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ABSTRACT Micro- and nanoscale technologies have radically transformed biological research from genomics to tissue engineer-
ing, with the relative exception of microbial cell culture, which is still largely performed in microtiter plates and petri dishes.
Here, we present nanoscale culture of the opportunistic fungal pathogen Candida albicans on a microarray platform. The mi-
croarray consists of 1,200 individual cultures of 30 nl of C. albicans biofilms (“nano-biofilms”) encapsulated in an inert alginate
matrix. We demonstrate that these nano-biofilms are similar to conventional macroscopic biofilms in their morphological, ar-
chitectural, growth, and phenotypic characteristics. We also demonstrate that the nano-biofilm microarray is a robust and effi-
cient tool for accelerating the drug discovery process: (i) combinatorial screening against a collection of 28 antifungal com-
pounds in the presence of immunosuppressant FK506 (tacrolimus) identified six drugs that showed synergistic antifungal
activity, and (ii) screening against the NCI challenge set small-molecule library identified three heretofore-unknown hits. This
cell-based microarray platform allows for miniaturization of microbial cell culture and is fully compatible with other high-
throughput screening technologies.

IMPORTANCE Microorganisms are typically still grown in petri dishes, test tubes, and Erlenmeyer flasks in spite of the latest ad-
vances in miniaturization that have benefitted other allied research fields, including genomics and proteomics. Culturing micro-
organisms in small scale can be particularly valuable in cutting down time, cost, and reagent usage. This paper describes the de-
velopment, characterization, and application of nanoscale culture of an opportunistic fungal pathogen, Candida albicans.
Despite a more than 2,000-fold reduction in volume, the growth characteristics and drug response profiles obtained from the
nanoscale cultures were comparable to the industry standards. The platform also enabled rapid identification of new drug candi-
dates that were effective against C. albicans biofilms, which are a major cause of mortality in hospital-acquired infections.
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Infectious diseases are still a major cause of morbidity and mor-
tality today (1–4). Antibiotic therapy remains the mainstay for

the treatment of these infections. Nevertheless, its success is se-
verely hampered by frequent development of new strains or or-
ganisms with increased drug resistance, as well as tissue and organ
toxicity at higher doses. In addition, there is a lack of new antibi-
otics in the pipeline of most major pharmaceutical companies (5).
A major impediment to the development of newer antibiotics is
the fact that classical microbiological culture techniques are
mostly incompatible with the high-throughput screening (HTS)
technologies that have recently dominated drug discovery,
genomics, and proteomics. While microorganisms are still typi-
cally cultured in flasks, tubes, and plates with volumes ranging
from liters down to milliliters, the modern HTS techniques span
the range from milliliters down to picoliters. Thus, the throughput
of conventional microbial culture techniques is lagging behind by
at least 3 to 6 orders of magnitude.

Over the past decade, forays into exploring applications of
nanotechnology in microbial cell culture have been reassuring,
particularly with respect to increasing our understanding of the

microbial world (6–8). Culturing microorganisms in nanoscale
has enabled us to investigate how individual organisms or organ-
isms in a select population interact with their environment, such
as quorum sensing (9, 10), response to spatial confinement (11),
motility and chemotaxis (12), antibiotic susceptibility (13–16),
and cellular physiology (17). However, the vast potential of
micro- and nanoscale cultures remains underdeveloped for clini-
cal and translational purposes such as drug discovery and diag-
nostics.

In this work, we have addressed the knowledge and technolog-
ical gaps by developing a robust, universal platform for high-
throughput microbial culture and demonstrating its utility for
drug discovery. We employed the opportunistic fungal pathogen
Candida albicans, which is the most common cause of nosocomial
(i.e., hospital-acquired) fungal infection, with an unacceptably
high mortality rate of 40% to 60% in disseminated invasive can-
didiasis (4). In many situations, C. albicans is associated with the
formation of biofilm commonly found on implanted biomaterials
and host surfaces. One of the reasons for such a high rate of mor-
tality in the case of invasive candidiasis is the lack of effective
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antifungal drugs against the highly protective structured popula-
tion of C. albicans. We have fabricated a cellular microarray sys-
tem consisting of nanoscale cultures of C. albicans biofilms
(“nano-biofilms”) encapsulated in a chemically inert alginate ma-
trix. This platform is based on our recent report on the encapsu-
lation of C. albicans biofilms in collagen gels, which had limited
applicability due to its gelation and drug binding properties (18).
Here, we demonstrate that despite more than 3 orders of magni-
tude of miniaturization, the nano-biofilms maintain their growth
and phenotypic characteristics comparably to industry-standard
large-scale cultures. We also demonstrate that nano-biofilm mi-
croarrays can be used for efficient and rapid screening of small-
molecule libraries of novel antifungal drug candidates, either sin-
gly or combinatorially. We anticipate that this microarray
platform will transform the paradigm and practice of microbial
cell culture, drug screening, and diagnostics.

RESULTS AND DISCUSSION

The process of developing a nano-biofilm microarray for C. albi-
cans to screen for drug candidates or combinations of drugs with
novel antifungal properties consisted of the following sequential
steps: (i) modification of glass surface; (ii) optimization of culture
conditions for biofilm formation; (iii) exposure of biofilms to

drug candidates; and (iv) analysis of cell
viability and drug susceptibility (Fig. 1).

Modification of glass surface. We
fabricated the microarray on modified
glass substrates following a procedure
previously developed by us (18). Micro-
scope glass slides were modified by a se-
ries of chemical processing steps, and at
each step, the surface was analyzed by
Fourier transform infrared (FTIR) spec-
troscopy to determine the molecular
structure on the surface. The molecular
structure can be recognized from the ab-
sorption bands in the mid-infrared re-
gion (4,000 to 400 cm�1) characteristic of
the vibrational frequencies of the ar-
rangement and strength of chemical
bonds on the surface. Figure 2A, B, and C
show the absorbance spectra of the sur-
face at various stages of the surface mod-
ification procedure. Initially, treatment
of glass with sulfuric acid resulted in sur-
face activation, exposing silanol groups
(Si–OH). The activated surface was then
coated with 3-aminopropyltriethoxysilane
(APTES) to yield an amine-functionalized
siloxane group (–O–Si–O–), which is at-
tributed to a peak at 1,045 cm�1 (Fig. 2A).
Figure 2B shows the spectra of the glass
surface after coating with poly(styrene-
co-maleic anhydride) (PSMA) (red)
compared with only PSMA in solution
(blue). PSMA in solution (blue) shows
two characteristic absorption peaks at
1,717 cm�1 and 1,749 cm�1 attributed to
the ketone and anhydride group and a
third one at 1,211 cm�1 characteristic of

C-O-C bond of maleic anhydride (19, 20). However, in PSMA-
coated glass surface (red), the peaks at 1,749 cm�1 and 1,211 cm�1

corresponding to maleic anhydride disappear, indicating covalent
interaction between the anhydride groups with the amine group
on APTES. We also observe a new peak at 760 cm�1 correspond-
ing to styrene-ring puckering due to the zipper-like self-assembly
of styrene groups of PSMA, which makes the surface hydrophobic.

Next, we treated this surface with poly-L-lysine (PLL) at a pH
above its pI (8.3), such that the positively charged lysine groups
(-NH3

�) in PLL provided stable attachment of alginate gels on
one end while bound to PSMA at the other. As shown in Fig. 2C,
PLL in solution (blue) shows peaks at 3,333 cm�1 and 3,452 cm�1,
which correspond to primary and secondary amines, respectively.
However, upon coating PLL on modified glass slides, these peaks
disappeared (red), suggesting interaction of amine groups with
the PSMA-coated surface by electrostatic and covalent binding
(21). Since rapid gelation of alginate hydrogels requires a divalent
cation, we used PLL mixed with barium chloride in the biofilm
experiments. Thus, the PLL-BaCl2 spots acted as “tie-layer” to
bridge alginate matrix to the PSMA-coated surface (Fig. 2D). Fi-
nally, we confirmed that these surface modification processes re-
sulted in a hydrophobic surface by contact angle goniometry,

FIG 1 Schematic of workflow in the fabrication of nano-biofilm microarray and associated drug
screening process to identify antifungal drugs that inhibit biofilm formation and act against preformed
biofilms.
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wherein the alginate spots were nearly hemispherical, with a con-
tact angle of 90.95° � 2.75°.

Optimization of operating parameters. We optimized the
various experimental conditions to obtain a robust and functional

biofilm microarray using a two-level factorial design. Unlike
single-factor experimental designs, wherein the outcomes of the
process are assumed to depend on mutually independent single
parameters, this statistical simulation study provides insights into

FIG 2 Fourier transform infrared (FTIR) spectroscopy analysis of surface modification. (A to C) Absorbance peaks of APTES (A), PSMA (B), and PLL (C)
identified at different stages of surface modification, characterizing each layer of coating. (D) A schematic of a nano-biofilm spot on a modified glass slide.
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the interaction between various experimental parameters (22).
These experimental parameters or “design variables” determine
the outcome or “response variables.” As our goal is to obtain a
robust biofilm microarray, we chose the response variables as
measures of the robustness of the biofilm attachment to the glass
surface and of the authenticity of the biofilm. These two response
variables were assigned an arbitrary value of 0 (poor) to 5 (good)
based on microscopic assessment. A robust attachment means
that the biofilm did not detach even after 10 gentle washes. A
“true” biofilm is defined by its idiosyncratic morphology, consist-
ing of all three forms of fungi, namely, yeast cells, pseudohyphae,
and hyphae, as evaluated by microscopy (23). In contrast, a “pseu-
dobiofilm” consists of a random distribution of yeast and/or pseu-
dohyphae. We chose the design variables as concentrations of me-
dia, alginate, PSMA coating, and cell-seeding density, since the
preliminary experiments have shown that each of these experi-
mental conditions had a profound impact on the response vari-
ables.

We evaluated the two response variables for the 16 (24) differ-
ent experimental conditions corresponding to the two levels (low
and high) of each of the four factors. We applied statistical analysis
to these results using the Design of Experiments software (24)

(Minitab Inc., State College, PA) to detect the interaction effects
between the factors. The effects of the interactions between the
four independent design variables on robust attachment and for-
mation of true biofilms are shown in Fig. 3. Each panel of Fig. 3A
represents the effect of interactions between any two design vari-
ables on true biofilm formation. For instance, from the first panel
of Fig. 3A, we observe that cell-seeding density (y axis) and mod-
erate to high medium concentration (x axis) favor biofilm forma-
tion. Similar analysis of other paired interactions (Fig. 3A) re-
vealed that, while PSMA coating density had no effect, the
concentrations of alginate matrix, media, and cell-seeding density
played a pivotal role in the formation of biofilms. The biofilms
were examined by light microscope to further delineate the con-
ditions that favor true biofilms and not pseudobiofilms.

Similarly, we studied the effect of the paired interaction be-
tween design variables on robust attachment of the spots (Fig. 3B).
We observed that the cell density and RPMI concentration did not
contribute to the robust attachment of spots printed on the mi-
croarray, as it was governed only by the concentrations of alginate
matrix and PSMA. With all the aforementioned independent in-
teractions of factors, an overlay plot was generated and optimal
parametric values were established for the concentrations of algi-

FIG 3 Factorial design of experiments for fabricating a robust microarray of nano-biofilms. (A and B) Interaction between the design variables— cell-seeding
density, media, alginate, and PSMA—in forming true biofilms (A) and robust attachment of nano-biofilms (B). The y-x axes are labeled on top of each graph.
(C) Optimal (blank) and nonoptimal (hatched) zones of robustly attached true biofilms at fixed concentrations of PSMA and alginate. Arrows represent
favorable values for cell-seeding density and medium concentration. (D) Microarray scanner image of nano-biofilm microarray with 1,200 spots of identical
nano-biofilms of 400-�m diameter.
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nate, media, cell-seeding density, and PSMA as 2%, 3�, 3 �
106 cells/ml, and 0.3%, respectively (Fig. 3C). Using these values,
we robotically printed 1,200 spots (60 rows and 20 columns) of
30 nl each of Candida albicans yeast cells encapsulated in alginate
matrix on modified glass microscope slides. The slide was incu-
bated at 37°C for 24 h to allow for biofilm growth and maturation,
yielding a nano-biofilm microarray (Fig. 3D). We observed that
the spots remained hemispherical, attached robustly to the sur-
face, and supported true biofilm growth.

Characterization of nano-biofilms. We characterized exten-
sively the nano-biofilms grown on the microarray by scanning
electron microscopy (SEM) and confocal laser scanning micros-
copy (CLSM) (Fig. 4). Using SEM, we observed that spherical
yeast cells and filamentous hyphal elements were embedded in the
alginate matrix (Fig. 4A). Using CLSM, we visualized the filamen-
tous architecture of intact nano-biofilms by staining with fluores-
cent dye Concanavalin A (ConA), which selectively binds to man-
nose and glucose residues on cell wall polysaccharides (Fig. 4B). It
can be seen from the cross-sectional view of the nano-biofilms

(Fig. 4C) that the cells grew in three dimensions to a height of
approximately 140 to 150 �m.

To quantify cell density in nano-biofilms, first, we measured
the increase in fluorescence due to the uptake of FUN1 by meta-
bolically active cells using a microarray scanner. We observed that
the fluorescence from FUN1 correlated linearly with cell number
over the range of interest (see Fig. S1A in the supplemental mate-
rial). Additionally, we also confirmed that the levels of fluores-
cence at different spots on the microarray seeded with the same
cell density were identical, indicating uniformity of biofilm
growth at various spots on the microarray (Fig. S1B). Next, we
established the kinetics of biofilm growth and maturation in algi-
nate matrices using FUN1. As shown in Fig. 4D, the biofilm grew
rapidly and maximum metabolic activity was reached within 12 h,
after which the metabolic activity of the cell decreased, suggesting
biofilm maturation. Therefore, the nano-biofilms grown in the
microarray faithfully reproduced the standard 96-well plate
model of biofilm formation (25), although with somewhat faster
growth kinetics. The maturation of biofilm on the microarray

FIG 4 Characterization of nano-biofilms after 24 h of growth. (A) Scanning electron micrograph of a single spot of nano-biofilm at increasing magnifications
(scale bars in the left, middle, and right panels are 100, 20, and 10 �m, respectively). Both filamentous and nonfilamentous morphologies can be identified. (B)
Confocal laser scanning micrograph of a ConA staining demonstrates three-dimensional (3D) architecture. (C) Optical XY sections of different layers along the
z axis, indicating a thickness of ~140 �m. (D) Growth kinetics over a period of 48 h along with microarray scanner images.
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within 12 h was faster than the usual 24 h observed in 96-well
plate, possibly because of the large (2,000-fold) reduction in the
culture size (26, 27). It should also be noted that no additional
medium was added to the microarray after initial seeding, in con-
trast to the well-plate models, wherein the biofilms are submerged
in a large volume of media. These observations suggest that the
nano-biofilm microarray offers the possibility of reducing the as-
say time and reagent volume in the assay protocol, thus increasing
the throughput.

Susceptibility of nano-biofilms to antifungal drugs. Having
ascertained that the morphological and growth characteristics of
nano-biofilms on the microarray were comparable to those of the
macroscopic biofilms grown in 96-well plates, we evaluated the
response of nano-biofilms to clinically used antifungal drugs. In
general, the formation and maturation of biofilm are associated
with high levels of resistance to most known antifungal drugs (25,
28, 29). In particular, the susceptibility to azoles, a common class
of antifungal drugs, exhibited by C. albicans in its planktonic mor-
phology disappears after it matures into a biofilm. In fact, en-
hanced resistance of the biofilms to antifungal drugs is attribut-
able as the most important reason for the high mortality rates
associated with candidiasis (30, 31).

First, we confirmed that the response of the nano-biofilms to
drugs was independent of their location on the microarray. We
divided the microarray into seven identical blocks, and the nano-
biofilms in each of the blocks were exposed for 24 h to quadruple
increments in concentrations of amphotericin B, a commonly
used antifungal agent. We observed that the nano-biofilms grown
at different spatial locations on the microarray were identical in
their response to the drug, further confirming consistency in the
cell seeding, growth, and staining processes (see Fig. S2 in the
supplemental material).

Next, we evaluated the antifungal susceptibility of biofilms and
their planktonic counterparts that were encapsulated in alginate
hydrogel matrix to three commonly used antifungal drugs belong-
ing to different chemical classes. The effect of drug was deter-
mined from the fraction of the metabolically active cells that was
remaining after 24 h of drug treatment compared to the controls
and was reported as the drug concentration that inhibited the
growth of biofilms to 50% (IC50). As a proof of concept, we vali-

dated the susceptibility of nano-biofilms in the microarray against
three commercially available antifungal agents belonging to three
different chemical classes—amphotericin B (a polyene), flucona-
zole (an azole), and caspofungin (an echinocandin). To test the
antifungal susceptibility of biofilms, the drugs were added 24 h
after initial seeding of the microarray, during which period the
biofilms grew and matured. To test the efficacy of drugs in pre-
venting planktonic cells from forming biofilms, the drugs were
added along with the cells during the initial seeding of the mi-
croarray. We observed that all three drugs were effective against
planktonic cells in preventing biofilm formation (Fig. 5). How-
ever, when the drugs were tested against preformed biofilms, only
amphotericin B and caspofungin, but not fluconazole, showed
antifungal activity. The IC50s of amphotericin B and caspofungin
against preformed nano-biofilms were 1.0 �g/ml and 0.6 �g/ml,
respectively, and these values are comparable to those obtained
from macroscopic biofilms cultured in a 96-well plate (32, 33).
The IC50 and IC80 values of the nano-biofilms for fluconazole were
�1,024 �g/ml, which is also comparable to the results obtained
from the 96-well plate model (32). Thus, the planktonic morphol-
ogy of the fungi is susceptible to fluconazole but upon maturation
to a biofilm displays a high degree of resistance. The intrinsic
resistance to azoles is considered a hallmark of true biofilm for-
mation and is attributed, among other reasons, to the binding of
the azole compounds to �-glucans in the self-produced extracel-
lular matrix of the biofilm (34). This phenomenon of azole resis-
tance witnessed in the nano-biofilms but not in planktonic cells
grown in the microarray provides additional phenotypic confir-
mation for biofilm formation. Thus, a 2,000-fold reduction in
volume, in comparison with the 96-well plate model, had not
impaired the formation of a true biofilm. These results attest that
the nano-biofilm microarray is a veritable platform to study C. al-
bicans biofilms. Of interest, we had reported earlier that the bio-
films grown in a collagen matrix were resistant to caspofungin
(18). This suggests that caspofungin, and probably other drugs
with high affinity for proteins (35), may bind to collagen but not
to an alginate matrix. Thus, despite its somewhat “artificial” na-
ture, the chemically inert alginate matrix may be used as a univer-
sal scaffold for the encapsulation of biofilm cells and seems fully

FIG 5 Profile of dose responses of nano-biofilms to common antifungal drugs. Data represent levels of susceptibility to amphotericin B (A), fluconazole (B),
and caspofungin (C) in inhibiting biofilm formation (Œ) and against preformed biofilms (�). The normalized response refers to the percentage of metabolically
active cells.
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compatible with downstream applications during the drug dis-
covery process.

Combinatorial screening of FDA-approved antifungal drug
collection with FK506 for drug-drug interactions. A major dif-
ficulty in the treatment of C. albicans biofilm infections is that the
biofilms are inherently resistant to most known antifungal agents
compared to their planktonic counterparts. In particular, as
shown in Fig. 5B, C. albicans biofilms are completely resistant to
fluconazole. These biofilms are also resistant to other azoles,
whereas the yeast cells are susceptible to this drug. Fluconazole
targets an essential enzyme in the ergosterol biosynthetic pathway
(36), and the biofilm resistance has been attributed to a reduction
in the ergosterol levels in mature biofilms (34). It has been shown
that calcineurin inhibitors such as FK506 or cyclosporin act syn-
ergistically with fluconazole and other azole drugs, making them
fungicidal than fungistatic. FK506, or tacrolimus, is an immuno-
suppressant that is prescribed at low doses to patients undergoing

organ transplants (37–39). Also, Uppu-
luri et al. have previously demonstrated
the synergistic effect of calcineurin inhib-
itors and fluconazole against C. albicans
biofilms (40). Thus, using FK506 in con-
junction with existing antifungal drugs
that are otherwise ineffective against bio-
film infections offers an attractive possi-
bility to treat invasive candidiasis.

We used the nano-biofilm microarray
to examine the synergistic interaction be-
tween FK506 and antifungal drugs (Prest-
wick Chemicals, Washington, DC). This
library consists of compounds that are
FDA-approved, off-patent drugs (41).
Hence, we tested the antifungal suscepti-
bility of C. albicans biofilms against these
drugs at 10 �M either individually or in
combination with 0 to 256 �g/ml FK506
using amphotericin B as the positive con-
trol. Our miniaturized, high-throughput
assay enabled us to evaluate the various
combinations of the drugs, taken two at a
time, as a checkerboard on a single mi-
croarray. In the absence of FK506, only
four drugs, i.e., antimycin, cicloper-
oxyethanolamine, griseofulvin, and bi-
fonazole, were effective against biofilms,
confirming that the biofilms are resistant
to most antifungal drugs which are re-
portedly potent in killing planktonic cells
(Fig. 6). We observed that FK506 alone
was active only at the highest concentra-
tion (256 �g/ml) (Fig. 6; see also Fig. S3
in the supplemental material) and that
most of the drugs were effective when
combined with higher concentrations
(�16 �g/ml) of FK506 (Fig. 6). However,
the addition of the lowest dose of FK506
(4 �g/ml or 5 nM) synergistically trig-
gered antifungal activity with a number of
drugs from various classes, including naf-
tifine hydrochloride (allylamine), flu-

conazole, bificonazole (azoles), griseofulvin (benzofuran),
ethoxyquin (quinolin), flucytosine (nucleoside analog), and halo-
progin (phenyl ether). Taken together, the results from the com-
binatorial screening analysis have identified six new antifungal
drugs that are ineffective against biofilm infections but can turn
effective in synergistic combination with small doses of FK506.
This provides a proof of concept of the nano-biofilm microarray
for combinatorial drug screening.

Screening of NCI small-molecule library for novel antifungal
drug candidates. To further validate the utility of the nano-
biofilm microarray for HTS of novel antifungal drug candidates,
we tested the presence of antifungal activity in the small molecules
of the NCI 4256/36 challenge set. Since these compounds are re-
ported to have anticancer activity, identification of antifungal ac-
tivity in these compounds may be clinically desirable. We tested
for antifungal activity of 57 compounds in this library against
preformed biofilms at a single concentration of 5 �M. The screen

FIG 6 High-throughput combinatorial screening of antifungal drugs with FK506. A total of 28 anti-
fungal drugs at 10 �M were tested in combination with 0 to 256 �g/ml FK506 in a checkerboard fashion,
and the effect on biofilms was quantified. The drugs were classified based on the extent of biofilm
inhibition: 0 to 25% (green); 25 to 50% (gray); and 50 to 100% (red). Four drugs were found to be
effective singly, and six drugs were found to be effective in combination with 4 �g/ml of FK-506.
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included nano-biofilms treated without any drug-containing me-
dia as the negative control and a blank control without any cells to
eliminate any background fluorescence. The high-throughput na-
ture of the microarray enabled us to screen all compounds in 16
replicates totaling 1,200 assays on a single microarray slide. The
screening results are shown in Fig. 7 along with the results from
the industry standard 96-well plate for comparison. The com-
pounds that inhibited the metabolic activity of biofilm by more
than 50% compared to untreated controls were classified as “hits.”
Based on this criterion, we obtained three hits— 01460, 99643,
and 641296 —from this library by both the microarray and the
96-well plate model. The three hits were toyocamycin (99843),
trichopolyn (301460), and an antineoplastic (641296). Trichopo-
lyn is a peptide antibiotic that has shown some promise as an
immunosuppressant in in vitro experiments (42). It is derived
from a fungus, Trichoderma polysporum, and the accepted mode
of cell death is induction of membrane leakage. The antineoplastic
(641296) is a less-studied hydrazinecarbothioamide compound.
The hydrazinecarbiothioamide derivatives have shown antifungal

and antitumor activity (43) and have been of interest as drug can-
didates as they have potential sites for binding to a variety of metal
ions. Toyocamycin is an adenosine analog that has shown tumori-
cidal activity by inhibiting RNA synthesis and inducing apoptosis
(44) and antibacterial activity by inhibiting kinase activity (45,
46). These three candidates may be investigated further for safety
and efficacy in animal models of candidiasis.

It is appropriate to mention certain instances where conven-
tional assays or further analyses may be warranted following a
primary screen with the nano-biofilm microarray, such as studies
focused on (i) specific inhibitors of native or organism-derived
biofilm matrix, since the smallness of the nano-biofilms and en-
capsulation in an artificial alginate matrix in the microarray makes
it difficult to isolate and quantify the effects of exopolymeric ma-
trix components, including �-glucans and extracellular DNA; (ii)
biofilm dispersion under flow conditions; and (iii) fungistatic
drugs, which influence metabolic activity without affecting viabil-
ity, since a metabolic stain may not accurately predict cell viability
(47–51).

FIG 7 Screening of NCI challenge set 4256/36 for antibiofilm activity. Fifty-eight small-molecule compounds from the NCI challenge set were screened at
10 �M against preformed biofilms with the nano-biofilm microarray (green) or in a 96-well plate (red). Three hits were identified in the nano-biofilm microarray
and were confirmed with the 96-well plate model.
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Conclusion. In summary, we have developed a high-
throughput microarray for studying C. albicans biofilms. We
demonstrated that despite more than 3 orders of magnitude of
miniaturization, the morphological, phenotypic, and drug resis-
tance characteristics of the nano-biofilms on the microarray are
comparable to those of the macroscopic biofilms formed in 96-
well plates. We also screened two small-molecule chemical librar-
ies and identified novel antifungal drug candidates or novel com-
binations of existing drugs with antifungal activity. Although the
microarray was developed for Candida albicans and was used for
drug discovery, this universal platform is adaptable to other ap-
plications and offers numerous advantages, including the follow-
ing. (i) Most currently used assays employ 96-well plates wherein
the target biofilms are formed either in suspension or at the liquid-
air interface and hence are easily disturbed during analysis proce-
dures, resulting in false readouts. The microarray-based platform
presented in this work employs robust porous hydrogel matrices,
which not only support growth but also prevent the disruption
and loss of biofilms during the experiments. (ii) Miniaturization
of the assay from conventional microliter to nanoliter volumes
reduces assay costs and time and enhances the feasibility of assays
otherwise limited by valuable chemical or biological samples such
as clinical isolates. (iii) Increases in throughput enable combina-
torial screening of large number of samples. (iv) The platform
offers ease of adaptability to mono- or polymicrobial bacterial and
fungal cultures. (v) The platform is suitable for determining anti-
microbial drug susceptibility in clinical settings.

MATERIALS AND METHODS
Culture conditions. Candida albicans strain SC5314, stored at �80°C in
glycerol stock, was cultured on yeast extract-peptone-dextrose agar plates
(YPD plates) and incubated at 37°C for 24 h. To obtain the growth of the
budding yeast phenotype, a loopful of cells from fully grown YPD plates
was subcultured in 20 ml of YPD liquid media and grown in an orbital
shaker at 30°C for 12 to 18 h.

Fabrication of microarray slides. Borosilicate glass slides were rinsed
in a staining jar with 99% ethanol and treated with concentrated sulfuric
acid for 12 h. The slides were air-dried using a stream of nitrogen gas,
rinsed with Milli-Q water, and baked at 80°C for 30 min. The slides were
coated with 2.5% (wt/vol in toluene) 3-aminopropyltriethoxysilane
(APTES) and baked at 120°C for 15 min, generating a layer of cross-linked
APTES. Finally, the slides were spin coated with 0.3% (wt/vol in toluene)
poly(styrene-comaleic anhydride) (PSMA) at 3,000 rpm for 30 s (52).

FTIR spectrometer analysis. Fourier transform infrared (FTIR) mea-
surements were conducted on modified glass slides in the absorbance
mode over a range of 4,000 to 400 cm�1 at a resolution of 4 cm�1 using a
Tensor 27 instrument (Bruker Instruments). A high signal-to-noise ratio
was achieved using 150 scans for each of the spectra, which were obtained
at room temperature using a MIRacle Attenuated Total Reflection (ATR)
accessory (Pike Instruments) with a diamond crystal. OPUS software was
used to acquire and process the spectra.

Factorial design. To fabricate a robust nano-biofilm microarray that
would support the growth of true biofilms, the experimental conditions
were optimized by a two-level four-factor experimental design model
(Minitab and Design of Experiment [DoE] software). The effect of exper-
imental variables, including cell-seeding density, concentration media,
PS-MA coating, and alginate matrix, was evaluated for two qualitative
outcomes, namely, morphological characteristics of the biofilm (and its
yield) and robust attachment of spots on slides. Thus, the cell-seeding
density, media, and alginate matrix composition were established by the
results of the DoE simulation.

Microarray printing. For preparation of inocula for printing and
nano-biofilm formation in the microarray, cells harvested from overnight

YPD cultures were washed twice and resuspended in sterile phosphate-
buffered saline (PBS). The cell suspension was adjusted to a density of 5 �
106 cells/ml in RPMI 1640 and then added to alginate to give a final con-
centration of of 3 � 106 cells/ml in 1.5% alginate. The suspension con-
taining yeast cells, alginate, and media was printed (30 nl per spot) on the
functionalized PSMA-coated glass slides using a noncontact microarray
spotter (Omnigrid Micro, Digilab Inc., Holliston, MA) with conically
tapered 100-�m-long orifice ceramic tips. An array of 60 rows and 20
columns was printed at room temperature with relative humidity of
100%. In a standard print run, the tips were primed, rinsed in running
water, and vacuum dried twice after each sample-loading and printing
step. The slides were then placed in a humidified hybridization cassette
(Arrayit, Sunnyvale, CA) to prevent evaporation of spots and incubated at
37°C. All microarrayer functions such as sample loading, priming, print-
ing, and spatial distribution of the array were controlled by AxSys pro-
gramming (Digilab).

Microscopy. The morphology, distribution, and topography of the
nano-biofilms grown were routinely monitored by inverted-light micros-
copy. The architecture of the alginate matrix scaffolding the yeast cells and
the biofilm was imaged using a Zeiss EVO 40 scanning electron micro-
scope (Carl Zeiss, Thornwood, NY). Briefly, the biofilms formed in the
microarray were fixed with a solution of glutaraldehyde (2.5% [wt/vol])-
0.1 M sodium cacodylate buffer at pH 7.4 for 2 h at 37°C. Following
fixation, the biofilms were treated with a solution of osmium tetroxide
(1% [wt/vol])-0.1 M sodium cacodylate buffer at pH 7.4 for 2 h at room
temperature. The samples were rinsed with water and soaked in a graded
series of ethanol solutions (a step gradient of 30%, 50%, 70%, and 90% in
water for 10 min per step), ending with 100% ethanol. After dehydration,
the samples were dried overnight in a vacuum dryer and subsequently
coated with a 60:40 gold-palladium alloy, approximately 10 nm thick,
using a Cressington sputter coater for a duration of 30 s.

For determining the three-dimensional morphology of the nano-
biofilms grown on the microarray, Concanavalin A, a fluorescent stain
(Invitrogen Corp., Carlsbad, CA), was used and imaged using an LSM 510
confocal scanning laser microscope (CSLM) (18) (Carl Zeiss).

Viability assay. The viability of nano-biofilms was determined based
on their metabolic activity, using FUN 1 fluorescent dye. Upon staining,
the fluorescent dye is internalized and processed only by metabolically
active fungal cells. The excitation and emission spectra of FUN 1, 480 to
535/550 nm, are compatible with the sets of lasers [523 nm with a Photo
Multiplier Tube gain (PMT) of 300] and filters installed in most micro-
array scanners. The nano-biofilms were stained with 0.5 mM FUN 1, by
simply immersing the entire microarray slide in a staining jar, and incu-
bated in the dark at 37°C for 30 min. Following incubation, the microarray
slide was washed three times by immersion in phosphate-buffered saline
(PBS) to remove excess stain, air-dried, and scanned in a microarray scan-
ner (GenePix Personal 4100A; Axon Instruments, Union City, CA). Im-
ages were analyzed with GenePix Pro V7 (Axon Instruments, Union City,
CA).

Susceptibility testing using nano-biofilm microarray. The stock so-
lutions of the antifungal drugs amphotericin B and caspofungin were
diluted in RPMI 1640-PBS to a maximum concentration of 16 �g/ml and
fluconazole to a maximum concentration of 2 mg/ml. The subsequent
dilutions were made from the stock solutions in RPMI 1640. Using the
robotic arrayer, 30 nl of drugs, in 4-fold dilutions of starting concentra-
tions, were printed on top of the nano-biofilms to study the effect of drugs
on biofilm inhibition. In another experiment, to study the effect of drugs
in preventing biofilm formation, 30 nl of drugs at similar concentrations
were printed on top of the cells before they formed biofilms. The microar-
ray(s) containing drugs was then incubated in a humidified hybridization
cassette for 24 h, gently washed in PBS, stained with FUN 1, and analyzed
using the microarray scanner.

To prepare the dose-response curve, the relative fluorescence unit
(RFU) values were converted into normalized response values. Briefly, the
values of fluorescence intensity of the control and dead (killed with
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10 �g/ml amphotericin B) biofilms were arbitrarily set at 100% and 0%,
respectively, and the inhibitory effects of compounds were determined by
the reduction in fluorescence intensity in relation to the controls. The IC50

(the inhibitory concentration of drugs required to reduce the fluorescence
intensity by half compared to the live control level) values were deter-
mined by fitting the normalized values to the variable slope Hill equation
(an equation determining the nonlinear drug dose-response relationship)
using GraphPad Prism software (La Jolla, CA).

Combinatorial screening of a collection of FDA-approved antifun-
gal drugs with FK506. A stock solution of FK506 (Sigma) was prepared at
10 mg/ml in dimethyl sulfoxide (DMSO) and stored at �80°C until use.
FK506 was diluted to a final concentration of 8 mg/ml just prior to use,
and 30 nl was spotted on top of the preformed biofilms on the microarray.
A total of 28 antifungal drugs from Prestwick Chemicals Ltd. (Washing-
ton, DC) stored at �80°C in DMSO were diluted to a final concentration
of 10 �M just prior to use, and 30 nl of each reaction volume was spotted
on top of the preformed biofilms on the microarray. The microarray was
incubated for 24 h, stained with FUN1, and analyzed for viability as de-
scribed above.

Screening of small-molecule NCI challenge set 4256/36 chemical li-
brary. NCI challenge set 4256/36, a drug library of 57 small molecules
with suitable positive (media) and negative (DMSO) controls, acquired
from National Cancer Institute, was stored at �80°C until use. Just prior
to printing, the drugs were diluted to 20 �M in RPMI 1640. Drugs (30 nl)
were printed on top of preformed biofilms and were incubated in humid-
ification cassettes for 24 h at 37°C, washed, stained, and scanned as de-
scribed above. The drugs that resulted in �50% cell viability compared to
the control without drugs were identified as representing a “hit.”

To screen for antifungal activity using a 96-well plate, the inoculum
was adjusted to a density of 1�106 cells/ml in RPMI 1640. A 100-�l
volume of cell suspension was added to each well of a tissue culture-
treated, flat-bottom 96-well plate and incubated at 37°C. After 24 h, the
biofilms were washed with PBS to remove any nonadherent cells. To the
biofilms formed, 100 �l of drugs at 10 �M from the NCI challenge set was
added and incubated at 37°C for additional 24 h. After drug treatment, the
viability of the biofilms was measured using an XTT assay (32).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00331-13/-/DCSupplemental.
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