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a b s t r a c t

At the current state of laboratory diagnostics, methods for fast identification of phenotypically indistin-
guishable species are difficult or inaccurate. An example is represented by Candida parapsilosis, which
is the second most common yeast species isolated from bloodstream infections. C. parapsilosis com-
prises a complex of three genetically distinct groups. Genotypes II and III have been designated as
the separate species Candida orthopsilosis and Candida metapsilosis, phenotypically indistinguishable.
The considerable genetic variability of these newly described yeasts species has caused difficulties in
the development of molecular techniques for their precise identification. Similarly, the detection of
biofilm formation, which is considered as an important yeast virulence factor, is accompanied by dif-
ficulties. In this study we optimize the first precise and reproducible method for the separation and
possible identification of C. orthopsilosis, C. metapsilosis and C. parapsilosis as well as the detection
of their ability to form biofilm. The method is based on capillary isoelectric focusing and capillary
electrophoresis with UV detection. In capillary isoelectric focusing, very narrow pH gradients were estab-
lished. With such gradients, differences in isoelectric points of biofilm-negative and biofilm-positive

species calculated from the migration times of the selected pI markers were below 0.03 pI units. In
the capillary zone electrophoresis narrow zones of the cells of Candida species were detected with
sufficient resolution. The values of the isoelectric point and the migration velocities of the examined
species were independent on the origin of the tested strains. Capillary isoelectric focusing was exam-
ined also for the separation and detection of the cultivated biofilm-negative C. parapsilosis in the blood
serum.
. Introduction

A phenotype is defined as any observable characteristic or fea-
ure of a microorganism, such as its morphology, biochemical
r physiological properties or its behavior in the environment.
dentification of phenotypically indistinguishable species by con-
entional laboratory methods is difficult, time-consuming and
ariable in its success. Inadequacy in proper species identifica-
ion limits its effectiveness for proper diagnosis and therapy in the
linical practice [1]. An example may involve the Candida species.
pecifically, Candida parapsilosis is the second most common yeast

pecies isolated from bloodstream infections and belong to the
mportant nosocomial pathogens [2,3]. C. parapsilosis isolates are

ore genotypically heterogeneous than those of other Candida
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species. Recently, it was found that C. parapsilosis comprises a com-
plex composed of three phenotypically indistinguishable however
genetically distinct groups (groups I, II, and III) [4] from which
groups II and III were designated as new species Candida orthop-
silosis and Candida metapsilosis. The strains of the group I are
considered C. parapsilosis sensu stricto [4]. Data on the isolation
frequency of C. orthopsilosis and C. metapsilosis are just starting
to be released [5–7]. The prevalence of these species is significant
and differences observed in their susceptibility profiles could have
therapeutic importance [6,8].

Another factor that should be taken into account when distin-
guishing the yeast specimen is their ability to form biofilm on host
tissue or indwelling medical devices [9]. The biofilm-positive (+) C.
parapsilosis strains were associated with significantly higher mor-

tality rates of patients with candidaemia than biofilm-negative (−)
ones [10]. It appears that none of the clinical C. orthopsilosis iso-
lates were found to form biofilm layer in vitro on the internal wall
of microtiter plate wells and the ability of C. metapsilosis strains to

dx.doi.org/10.1016/j.chroma.2011.04.057
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Before each experiment, the strains were thawed quickly at 37 ◦C
and cultivated on Sabouraud dextrose agar (HiMedia, Mumbai,
M. Horká et al. / J. Chroma

orm biofilm is lower than those observed for C. parapsilosis. This
nding confirms a reduction of the virulence potential at these two
pecies [7,11].

There are currently no reliable phenotypic tests to distinguish C.
arapsilosis from C. orthopsilosis and C. metapsilosis [4,7]. The differ-
ntiation among C. parapsilosis, C. orthopsilosis and C. metapsilosis
as been successfully performed using various molecular tech-
iques including random amplification of polymorphic DNA (RAPD)
nalysis [5,7,12], nucleotide sequence analysis [5,13–16], amplifi-
ation fragment length polymorphism analysis [7] and restriction
ragment length polymorphism (RFLP) analysis of genomic DNA
17,18], the multilocus sequence typing (MLST) [4,17], melting
urve of random amplified polymorphic DNA (McRAPD) [19]
tc. Also matrix-assisted laser desorption/ionisation–time of flight
ass spectrometry (MALDI–TOF MS) spectra has been proven to be

uitable for the identification of the yeasts in question [20]. How-
ver, a successful identification requires a database with a sufficient
umber of the spectra of the appropriate reference strains.

In summary, only a few methods have been developed for dis-
inguishing the particular yeast specimen. Unfortunately, these

ethods are laborious, costly and they are not available in most of
outine laboratories. Moreover, the detection of phenotypic expres-
ion of the ability to form biofilm is complicated and the result
valuation poises certain problems. Therefore, it is essential to
evelop new methods to address these shortcomings.

The differences in the physico-chemical properties of the cell
urfaces, e.g., the values of the cell surface charge, may result in
ifferent electromigration behavior. Capillary isoelectric focusing
CIEF) and capillary electrophoresis (CZE) could be appropriate
ools [21–28] for the efficient separation of the phenotypically
ndistinguishable microorganisms according to their isoelectric
oints, pI’s, or mobilities and for improvement of their char-
cterization. Recently, the isoelectric points of different strains
f Candida species were determined [25,29,30] in the expected
H range from pH 1.5 to 4.5 which is characteristic for most
icroorganisms [31,32]. Here, the isoelectric point for the strains

f biofilm-negative C. parapsilosis, was determined as 3.8 and for
iofilm-positive as 3.6 [29]. In the case of the studied phenotyp-

cally similar strains of Candida species – C. orthopsilosis and C.
etapsilosis, their pI’s will be located probably near the pI’s of the

. parapsilosis biofilm-negative or biofilm-positive.
The IEF separations of species with slight pI differences less

hen several hundredths of pH units were reached under cer-
ain conditions. The separation of Hemoglobins Hb A from Hb A1c

ay be an classic example [33,34] where the separations with
pI < 0.03 pH units were demonstrated. They were separated by

IEF [35,36] using focusing mixture consisted of commercial carrier
mpholytes, short-chain liquid polyacrylamide and an equimolar
ixture of two electrolytes [35]. The wide pH gradient course is

raced by several pI markers [33,34]. For more precise pI determina-
ion, narrow pH gradients are required with the use of a minimum
f two appropriate pI markers that closely bracket the pI’s of analyte
ells. This allows precise and reproducible pI values and minimizes
rrors resulting from curvature of the pH gradient [33,34,37].

The possibilities to separate and to compare the elec-
romigration behavior of the phenotypically indistinguishable

icroorganisms using CIEF and CZE in the example of the above-
entioned Candida species are newly communicated in this paper.
e used experiences from previous works [25,29,38,39] where

he reproducible results and the smooth pH gradient in the nar-
ow pH range were achieved by CIEF using segmented injection.
ome difficulties such as the adsorption of microorganisms onto
he capillary wall [29,40–42] were solved based upon different
urface properties of the cells during CE separation, as achieved

y using appropriate buffer solutions additives [29,40,43–46], e.g.
oly(ethylene glycol) (PEG) [22,24,29,38,47–50].
1218 (2011) 3900–3907 3901

2. Materials and methods

2.1. Chemicals

Poly(ethylene glycols) (Mr 4000 and 10,000) were from
Aldrich (Milwaukee, WI, USA). The high resolution ampholyte,
pH 2–4, ampholyte pH 3–4.5 and 2-morpholino-ethanesulphonic
acid monohydrate (MES), 3-morpholino-propanesulphonic
acid (MOPS), N-[tris-(hydroxymethyl)-methyl]-3-amino-2-
hydroxy-propansulphonic acid (TAPSO) were from Fluka Chemie
GmbH (Buchs, Switzerland). The solution of synthetic carrier
ampholytes, Biolyte, pH 3–10, from Bio-Rad Labs (Hercules,
CA, USA). N-(2-acetamido)-2-aminoethansulphonic acid (ACES)
and 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulphonic acid
(HEPES) were from Merck (Darmstadt, Germany). l-aspartic acid
(Asp) was from LOBA Chemie (Wien, Austria), other spacers-
tartaric (Tart), malic (Mal), formic (Form), succinic (Suc), acetic
(Acet), pivalic (Piv), glutamic (Glu) and nicotinic (Nic) acids, as
well as the non-ionogenic tenside Brij 35 were from (Sigma, St.
Louis, MO, USA). The specifications [51,52] of the used spacers,
simple ampholytic electrolytes, are described in Ref. [39]. The
low-molecular pI markers, pI = 3.3 (compound No. X, pI 3.33 ± 0.04
pH units), 3.7 (compound No. XIV, pI 3.65 ± 0.06 pH units), 3.9
(compound No. XV, pI 3.90 ± 0.12 pH units) and 4.7 (compound
No. XVII, pI 4.71 ± 0.04 pH units) [53] and 4.0 [25] for tracing of
the pH gradient 3.3–4.7, 3.3–3.7, 3.7–4.0, 3.8–4.0, 3.6–4.0 and
4-morpholinyl acetic acid (MAA) [53] were synthesized in the
Institute of Analytical Chemistry Academy of Sciences of the Czech
Republic, v. v. i., Brno. All chemicals were analytical grade.

2.2. Microbial samples

All the strains included in this study, biofilm-negative (C. orthop-
silosis BC7, C. orthopsilosis PH93, C. metapsilosis PH87, C. metapsilosis
PH89, C. metapsilosis PH92, C. parapsilosis BC8, C. parapsilosis BC9
and C. parapsilosis BC111) as well as biofilm-positive (C. metapsilosis
PH85, C. metapsilosis PH86, C. metapsilosis FS58, C. parapsilosis BC11,
C. parapsilosis BC12 and C. parapsilosis BC16) were clinical strains
obtained from Collection of Microbiology Institute, Masaryk Uni-
versity and St. Anna University Hospital (Brno, Czech Republic). The
reference strains of C. orthopsilosis MUCL49939 and C. metapsilosis
MUCL46179, both biofilm-negative, were obtained from Belgian
Co-ordinated Collections of Microorganisms – (Agro) Industrial
Fungi & Yeasts Collection (Louvain-la-Neuve, Belgium). The ref-
erence strains of biofilm-positive C. parapsilosis CCM 8260 was
obtained from Czech Collection of Microorganisms (Brno, Czech
Republic).

The identification of C. orthopsilosis, C. Metapsilosis and C. parap-
silosis strains was confirmed by sequencing. Briefly, PCR amplifica-
tion of the ITS2 region was performed with the primer pair UNF1a
and UNF2 published previously [54]. Purified cycle sequencing
products were subjected to a sequencing procedure on ABI Prism
3100 Avant (Applied Biosystems, CA, USA) according to the manu-
facturer’s instructions. Sequences were aligned with sequences in
the GenBank BLAST database (http://www.ncbi.nlm.nih.gov/blast)
and the highest-scoring (homology at least 99%) species were
recorded.

2.3. Cell cultivation

The yeast strains included in this study were stored at −70 ◦C
in Itest cryotubes (ITEST plus, Hradec Králové, Czech Republic).
India) at 37 ◦C for 24 h. The microbial cultures were re-suspended
in physiological saline solution (PSS). The concentrations of the re-

http://www.ncbi.nlm.nih.gov/blast
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uspended microorganisms were estimated by the measurement
f the optical density of the suspension by means of spectropho-
ometer at 550 nm, according to the calibration curve, which was
efined by reference samples. The numbers of microorganisms in
he reference samples were controlled by serial dilution and plat-
ng of 100 �L of the suspension on Sabouraud dextrose agar. After
he cultivation at 37 ◦C for 24 h, the colonies were counted.

.4. Biofilm formation

Biofilm formation in these strains was detected by a modifica-
ion of the Microtiter Plate Method (MTP) described by Shin et al.
55]. Briefly, yeasts were grown in Yeast Nitrogen Base medium
ifco (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) contain-

ng 5 × 10−2 mol L−1 glucose (YNBg) at 37 ◦C in an orbital shaker
t 300 rpm. Cells were harvested after 24 h, washed twice in a
hosphate-buffered saline (PBS) and adjusted to the optical density
f 0.8 at 520 nm. The wells of the 96-well flat-bottomed polystyrene
issue culture microtiter plates (Nunc, Roskilde, Denmark) contain-
ng 180 �L of YNBg were inoculated with 20 �L of standardized
east cell suspension. After 24 h of incubation at 37 ◦C, the wells
ere emptied and washed three times with sterile PBS. The adher-

nt biofilm layer was stained with 1% (w/v) crystal violet for 20 min.
or the spectrophotometric assessment, the bound dye was eluted
ith 200 �L of 33% glacial acetic acid per well. The absorbance

A595) of each well was measured at 595 nm, ref. filter 690 nm.
he assessment of biofilm formation was performed three times
n three wells for each strain. The wells whose A595 was higher
han the mean A595 of the negative controls (wells containing
nly sterile medium) plus 3 × Standard Deviation were considered
iofilm-positive.

.5. Safety

The CZE and CIEF runs dealt with separation of potentially
athogenic microorganisms from risk group 2 of infectious agents.
hese pathogens can cause human or animal disease but, under
ormal circumstances, they are unlikely to be seriously hazardous
o laboratory personnel. Laboratory exposures rarely cause infec-
ion leading to serious disease; effective treatment and preventive

easures are available, and the risk of spread is limited. There-
ore, biosafety level 2 is necessary to maintain. In accord with the
egulations, protective gloves were worn and the inner and outer
urface of the capillaries, as well as any material contaminated
y the microorganisms, were disinfected using ethanol or other
isinfecting solutions, such as per acetic acid.

.6. CZE and CIEF instrumentation, procedures

CZE and CIEF experiments were carried out using the laboratory-
ade apparatus [39] at constant voltage (−) 20 kV on the side of

he detector supplied by high voltage unit Spellman CZE 1000 R
Plainview, NY, USA). The lengths of the fused silica capillaries (FS),
.1 mm I.D. and 0.25 mm O.D. (Agilent Technologies, Santa Clara,
A, USA) were 350 mm, from 150 to 200 mm to the detector. The
nds of the fused silica capillary were dipped in 3 mL-glass vials
ith the background electrolytes, BGE. During the CIEF experi-
ents, the current decreased from 40 to 60 �A at the beginning

f the experiment down to 3 or 6 �A at the time of detection,
epending on the sampling time interval and the sample solution.

The on-column UV–vis detector LCD 2082 (Ecom, Prague, Czech
epublic) used in the experiment was connected to the detection

ell by optical fibers (Polymicro Technologies, Phoenix, AZ, USA)
t the wavelength 280 nm. The light absorption (optical density)
f the microbial suspensions was measured using a DU series 520
V/vis spectrophotometer (Beckmann Instruments, Palo Alto, CA,
1218 (2011) 3900–3907

USA) at 550 nm. The sample injection was performed by siphoning
action achieved by elevating of the inlet reservoir on the side of the
anode relative to the outlet reservoir, side of the cathode. The yeast
clusters were either left intact, or were de-agglomerated by soni-
cation of the microbial suspension in the ultrasound bath Sonorex
(Bandelin electronic, Berlin, Germany) before injection of the cells
into the capillary. The sonication was performed for 1 min at the
temperature 25 ◦C and at frequency 35 kHz. Between the separa-
tion runs the sample suspensions were vortexed by TTS 3 digital
yellowline (IKA works, Wilmington, DE, USA). The detector signals
were acquired and processed with the Chromatography data sta-
tion Clarity (DataApex, Prague, Czech Republic).

In the CIEF experiment, sodium hydroxide and H3PO4 were
used as the catholyte or the anolyte, respectively, with addition of
ethanol (EtOH), PEG 10,000, PEG 4000 or Brij 35. In the CZE phos-
phate buffer (pH 8.4) with addition of EtOH, PEG 4000 or PEG 10,000
were used as BGE. Before each injection the capillaries were rinsed
with EtOH for 5 min, and then back-flushed with the catholyte
(CIEF) or phosphate buffer (CZE) for 2 min. The rinsing procedures
were carried out hydrodynamically.

The CIEF separation was carried out using the segmental injec-
tion of the sample pulse into the capillary [38,39]. The sample
was injected in three parts-segment of the spacers, solution of
the selected simple ampholytic electrolytes, 15 × 10−5 mol L−1, dis-
solved in 2 × 0−2 mol L−1 NaOH, segment of the sample mixture
of yeast (see Section 2.2) and the segment of the mixture of 5%
(w/v) water solution of commercial carrier ampholytes, Biolyte, pH
3–10, ampholyte pH 2–4 and pH 3–4.5 and low-molecular pI mark-
ers (0.5–1.0 mg mL−1) for the tracing of the used pH gradients. The
blood serum used at the separation of the real samples was from
St. Anna University Hospital (Brno, Czech Republic). The detailed
compositions of a BGE and a sample pulse used in the CIEF and CZE
are shown in Table 1.

The height differences of the reservoirs at the injection of the
segments were 100 mm, the injection time, tinj., of the segment
of spacers were from 15 to 25 s, the sample segment, 10–16 s
(35–65 nL), and segment of carrier ampholytes and pI markers,
35–45 s.

3. Results and discussion

Initial CIEF experiments were conducted with biofilm-negative
C. orthopsilosis (strain BC7) and both biofilm-negative and biofilm-
positive species of C. metapsilosis (strains PH87 and PH86) and
C. parapsilosis, (strains BC8 and BC12) on the basis of our earlier
published results [25]. The separation of the similar yeasts was
achieved with a pH gradient in the range from 3.3 to 4.7. Further
details regarding the separation conditions are found in Table 1
and Refs. [29,38,50–53]. Under these experimental conditions for
all tested Candida species, only two peaks were detected: one at
an isoelectric point of 3.6 for biofilm-positive strains and one at an
isoelectric point of 3.8 for the biofilm-negative strains, similar to
results in Refs. [25,30]. The pI values of the tested yeast strains were
calculated from the migration times of the appropriate pI markers
and their isoelectric points. As the resolution of pI markers differing
by one tenth of a pI unit is sufficiently large, the ability to monitor
differences of isoelectric points of a few hundredths of a pI unit are
possible). According to Refs. [34,56], resolution and precision of 0.1
pH unit can be routinely achieved, whereas a resolution of 0.01
pH unit could be possible only under certain conditions. In earlier
experiments [25], each strain was tested fourteen times and the

relative standard deviations (RSD’s) in the migration times were
always under 1.6%. In subsequent CIEF experiments reported in
this paper, see Figs. 1–5, the goal involved identification of opti-
mal composition of the sample pulse and BGE to separate tested
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Table 1
Composition of the background electrolytes and sample pulse at CIEF and CZE.

pH gradient pH range Background electrolytes Sample pulse

CIEF

Catholyte Anolyte Segment of the simple
ampholytic electrolytes

Sample segment Segment of commercial
carrier ampholytes and
pI markers

Additives

3.3–4.7 [25] 4 × 10−2 mol L−1 NaOH 0.1 mol L−1 H3PO4 Nic, Asp, Glu, Mes,
Aces, MOPS, TAPSO,
MAA, HEPES [25,39]

8 × 107 cells mL−1 in 3%
(v/v) EtOH 2% (w/v)
PEG 10,000,
15 × 10−3 mol L−1 NaCl

The ratio of carriers:
1:1:5 pI markers, pI
values 2.7, 3.3, 3.7, 3.9,
4.0, 4.7

0.6% (w/v) PEG 10,000
and 1% (v/v) EtOH

3.7–4.0 2 × 10−2 mol L−1 NaOH 0.1 mol L−1 H3PO4 Glu, Asp, HEPES 1 × 107 cells mL−1 in 3%
(v/v) EtOH 2% (w/v)
PEG 10,000
15 × 10−3 mol L−1 NaCl

The ratio of carriers:
1:1:6 pI markers, pI
values 3.7, 3.9, 4.0

0.1% (w/v) PEG 10 000
and 1% (v/v) EtOH

3.3–3.7 The ratio of carriers:
1:2:5 pI markers, pI
values 3.3, 3.7

3.8–4.0 2–4 × 10−2 mol L−1

NaOH
0.1 mol L−1 H3PO4 Tart, Mal, Form, Suc,

Acet, Piv, Glu, Nic
4–8 × 107 cells mL−1 in
15 × 10−3 mol L−1 NaCl
or 0.3% (w/v) PEG
10,000 and PSS or
blood serum

The ratio of carriers:
1:3:4 pI markers, pI
values 3.9, 4.0

0.3% (w/v) PEG 10,000
or 0.3% (w/v) Brij 35, 1
or 3% (v/v) EtOH

3.6–4.0 4 × 10−2 mol L−1 NaOH 0.1 mol L−1 H3PO4 8 × 107 cells mL−1 1%
(w/v) PEG 4000
15 × 10−3 mol L−1 NaCl

The ratio of carriers:
1:3:5 pI markers, pI
values 3.7, 3.9, 4.0

0.3 or 0.6% (w/v) PEG
4000 and 1% (v/v) EtOH

CZE

1 × 10−2 mol L−1

phosphate buffer (pH
8.4)

8 × 107 cells mL−1 PSS
with or without
addition of 1% (w/v)
PEG 10,000
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0.6% (w/v) PEG 4000 or
0.3% (w/v) PEG 10,000
and 3% (v/v) EtOH

east species from one another more precisely for reliable strain
dentification.

.1. CIEF in the pH gradients within the pH range 3.7–4.0 and

.3–3.7

In the subsequent experiments three biofilm-positive and/or
hree biofilm-negative strains of each of the studied Candida
pecies, see Section 2.2, were independently separated by CIEF or by
ZE for the comparison of their isoelectric points or for assessment
f their migration times. In order to maintain the clarity the fol-
owing text and images the code designation of the Candida strains

ere not used. However, for comparison in all figures the strains
sed at the separation in Fig. 1 are depicted.

In Fig. 1A each of the tested strains was separated by CIEF in
he pH gradient in the pH range 3.7–4.0, see Table 1. Different
rom the preliminary CIEF experiments – 2 × 10−2 mol L−1 NaOH
as used as the catholyte and in both electrolytes, in the catholyte

nd the anolyte, 0.1% (w/v) PEG 10,000 was dissolved. According

o the required pH gradient in the acidic pH range [38,39] the
pacer segment was composed only of Glu, Asp and HEPES. Based
pon the results of the preliminary experiments, the ratio of carrier
mpholytes Biolyte, pH 3–10, ampholyte pH 2–4 and pH 3–4.5 in
the segment was increased for ampholyte pH 3.0–4.5 to 1:1:6. As a
result, there was an increase in migration times and slight indica-
tion of the separation of the studied Candida species between the
pI markers pI 3.7 and 3.9.

Similarly, at the separation of the biofilm-positive yeasts the
ratio of the carrier ampholytes was changed to 1:2:5 in behalf of
ampholyte 2–4. Two peaks between the pI markers 3.3 and 3.7 were
detected, see Fig. 1B. The isoelectric points for biofilm-negative
and biofilm-positive C. parapsilosis were again determined as 3.8
and 3.6. The approximate values of pI’s for both biofilm-negative C.
orthopsilosis and C. metapsilosis and biofilm-positive C. metapsilosis
were found higher by several hundredths of pH unit, see Fig. 1A
and B. The differences between the pI’s calculated from at least five
measurements were found less than 0.03 units of pH.

3.2. CIEF in the pH gradients within the pH range 3.8–4.0

In order to minimize the error resulting from the curvature
of the pH gradient [33,34,37] two appropriate pI markers, pI 3.9

and 4.0, were added to the segment of the carrier ampholytes.
Furthermore, strains of biofilm-negative C. parapsilosis, the iso-
electric point of which has repeatedly been determined as 3.8
[25,30], were used for the tracing of the narrow pH gradient at
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Fig. 3. CIEF of the biofilm-negative Candida species, pH gradient pH range 3.8–4.0,
with UV detection re-suspended in PSS. Conditions and designations, see Fig. 2 and
Table 1; the catholyte, 2 × 10−2 mol L−1 NaOH, 3% (v/v) EtOH, (A) 0.3% (w/v) PEG
10,000 or (B) 0.3% (w/v) Brij 35 were dissolved in both, the catholyte and the anolyte;
the samples of yeasts were re-suspended in PSS and 0.3% (w/v) PEG 10,000; tinj –
the spacer segment, (A) 15 s, (B) 25 s, the segment of the sample, 10 s; (A) sample of
C. orthopsilosis was not sonicated before injection.
ig. 1. Separation of the Candida species by CIEF with UV detection in the pH gradi-
nt pH range 3.7–4.0 (A, biofilm-negative) and 3.3–3.7 (B, biofilm-positive). A and B
see Table 1; FS capillary 200 mm to the detection cell; t [min], the migration time.

he separation of the biofilm-negative species, C. orthopsilosis
nd C. metapsilosis. The ratio of commercial carrier ampholytes in
heir segment was changed to 1:3:4 and the spacer segment was
omposed of more acidic compounds [38,39], see Table 1. In both,
he catholyte (4 × 10−2 mol L−1 NaOH) and the anolyte 1% (v/v)
tOH was only dissolved.
In addition to the peaks established for C. parapsilosis (No. 3 in
ig. 2a–c), two peaks corresponding to biofilm-negative C. orthop-
ilosis (No. 1 in Fig. 2a) and to C. metapsilosis (No. 2 in Fig. 2b) were
etected and their isoelectric points were determined around 3.83

ig. 2. Optimization of the CIEF of the biofilm-negative Candida species, pH gra-
ient pH range 3.8–4.0, with UV detection. Conditions and designations, see Fig. 1
nd Table 1; the catholyte, 4 × 10−2 mol L−1 NaOH, 1% (v/v) EtOH, were dissolved
n both, the catholyte and the anolyte; the sample of yeasts – 8 × 107 cells mL−1,
xcept 4 × 107 cells mL−1 of C. orthopsilosis (peak No. 1) and 6 × 107 cells mL−1 of C.
arapsilosis (peak No. 3) in a; 6 × 107 cells mL−1 of C. metapsilosis (peak No. 2) in b;
× 107 cells mL−1 of C. parapsilosis (peak No. 3) in c, were re-suspended in water

olution of 15 × 10−3 mol L−1 NaCl; FS capillary 150 mm length to the detection cell;
inj – the spacer segment, 15 s, the segment of the sample, 16 s, carrier ampholytes
nd pI markers together, 40 s.

Fig. 4. CIEF of the biofilm-negative C. parapsilosis in the blood serum, pH gradient
pH range 3.8–4.0, with UV detection. Conditions and designations, see Figs. 2 and 3
and Table 1; the catholyte,2 × 10−2 mol L−1 NaOH, 0.3% (w/v) Brij 35 was dissolved in
both, the catholyte and the anolyte; the samples of yeasts – (B) 3 × 107 cells mL−1 of
C. parapsilosis, biofilm-negative were re-suspended in blood serum; tinj – the spacer
segment, 25 s, the segment of the sample, 10 s.
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Table 2
The date were obtained from the separations depicted in Fig. 2a or in Fig. 5Ab.

No. of measurement Migration times, and pI’s of Candida species

Biofilm-negative Biofilm-positive

orthopsilosis metapsilosis parapsilosis metapsilosis parapsilosis

t [min] pI t [min] pI t [min] pI t [min] pI t [min] pI

1 7.99 3.83 8.16 3.81 8.37 3.80 12.41 3.63 12.84 3.60
2 8.19 3.83 8.41 3.81 8.61 3.80 12.38 3.63 12.78 3.60
3 7.96 3.84 8.17 3.82 8.35 3.81 12.25 3.62 12.68 3.59
4 8.18 3.83 8.39 3.81 8.59 3.80 12.08 3.63 12.41 3.60
5 7.98 3.82 8.19 3.80 8.38 3.79 12.30 3.63 12.74 3.60
6 8.14 3.83 8.35 3.81 8.55 3.80 12.12 3.64 12.50 3.61
7 8.21 3.83 8.41 3.81 8.63 3.80 12.21 3.63 12.65 3.60
8 8.22 3.84 8.40 3.82 8.62 3.81 12.18 3.63 12.56 3.60
9 7.96 3.83 8.17 3.81 8.34 3.80 12.05 3.64 12.46 3.61
10 8.05 3.83 8.30 3.81 8.51 3.80 12.01 3.63 12.41 3.60
Mean t 8.09 3.83 8.29 3.81 8.50 3.80 12.19 3.63 12.60 3.60

R nd bi
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h
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h
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p
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s

RSD (%) 1.4 0.01 1.3 0.01

epeatabilities of the migration times and pI of Candida species, biofilm-negativea a

nd 3.81, respectively, for all strains of particular species, see Fig. 2.
lthough shorter capillary was used here for the separation of mon-

tored yeasts better resolution at the same maximum RSD’s of the
igration times and isoelectric points (under 1.6 or 0.01%, respec-

ively) was achieved for at least ten measurements for each studied
train, see Table 2. Similarly to the pI values of pI markers given in
ection 2.1, here given pI values of yeasts bear the error of several
undredths of pI unit.

The future practical application of this technique depends on
hether it can be used for the separation of phenotypically similar

pecies directly from complex matrices, e.g. body fluids. For very
implified demonstration of the physiological environment the

east samples were re-suspended directly in PSS (Fig. 3A and B) or in
he blood serum (Fig. 4A and B). The composition of the electrolytes
ad to be optimized by adding 3% (v/v) EtOH and 0.3% (w/v) PEG
0,000 into the catholyte (2 × 10−2 mol L−1 NaOH) and the anolyte.

ig. 5. CIEF of both, biofilm-positive and biofilm-negative species of Candida in the
H gradient in the pH range 3.6–4.0. Conditions and designations, see Fig. 2A and
able 1; (A) 0.3 and (B) 0.6% (w/v) PEG 4000; tinj – the spacer segment, 25 s, the
egment of the sample, 16 s.
1.6 0.01 1.4 0.01 1.6 0.01

ofilm-positiveb, by their CIEF separation

A pre-requisite for successful separation of cells is appropriate
sample preparation. In the experiments in Fig. 3A C. orthopsilosis
was re-suspended in PSS with dissolved 0.3% (w/v) PEG 10,000
and the microbial sample was not sonicated before injection, the
clusters were not de-agglomerated. Therefore, the cells and their
agglomerates were focused and detected separately.

Simultaneously, reduction of the electroosmotic flow due to the
addition of electrolyte additives influenced the migration time of
C. orthopsilosis. Chloride ions are responsible for the high sample
conductivity and undesirable dispersion. In general, the problem
of enormous zone dispersion may be reduced by transient iso-
tachophoretic migration mode [57] which is integrated into the
focusing process. It is necessary to set the experimental condi-
tions that would allow the separation of the biofilm-negative yeasts
without the undesirable dispersion. Therefore, PEG 10,000 from the
catholyte and the anolyte was replaced by the non-ionogenic ten-
side Brij 35 in the next experiment, see Fig. 3B. For better clarity the
pH gradient was not traced here by the pI markers. The identical
separation conditions were used for separating blood serum, see
Fig. 4A, leading to the detection of a significant peak of serum albu-
min (pI around 4.7). In Fig. 4B C. parapsilosis (−), 3 × 107 cells mL−1,
was re-suspended in the blood serum and sonicated before injec-
tion. The pH gradient was traced by the pI markers pI 3.9 and 4.0.
Narrow peaks of the separated cells were now detected. The migra-
tion time of C. parapsilosis (−) correspond to with its migration time
in Fig. 3B like as the migration time calculated for the peak of the pI
marker pI 3.9. However, the linearity of the pH gradient above pH 4
estimated from pI of albumin from blood serum is not maintained
as we can see from Fig. 4B.

3.3. CIEF of examined yeasts species in the pH gradient within the
pH range 3.6–4.0

The separation of the five very similar Candida species can serve
as an illustrative example that a slight change in the composition
of the electrolytes can affect the CIEF separation of Candida, see
Table 1. In the first experiment, the catholyte and the anolyte were
modified by adding 0.3% (w/v) PEG 4000 together with 1% (v/v)
EtOH; the dilution of PEG 4000 was doubled to 0.6% in the second
experiment. The composition of the segment of carrier ampholytes
was optimized to 1:3:5. The pH gradient in the selected pH range
was traced by the pI markers pI 3.7, 3.9 and 4.0 together with the

biofilm-positive C. parapsilosis in which the isoelectric point was
repeatedly determined as 3.6 [25]. The isoelectric point about 3.63
was determined for biofilm-positive strains of C. metapsilosis corre-
spond to the findings in Fig. 1B. RSD’s of the migration times under
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Fig. 6. CZE of Candida species, biofilm-negative (A and B) and biofilm-positive (B),
with UV detection. Conditions and designations, see Fig. 2A and Table 1; (A) 0.6%
(
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[

w/v) PEG 4000 and (B) 0.3% (w/v) PEG 10,000; sample of yeasts without (A) or with
B) the addition of 1% (w/v) PEG 10,000; time of sonication before injection, 1 min
A and B) or without sonication (Aa); tinj , 16 s.

.6% were also achieved for at least ten measurements for each
tudied strain, see Table 2.

Similarly as in Ref. [30] quantitative reproducibility of the mea-
urements was found with the correlation coefficient, R = 0.99 for
he dependence of the peak areas on the number of injected cells of
he Candida species for all of studied strains. Therefore, comparing
he electropherograms illustrates that the resolution of the biofilm-
egative Candida species in Fig. 2 is better than in Fig. 5A. It may
e assumed that the lower peak areas of the monitored analytes in
ig. 5A than in Fig. 2 were caused by the partial adsorption of the
ells onto the capillary wall during their CIEF. After increase in PEG
000 concentration in the catholyte and the anolyte the migration
imes of the biofilm-negative biofilm-positive strains of the studied
pecies were increased, the strains of the biofilm-negative species
ere almost completely adsorbed onto the capillary and the strains

f the biofilm-positive species were not separated. For more clarity
he pH gradient was not traced by the pI markers.

.4. CZE of Candida species

The separation of the biofilm-negative Candida species by CZE,
ee Table 1, is depicted in Fig. 6A. Agglomerates of yeast are nec-
ssarily disrupted by sonication before separation similar to the
nalysis by CIEF. Otherwise, they are separated by different frac-
ions of the sample according to the agglomerate surface charge,
ee Fig. 6Aa. Based on the results depicted in this Fig. 6A similar-
ty was found between C. metapsilosis and C. parapsilosis migration
elocities compared to the greater migration velocity of C. orthop-
ilosis for all studied strains. A similar sequence of peaks was found
lso by CIEF. The finding is probably related to stronger tendency
f C. metapsilosis strains to form biofilm than that of C. parapsilosis.

imultaneous separation of biofilm-positive and biofilm-negative
trains of C. metapsilosis and biofilm-positive C. parapsilosis was
chieved from a single mixture, see Fig. 6B. However, the sepa-
ation of the biofilm-positive strains in enabled by adding 1% PEG

[

[
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10,000 into the sample, see Table 1; otherwise, only a single peak
was detected.

4. Conclusions

The phenotypically indistinguishable species of biofilm-
negative C. orthopsilosis and both biofilm-negative and biofilm-
positive C. metapsilosis and C. parapsilosis are possible to separate
by capillary electromigration techniques. At CIEF the examined
yeast species were separated according to their isoelectric points,
which differ by down to few hundredths of the isoelectric point
units for both biofilm-negative or biofilm-positive strains, respec-
tively. Careful control of experimental conditions, the composition
of the sample pulse and the catholyte and the anolyte, have been
adapted for the separation purposes. Small changes in the opti-
mized conditions influence the linearity of the pH gradient in the
reference pH range or peak shapes. The properly chosen separation
conditions allow us to separate the biofilm-negative C. parapsilo-
sis from the blood serum. In the CZE separation, the peaks of the
biofilm-negative or biofilm-positive Candida species are proba-
bly organized according to the physical–chemical similarity of the
observed yeasts, C. metapsilosis vs. C. parapsilosis and their ability
to form the biofilm. All results have been verified on three strains
of each studied Candida species and their biofilm-positive and
biofilm-negative variants. The suggested electromigration tech-
niques can be useful at the rapid separation and identification of
the cultivated phenotypically indistinguishable species in future
thanks to the reproducibility of the migration times and good sep-
aration of the microorganisms.
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39] M. Horká, F. Růžička, V. Holá, K. Šlais, Anal. Bioanal. Chem. 385 (2006) 840.

[

[

1218 (2011) 3900–3907 3907

40] Z. Zhao, A. Malik, M.L. Lee, Anal. Chem. 65 (1993) 2747.
41] M. Huang, M. Bigelow, M. Byers, LC–GC Internat. 9 (1996) 658.
42] X. Ren, P.Z. Liu, M.L. Lee, J. Microcolumn. Sep. 8 (1996) 529.
43] D. Corradini, J. Chromatogr. B 699 (1997) 221.
44] T. Rabilloud, Electrophoresis 17 (1996) 813.
45] E. Szökö, Electrophoresis 18 (1997) 74.
46] X.-W. Yao, F.E. Regnier, J. Chromatogr. 632 (1993) 1853.
47] A. Roosjen, H.J. Karper, H.C. van der Mei, W. Norde, J. Busscher, Microbiology

149 (2003) 3239.
48] A. Razatos, Y.L. Org, F. Boulay, D.L. Elbert, J.A. Hubell, M.M. Sharma, G. Georgiou,

Langmuir 16 (2000) 155.
49] H.J. Kaper, H.J. Busscher, W. Norde, J. Biomater. Sci. Polym. Ed. 14 (2003)

313.
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