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This work proposes for the first time the use of hollow-
fiber flow field-flow fractionation (HF FlFFF) for improved
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI/TOFMS) of whole bacteria.
HF FlFFF has proved to be able to prepurify or fractionate
different species of whole bacteria. Sample preparation
by HF FlFFF gives improved spectra quality because
noncellular components possibly present in the sample
can be separated from the cells. When a mixture of two
bacteria (Bacillus subtilis and Escherichia coli) is
fractionated through HF FlFFF, MALDI/TOFMS analysis
of each separated bacterial species preserves the most
characteristic ion signals of the species without the
presence of characteristic signals of the other species. The
main advantages of HF FlFFF for MALDI/TOFMS analysis
of whole bacteria are miniaturization, simplicity, and low
cost of the fractionator components. This low cost makes
disposable usage of the fractionator possible, thus elimi-
nating the risk of run-to-run contamination of spectra due
to sample carryover. The low fractionator volume yields
bacterial fractionation on the order of a few minutes,
which is comparable to MALDI/TOFMS analysis time. The
small fractionation volume makes sample dilution low
enough so that additional sample concentration steps are
not strictly required to preserve MALDI/TOFMS detec-
tion.

Rapid, accurate identification of microorganisms is a key task
in many areas, from medical to environmental studies. The
increased threat of biological warfare and the strategies to
counteract bioterrorism are the most recent, most widespread
reminders of the urgent need to fulfill this task. Since 1975, mass
spectrometry (MS) techniques have been proved to be powerful
tools for the characterization of microorganisms.1 Among them,
matrix-assisted laser desorption/ionization time-of-flight MS
(MALDI/TOFMS) analysis of intact microorganisms has become
the most straightforward method to rapidly analyze intact micro-
organisms.2,3 Fenselau and co-workers4 can be credited with the
broad development and application of the MALDI/TOFMS
methods for the characterization of intact microorganisms, includ-
ing instrumentation, sample treatments, and data handling.

It is widely recognized that the species desorbed from bacteria
cells by MALDI and detected in TOFMS spectra are intact proteins
in the Mr range 4000-15 000 and that most proteins coded by
bacterial genomes fall within this molar mass range.5 Biomarkers
for different bacterial species can then be found in this range,
and bacteria can be identified through proteomic database-
searching algorithms.6,7 These identification methods are robust
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vs spectral variability. Nonetheless, protein databases are as yet
available only for a limited number of bacterial species. For this
reason, the most common approaches so far employed to identify
unknowns by MALDI/TOFMS analysis of intact bacteria are based
on the similarity between the spectra of the unknown bacteria
and those in MALDI/TOFMS libraries of reference bacterial
species.3 However, for these methods to be valid, a high degree
of reproducibility is required. This is a particularly critical aspect
in the identification of bacteria mixtures, because the resulting
spectra are highly complex. Problems recently described in
differentiating bacteria mixtures have focused on the need for very
efficient MALDI/TOFMS data analysis algorithms.8 Likewise,
many experimental factors are also known to affect the quality
and reproducibility of MALDI/TOFMS of whole bacterial cells.4,5,9-11

Accuracy and reproducibility of MALDI/TOFMS analysis of
whole bacteria samples can be enhanced by coupling this
physicochemical method to complementary techniques, as indi-
cated in the literature.4 Bioactive sample handling, which uses
affinity surfaces for sample deposition, has recently been pro-
posed.12 Recently, it has been demonstrated that more accurate
mass assignments are possible through high-resolution MS
methods used together with MALDI/TOFMS.13 Separation meth-
ods are, however, the most natural complements to increase the
information obtained from MS analysis of complex samples.
Incidentally, MALDI/TOFMS of bacteria mixtures is not only
complicated by the high number of ion signals in the spectra,
but also by the fact that MALDI is a competitive ionization process,
and the spectra of bacteria mixtures can be quite different from
the linear combination of characteristic signals obtained for each
individual bacterial species. As a consequence, comparing the
characteristic signals obtained from bacteria mixtures with the
ion signal databases obtained with individual bacterial species
could give inaccurate results. Sample preparation methods able
to separate whole cells can potentially reduce the analytical
complexity and difficulties in interpreting spectra obtained for
bacteria mixtures by enriching the fractionated sample in one
bacterial species.

Few separation methods are available for whole cell samples.
Capillary electrophoresis has shown high performance in bacteria
separation,14,15 but differences in electrophoretic mobilities of
bacteria show high variability because they depend on preparation
of the cell dispersions. Over more than a decade, field-flow
fractionation (FFF)16,17 has proved its ability to fractionate and
purify cells through a mechanism which is “soft” enough to

preserve cell viability.18 In 1991 a specifically designed variant of
FFF proved able to select Escherichia coli mutants on the basis
of motility differences.19 Sedimentation field-flow fractionation
(SdFFF) of flagellated and nonflagellated E. coli strains was then
reported as a clever example of biological FFF applications.16

Furthermore, differences in morphology indexes between different
types of bacteria, as well as between live and dead bacteria of the
same type, was proved to give different elution profiles in SdFFF
and flow field-flow fractionation (FlFFF).20 We have reported that
both gravitational FFF (GrFFF) and flow FFF (FlFFF) are able
to sort deactivated E. coli strains for whole-bacteria vaccines on
the basis of differences in bacterial membrane features.21

Coupling FlFFF with MALDI/TOFMS of whole bacteria was
recently presented.22 That work addressed the problems related
to biocompatibility and compatibility of the FlFFF mobile phase
with the MALDI source, throwing light on three issues that could
affect future use of FFF technology for MALDI/TOFMS of whole
bacteria. First, possible run-to-run sample carry-over due to
incomplete recovery in FFF could affect reproducibility of spectra
and thus reduce the fingerprinting capabilities of MALDI/TOFMS.
Second, the relatively high sample dilution after the FFF step could
result in cell concentrations that are below the detection limits
for MALDI/TOFMS. Third, the time required by the FFF step
could affect the intrinsic rapidity of MALDI/TOFMS analysis.

Hollow-fiber FlFFF (HF FlFFF) is a trial prototype, a variant
of FlFFF based on the idea of utilizing hollow fibers (HFs) of
submillimeter diameter as cylindrical, microcolumn fractionation
channels.23 Early versions of HF FlFFF proved to be able to
fractionate proteins and other water-soluble polymers.24,25 More
recently, a wider selection of HF membranes and improved HF
FlFFF system technology have made it possible to fractionate
synthetic organic-soluble polymers,26 nano-sized27,28 and micrometer-
sized particles.29 Performance of the most recent HF FlFFF version
is comparable to that of commercial, macrocolumn FlFFF, the
key advantages being reduced sample loads and dilution, shorter
analysis time, and possible disposable usage of the channel. We
have recently demonstrated that HF FlFFF is a reproducible
method to fractionate different bacteria, such as deactivated Vibrio
cholerae and E. coli strains for whole-cell bacterial vaccines as well
as different types of human (red blood) and yeast (Saccharomyces
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cerevisiae) cells.30,31 The purpose of this paper is to show for the
first time the applicability of HF FlFFF for MALDI/TOFMS
analysis of whole bacteria. With respect to commercial FlFFF
technology and related methodology, two key features of our HF
FlFFF technology offer potential advantages for MALDI/TOFMS
characterization of whole bacteria: (a) the low cost of the few
parts that constitute the fractionator suggest that it may be
possible to produce disposable units, thus reducing maintenance
and problems of sterilization, eliminating the risk of run-to-run
sample contamination; and (b) the reduced fractionator volume
(typically 100-150 µL) reduces sample fractionation volume,
which in turn reduces sample dilution. Such low sample dilution
means that fewer concentration steps have to be performed on
the fractionated samples to maintain MALDI/TOFMS detectabil-
ity, thus decreasing total analysis time and simplifying possible
system automation. Indeed, typical bacteria fractionation time
through HF FlFFF is on the order of a few minutes; thus, it is
comparable to the rapidity of MALDI/TOFMS characterization
of bacteria, a key feature when rapid identification of pathogenic
bacteria is required. It must, however, be noted that this HF FlFFF
apparatus is still in the early stages of development and requires
time-consuming, manual setup before analysis. Most likely,
technical evolution and system automation will reduce the overall
time required for the sample preparation step and make use of
HF FlFFF for routine MALDI/TOFMS effective. In this work, we
first describe the HF FlFFF selection of whole bacterial cells on
the basis of differences in their physical features. With the mobile
phase chosen for this study, we then demonstrate that HF FlFFF
can improve MALDI/TOF spectra of cultivated, single bacteria
strains through in-channel sample purification. Finally, we dem-
onstrate that HF FlFFF can improve MALDI/TOFMS analysis of
bacteria in mixture. The choice fell to a model mixture of E. coli
and Bacillus subtilis in view of their HF FlFFF retention and
MALDI/TOFMS characterization. The two bacteria are, in fact,
both rod-shaped, but B. subtilis cells are ∼3-5 times longer (∼3-
10 µm) than E. coli cells (∼1-2 µm). We then found different
HF FlFFF retention of the two bacteria, because of the large
differences in the cell size. Moreover, many examples of MALDI/
TOFMS analyses of these two bacteria can be found in the
literature,4,5 the genomes of the two bacteria being thoroughly
known and the related proteome further investigated. These
features made evaluation of the results obtained by coupling HF
FlFFF with MALDI/TOFMS most immediate. When the model
mixture was separated through HF FlFFF, the MALDI/TOF
spectra of the fractions corresponding to each separated bacterial
species contained the spectral characteristics of the single species
and no characteristic signals of the other species.

EXPERIMENTAL SECTION
1. Sample Preparation. Three bacterial species were used

in this work. B. subtilis (ATCC 6633) and E. coli (ATCC 11303)
were obtained as lyophilized cells from Sigma Aldrich (St. Louis,
MO). Bacillus clausii spores were obtained from the pharmaceuti-
cal preparation Enterogermina (Sanofi-Synthélabo, Paris, France),
which is a suspension of 2 × 109 spores/5 mL in sterilized water.

Lyophilized cells were dispersed in mobile phase, then centri-
fuged, resuspended in the mobile phase, and allowed to equilibrate
at least 6 h before the analysis. Cultivated cells were grown 16 h
at 37 °C on LB agar plates (1% tryptone, 0.5% yeast extract, 0.5%
NaCl, and 1.5% agar, pH 7.0, from Becton Dickinson and Company,
Sparks, MD). When cultivated bacteria were analyzed, plated
colonies were picked up from the agar plates, resuspended in 150
mM NaCl, and then centrifuged. Pellets were then resuspended
in the mobile phase and centrifuged, and the resulting pellets were
resuspended in the mobile phase before the analysis. B. clausii
spores were directly injected as the original suspension or were
diluted in the mobile phase. Approximately 105-106 cells were
applied to the sample holder in a 1-µL droplet. When necessary,
before MALDI/TOFMS analysis, the sample fractions collected
from the HF FlFFF were concentrated 10-fold in a single
centrifugation step.

2. HF FlFFF System. The disposable HF FlFFF fractionators
were home-built as described elsewhere.27-31 The HFs were made
of polysulfone (PSf) with a 30 000 Mr cutoff, kindly supplied by
SK Chemicals (Seoul, Korea). Channels were 24 cm in length with
a 0.0410-cm inner diameter (dry conditions). Details on the home-
developed HF FlFFF system were described in previous work.31

Disposable usage of a channel typically involves three analysis
steps. First a “makeup” HF FlFFF run is performed with an aliquot
of the sample to condition the HF membrane of the new channel.
Two further steps, which correspond to different flow rates and
flow patterns, are then performed: (a) sample injection/focusing/
relaxation and (b) channel elution. In step (b), one HPLC pump
generates the required channel flow rates, while in step (a), a
second, syringe pump is also used to inject/focus/relax the sample
inside the channel. The HPLC pump was a model 422 (Bio-Tek
Kontron Instruments, Milan, Italy), and the syringe pump was a
model Pump 11 (Harvard Bioscience, Holliston, MA). Sample
injection was made via a model 7125 injection valve (Rheodyne,
Cotati, CA) equipped with an external 5.0-µL PEEK loop. The flow
pattern conversions required to switch from step (a) to step (b)
were achieved using four- and three-way switching valves. Flow
rates were adjusted with the use of SS-SS2-VH Nupro metering
valves (Nupro, Willoughby, OH), and the values were measured
by burets and a chronometer. The flow pattern for step (a) was
set before sample injection via a 3-way, T-valve (Hamilton, Reno,
NV), as described in ref 31. Step (a) was run for 3-5 min, with
the focusing point determined as previously described.30 Step (b)
was set by turning off the syringe pump used for step (a) with
the HPLC pump set at the chosen elution flow rate value (Vin).
Flow rate switching operations generated pressure pulses and
variations of the mobile phase flow rate, and these were respon-
sible for the transient signals often observed in correspondence
with the fractogram void peak. The model UV 6000 LP (Thermo-
Quest, Austin, TX), high-sensitivity UV/vis diode-array detector
equipped with a fiber-optic guide, 5-cm light-pipe cell was
employed. The cell path length was measured with a spectroscopic
standard, as described in a previous work.30 The result was 4.6 (
0.3 cm.

2.1. HF FlFFF Mobile Phase. Part of the experimental work
addressed compatibility of the HF FlFFF mobile phase with whole
bacteria MALDI/TOFMS. In fact, to minimize possible interac-
tions between the HF channel inner wall and bacterial cells and,
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thus, achieve the highest sample recovery, the mobile phase used
in the HF FlFFF step must be a good dispersant. Moreover, it
must also be biocompatible and must not suppress the ion signals
of cells collected from the HF FlFFF outlet. A MALDI/TOFMS-
compatible mobile phase for FlFFF of whole bacteria was recently
described by other authors.22 That work showed that adding the
nonionic surfactant Triton X-100 to the 10-4 M NH4Cl in the FlFFF
mobile phase did not diminish the intensity of the MALDI/
TOFMS signals. It is known that ammonium salts are volatile and
do not produce stable adducts with proteins during ionization.
However, it is also known that Triton X-100 can induce cell lysis
to some extent. If cell lysis occurs during either sample prepara-
tion or the HF FlFFF run, reproducibility of MALDI/TOFMS
analysis may be seriously compromised. In this work, the most
appropriate mobile phase was found to be a solution of 1 mM
ammonium cholate (Sigma Aldrich) in Milli-Q water (Millipore,
Bedford, MA) at pH 9.2. Previous studies31 have shown that
because of their specific biocompatibility properties,32,33 when
added to the HF FlFFF mobile phase, bile acids were able to give
high-recovery, reproducible HF FlFFF of cells such as red blood
cells.

3. MALDI/TOFMS. For MALDI/TOFMS, typical procedures
for the analysis of whole bacteria were adopted. On the MALDI
target, 1 µL of bacterial dispersion containing ∼105-107 cells was
mixed with 1 µL of a solution of 1% (w/v) ferulic acid in 50%
acetonitrile and 25% formic acid (Merck, Darmstadt, Germany).
Such an acid matrix solution gave efficient bacterial lysis during
the crystallization process and provided the most intense and
reproducible ion signals. The MALDI/TOFMS instrument was a
Voyager DE Pro (Applied Biosystems, Foster City, CA) equipped
with a pulsed-N2 laser operating at 337 nm. Positive ion spectra
were acquired in linear mode over an m/z range from 4000 to
17 000 using a 20 000-V accelerating voltage, an 18 800-V grid
voltage, and a delay extraction time of 250 ns. The final spectrum
was obtained by summing the spectra acquired over five different
spots. The spectrum for each spot was obtained by averaging the
result of 100 laser shots. Mass calibration was performed as
suggested in the literature for MALDI/TOFMS of E. coli and B.
subtilis.5

RESULTS AND DISCUSSION
1. HF FlFFF. 1.1. Sorting by Cell Morphology. The main

objective of this paper is to demonstrate that HF FlFFF can be
used as an instrumental, sample treatment step that is able to
enhance MALDI/TOFMS methods for characterization of whole
bacteria, particularly in the case of bacteria in a mixture. Discus-
sion on the dependence of HF FlFFF retention on cell character-
istics stands beyond the aims of this work and has been reported
in our previous studies.30,31 Cell retention is governed by the
steric/hyperlayer mechanism,34,35 under which it depends on
differences in physical and membrane features of the cells.18 HF
FlFFF bacteria sorting can thus reduce sample complexity by

reducing such cell differences between and within the fractionated
subpopulations. Figure 1 reports two examples of HF FlFFF of
bacterial species. Figure 1a shows that spores of B. clausii
(fractogram 2) are more retained than lyophilized E. coli cells
(fractogram 1). The B. clausii spores have, in fact, spherical shape,
with size (∼1-2 µm) comparable to the length of the rod-shaped
E. coli cells that have an aspect ratio of ∼2.7.21 Thus, the lower
retention of the E. coli cells is a consequence of the higher aspect
ratio. Figure 1b shows that the retention of B. subtilis cells
lyophilized and suspended in the liquid medium is completely
different from that of cultivated cells. This can be explained by
the fact that the cell physical features depend on the cell growth
stage.

1.2. Analysis Time, Sample Dilution and Recovery. Handling
time, dilution, recovery, and possible cross-contamination of the
sample are important issues that must be addressed in choosing
an effective sample treatment for MALDI/TOFMS. The rapidity
with which MALDI/TOFMS methods identify whole bacteria
should not be affected by long sample pretreatment steps. Because
of the reduced HF FlFFF channel volume, HF FlFFF fractionation
times on the order of a few minutes can be obtained, as shown in
Figure 1a. Small fractionation volume gives low sample dilution.
This makes it possible to obtain enough cells for MALDI/TOFMS
analysis from fractions collected from just a single HF FlFFF run.
This is the first key feature of HF FlFFF when compared to

(32) Roda, A.; Hofmann, H. F.; Mysels, K. J. J. Biol. Chem. 1993, 258, 6361-
6370.
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1984, 6, 233-251.
(35) Caldwell, K. D. Field-Flow Fractionation Handbook; Schimpf, M. E., Caldwell,

K. D., Giddings, J. C., Eds.; Wiley-Interscience: New York, 2000; Chapter
5.

Figure 1. HF FlFFF of different bacteria. (a) Lyophilized E. coli
(fractogram 1) cells, B. clausii spores (fractogram 2); Vin ) 3.0 mL/
min, Vrad ) 0.3 mL/min. (b) Lyophilized B. subtilis (fractogram 1) cells,
cultured B. subtilis (fractogram 2) cells; Vin ) 4.0 mL/min, Vrad ) 0.7
mL/min. Mobile phase: 1 mM ammonium cholate, pH ) 9.2.
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commercial FlFFF technology, in which a relatively high sample
dilution can result in fewer ion signals than in the case of
nonfractionated samples.22 Second, high sample recovery is
another important feature in sample preparation for MALDI/
TOFMS. In fact, after the fractionation step, incomplete sample
recovery can affect MALDI/TOFMS sensitivity, reproducibility,
and accuracy in identification. In particular, if absolute sample
recovery is incompletesthat is, if part of the injected cells are
trapped in the fractionator and thus remain unelutedssome
sample components can be carried over to the next analysis. The
use of disposable HF FlFFF channels intrinsically eliminates such
a risk of run-to-run sample carry-over. However, even with
disposable fractionators, high levels of proportionate recovery are
necessary. In fact, proportionate recovery reflects the recovery
of the different sample components in amounts proportional to
their absolute amounts in the sample.36 Therefore, in our case,
high proportionate recovery means that the mass ratios between
bacterial components of the sample are maintained after fraction-
ation. With the mobile phase chosen in this work, 100% propor-
tionate recovery was always found. Successful recovery of the
different bacterial components in amounts proportional to their
levels in the original sample makes a clear contribution to accurate
and representative MALDI/TOFMS analysis of the sample frac-
tions collected after HF FlFFF.

2. Coupling HF FlFFF and MALDI/TOFMS. Two databases
of most characteristic ion signals of E. coli and B. subtilis were
created by run-to-run and day-to-day replicates of MALDI/TOF
spectra. For each bacterial species, the m/z obtained with a
deviation of less than (5 m/z units between repeated MALDI/
TOF spectra were taken. Ten so-determined, highly characteristic
signals were found to be sufficient for our purposes. Lyophilized
cells were used to eliminate possible sources of spectra irrepro-
ducibility, since the spectral profiles of a given isolate can be

altered with the use of the same culture media from different
manufacturers, different batches of culture media from the same
manufacturer, or by the bacterial growth stage.37 Table 1 reports
the databases obtained in this manner. It is worth noting that a
comparison of the MALDI/TOFMS signals obtained in Table 1
with E. coli identification data reported in the literature, performed
by making a comparison between Fourier Transform MS and
MALDI/TOFMS13, and with data obtained from a model-derived
protein biomarker search (http://infobacter.jhuapl.edu/)7 makes
it possible to assign at least one of the most characteristic ion
signals found for E. coli to one E. coli protein: the 50S ribosomal
unit L29, SwissProt #P02429 (m/z ) 7273.8).

2.1. In-Channel Sample Purification. Although HF FlFFF is
mainly a separation technique able to sort bacterial cells according
to differences in the cell physical features, an important aspect of
HF FlFFF is its in-channel purification of bacterial samples before
MALDI/TOFMS, because during the HF FlFFF run, the non-
cellular components can be removed or separated from the
bacterial samples. First, the Mr cutoff of the HF membrane (30 000

(36) Ratanathanawongs-Williams, S. K.; Giddings, J. C. Field-Flow Fractionation
Handbook; Schimpf, M. E., Caldwell, K., Giddings, J. C., Eds.; Wiley-
Interscience: New York, 2000; Chapter 21.

(37) Du, Z.; Yang, R.; Guo, Z.; Song, Y.; Wang, J. Anal. Chem. 2002, 74, 5487-
5491.

Figure 2. MALDI/TOF spectrum of cultured E. coli cells from a single colony. #, most characteristic E. coli peaks recovered.

Table 1. Database of the Most Characteristic MALDI/
TOFMS Signals Found with Run-to-Run and Day-to-Day
Variations of Less Than (5 m/z Units

E. coli
mean m/z (N ) 30)

B. subtilis
mean m/z (N ) 22)

6109.0 4260.3
7273.8 4445.1
9063.5 5638.2
9225.0 7328.0
9535.4 7369.9
9737.0 7538.1

10741.7 7549.8
12199.7 9078.6
12211.1 11255.2
15406.1 11262.9

Analytical Chemistry, Vol. 76, No. 7, April 1, 2004 2107



in this work) ensures that noncellular components of molar mass
lower than the HF cutoff (e.g., bacteria metabolites) are washed
out through the HF pores, particularly during the focusing/
relaxation step. Second, under the flow rate conditions employed
here, noncellular components with molar mass higher than the
HF cutoff (e.g., proteins in solution from the culture media, cell
debris) elute either in correspondence to the void or at a shorter
retention time than the bacterial cells. A particularly intense signal
corresponding to the void is, in fact, observed in Figure 1b,
fractogram 2, which corresponds to the fractionation of cultured
cells. This makes HF FlFFF sample cleanup more efficient than
filtration, since filtered samples would, indeed, retain noncellular
components of Mr higher than the Mr filter cutoff.

Figure 2 shows the MALDI/TOF spectrum obtained from a
single colony of cultivated E. coli without HF FlFFF treatment.
Only 4 of the 10 E. coli ion signals listed in Table 1 can be assigned
on the basis of the correspondence among the m/z values. Since
the databases in Table 1 were obtained with lyophilized cells, the

fact that fewer of the most characteristic ion signals are recovered
in Figure 1 should confirm either that MALDI/TOF spectra
profiles are dependent on the bacteria growth stage or that the
components of the culture media can affect mass spectral profiles.
It is known that ion signal broadening and reproducibility of
MALDI/TOF spectra can be affected by the presence of non-
cellular sample components able to cocrystallize with the matrix.

Figure 3 reports the spectrum (Figure 3b) obtained after HF
FlFFF (Figure 3a) of the clone of the same E. coli colony whose
spectrum is reported in Figure 2. The observed fractionation
volume is small, as obtained above also for other bacterial cells
(see Figure 1a,b), and as previously found for HF FlFFF of other
type of cells.31 This small fractionation volume gave low sample
dilution. The spectrum in Figure 3b was, in fact, obtained after
one 10-fold concentration step of only one collected fraction (the
fraction indicated in Figure 3a). A comparison with the spectrum
in Figure 2, obtained with cultured cells, improves the information
content in the spectrum of the collected fraction (Figure 3b). Seven

Figure 3. HF FlFFF MALDI/TOFMS of cultured E. coli cells. (a) HF FlFFF fractogram. Vin ) 4.0 mL/min; Vrad ) 0.7 mL/min. Mobile phase:
1 mM ammonium cholate, pH ) 9.2. Fraction collected from 50 to 90 s; (b) MALDI/TOF m/z spectrum of the collected fraction. #, most characteristic
E. coli peaks recovered.
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of the 10 most characteristic ion signals of the E. coli database
(Table 1) can be assigned in Figure 3b, whereas only 4 were
recognized when the colony was analyzed by MALDI/TOFMS
without HF FlFFF (Figure 2). Of the seven most characteristic
ion signals recovered in Figure 3b, the presence of the signal most
likely assigned to the ribosomial protein SwissProt #P02429 is
again confirmed. The increased quality of the spectrum in Figure
3b is not only evident in terms of number of most characteristic
peaks. Ion signal intensities are also increased vs noise intensity,
and signal broadening is reduced. Finally, the almost perfect
correspondence between the spectrum in Figure 3b and the
spectra of the lyophilized cells used for the database of the most
characteristic E. coli ion peaks reported in Table 1 (spectra not
shown) suggest that the fraction collected in correspondence with
the HF FlFFF band in Figure 3a was most likely made up of pure
cells in the mobile phase. It must be noted that in this study, only
one fraction was collected, and this corresponded with almost the
entire band of the fractionated cells. As a consequence, possible
spectral differences either within the cells of the collected fraction
or between the cells of the collected fraction and the cells eluted
in the tail region of the fractogram were not considered. However,
it must be noted that any noncellular component present in the
sample would have been removed by HF FlFFF sample cleanup,
and no MALDI/TOF spectral differences within and among
fractions obtained from FlFFF bands of whole bacteria were
reported in the literature.22

2.2 Bacteria Mixture Analysis. Figure 4 reports the MALDI/
TOF spectrum obtained by mixing approximately equal amounts
of lyophilized E. coli and B. subtilis cells. For both E. coli and B.
subtilis, only five of the most characteristic ion signals in Table 1
can be recovered. Incidentally, the E. coli signal that was likely
assigned to the ribosomial protein SwissProt #P02429 can no
longer be recognized in the spectrum in Figure 4. In fact, the
relevant ion signal might have been suppressed by the two most

characteristic B. subtilis signals at m/z ) 7328.49 and m/z )
7369.84. This finding would represent a significant loss of analytical
information for possible identification purposes. In fact, the mass
of protein #P02429 corresponds to the retention of the terminal
methionine residue.13 This protein chemistry is known to be
relatively unusual in bacteria and can be considered consistent
with the biology of E. coli.

Figure 5a reports the HF FlFFF fractogram obtained for the
same 1:1 mixture of E. coli and B. subtilis, the MALDI/TOF
spectrum of which is reported in Figure 4. Good separation can
be observed between the two bands. By comparing the fractogram
in Figure 5a with the fractograms obtained for each individual
bacterial species (Figure 1a,b), each band in Figure 5a can be
respectively ascribed to the elution of B. subtilis (band A) and E.
coli (band B). If each band in the HF FlFFF fractogram in Figure
5a derives from the elution of just a single bacterial species, we
could expect to obtain two completely different spectra from
MALDI/TOFMS analysis of the fractions collected in correspon-
dence to bands A and B, with the spectral features found for each
individual bacterial species found in each spectrum. This is what
it is shown in Figure 5b,c, which reports the MALDI/TOF spectra
obtained for fractions 1 and 2, respectively, in Figure 5a. Eight of
the 10 most characteristic B. subtilis ion signals and none of the
10 most characteristic E. coli ion signals in Table 1 are found in
the spectrum of Figure 5b. When this spectrum was compared to
the spectrum obtained after HF FlFFF of lyophilized B. subtilis
cells (data not shown), the spectra profiles corresponded almost
perfectly. Similarly to what observed for B. subtilis, in Figure 5c,
9 of the 10 most characteristic E. coli ion signals and none of the
10 most characteristic B. subtilis ion signals in Table 1 are found.
It is also worth noting that when the spectrum in Figure 5c is
superimposed on the spectrum in Figure 3b (obtained after HF
FlFFF of cultured E. coli cells), the correspondence is almost
perfect.

Figure 4. MALDI/TOF m/z spectrum of a 1:1 mixture of lyophilized E. coli and B. subtilis cells. #, most characteristic E. coli peaks recovered;
§, most characteristic B. subtilis peaks recovered.
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Figure 5. HF FlFFF MALDI/TOFMS of a 1:1 mixture of lyophilized E. coli and B. subtilis cells. (a) HF FlFFF fractogram. Vin ) 4.0 mL/min; Vrad

) 0.8 mL/min. Mobile phase: 1 mM ammonium cholate, pH ) 9.2. Peak A, B. subtilis; Peak B, E. coli. Fraction collection times: fraction 1 (B.
subtilis) from 20 to 40 s; fraction 2 (E. coli) from 50 to 100 s. (b) MALDI/TOF m/z spectrum of the collected fraction 1; §, most characteristic B.
subtilis peaks recovered. (c) MALDI/TOF m/z spectrum of the collected fraction 2; #, most characteristic E. coli peaks recovered.
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All these findings confirm, first, that total separation of B.
subtilis from E. coli was obtained by means of HF FlFFF. A
powerful identification technique such as MALDI/TOFMS can
thus evaluate HF FlFFF separation performance for mixtures of
whole bacteria. Second, comparison between the E. coli spectra
in Figures 5c and 3b also indicates that, when HF FlFFF is
employed as a pre-MS step, no significant differences in the
MALDI/TOF spectral features appear between lyophilized (Figure
5c) and cultured E. coli cells (Figure 3b). This provides additional
evidence that the spectral differences observed when cultured E.
coli cells were analyzed in MALDI/TOFMS with (Figure 3b) or
without (Figure 2) the HF FlFFF pre-MS step could be mostly
due to the presence of extracellular components in the sample,
rather than to differences in the bacteria growth stage.

Finally, it is worth noting that even the E. coli ion signal most
likely assigned to the protein #P02429 is recovered in the spectrum
from fraction 2 (Figure 5c), but it was lost in the spectrum for
the 1:1 E. coli + B. subtilis mixture obtained without HF FlFFF
(Figure 4). This indicates that when MALDI/TOFMS identifica-
tion of E. coli is to be performed in samples in which bacteria
other than E. coli may be present, the use of HF FlFFF provides
significantly greater analytical information.

CONCLUSIONS
This work shows that HF FlFFF can be effectively coupled

with MALDI/TOFMS to improve spectral analysis of samples of
whole bacteria. The HF FlFFF cleanup/fractionation step improves
spectral quality, since noncellular components possibly present
in the sample can affect accuracy and reproducibility of MALDI/
TOFMS analysis. While evident spectral differences appear
whether cultured cells are run through HF FlFFF or not, no
spectral differences between lyophilized and cultured cells appear
after HF FlFFF of the cultured cells. These findings suggest that
HF FlFFF may be used to reduce spectral variability when
bacterial identification is to be performed by MALDI/TOFMS
fingerprinting.

Improvements in MALDI/TOFMS analysis through HF FlFFF
are particularly evident in the case of bacteria in mixture. In the
future, simple, disposable fractionator units could be used in
automated HF FlFFF systems to improve MALDI/TOFMS
methods for characterizing complex bacterial samples. Such a
technology should have interesting applications in various areas,
from biohazard monitoring to, for instance, characterization of
whole-bacteria vaccines and other products derived by biotech-
nological processes. However, it must be mentioned that the total
HF FlFFF separation of the two bacteria species (E. coli and B.
subtilis) in the model mixture used here was actually chosen to
stress feasibility of HF FlFFF for MALDI/TOFMS analysis of
bacteria mixtures. It is, in fact, an extreme case. Instead of a
“chromatography-like” separation between two populations of cells

with very different size, such as E. coli and B. subtilis, HF FlFFF
fractionation would most frequently involve the enrichment of cells
with some given characteristics vs the entire population. This is
because, in FFF, cell sorting is generally the result of a continuous
distribution of multipolydispersity in different cell physical fea-
tures. The high fractionation capabilities of HF FlFFF then elute
the sample cells as relatively broad bands, because the multipoly-
dispersity in the different cell physical features is translated into
a continuous difference in cell retention. As a consequence, total
HF FlFFF separation between bacterial species in bacteria
mixtures is not necessary to make future, effective use of HF
FlFFF for MALDI/TOFMS of intact bacteria. HF FlFFF band-
slicing before MALDI/TOFMS should be enough to decrease the
complexity of cell mixtures and to adequately enrich the HF FlFFF
fractions in a specific bacterial species that, thanks to this
enrichment, could subsequently be better identified by MALDI/
TOFMS. To increase sorting performance and, thus, increase
sample enrichment vs a particular cellular species, tandem HF
FlFFF (HF FlFFFn) could be performed by the reinjection of the
band slice for further runs through HF FlFFF. Because of
in-channel sample focusing before each HF FlFFF step, HF FlFFFn

is not expected to significantly increase the final sample dilution
and affect MALDI/TOFMS detectability of the fractionated cells.
Since HF FlFFF proves able to sort bacteria of a given species
according to differences in the cell physical features,30,31 HF FlFFFn

may also assist MALDI/TOFMS in characterizing subpopulations
of a given bacterial species. Work is in progress to develop HF
FlFFFn methodology for simplified and more automated bacterial
sample preparation for MALDI/TOFMS analysis.
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