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Abstract

We demonstrate the use of micromechanical cantilever arrays for selective immobilization and fast quantitative detection of vital fun-
gal spores. Micro-fabricated uncoated as well as gold-coated silicon cantilevers were functionalized with concanavalin A, fibronectin or
immunoglobulin G. In our experiments two major morphological fungal forms were used—the mycelialifperyillus niger and the
unicellular yeast fornfaccharomyces cerevisiae, as models to explore a new method for growth detection of eukaryotic organisms using
cantilever arrays. We exploited the specific biomolecular interactions of surface grafted proteins with the molecular structures on the fungal
cell surface. It was found that these proteins have different affinities and efficiencies to bind the spores. Maximum spore immobilization,
germination and mycelium growth was observed on the immunoglobulin G functionalized cantilever surfaces. We show that spore immobi-
lization and germination of the mycelial fungdsniger and yeass. cerevisiae led to shifts in resonance frequency within a few hours as
measured by dynamically operated cantilever arrays, whereas conventional techniques would require several days. The biosensor could detec
the target fungi in a range of $81(° CFU mi~1. The measured shift is proportional to the mass of single fungal spores and can be used to
evaluate spore contamination levels. Applications lie in the field of medical and agricultural diagnostics, food- and water-quality monitoring.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction requires at least 5-14 days. Moreover, the majority of fungal
species are still identified by morphological criteria that re-
Microscopic fungi are human pathogens and serious con-quire broad taxonomic skill and experient¢éopg de et al.,

taminants in industry and food production. Fast detection of 2000. Current modern tests using immunological and molec-

microfungal species is of great importance in medical di-
agnostics, food quality control, as well as fungal protection
for pure material production. Conventional fungal detection
and identification methods usually include sampling, culti-
vation of fungi on artificial media under a variety of con-

ditions, isolation, morphological evaluation of microscopic
fungi and microscopy analysis. Although standard microbi-
ological techniques allow detection of single fungal spores,
amplification of the signal through growth of a single spore

ular biology methods can identify fungal species without cul-
turing the organism. These methods include radioimmunoas-
say (RIA) (Talbot et al., 198), enzyme-linked immunosor-
bent assay (ELISA), fluorescent antibody meth@&@tggen et

al., 1995, Western blot technigue, nucleic acid hybridization
and polymerase chain reaction (PCR)efmanson, 1996;
Madigan et al., 2008 Because of their high sensitivity, RIA
and ELISA are two widely used immunological techniques.
They employ radioisotopes and enzymes, respectively, to la-

into a colony is required. This process is time-consuming and bel antibodies used for microbial antigen detectidie(ning
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etal., 2004. Nucleic acid hybridization is another very sensi-
tive and selective analytical method for detection of specific
DNA sequences associated with specific organisuhsng
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et al., 1996; Sperveslage et al., 199owever, these pro- the interface in an oriented manner using protein A. This
cedures are complex and often demand special labelling andenhances the binding efficiency of the functional layer on the
require hours of processing. cantilever interface. Thus, applications of different protein
The development of highly sensitive, selective, label-free, coated cantilever allow to reveal microorganisms with gly-
real-time and in situ detection methods for specific fungi will coproteins on the outer membrane surface (in case of Con A
enhance our ability to effectively track microorganisms in and Fn application), or to extract single species using specific
different environments. Micro-fabricated cantilever sensors antigen/antibody interactions (IgG case).
with selective coatings for target immobilization are ideal Microfungi are gaining importance with the increasing in-
candidates for biosensing applications. The mass resolutioncident of mycoses and production of toxins in contaminated
obtained with cantilevers in air is in the pico and the fem- food. More than 100 species can cause human and animal
togram rangel(ang et al., 1999; Baller et al., 2000; Bhalerao diseasesHoog de et al., 20001In our experiments we used
et al., 2004; Gupta et al., 20pMass changes on the can- two major morphological fungal forms: the mycelial foAmn
tilever can accurately be determined by running the instru- pergillus niger and the unicellular yeast forSuccharomyces
mentina“dynamic mode”, where the cantilevers are actuated cerevisiae, as models to explore a new method for growth de-
at their resonance frequency. If additional mass is adsorbedtection of eukaryotic organisms on cantilevetsuiger is the
onto the cantilever surface, the resonance frequency will bemain air contaminants in industry and food production. Fur-
shifted to lower frequencies. These shifts allow calculation of thermore, it is able to cause human and animal aspergilloses
the mass changédng et al., 200R There are few published  (Yeldandi et al., 1995; Severo et al., 1997; Vivas, 1998-
reports about microcantilever biosensors operating in dy- pergillus infections are clearly associated with environmental
namic mode capable of the detection of microorganidhics ( hygiene and have a high mortality rate in immunocompro-
etal., 2000, 2001; Gupta etal., 2Q0%hese authorsimmobi-  mised patientslondon et al., 1996 Yeast is used for bread,
lized bacterial cells and virus particles on antibody activated beer production and can cause food spoildyeerevisiae
silicon interfaces and operated their instruments in vacuum andA. niger are used as a model to simulate the behavior of
or under dry conditions. The obtained results showed high the opportunistic human pathogef@dida albicans andA.
microcantilever sensitivity in dynamic mode in the range fumigatus. Both strains are relatively easy to handle experi-
of 1.1-7.1Hz pg? (llic et al., 2000; llic et al., 2001and mentally and are so far the most studied fungi.
6.3Hzag ! (Gupta et al., 2004depending on cantilever di- In this paper we present a microcantilever based biosensor
mension. However, these experiments were done with in- for fast qualitative detection of fungal species. We propose
activated microbes. There is an obvious need for further reproducible Con A, Fn and IgG protein coating procedures
development of online detection of vital microorganisms of cantilever surfaces for selective immobilization of fungal
where microfungi can serve as an experimental model for spores. We demonstrate that cantilever arrays operated in dy-
eukaryotic cells. namic mode enable both detection of single funjatiger
Reproducible coating of individual silicon cantilevers by spores orS. cerevisiae yeast cells and monitoring of their
proteins with high affinity towards specific fungal spores al- germinationin situ. A major advantage of such a method
lows selective detection on its interface. In our approach we is a direct growth measurement in humid air (without pre-
exploited the affinity of concanavalin A (Con A), fibronectin  enrichment and labeling) and the use of reference cantilever
(Fn) and an antispergillus niger polyclonal antibody (IgG)  to exclude false positive detection.
to provide specific binding sites for fungal membrane sur-
faces. Con A contains multiple binding sites with high affini-
ties to specifiax-p-mannosyl andv-p-glucosyl residues of 2. Materials and methods
fungal cell surface carbohydrateBecker et al., 1976; Bit
tigerand Scneble, 1976; Mislovicova etal., 2p@=h is a pro- 2.1. Instrumentation
tein which shows binding affinities to several fungal manno-
proteins and negatively charged carbohydrates on the fun- A MultiMode™ AFM head (Digital Instruments, Santa
gal spore surfaceasylnka and Moore, 2000Pathogenic Barbara, USA) was used to measure the frequency response
yeast and mycelial fungi adhere to Fn molecules at different of the microcantilever during excitation. The light of the
sites: the 40-kDa GAG-binding domain, the 120-kDa domain laser diode was focused on the apex of the cantilever, from
and the RGD sequenc&q(ar and Klotz, 1997; Lima et al., where it reflected onto a position-sensitive detector. The re-
200)). The ability of Con A and Fn to interact specifi- sulting resonance spectrum of the excited cantilever was an-
cally with microbial glycoconjugates made it possible to alyzed with the AFM control software (NanoScSpeontrol
employ these proteins as surface bound receptors for cellssoftware).
For a more selective fungal detection fungi type specific

antibodies can be used(ramatsu et al., 1996 We per- 2.2. Humidity and temperature control
formedAspergilius spore immobilization via highly specific
anti-Aspergillus polyclonal antibodies for qualitative, spe- The MultiMode™ head was placed in a temperature con-

cific detection. The antibody molecules can be attached totrolled box (Intertronic, Switzerland). Temperature and hu-



N. Nugaeva et al. / Biosensors and Bioelectronics 21 (2005) 849-856

midity were kept constant during the measurements in a
flow chamber. Humidity was generated by flowing pres-
surized air through water. The temperature and the relative
humidity (RH) in the flow chamber were measured with
a HygroClip-SCO05 sensor (Rotronic, Bassersdorf, Switzer-
land). The parameters were monitored with a data acquisi-
tion board (Type: 6036E, National Instruments, Austin, TX).
LabView fuzzy logic control software allowed the regula-
tion of the flow controllers (EL-Flow, Bronkhorst HI-TEC,

851

below. All chemicals and buffer components were purchased
from Sigma—Aldrich Chemie GmbH (Buchs, Switzerland).

Con Awas used at a concentration ofi@pml~1in 0.5 M
2-(N-morpholino)ethanesulfuric acid buffer (MES, pH 6.4)
containing 1 mM CaGland 1 mM MnCy. Freshly prepared
gold-coated cantilevers were incubated in Con A solution for
1h at 24 C. Then the cantilevers were rinsed three times in
MES buffer.

Fn was used at a concentration of@gml~1 in 0.15M

Reinach, Switzerland), as well as the temperature feedbackphosphate buffered saline (PBS, pH 7.4). Gold-coated can-

of the cooling/heating box.

2.3. Cantilever arrays

Two types of microarrays were used: Firstly, silicon can-
tilever arrays coated with 2nm Cr/20 nm Au (MikroMasch,
Schaeffer-Tec AG, Burgdorf, Switzerland), secondly bare sil-
icon and silicon gold-coated (2 nm T30 nm Au) cantilever
arrays (Micro-/Nanomechanics Department, IBM Zurich Re-
search Laboratory). The typical dimensions of the Mikro-
Masch cantilevers are: 250n/300.m/350wm long, 35um
wide and 2um thick; IBM cantilevers are 50@m long,
100pm wide and 1 or 4.m thick. To remove residual traces
from micro-fabricated cantilevers a standard cleaning pro-
cedure in HSOy (conc.) in BO2 (30%) (1:1, Piranha so-
lution, caution!) was used. Thereafter BiBu layers were

tilevers were incubated in Fn solution for 1 h at°2} af-
terwards the cantilevers were rinsed three times in PBS. Fn
was provided by Dr. M. Chiquet (University of Bern, ITI
Institute).

IgG and protein A were adjusted to 10§ ml=1in 0.15 M
PBS (pH 7.4). Before the cantilevers could be activated
with 1gG a protein A coating had to be performed. The
silicon arrays were silanized using a 1% (3-aminopropyl)-
triethoxysilan solution in toluene for 1h at 2€. The
amino-groups of the final silanized layer were activated by
2.5% glutaraldehyde (in PBS buffer) for 1 h at &2 and
then washed in PBS (in our experiments all samples were
washed three times in buffer). Afterwards, the pre-activated
cantilever arrays were incubated in a protein A solution
over night at #C and washed in PBS. To functionalize the
surface with 1gG the cantilevers were individually placed in

deposited by e-beam deposition and the interface activated® capillary device containing IgG solution for 2h at room

with proteins Arntz et al., 2003.

2.4. Protein coating procedure

Three different proteins were used for cantilever coating:
concanavalin A, fibronectin and amtispergillus niger poly-
clonal antibodiesKig. 1). Con A and Fn protein coatings
were performed directly on gold-coated cantilevers.

temperature. After incubation the arrays were washed in
PBS. IgG was purchased from Virostat (Portland, ME, USA).
Two experiments were also performed on silicon squares
activated with proteins (“control surface”, square size was
5mmx 5mm) and placed in a humidity chamber under
constant temperature and humidity (Zland 96% RH). The
first experiment was done to study efficiencies of different
protein coatings (as spore immobilization, germination and

IgG was bound specifically onto a protein A layer which growth). The second experiment was dedicated to clarify

was covalently anchored on bare silicon surface as described®

i
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Fig. 1. Schematic of protein coatings and spore immobilization on can-
tilevers. (1) Gold-coated silicon cantilever: (a) concanavalin A (Con A)
binds to sugar residues of glycoproteins of the fungal membrane surface;
(b) fibronectin (Fn) interacts with cell-surface receptors of fungi. (2) Silicon
cantilever: (c) oriented immunoglobulin G (IgG) anchored on cantilever via
protein A selectively reacts with the fungal spore surface.

ptically the events which took place on the IgG coated
surface withA. niger immobilized spores. In this experiment
we placed silicon samples coated in the same way as
sensor cantilever with spores in the microscopy humid
chamber under identical conditions (“control surface”)
in parallel and collected three samples each 30 min for
visualization.

2.5. Fungi and spore immobilization

Both strains, mycelial fungus. niger (#1988) and yeast

S. cerevisiae (#70449), were purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Germany). Strains were revitalized with PBS solution and
grown on solid malt extract media. Three week old fun-
gal strains were diluted with 10 ml sterile 0.15M PBS (pH
7.4) or 0.5M MES (pH 6.4), mixed for 30sec and fil-
tered through nitrocellulose filters (Sartorius, Switzerland,
pore diameter 8m) to separate spores from mycelia. The
spore concentrations in the incubation suspension were: for
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A. niger 7 x 1 colony-forming units per ml (CFU mtt), 2.7. Scanning electron microscopy

and fors. cerevisiae 2 x 10° CFU mI~L. Functionalized can-

tilevers were incubated in a spore suspension for45 minusing  Philips XL 30 ESEM was used to visualize the protein-
microcapillaries. Microarrays were rinsed firstin PBS buffer spore-loaded cantilevers.

and then in a nutritive solution (buffer/malt extract mixture,

9:1). Malt extract was used as a soluble nutritive nitroge-

nous and carbohydrate source for fungal growth. Cantilevers3. Results and discussion

with immobilized spores were intermediately dried and then

mounted into the MultiModE¥ device for resonance fre- 3 ;. Fungal spore detection

guency measurements.

Our experiments have demonstrated for the first time that

2.6. Resonance frequency measurement an AFM based technique enables the detection of single fun-

gal spores immobilized on cantilever surfaces functionalized

The resonance frequency of each cantilever was measuregyith various proteins.

after cleaning and silanization, first in dry and then in hu- | all the following experiments, irrespective of cantilever
mid conditions to obtain the resonance frequency of the “un- type, funga| Species or protein Coating' we observed a reso-
loaded” sensors in the state prior to exposure to spores. Aftefnance frequency shiftfy =f1 — f>) in air after exposure of
the immobilization of the receptor proteins and the target the functionalized cantilever to a suspension of spores due to
spores, the frequency of each cantilever was measured threghsorption of spores onto the cantilevefiy( 2). Variations
times in one pointin dry conditions (30-31% RH), and after- in the peak amplitude reflect minor changes in the position
wards at high humidity (96—-97% RH) and constant tempera- of the laser beam which leads different angular motion read-
ture (27°C) to obtain frequency of the “loaded” sensor. Every out. These variations do not affect the resonant frequency,
experiment was performed 3-5 times to archive reasonablewhich depends on the spring constant k and the mass m. The
reproducibility. spring constant of cantilevers was monitored during the ex-

old cells

0.304 f1 0.45 fi 0.161
0.25 ‘ Con A 0.40 + Con A 0.14
S i S. cerevisiae 0.351 A. niger
; ; - > 0124
2 020 g 0307 fa Zo.10.
-g 0.15- f3 2 0257 * g 0.08
= | G 0.20- El
Eo. E 1 2 £ooe
< < 0145
o101 1 0.04
0.05- (0%
0.00 ‘ ‘ : : : 0.00 : : :
37 38 39 40 41 42 43 255 260 265 27.0 275 280 285 29.0
(A) Frequency, kHz (B) Frequency, kHz C) Frequency, kHz

Fig. 2. SEM images of immobilized fungal spores and corresponding frequency spectra of the cantilevers after spore immobilization and spare growth o
the protein functionalized surface. (A) yedstcharomyces cerevisiae on Con A coating: old (three wrinkled cells) and new (four smooth cells) generations
(MicroMasch cantilever of 25@m long, 35wm wide and 2um thick, fundamental mode), (B) mycelial fungdispergilius niger on Con A coating, mycelia

growing from spores (MicroMasch cantilever of 256 long, 35.m wide and 2.m thick, fundamental mode), (@) niger on IgG coating, active mycelial

growth from spores on IBM cantilever (5¢@n long, 100um wide and 4.m thick, fundamental mode; leftimage—growth time 4 h, rightimage—growth time

9 h). Resonance frequencigs:—unloaded cantilevef,—cantilever with immobilized sporeg—cantilever with growing immobilized spores after exposure
(14,12 and 4 h for A, B and C, respectively). The first resonance frequencyshiftf; — f> corresponds to fungal spore mass loaded on the cantilever; second
shift Af> = f2 — f3 corresponds t68. cerevisiae cell reproduction (A) and td. niger mycelial growth (B, C).
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periments. We did not observe changes in the spring constanbilized on Con A Fig. 2B) and on IgG Fig. 2C) layers,
during the experiment. Thus, we assume that the additionaland fungal mycelia germinated from spores grew in differ-
mass of microfungi decreased the resonance frequency of theent directions. The mycelia were visually spreading as a net

cantilever. of hyphae, which expanded over the cantilever surface over
large distances (i.e. several tens of microns in few hours).
3.2. Mycelium growth detection Germination and active mycelial growth Af niger spores

on Fn coated cantilever surfaces were also confirmed by SEM
Our results showed that it was possible to distinguish images.
active functionalized fungal spores from dormant/inviable
spores within a few hours using cantilever arrays.
One requirement for microbial biosensors is the discrim-

ination between live and dead cells (*viable cell count’) 14 gjiminate external parameters (undesired environmen-
(Ivnitskietal., 1999. Itis important to detect not only spores changes in the chamber) which could affect the resonance
in a sample, but also their ability to germinate and grow. The frequency measurement of the sensor cantilever, we used
germination of spores and fungal mycelium growth is clear ' reference cantileversig. 3 shows the resonance fre-
indication of fungal vitality to produce the next gener_atio_n quency measurements of a sensor cantilever with spores im-
of spores, and thus, to be a source of further contamination qpijized on a IgG layer and two reference cantilevers: one

and .|nfect|on. In med|.calld|agno.st|cs and food control itis . -0ated (bare, reference cantilever 1) and another coated
crucial to assess the vitality of microbe spores to use correct

3.4. Differential measurement

treatment.

During subsequent experiments we measured additional m:z Reference cantilever 1
reduction of the resonance frequency (a second resonance 44,,1 T T T - - - - T T T T 7
frequency shiftAf> =f> — f3), when the activated cantilevers 134,04 \\.\_fa_;, Reference cantilever 2
including immobilized spores were placed in the humidity 133.9 S
chamber providing favorable conditions for spore germina- Iggj:
tion (27°C at 97% RH) Fig. 2. This shift was due to spores = 3, 1
starting to germinate on the cantilever surface. In all experi- & 1335
ments where a second shift was registered, we visualized that 3 133.4
the spores were germinating and mycelia were growing. The £ ::32:
minimum time for spore detection wasl h. Generally, this - i Sensor cantilever
time was required to reach stable environmental conditions 433 ] 3 4
and a steady measurement of the cantilever frequency. The 1329 e SN 5 6
minimal detection time for spore germination and growth on 132.84 I—A f1 . : : A 2 ] S
the protein coated cantilever surface wash. Conventional (A) -2 0 2 4 6
microbiological detection and identification methods are con- Time, hour

siderably more time consuming and require 5-14 dBgsét
and Rouxel, 2000; Hoog de et al., 2000

3.3. Visualization of mycelium growth

We observed spore germination in our experiments by Fig. 3. (A) Resonance frequency changes of two reference cantilevers with-
SEM visualization as shown iRig. 2 The pictures irFig. 2 out spores (1—uncoated cantilever, 2—coated with IgG cantilever) and a
Correspond to the respective graphsme 2 The SEM sensor cantilever (activated with 1IgG and immobilized spores afger).

. .. . - Points: 1-2—dry conditions (30% RH), 2-3—intermediate period (relative
(Fig. 2A) shows thas. cerevisiae cellsimmobilized on Con A humidity was increasing from 30% to 97% RH) and 3—6—humid environ-

are growing by budding. We recognized seven yeast cells 0Nment (96% RH). The resonance frequency of uncoated reference cantilever 1
top of the cantilever: three wrinkled “mother” cells produc- did not change significantly during the complete experiment. The reference
ing four new smooth “daughter” cells. This budding, which cantilever 2 coated with corresponding proteins reacted on protein immo-
adds mass to the cantilever, can be measured as resonan(?éization and water vapor adsorption on the surface. Immobilization and

. _ L . growth of fungal spores caused decreases in resonance frequency of the sen-
fr‘?ql_‘e”cy shift Afz =2 _f3) aS_ shown '”:'9- 2A. To dis- sor cantilever with respect to the reference cantilevers Alfheorresponded
criminate old from new generations of budding yeast cells one o spore, protein layer immobilizations (1-2) and water absorption (2-3) (the
needs SEM visualization. The two generations differ slightly relative humidity was increased from 30% to 97%Y; included different
only in the topography of the cells (wrinkled versus smooth). spore growth stages—lag phase (3-4), log phase (4-5), deceleration and

To be able to clearly distinguish two well-defined morpho- stationary phases (5-6). SEM images of the events that occurred simultane-
usly on control silicon surfaces with IgG and immobilizediiger spores:

Ioglcal_phases (spores stage, and gerr_nmatmg/gr_owmg stage?B) dormant spores (lag phase, 3-4); (C) spores broke their dormancy and
by optical microscopy or SEM we utilized myce“?-l fungus  started to germinate and grow (log phase, 4-5): (D) the mycelial growth
A. niger (Fig. 2B and C). Spores ofi. niger were immo- from spores (deceleration and stationary phases, 5-6). Scale bariis. 10
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with IgG only (reference cantilever 2 without spores). Mea- in culture Melitiadis et al., 2001 The phases 3-4, 4-5,

surements were performed under constant temperature in dryb—6 correspond to lag phase (spore stage), exponential (log

conditions (points 1-2, 30% RH) and under humid condition phase), deceleration and stationary (mycelial stage) phases

(points 3-6, 97% RH), when an equilibrium between adsorp- respectively.

tion from the vapor phase and desorption from the cantilever  In our experiments, triggering factors for fungal growth

was reached and the cantilever frequency reached a steadpn the thin protein layers (thickness of 20-30 nm) were high

state. The resonance frequency of the bare reference canenvironmental humidity and the presence of easily degrading

tilever did not change significantly during the experiment nutrition.

(134,170+ 20 Hz). The reference cantilever 2 coated only

with protein 1gG reacted on protein deposition and increased 3.5. Determination of the mass of an individual spore

humidity due protein immobilization and water adsorption

from the surroundings. The resonance frequency decreased Minuscule mass changes on a cantilever can be detected

during this period by 18& 5.7 Hz. Afterwards the cantilever by oscillating the cantilever at its resonance frequency using

frequency stabilized at constant level 33,900 Hz. an external piezoelectric crystal for actuation. The resonance
A quite different mechanical response of the sensor frequency shift of the oscillating cantilever depends on the

cantilever with immobilized spores was observed. Two mass changehm. For a rectangular cantilever oscillating in

clear steps in resonance frequency measurement wereair, Am can be calculated as follow€len et al., 19956

recorded. The first was measured after spore immobiliza- 1

tion, their swelling and water adsorption on the protein Am = kcL(4n7®)  (f% — fo 2), (1)

layer (Af1=—635 Hz, points 1-3). The second step was ob- where kcL is the spring constant of the cantilever,is a

served after 4 h exposure of the spore laden sensor CamiIeve&eometry-dependent correction factar=0.24 for rectan-
to a humid environmentAf, = —95Hz, points 4-5). After e

. ular cantilevers)j is the fundamental resonance frequenc
5h the resonance frequency of sensor cantilever settled at Yo q y

~132,860 Hz. We simulated the same conditions on the IgG In air, f1 is the resonance frequency after Mass loading. .
) . - N We measured the resonance frequencies of the oscillat-
activated silicon surfaces (“control surface” see SecHpn

and visualized the changes that occurred on the interface byIng cantileverfo andi during the experiments. The normal

SEM. It was found that spores were dormant for approxi- spring anStank.CL' was determined_ using the dimensions of
) . the cantilever visualized by SEM, its fundamental resonant
mately 3 h and then started to germinate (to form germina- frequency and quality factor in aiSéder et al., 1999
tive tubes) and 1 h later active mycelial growth was registered. "
We'interpreted thg last shift Af, as the start qf the germij koL = 0.19060h2L szl“,.f(f), )
nation of immobilized spores and the mycelium spreading
across the cantilever surface. Since about 92-94% of the liv-wherep is the density of the medium in which the cantilever
ing functional fungus consists of water, this is the substance oscillatesp andL are the width and lengti® andf are quality
which is taken up in the large quantity from the environment factor and resonance frequency in fundamental mode, respec-
in humid chamber. During growth, the extended size of the tively, andFif is the imaginary part of the function (refer
microfungus (increasing of membrane surface and intracellu-to Eq. (20) for analytical expression fdr, Sader, 1998
lar volume) demands water absorption from coating layer and The equation for the calculation of mass loaded on the can-
humid air which leads to more water bound to the interface in tilever is valid under the following conditions: the cantilever
a physical manner, water accumulation inside cell/mycelium, consists of a rectangular beam with one fixed and one free
and, therefore, a mass increase. end; lengthic, significantly larger than thickness, ; the
Generally, to grow on the cantilever the fungus consumes flexural rigidity of the bare cantilever is assumed to be con-
nutrition from coating layer and metabolizes it, and as a re- stant; the mass loaded on the cantilever should be much less
sult, the mass of cantilever should decrease. However, at thehan the mass of the cantilever; the mass is considered to be
same time, the growing fungus takes up water (the contentdistributed uniformly or at the apex of the cantilevéhgn
of water of metabolizing fungi is more than 90% to total etal., 1995; Lang et al., 1999; Sader et al., 1999; Davis et al.,
fungal mass). The process of water absorption dominates the2000; Abadal et al., 2001; Battiston et al., 2001; Pinnaduwage
metabolic process, which leads to additional mass on the can-et al., 2003; llic and Craighead, 2004; Ziegler, 2p04
tilever. These considerations led to a calculategd of 0.85N/m
The growth of mycelia continued for1h until an es- and 0.73N/m for the cantilevers use#li. 2A and B,
sential nutrient became limiting and/or metabolic products respectively).
accumulated to growth inhibitory levels and as the result the  We estimate the mass changes after the immobilization of
resonance frequency leveled off (points 5-6). There was nofungals. cerevisiae cells andA. niger spores on Con A func-
measurable decrease in resonance frequency when the sporé®nalized cantilevers for the experiments showrfig. 2.
were dormant or inviable under humid conditions (data not The resonance frequencies before and &tte¢revisiae im-
shown). The fungal spore development on the protein coatedmobilization were 43,940 Hz and 43,020 Hz, respectively,
cantilever is comparable to the mycelial fungal growth curve with a Q factor of ~116 (seeFig. 2A). The resonance fre-
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Table 1

Efficiencies of concanavalin A, fibronectin, immunoglobulin G coatingsiforiger spore immobilization, germination and growth

Type of coating Density of spores Number of germinated Mycelial rate,
(CFUmnT?) spores, % to total number wmh-1

Concanavalin A 328-28 14+ 3 1.84+0.6

Fibronectin 599 58 23+5 1.0+£0.3

Immunoglobulin G 64234 32+7 3.8+£05

quencies before and aftérniger spore immobilization were  to avoid random IgG variable domains orientation. The ef-
40,900 Hz and 39,480 Hz, respectively, givin@dactor of ficiency criteria evaluated for our tested coatings were: (1)
~108 (Fig. 2B). Thus, the resonance frequency shifts were the density of spores immobilized on the interface; (2) the
~920 Hz due to the mass 8fcerevisiae cells and~1420 Hz percentage of germinating spores; (3) the mycelial growth

due to the mass ™. niger spores. Using Eqg1) and (2) rate (seeTable ). All three studied protein functionaliza-
and counting the cells respectively the spores as visible bytions showed a good efficacy for spore deposition on can-
SEM, we calculated that the mass of a sin§jleerevisiae tilevers. However, sufficient density of immobilized spores

cell was~69 pg, andA. niger spore was~47 pg. The sen-  ~640CFU (mm)~1, maximum germinated spores30%
sitivity of the cantilevers used (MicroMasch cantilevers of and fastest mycelial growth4 umh~1 were observed on
250wm length, 35.m width, 2um thick) were 1.9 pg Hz! IgG functionalized cantilever arrays.
(fundamental mode) and 0.2 pg Hz(second mode). Exper- To summarize, all studied protein coatings were repro-
imentally obtained data can be used for the evaluation of the ducible, selective and convenient for fungal spore immobi-
spore contamination level in samples to be investigated usinglization, germination as well as for resonance frequency mea-
the mass detection technique. surements of micro-fabricated cantilevers in humid air. The

In conclusion, online observation and monitoring of mi- 1gG coated cantilever exhibited the best growth conditions of
croscopic spores using the high sensitivity of cantilever arrays the three tested types of protein coatings.
in humid air is presented as a new method to detect fungal
contamination at the level of individual spores.

4. Conclusions
3.6. Protein coatings
This paper presents the development and optimization of

In our experiments we exploited the affinity of Con A, protein coating procedures for fungal spore immobilizations
Fn and IgG proteins to target different structures of the fun- and mycelial active growth detection on microcantilever sur-
gal membrane surface. While less specific than IgG, proteinfaces. The immobilization of the spores and cells is based on
coatings with Con A and Fn present a possibility to immo- surface grafted proteins with affinities to cell-surface recep-
bilize a wide range of microorganisms which have glycopro- tors of the fungal cell wall. Microorganism specific deposi-
teins embedded into their outer membrane surface. Howevertions were enabled via concanavalin A, fibronectin and highly
the selective immobilization odspergilius spores is possi-  specific immunoglobulin G protein activating of the can-
ble using the highly specific antispergillus polyclonal an- tilever interfaces. We revealed that these proteins had differ-
tibodies. In our preliminary test experiments the selectivity entaffinities and efficiencies to bind fungal spores (IgG > Con
of surface-bound 1gG towards niger was tested in a mix- ~ A>Fn). Maximum spore immobilization, germination and

ture including one other fungal species @iger + Mucor mycelium growth were observed on IgG functionalized can-
hiemalis, data not shown in the paper). We confirmed that tilever surfaces. The possibility for fast adaptation of our pro-
chosen polyclonal IgG reacted specifically witkpergillus tein coating protocol toward fungal species of interest is an

spores in the mixture of two species. And as a result of this advantage of the methods presented in this paper.
experiment we chose this IgG for specific (selective) immo-  Our results show that cantilever arrays operated in dy-
bilization of Aspergillus spores on the cantilevers. Generally, namic mode in humid air allow a quantitative and qualitative
the 1gG coating is presented in our paper as a model sensiti-detection of single fungal spores as well as selective detec-
zation which is highly adaptable for future development. In tion of vital functionalized spores in situ withir4 h which
future research, various specific antibodies to detect differ- is more than ten times faster than current applied standard
ent fungal species on cantilever arrays in parallel could be procedures for fungal detection.
applied.
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