
Non-labeled QCM Biosensor for Bacterial Detection using
Carbohydrate and Lectin Recognitions

Zhihong Shen†, Mingchuan Huang‡, Caide Xiao†, Yun Zhang‡, Xiangqun Zeng†,*, and Peng
G. Wang‡,*

†Department of Chemistry, Oakland University, Rochester, Michigan 48309

‡Department of Biochemistry and Chemistry, The Ohio-State University, Columbus, Ohio, 43210

Abstract
High percentages of harmful microbes or their secreting toxins bind to specific carbohydrate
sequences on human cells at the recognition and attachment sites. A number of studies also show
that lectins react with specific structures of bacteria and fungi. In this report, we take advantage of
the fact that a high percentage of microorganisms have both carbohydrate and lectin binding pockets
at their surface. We demonstrate here for the first time that a carbohydrate non-labeled mass sensor
in combination with lectin-bacterial O-antigen recognition can be used for detection of high
molecular weight bacterial targets with remarkably high sensitivity and specificity. A functional
mannose self-assembled monolayer (SAM) in combination with lectin Con A was used as molecular
recognition elements for the detection of E. coli W1485 using Quartz Crytsal Microbalance (QCM)
as a transducer. The multivalent binding of Concanavalin A (Con A) to the Escherichia coli (E.
coli) surface O-antigen favors the strong adhesion of E. coli to mannose modified QCM surface by
forming bridges between these two. As a result, the contact area between cell and QCM surface
increases that leads to rigid and strong attachment. Therefore it enhances the binding between E.
coli and the mannose. Our results show a significant improvement of the sensitivity and specificity
of carbohydrate QCM biosensor with a experimental detection limit of a few hundred bacterial cells.
The linear range is from 7.5 × 102 to 7.5 × 107 cells/mL that is four decade wider than the mannose
alone QCM sensor. The change of damping resistances for E. coli adhesion experiments was no more
than 1.4% suggesting that the bacterial attachment was rigid, rather than a viscoelastic behavior.
Little non-specific binding was observed for Staphylococcus aureus and other proteins (Fetal Bovine
serum, Erythrina cristagalli lectin). Our approach not only overcomes the challenges of applying
QCM technology for bacterial detection but also increases the binding of bacteria to their
carbohydrate receptor through bacterial surface binding lectins that significantly enhanced specificity
and sensitivity of QCM biosensors. Combining carbohydrate and lectin recognition events with an
appropriate QCM transducer can yield sensor devices highly suitable for the fast, reversible and
straightforward on-line screening and detection of bacteria in food, water, clinical and biodefense
areas.
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INTRODUCTION
Rapid Methods for bacterial detection are essential in food, industrial, environmental
monitoring, clinical diagnostics and biodefense to allow faster decisions to be made with
respect to food poisoning, water contamination, the presence of disease and, therefore,
treatment options. Most conventional methods (e.g. plating and culturing, biochemical tests,
microscopy, flow cytometry, luminescence) are time consuming, often requiring 1-2 days to
obtain results. Although much faster detection methods such as immunosensors or DNA chips
are becoming available, they have failed to gain wide acceptance due to the high user expertise
required, high cost of labeling reagents, low stability of antibody and DNA recognition
elements. As a result, a rapid, quantitative, sensitive and specific method for one step bacterial
detection is highly sought after.

A high percentage of harmful bacteria and their secreted toxins bind specific carbohydrate
sequences on the surface of human cells at the initial recognition and attachment site. Recently
it has become clear that type 1 fimbriae present on the surface of Enterobacteriaceae such as
E. coli, are responsible for mannose- and mannoside-binding activity.1,2 Knowing the nature
of bacteria and their host cell invasion processes, where carbohydrate interactions play an
important role in the stability and rigidity of saccharide assemblies, it seems logical to use
carbohydrate structures as receptor elements in pathogen detection schemes. However,
carbohydrate-protein interactions are often weaker than protein-protein interactions, by
perhaps a factor of 102-103 based on typical antibody equilibrium dissociation constants
(KD). Additionally, it is commonly accepted that apart from toxins and bacteria, many other
endogenous and exogenous proteins could recognize the carbohydrate ligand, which could lead
to high cross activity. Up to now, the optimal conditions for their application as receptor
elements, particularly when a non-labeled transducer is selected as the transduction
mechanism, have yet to be developed.

A non-labeled biosensor such as Quartz Crystal Microbalance offers significant advantages
over current labeled techniques. Being labeled free, it dispenses with the time and cost
demanding labeling step, and also eliminates any possible interference of the “true” binding
process due to the presence of the labels. Among various non-label transducers, QCM, is a
mass sensor, and is ideal for detecting analytes of high molecular weights. It gives a response
that characterizes the binding event between the analyte to be detected and a sensing layer,
which is immobilized on the surface of the QCM transducer. The resonant QCM frequency
depends on the mass attached to the quartz crystal surface according to the Sauerbrey
relationship,3 Δf = -2 Δmnf0

2 / [A(μqρq)1/2], where n is the overtone number, μq is the shear
modulus of the quartz (2.947 × 1011 g/(cm·sec2)), and ρq is the density of the quartz (2.648 g/
cm3), which assumes the foreign mass is strongly coupled to the resonator. Methods based on
the use of piezoelectric crystal devices have been developed for immunoassays,4-6 bacterial
detection7-22 and virus and toxin detection.23-26 Due to the non-rigid nature of bacterial cells,
researchers are still skeptical about the potential of piezoelectric mass sensing devices for
detection of bacteria. QCM measures only those materials that are acoustically coupled to the
sensor surface and requires the surface layer to be rigid.27,28 Bacterial binding often involves
energy dissipation due to internal friction or trapping of water by the cells, which cause
damping of the oscillation of the crystals. As a result, surface chemistry needs to be developed
to ensure that the bacteria are strongly attached on the QCM transducer surface, which is not
a trivial task. For example, in many bacteria, the carbohydrate binding lectins are usually in
the form of fimbriae (or pili). The pili typically have a diameter of 3-7 nm and can extend
100-200 nm in length.29 The bulk of the fimbrial filament is made up of polymers of the major
subunit. Only one of the subunits, usually a minor component of the fimbriae, possesses a
carbohydrate combining site and is responsible for the binding activity and sugar specificity
of the fimbriae. For example, in type 1 fimbriae, which are made up of hundreds of subunits
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of four different kinds, the subunit (MW 29-31 KDa) is present in small numbers at intervals
along the fimbrial filament and at the distal tip. However, only these subunits appear to be able
to mediate mannose-sensitive adhesive interactions, whereas the subunits at the other positions
are inaccessible to the ligand.29 Consequently, binding is generally of low affinity and not
rigid. But since the adhesions and the receptors often cluster in the plane of the membrane, the
resulting strength of the interaction can be quite strong.

Bacteria cells have rigid cell wall so they are more rigid than eukaryotic cells. The major
bacterial cell wall component in all gram-negative bacterial families consists of a class of
glycoconjugates called Lipopolysaccharides (LPS). LPS are present in the outer monolayer of
the outer membrane along with phospholipids (inner leaflet) and proteins. The LPS fraction
comprises about 10-15% of the total molecules in the outer membrane and is estimated to
occupy about 75% of bacteria surface area.30 Bacteria express either smooth or rough LPS.
Smooth LPS consists of a hydrophobic domain known as Lipid A anchored in the membrane,
a polysaccharide (O-antigen) made of repetitive subunits of one to eight sugars and a “core”
oligosaccharide at the junction between the two other regions. Rough LPS lacks O-antigen,
but possesses lipid A and core oligosaccharides.31 The O-antigens, being at the utmost cell
surface, are at the interface between the bacterium and its environment, and are important
virulence factors and antigens for many pathogenic bacteria.32 Many bacteria are sub-
classified by the O-antigen on their surface. Therefore, LPS O-antigens are unique to specific
bacterial strains (i.e. sub-species) and provide the selective specificity needed for the lectin
recognition.

In this report, we developed an innovative approach so that the characteristics of multivalency
of lectin and bacterial surface LPS are fully exploited for their benefits of non-labeled sensing.
Shown in Scheme 1, both the selective lectin-O-antigen recognition and lectin-carbohydrate
recognition can be used synergetically for bacterial detection that provides enhanced specificity
and needed rigidity for non-labeled QCM biosensors. Specifically, we use a mannose receptor
immobilized on the gold QCM sensor surface and use it to detect E. coli W1485 as a model
system. As discussed earlier, type 1 fimbriae present on the surface of most E. coli strains are
responsible for mannose- and mannoside-binding activity.1 According to the studies conducted
by Otto and coworkers,20,33 the direct adhesion of the fimbriated E. coli onto the mannose
immobilized QCM surface, is quiet flexible, and there might be water layers trapped between
the bacteria and QCM surface. This non-rigid binding may cause damping of the oscillation.
E coil W1485 is the wild type of E Coli K-12.34 LPS analysis (Supplementary S1) showed
that E coil W1485 is a “semi-rough” bacterial strain in which the intact LPS core is capped by
a single O-antigen subunit. Structural study of E coli K-12 O-antigen showed that the repetitive
subunit of O-antigen consists of glucose, N-acetylglucosamine, galactose and rhamnose in the
ratio 1.8:1.0:0.7:0.6.35 Given the fact that gram-negative bacteria such as E. coli, have
chemically distinct surface LPS that could be recognized by specific lectins,36 we first bind
the Concanavalin A (Con A) to the E. coli W1485. Con A, isolated from Jack bean (Canavalian
ensiformis) is the most widely used and well-characterized mannose and glucose binding lectin.
Con A can aggregate on specific terminal carbohydrates of bacterial surface LPS with different
binding ability.37 The multivalent binding of Con A to the E. coli W1485 surface O-antigen
glucose receptor favors the strong adhesion of E. coli W1485 to mannose immobilized on the
QCM surface. As a result, Con A increases the contact area between the E. coli W1485 cell
and the mannose ligands immobilized on the gold QCM surface. This leads to a relatively rigid
and strong attachment that enhances and magnifies the binding between E. coli and the mannose
receptor (Scheme 1). Our approach not only overcomes the challenges of applying QCM
technology for bacterial detection but also increases the binding of bacteria to their
carbohydrate receptor through bacterial surface binding lectins, thus significantly enhanced
specificity and sensitivity of QCM biosensors.
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Additionally, we combined the advantage of SAM and the synthetic strength of molecular
design by building a functional mannose coating to prevent non-specific adsorption. The linker
for the functional mannose coating consists of two parts: the polyethylene glycol
([OCH2CH2]nOH, n=4) portion and the saturated alkyl portion (R= (CH2)11) (Scheme 1). The
polyethylene glycol part is linked with mannose, while the alkyl portion is terminated with -
SH group, which will anchor the molecule on the Au surface of the QCM sensor. mPEG-thiol
was used as a blocking reagent to reduce the nonspecific adsorption. Previous research shows
that monolayers terminated in short oligomers of the ethylene glycol group ([OCH2CH2]nOH,
n=3-6) prevent the adsorption of proteins under a wide range of conditions.38 This alternative
approach has several advantages over current methods including well-defined surface
chemistry, relative stability and facile formation into defined supramicron to nanometer-scale
two-dimensional patterns.

MATERIALS AND METHODS
Chemicals and Materials

1H and 13C NMR spectra were recorded on a VXR400 NMR and a Varian Unity 500 MHz
spectrometers. Mass spectra were run on Kratos MS-80 and Kratos MS-50 instruments. Thin-
layer chromatography was conducted on precoated Whatman K6F silica gel 60 Å TLC plates
with a fluorescent indicator. EM Science silica gel 60 Geduran (230-400 Mesh) was used for
column chromatography. Concanavalin A (Con A), and lectin from Erythrina cristagelli (ECL)
were purchased from Sigma. Escherichia coli, a lambda-derivative of E. coli strain W1485
(ATCC® 12435™) was obtained from ATCC. mPEG-thiol was purchased from NEKTAR.
Phosphate buffered saline and fetal bovine serum were obtained from Gibco.

Bacterial strain, culture and LPS analysis
The pure culture of Escherichia coli, a lambda-derivative of E. coli strain W1485 (ATCC®
12435™) was grown in ATCC®294 broth at 37 °C for 24 h in a shaking incubator. The viable
cell number was determined by conventional agar plate counting. The crude cultured cell
sample was directly diluted with PBS buffer to the desired concentrations and frozen for further
use without any washing steps. The E coli LPS was analyzed by silver-stained SDS-PAGE
(See supplementary file Figure. S1).

Quartz Crystal Microbalance Set-up
The QCM measurement set-up is shown in scheme 2. A non-polished gold quartz crystal
(International Crystal Manufacturing Co. Inc.) was mounted in a custom-made Kel-F cell. It
was cleaned three times using a mixture of concentrated nitric acid and sulfuric acid (1:1 v/v),
biograde water and ethanol in series, and then the cell was dried using a nitrogen stream. The
frequency of the electrode was measured in PBS (pH 7.2). One side of the gold quartz crystal
was incubated in a solution of 4 mg/mL mannose thiol linker conjugate in anhydrous ethanol
at 4 °C overnight. After incubation, the gold surface was washed with ethanol and biograde
water and then dried under nitrogen to give mannose SAMs. Any remaining sites on the
mannose modified QCM surface were blocked using 3 mg/mL mPEG-thiol (PI-03D-18,
NEKTAR) for 6 h. A magnetic stir bar was used to increase the mass transfer through
convection. The changes in frequency and damping resistance of the QCM were monitored
simultaneously using a network/spectrum/impedance analyzer (Agilent 4395A) controlled by
a PC via an Intel card.

Surface Plasmon Resonance
A homemade surface plasmon resonance (SPR) biosensor was used to detect bacterial
attachment. The light source was a 06-DAL-103 model semiconductor diode laser (Melles
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Griot Inc., California) with 4 mW power output. The wavelength of the polarized laser was
650 nm. The refractive index of the glass prism (ZF7) used is 1.79. A series-600 angular sensor
(Trans -Tek Inc., Ellington, CT) is used to measure laser incident angles. With a fifteen volt
direct current (15V DC) input, the capacitance angle sensor can give an angle signal output of
100 mV/Degree. Also a solar cell is used to convert reflected light intensity into electric voltage.
The two analog signals from the angular sensor and the solar cell are converted into 16-bit
digital signals by an USB-1608FS data acquisition module (Measurement Computing
Corporation, MA), which is connected to a PC through a USB cable. The hardware of the
homemade SPR biosensor is controlled by a program written in LabviewR 8.0.

Detection of Con A by mannose-QCM
Con A has identical subunits of 237 amino acid residues (M.W. 26,000). At neutral pH, Con
A is predominantly tetrameric with optimal activity.39 At pH 4.5-5.6, Con A exists as a single
dimer.40 Two metal ions (Mn2+ and Ca2+) can bind to Con A; both must be present for
carbohydrate binding. Therefore, Con A has been used to examine the mannose-QCM sensor
performance.

To examine our mannose sensor’s specificity, Erythrina cristagalli lectin (ECL), a galactose-
specific legume lectin,41 was used as a negative control. Fetal bovine serum (FBS), the most
widely used serum in the culturing of cells, tissues and organs, was also selected as a negative
control. As shown in Figure 1 insertion, there were negligible frequency changes for the
addition of FBS and ECL. This result shows that the mannose-QCM sensor is antigen specific.
After exposure to FBS and ECL, Con A at different concentrations was consecutively added
to the sensor (Figure 1). This study demonstrates that the mannose-QCM sensor has high
sensitivity and specificity for binding with the Con A even after exposure of the sensor surface
in a complex matrix (i.e. FBS and ECL).

To obtain the affinity constant of ConA binding with mannose, we used experiment conditions
in which mass transfer is very fast and is not the rate-limiting step by thoroughly stirring the
solution using a magnetic stir bar. Under this condition, the binding will be the rate limiting
step and the apparent binding affinity for Con A binding to the mannose QCM surface could
be estimated by using the Langmuir adsorption model.42 According to the following equation,
the mass change at equilibrium was related to the original concentration of Con A.

(1)

In this equation, ΔMmax is the maximum binding amount, ΔM is the measured binding amount
at equilibrium, and [Con A] is the original concentration of Con A.

The value of KA for the binding between Con A and mannose was estimated to be (5.6±1.4)
× 106 M-1 (n=5). This result is in good agreement with reported literature values [(5.6±1.7) ×
106 M-1] 43 and our previous work [(8.7±2.8) × 105 M-1 (QCM), (3.9±0.2) × 106 M-1 (SPR)].
44

Detection of E. coli W1485 by E. coli pili-Mannose binding and by Con A mediated E. coli LPS
and Mannose binding

One of the motivations in this work is to validate our hypothesis that QCM mass sensor senses
surface binding phenomena and requires rigid and tight binding. This is why the measured
mass was often smaller than expected when QCM is used to detect big targets such as bacteria.
Therefore, we compared two recognition events; the first one is the fimbriae mediated E.
coli detection based on less rigid pili and mannose adhesion (Scheme 1 Left), the second one
is based on the tight and rigid binding via the lectin mediated sandwich assay (Scheme 1 Right).
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One major issue which must be considered in bacterial detection is the antigenic or phase
variation.45,46,47. Phase variation is the adaptive process by which bacteria undergo frequent
and reversible phenotypic changes as a result of genetic alterations in specific loci of their
genomes.45 This process is crucial for the survival of pathogens in hostile and ever-changing
host environments.46,47 As a result, type 1 E. coli bacteria might shift from a fimbriated phase
to a nonfimbriated phase and back spontaneously,48 which might affect the fimbriated E.
coli attachment. Various environmental factors, such as centrifuge can change the phase of the
Type 1 E. coli bacteria from a fimbriated phase to a non-fimbriated phase48. To eliminate this
possible variation, we used crude culture supernatant to omit the centrifuge and washing steps
so that we can compare these two methods using consistent bacterial samples. Using crude
culture samples also allow us to observe the amount of non-specific binding from the crude
cell matrix.

1) E. coli pili-Mannose binding—E. coli W1485 (ATCC® 12435™) carries type 1
fimbriae, which is specific for mannose binding. The E. coli cell is about a million times heavier
than Con A and typical antibodies; theoretically the binding between E. coli and mannose
receptor on the QCM surface should lead to a very large response. However, when the mannose
modified QCM electrode was exposed to the different concentrations of E. coli W1485 (2.9 ×
107, 9.8 × 107, 1.6 × 108, and 2.7 × 108 cells/mL), only small signals were observed (Figure
2). The linear range is very narrow (i.e. 2.9 × 107 - 2.7 × 108 cells/mL). This result confirmed
our hypothesis that the fimbriae mediated adhesion is relatively weak and flexible. Along with
the high mobility of the bacteria, it created large freedom of movement of the bacteria on the
QCM surface. This non-acoustic attachment cannot be easily measured by QCM technique.
QCM will give a signal only if the above interaction results in a net change of mass. The weak
and flexible binding of the fimbriae to the mannose may result in a displacement of one species
with another.49 Consequently, the surface is only a temporary host to the E. coli and the net
change of mass is very small. Phase variation in which type 1 E. coli bacteria might shift from
a fimbriated phase to a nonfimbriated phase and back spontaneously,48 might also contribute
to the weak fimbriated E. coli attachment.

2) Con A mediated E. coli LPS and Mannose binding—As shown above and also
pointed out by E. V. Olsen, et. al.,49 a piezoelectric mass sensor will not be able to provide
quantitative information for bacterial detection if binding of bacteria on the sensor surface is
neither predominantly rigid nor predominantly flexible. The key is to ensure adequate bacterial
binding by using recognition molecules with high affinity and multiple binding valences.
Taking advantage of the fact that gram negative bacteria have chemically distinct surface LPS
structures that can be recognized by lectins in agglutination studies.37 We used lectin Con A
as an E. coli adhesion promoter to strongly attach E. coli to the mannose so a rigid binding
layer would be formed on the QCM surface (Scheme 1 Right).

Experimental conditions were first studied so that we can unquestionably demonstrate that the
Con A adsorbed on the E. coli cell surface facilitates the binding of E. coli to the mannose
receptor rather than free Con A in the mixture of bacteria that binds to the mannose receptor.
A low concentration of Con A was first added to the mannose sensor test chamber. The
concentration of Con A added is relatively low so that the mannose surface is not saturated
based on the Con A/mannose binding study (Figure 1) and the surface still has a plethora of
available mannose binding sites. After the Con A-mannose binding reached equilibrium, E.
coli W1485 was added. At this time, small amounts of free Con A in the bulk solution will
facilitate the binding of E. coli to the mannose receptor as described in Scheme 1.

As shown in Figure 3, the addition of 100 nM Con A to the mannose-QCM generated ∼100
Hz frequency change at equilibrium. The subsequent addition of E. coli provided a large
binding signal (∼230 Hz). This result shows that the presence of Con A in the binding solution
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leads to the signal enhancement. Since the interaction between Con A and E. coli has already
been proved by several studies,50 we suggest that Con A in the binding solution aggregates
on the E. coli cell walls through binding to the glucose unit in their O-antigen structures that
promotes the formation of rigid adhesion onto mannose-QCM.

(a) Sensor sensitivity: The mannose modified QCM surface was first exposed to the 100 nM
Con A solution for 2 h to reach the binding equilibrium to ensure the consistency between each
experiment, then E. coli W1485 samples ranging from 7.5 × 102 to 7.5 × 107 cells/mL were
injected onto the Con A pretreated mannose-QCM sensor chambers which contain 1 mL PBS
with 1 mM Mn2+, 1 mM Ca2+ and 0.1 mM Con A. Fast and large signal responses were
observed. A linear relationship between the frequency shift and logarithm of cell concentration
was found from 7.5 × 102 to 7.5 × 107 cells/mL (Figure 4), which is four decade wider than
the early mannose alone sensor. The damping resistance in the Butterworth-Van Dyke-
equivalent circuit was also determined simultaneously with the frequency shift for the bacterial
binding study. The change of damping resistances for E. coli adhesion experiments in Figure
3 and Figure 4 were no more than 1.4%. This suggests that the bacterial attachment was rigid,
rather than a viscoelastic behavior.

Table 1 lists the limits of detections (LOD) obtained by the QCM technique using antibody or
DNA recognition elements as reported in the literature and the reliable quantitative detection
via the two methods we used (carbohydrate or carbohydrate/lectin recognition elements).
Comparing to the use of carbohydrate alone, ∼104 fold improvement in reliable quantitative
detection was achieved using lectin amplification. Currently, the combined carbohydrate/lectin
detection methodsgave 54 Hz signal after adding 7.5 × 102 cells/mL for 2 hours. Therefore,
the detection limit in our case could be much smaller if calculated from the statistical methods
than those reported in the literature. Since enrichment could give various detection limits, Table
1 showed only the reliable quantitative detection concentration for our study. Additionally, as
evidence from the Sauerbrey equation above, the sensitivity of the QCM sensor increases with
the square of f0 and linearly with n; thus by working with crystals of higher f0 or at higher
harmonics, even higher sensitivity and lower detection limits can be obtained.

(b) Sensor specificity: Several control experiments were performed to validate the conclusions
and to test the sensor specificity. The mannose modified QCM sensor surface was first exposed
to 100 nM Con A solution for about 2 h, which allowed Con A to partially occupy the mannose
surface activity sites leaving free Con A in the bulk solution. When the Con A/mannose binding
reaction reached to the equilibrium, the final concentration of 7.5 × 107 cells/mL E. coli W1485
were added and generated a large signal response (∼230 Hz) (Figure 5, Curve A), which was
about 8 times larger than the direct adhesion of E. coli W1485 onto the mannose-QCM alone
(∼30 Hz signal, Curve C). To determine whether the surface bound Con A or the Con A in the
binding solution was the major factor for the enhanced E. coli W1485 adhesion, the following
control experiment was performed. First, the mannose modified QCM surface was immersed
in a 100 nM Con A solution for 2 h, then the electrode was rinsed with PBS buffer to remove
the unbounded Con A and the cell was refilled with fresh PBS buffer containing 1 mM Ca2+

and Mn2+. When the similar concentration of E. coli W1485 was added to the test chamber in
which the mannose modified QCM surface has preadsorbed Con A but no Con A is in the
binding solution, only ∼40 Hz frequency shift was observed (Curve B). This result confirms
that the Con A in the binding solution rather than the Con A on the QCM surface played the
key role in enhancing E. coli cell adhesion onto the mannose modified QCM surface.

A recombinant antibody 210E scFv-cys modified QCM surface was used additionally to exam
the specificity of the above system. Recombinant antibody 210E scFv-cys binds specifically
to rabbit IgG antigen.52 With the same experimental condition as Figure 5 Curve A, negligible
frequency change was observed for the addition of E. coli W1485 (Curve D).
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Staphylococcus aureus serotype 1, a gram-positive bacterium, was further used as a negative
control. When Staphylococcus aureus was added to the Con A pretreated mannose-QCM
electrode, only a very small signal was detected (Curve E).

Our control experiments in Figure 5 indicated that the extracellular matrix didn’t interfere with
the E. coli detection. They also verified that Con A in the binding solution aggregated onto the
E. coli W1485 cell wall thus enhanced the sensitivity and specificity for mannose binding with
E. coli W1485 by promoting the formation of rigid attachment to the mannose modified QCM
surface.

(c) Validating Con A mediated E. coli LPS and Mannose binding by a SPR biosensor:
Surface plasmon affinity sensors are based on monitoring the changes in the effective refractive
index of the guided waves caused by the interactions of their evanescent field with analyte
molecules binding specifically to their reaction partners immobilized on the sensor surfaces.
Even though SPR spectroscopy and QCM are based on different physical phenomena, it is
possible to use SPR to validate our surface chemistry since both techniques are non-labeled
mass sensors and can theoretically provide information for the binding events occurring at
solution metal interfaces. Figure 6 shows the SPR spectra of the stepwise binding of surface
receptor to the target analyte. The surface was thoroughly washed after each step and then
recorded the spectrum. Little angle shift was observed when E. coli W1485 was directly bound
to the mannose SAM (Curve B). Con A binds to the mannose surface and leads to 0.41 ° angle
shift (Curve C). However, when E. coli W1485 was added to mannose-Con A surface,
negligible angle shift was observed (Curve D) confirming our early rational that the
agglutination of Con A to the E. coli in solution phase is the key reason for the signal
amplification. Finally, as shown in the Figure 6 insertion, when the incident angle of SPR was
fixed at 54.32 °, and the mixture of E. coli W1485 and Con A were injected into the Con A
pretreated the mannose SAM chamber in which the concentration of Con A was fixed to be
the same as that in curve C, the reflected light intensity change vs. time shows real time binding
events. After about 70 min, the chamber was rinsed with PBS and SPR spectrum shows a
significant angle shift 0.48 ° (Curve E). In summary, the amplification of binding between the
mannose recognition element on the surface and E. coli W1485 by lectin Con A was observed
by the SPR biosensor using a similar surface chemistry approach as in the QCM experiments.

CONCLUSION
Routine identification and characterization of toxins and microorganisms are commonly
performed by biosensors containing either antibodies or nucleic acid probes as the detection
element. However, neither antibodies nor nucleic acids are necessarily the best or even most
valuable means of identification. In order to have a realistic chance of detecting and identifying
an unknown agent, a vast array of antibodies would be required. For DNA or RNA biosensors,
often the DNA/RNA probe must be known and amplification of the DNA/RNA probe is needed
before immobilization. Taking advantage of the fact that a high percentage of microorganisms
have both carbohydrates and carbohydrate binding pockets at their surfaces, we demonstrate
here that a carbohydrate epitope in combination with a lectin-bacterial O-antigen recognition
event represents a real possibility for developing a highly sensitive and specific non-labeled
biosensor for bacteria detection. Our mannose QCM biosensor show a significant improvement
of the sensitivity and specificity for E. coli W1485 detection with a detection limit of a few
hundred bacterial cells and a linear range from 7.5 × 102 to 7.5 × 107 cells/mL that is four
decade wider than the mannose alone sensor. The change of damping resistances for E. coli
adhesion experiments were no more than 1.4% suggesting that the bacterial attachment was
rigid, rather than a viscoelastic behavior. Little non-specific binding was observed for
Staphylococcus aureus and other proteins (Fetal Bovine serum, Erythrina cristagalli lectin).
Carbohydrate epitopes offer several advantages over antibody/nucleic acid detection of
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antigens. Carbohydrates possess broad interaction specificity; carbohydrate recognition could
enable identification of unexpected or even novel agents. Carbohydrates do not denature or
lose activity upon changes of temperature or pH; they are stable and could have long lifetime.
Oligosaccharides are smaller than antibodies; consequently, higher densities of carbohydrate
sensing elements could lead to higher sensitivity and less non-specific adsorption. A few
carefully chosen carbohydrate epitopes in combination with additional specificity of lectin-
bacterial O-antigen recognition could provide the desired fingerprinting of a high number of
biological agents and have a propensity to be extremely specific for one particular biological
agent, possessing minimal cross-reactivity for other agents. In addition, combining lectin and
carbohydrate SAM recognition allows rigid binding of bacteria to the QCM sensor surface,
which significantly enhances specificity and sensitivity of detection. We believe that the
approach used in this work is potentially universal and could provide a versatile platform for
the high-throughput analysis of bacteria at very low concentrations in complex samples.
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Figure 1.
Frequency change vs. time curve when FBS (5.2 μg/mL), ECL (142 nM) and different
concentrations of Con A solutions were added sequentially to the mannose-QCM in 1.0 mL
PBS buffer (pH = 7.2) with 1 mM Mn2+ and 1 mM Ca2+. (The final concentrations of Con A
were 96 nM, 141 nM, and 277 nM.)
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Figure 2.
Frequency change vs. time curve when the mannose-QCM electrode was exposed to different
concentrations of E. coli W1485 in 1.0 mL stirred PBS buffer (pH = 7.2) with 1mM Ca2+ and
1 mM Mn2+.. (The final concentrations of E. coli were: 2.9 × 107, 9.8 × 107, 1.6 × 108, and 2.7
× 106 cells/mL.)

Shen et al. Page 13

Anal Chem. Author manuscript; available in PMC 2008 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Frequency change vs. time curve when the mannose-QCM sensor was first exposed to 100 nM
Con A, followed by the addition of E.coli W1485 (7.5 × 107 cells/mL) in 1.0 mL stirred PBS
buffer (pH = 7.2) with 1mM Ca2+ and 1 mM Mn2+.
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Figure 4.
(a) Frequency change vs. time curve when mannose-QCM electrodes were exposed to different
concentrations of E. coli W1485 from 7.5 × 102 to 7.5 × 107 cells/mL in 1 mL stirred PBS with
1 mM Mn2+ and 1 mM Ca2+ and 100 nM Con A.Curve G: the addition of blank solution (50
μL culture medium without E. coli) (The mannose-QCM was first exposed to 100 nM Con A
solution for about 2 h); (b) Calibration curve: frequency shift vs. log of E. coli concentration.
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Figure 5.
Comparison of sensor specificity Different electrodes were exposed to 7.5 × 107 cells/mL E.
coli W1485: A) Con A pretreated mannose electrode with Con A in binding solution; B) Con
A pretreated mannose electrode without Con A in binding solution; C) mannose surface with
no Con A present on surface and in binding solution; and D) Con A pretreated 210E scFv-cys
electrode, Control antigen test (curve E): 1.4 × 109 cells/mL Staphylococcus aureus were added
to Con A pretreated mannose electrode with Con A in binding solution. All the test chambers
contain 1.0 mL stirred PBS buffer (pH = 7.2) with 1 mM Mn2+ and 1 mM Ca2+.
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Figure 6.
SPR spectra A) mannose SAM, B) 3.7 × 108 cells/mL E. coli W1485 was injected into mannose
SAM for 60 min, C) 1.25 μM Con injected into mannose SAM for 40 min, D) 3.7 × 108 cells/
mL E. coli W1485 was injected to the Mannose/Con A surface for 60 min, E) the mixture of
1.9 × 108 cells/mL E. coli W1485 and 1.25 μM Con A injected to the Con A pretreated Mannose
SAM for 70 min. Insertion: light intensity change with time after the injection of 1.9 × 108

cells/mL E. coli W1485 and 1.25 μM Con A mixture onto the Con A pretreated Mannose SAM.
The wavelength of the SPR biosensor light source was 650 nm and the refractive index of its
prism was 1.79. The sample chamber of the SPR biosensor was thoroughly washed before
recording the spectrum, and filled with 200 μl PBS with 1mM Ca2+, 1mM Mn2+ for each of
the experiments.

Shen et al. Page 17

Anal Chem. Author manuscript; available in PMC 2008 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Schematic presentations of direct E. coli detection and Con A mediated E. coli detection.
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Scheme 2.
QCM sensor set-up.
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Table 1
Comparison of QCM biosensors for the detection of E. coli

References E. coli strains Assay principle LOD (cells/mL) Linear ranges (cells/mL)

8 K-12 Immunosensor: Anti-ECA
antibody cross-linked to PEI
precoated surface

106 106-109

17 O157:H7 Immunosensor: Antibody linked to
MHDA SAM

103 103-108

51 O157:H7 DNA sensor: Nanoparticle
amplification

2.67 × 102 2.67 × 102-2.67 × 106

Our results E. coli strains Assay principle Reliable quantitative
detection (cells/mL)

Linear ranges (cells/mL)

W1485 Carbohydrate sensor 3.0 × 107 2.9 × 107-2.7 × 108

W1485 Carbohydrate/lectin sensor 7.5 × 102 7.5 × 102-7.5 × 107

ECA: Enterobacterial common antigen; PEI: polyetheneimine; MHDA: 16-Mercaptohexadecanoic acid; SAM: self-assembled monolayer
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