells from CLSM micrographs, a cell counter plugin in Im-
ageJ 1.52a was utilized. The total number of attached cells was estimated
using both living and dead cell counts. The average of at least three inde-
pendent technical replicates with duplicates of each type of surface was
used to generate the data.

Focus Ion Beam-SEM: FEI Scios DualBeam focus ion beam (FIB) SEM
was used to visualize the interaction between the cell wall and surface
topography. After being incubated in C. albicans and C. auris suspen-
sions for 3 days, surfaces were taken out and washed three times with
phosphate-buffered saline (PBS). For primary fixation, samples then were
fixed with 4% paraformaldehyde and 2.5% glutaraldehyde for at least an
hour at room temperature. Samples were rinsed three times with cacody-
late buffer. In terms of post-fixation, samples were subsequently fixed with
1.5% potassium ferrocyanide and 2% osmium tetroxide (OsO4) for an
hour before being incubated with freshly made 1% thicarbohydrazide in

ddH2O for 20 min at room temperature. After that, samples were fixed
with 2% OsO4 in MilliQ water for 30 min at room temperature. Samples
were rinsed three times with MilliQ water after these steps. The samples
were then dehydrated in a series of ice-cold ethanol (EtOH) solutions at
20%, 50%, 70%, 90% to 100% for 5 min for each step. Before the FIB-SEM
experiment, samples were air-dried and coated with 10 nm thickness Ir.

Antifungal Activity: The antifungal activity of micro-pillar Ti against
both C. albicans ATCC 10231 and C. auris DSM 21092 was investigated
using the spread-plate counting method. This technique was used to con-
firm the cell viability of attached cells on studied surfaces. All materials
and glassware were sterilized before use, and the whole process of plate
spreading was conducted inside a safety cabinet to prevent any contam-
ination. The OD of the Candida working suspension was adjusted to 0.1
(≈106 cells mL−1) using a UV–VIS Halo DB-20 spectrophotometer (Dy-
namica, UK). The micro-pillar Ti, as-received Ti, and polished Ti discs were
inoculated with yeast cells as follows: the sterile surfaces were put into a
Costar 24-well plate (Corning, U.S.A.) and submerged in 3 mL yeast cell
solution. micro-pillar Ti, as-received Ti, and polished Ti (positive control)
were incubated in C. albicans and C. auris suspension for 1-, 3-, 5-, and 7-
day incubation periods in duplicate. Incubated surfaces then were washed
three times with MilliQ water (1.5 mL) to remove any loosely attached
cells. Surfaces were transferred to a 15 mL falcon tube and immersed in
MilliQ water (1 mL). To remove any attached cell from the studied sur-
face, the falcon tube was vortexed for 2 min at max speed.[77] Vortexed
surfaces were checked using SEM to ensure the absence of any remaining
cells on the surfaces or aggregates (Figure S9). After this, 100 μL of di-
luted suspension (Dilution factor: 102) was used to spread on a fresh agar
plate using a plate spreader. The plates were then incubated at 37 °C for
48 h before counting the resulting colonies. Experiments were conducted
in triplicate, and at least five agar plates for each type of surface were used
for the statistical analysis.

The plates were photographed digitally, and the colony forming units
per milliliter were manually computed to provide the mean and standard
deviation as follows:

CFU
mL

= Number of colonies × Dilution factor
Volume plated

(1)

Statistical Analysis: SPSS Statistics 26 software was used to evalu-
ate the data’s normal distribution and homogeneity of variance using
Shapiro–Wilk and Levene’s tests, respectively (IBM, New York, NY, USA).
The values were expressed as the mean and one standard deviation.
The statistical information was examined using one-way ANOVA. Tukey’s
range test was used to assess differences between the mean values. If p-
values were <0.05, results were considered statistically significant (* p <

0.05, ** p < 0.01, and *** p < 0.001).
Proteins Extraction and Proteomic Analysis: To investigate the proteome

of the yeast cells that were attached onto the surfaces being studied, liq-
uid chromatography coupled to tandem mass spectrometry (LC-MS/MS)-
based proteomic workflow was employed. The micro-pillar Ti and as-
received surfaces in triplicate were incubated with the yeast strains as
aforementioned. After incubation, the surfaces were gently washed to re-
move any loosely attached cells and transferred to 15 mL centrifuge tubes.
The tubes were vortexed for 2 min and sonicated for 15 min to remove all of
the attached cells. The surfaces were subsequently stained with calcofluor
white and imaged under confocal to ensure no remaining cells. The cell
suspension was transferred to a new tube for a further protein extraction
process. At least three replicates per condition were conducted.

The cell suspension was mixed with an equal volume of 10% SDS in
TEAB (100 mM) and 0.2 mm stainless steel beads (100 μL) (Next Ad-
vance, Troy, NY, USA). The samples were then subjected to homogeniza-
tion using a bullet blender (Next Advance, Troy, NY, USA). Samples were
spun at 13 000 rpm for 10 min, then the supernatant was transferred
into a new tube. BCA assay (Thermo Fischer Scientific, San Jose, CA,
U.S.A.) was used to measure the protein concentration. In the follow-
ing steps, each replicated with same protein input underwent reduction,
alkylation, and acidification processes at tris(2-carboxyethyl)phosphine
(TCEP) (10 mM), iodoacetamide (IAA) (50 mM), and 2.5% phosphoric
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acid (H3PO4), respectively. Samples were then mixed with a binding buffer
(90% methanol/10% MilliQ water with 100 mM TEAB) and transferred
into an S-trap micro (Protifi, USA) for the subsequent cleaning and di-
gesting processes following the manufacturer’s protocol. Trypsin (Thermo
Fischer Scientific, USA) was used for overnight protein digestion at 37 °C.
After incubation, peptides were eluted by a series of elution buffers, in-
cluding TEAB (50 mM), 0.2% formic acid, and 50% acetonitrile (ACN),
respectively. The eluted peptides were pooled and centrifuged using the
SpeedVac concentrator (Thermo Fisher Scientific, San Jose, CA, USA) for
the removal of acetonitrile before freeze drying. Dry peptides were resus-
pended in 2% ACN/ 0.05% trifluoracetic acid (TFA) and loaded into the
LC-MS/MS instrument for analysis.

The Nano-LC system, Ultimate 3000 RSLC (Thermo Fisher Scientific,
San Jose, CA, USA) was set up with an Acclaim Pepmap RSLC analytical
column (C18, 100 Å, 75 μm × 50 cm, Thermo Fisher Scientific, San Jose,
CA, USA) and Acclaim Pepmap nano-trap column (75 μm × 2 cm, C18,
100 Å) and controlled at a temperature of 50 °C. Solvent A was 0.1% v/v
formic acid and 5% v/v dimethyl sulfoxide (DMSO) in water and solvent
B was 0.1% v/v formic acid and 5% DMSO in ACN. The trap column
was loaded with tryptic peptide at an isocratic flow of 3% ACN contain-
ing 0.05% TFA at 6 μL min−1 for 6 min, followed by the switch of the trap
column as parallel to the analytical column. The gradient settings for the
LC run, at a flow rate of 300 nL min−1, were as follows: solvent B 3% to
4% in 1 min, 4% to 25% in 75 min, 25% to 40% in 4 min, 40% to 80% in
1 min, maintained at 80% for 3 min before dropping to 3% in 0.1 min and
equilibration at 3% solvent B for 4.9 min.

Data-independent acquisition (DIA) was carried out on the Orbitrap
Eclipse mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA).
The settings of nanoelectrospray voltages, ion funnel RF, and capillary tem-
perature were 1.9 kV, 30%, and 275 °C, respectively. A survey scan with
an m/z range of 350 to 1400, a resolution of 120 000, an automatic gain
control (AGC) target of 1e6, a maximum ion trapping time of 50 ms was
performed before 50 DIA windows with an m/z isolation window of 13.7,
a precursor ion m/z range of 361–1033, an MS/MS scan range of m/z
200–2000, a resolution of 30 000, an AGC of 1e6, a maximum ion trapping
time of 55 ms and normalized collision energy (NCE) of 30%. Data was
processed using Spectronaut 16.0(Biognosys, Zurich, Switzerland) with
direct DIA pipeline and the default BGS Factory settings. Trypsin as the en-
zyme, acetylation at the protein N-terminal and oxidation at methionine as
variable modification, carbamidomethyl at cysteine as fixed modification,
1% false discovery rate (FDR) at PSM, peptide and protein levels were se-
lected. The C. albicans and C. auris proteome databases from UniProt were
downloaded for comparative analysis. Perseus 1.6.15.0 was used for un-
supervised hierarchical clustering analysis (HCA) and two sample t-Test
(p < 0.05 as well as log2(fold change) > = 1 or < = −1 were required for
significance). The protein functional annotations were from UniProt.
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