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bstract

A flow-based immunoassay system utilizing secondary-antibody coated microbeads and Cy5-secondary antibody for signal production was
uccessfully developed to quantitate target bacteria with a kinetic exclusion assay (KinExATM 3000 Instrument). It directly measured the concen-
ration of unliganded antibody separated from the equilibrated mixture of antibody and bacteria through a 0.2 �m polyethersulfone membrane,
nabling it to quantify the concentration of bacteria. The novel method demonstrated the qualities of rapidness, sensitivity, high accuracy and
eproducibility, and ease to perform. Detection of Pseudomonas aeruginosa and Staphylococcus aureus was accomplished with low detection
imits of 4.10 × 106 and 5.20 × l04 cells/mL, respectively, with an assay time of less than 15 min. The working ranges for quantification were
.10 × l06 to 1.64 × l010 cells/mL for P. aeruginosa, and 5.20 × l04 to 1.04 × l09 cells/mL for S. aureus. It yielded an assay with at least 10-fold
reater sensitivity than ELISA and could correctly assess the concentration of predominant bacterium spiked in the mixture of P. aeruginosa and
. aureus. With this reliable platform, the average amount of antibody bound by one cell in the maximum capability could be further provided:

1.6–2.5) × l05 antibodies for one P. aeruginosa cell and (2.2–2.7) × l08 antibodies for one S. aureus cell. The KinExA system is flexible to
etermine different kinds of bacteria conveniently by using anti-mouse IgG as the same immobilizing agent. However, a higher specificity of the
ntibodies to the target bacteria will be required for the use of this system with higher detection sensitivity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Rapid detection and quantification of target microbes
nd potentially pathogenic bacteria is essential for clinical
iagnostics, food analysis and environmental monitoring.
he conventional methods based on cultivation techniques

ncreasingly reveal their limitations; they are time-consuming,

ifficult to use for treatment with non-cultivable bacteria, and
ighly labor-intensive. Conversely, molecular methods are able
o achieve high sensitivity and specificity without the need for
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ultivation or additional confirmation, among which immunoas-
ay and detection via polymerase chain reaction (PCR) are the
ost established and important approaches for use in bacterial

dentification and detection (Deisingh and Thompson, 2002;
ompré et al., 2002). Although highly sensitive and specific,
CR tests have limited capability for accurate bacterial quantifi-
ation, because the cell numbers assigned to a certain amount
f target genes varies by one order of magnitude depending on
he growth phase and species (Amann and Ludwig, 2000; Sanz
t al., 2004). Immunological methods, based on the specific
ecognition and high affinity between antibodies and antigens,
ave been developed as an efficient and practical alternative

or the determination of pathogenic bacteria (Ivnitski et al.,
999; Delehanty and Ligler, 2002; Chemburu et al., 2005).
mmunological methods include enzyme immunoassay (EIA),
mmunofluorescence assay (IFA), immunomagnetic separation
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echnique (IMS) and immunosensors (Rompré et al., 2002;
eisingh and Thompson, 2004). In recent years, much effort
as been devoted to decreasing the analysis time and improving
he sensitivity and selectivity through the modification or
ombination of various techniques (Yasui and Yoda, 1997;
hao et al., 2004; Chemburu et al., 2005; Endo et al., 2005).
owever, there is still heightened interest in developing rapid

nd reliable methods of bacterial determination, especially
ith respect to real-time, simple and accurate quantification
ith high sensitivity and reproducibility (Rishpon and Ivnitski,
997; Croci et al., 2001; Babacan et al., 2002).

Kinetic Exclusion Assay (KinExA), a new technique avail-
ble since the 1990s, with the ability to measure true equilibrium
inding affinity and kinetics in solution phase, is one of the
ost accurate and sensitive avenues for immunoassay. It is
computer-controlled flow fluorometer in which equilibrated

olutions of antigen and antibody (Ab) complex flow over a
icrobead pack with immobilized antigen or other Ab capture

eagents. Detection of the free (not complexed with antigen) Ab
aptured in the microbead pack from the equilibrated solution
s accomplished with a secondary species-specific fluorescent
ntibody (Drake et al., 2004). KinExA has been applied for the
haracterization of antibody–antigen interactions; it has shown
igh sensitivity (Blake et al., 1999a) and has achieved the analyte
heoretical limit of detectability with an antibody (Ohmura et al.,
001). The platform has the sensitivity 10–1000-fold greater
han ELISA (Blake et al., 2001), and close to or even better than
urface plasma resonance (SPR) Biacore (Drake et al., 2004).
lthough KinExA has superior characteristics in immunoas-

ay, it has not yet been used for bacterial quantification. Since
inExA can be implemented in an exclusion assay format, it

an principally quantify the bacterial cells by measuring the free
ell-specific antibodies in a bacteria-mixed-antibodies system.

Among a wide range of bacterial pathogens detected in
he environment, Pseudomonas aeruginosa and Staphylococcus
ureus are two typical model pathogenic bacteria. P. aeruginosa,
n aerobic gram-negative bacillus, is ubiquitous in nature and has
een one of the top three causes of opportunistic human infec-
ions during the past century (Stover et al., 2000). S. aureus,
n aerobic gram-positive coccus, is one of the most impor-
ant bacterial pathogens for humans, producing enterotoxins
hich are a major concern in food hygiene (Delibato et al.,
005). Quantification of these two bacteria is of great impor-
ance for human health protection. By using an Au-electrode-
ased immunosensor, P. aeruginosa has been detected in the
ange of 2 × 106 to 1 × 108 cells/mL, with a limit of detec-
ion (LOD) of l × 105 cells/mL (Bovenizer et al., 1998). Several
mmunological methods have been reportedly used to detect
. aureus, such as enzyme immunoassay (EIA), TECRA (TM)
isual immunoassay, ELISA and enzyme-linked immunomag-
etic electrochemical assay (ELIME) (Rishpon and Ivnitski,
997; English et al., 1999; Fukuda et al., 2000; Delibato et al.,
005). LODs as low as 103 CFU/mL of S. aureus have been

chieved (Fukuda et al., 2000; Delibato et al., 2005).

In this paper, KinExA was employed to establish a reliable
nd rapid method for bacterial detection and quantification, by
sing P. aeruginosa and S. aureus as the model microbial strains.
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. Materials and methods

.1. Strains and cultivation

P. aeruginosa (ATCC 33358, Manassas, VA, USA) and S.
ureus (ATCC 29740) was cultivated in trypticase soy broth
BD Diagnostic Systems 211768, Sparks, MD, USA) at 26 ◦C,
nd in nutrient broth (BD 234000) at 37 ◦C, respectively.

.2. Antibodies and chemicals

Monoclonal mouse P. aeruginosa antibody and S.
ureus antibody were all from Biogenesis Ltd. (7889–9007,
200–0405, Poole, England). Cy5-conjugated F(ab′)2 frag-
ent of goat anti-mouse IgG was purchased from Jackson

mmunoResearch Laboratories (115-176-003, West Grove, PA,
SA). Goat anti-IgG (Fc) of mouse polyclonal antibody was
btained from Chemicon International Inc. (API27, Temecula,
A, USA). Anti-mouse IgG-HRP (horseradish peroxidase) anti-
ody was purchased from R&D systems (HAF007, Minneapolis,
N, USA). DAPI (4′,6-diamidino-2-phenyl-indol) was from

igma Chemical (St. Louis, MO, USA).
The phosphate-buffered saline solution (PBS) consisted of

40 mM NaCl, 8 mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4
nd 1.5 mM NaN3 (0.01%), adjusted to pH 7.40 with NaOH or
Cl if needed. All these reagents were purchased from Wako
ure Chemical Industries (Osaka, Japan). The BSA–PBS buffer
onsisted of 1 mg/mL bovine serum albumin (BSA; Sigma
hemical) in the PBS buffer.

.3. Detection of bacterial optical density (OD)

The OD of bacteria was read at 600 nm (as OD600)by a UV
pectrophotometer (U0080D, Hitachi, Tokyo, Japan).

.4. Total direct counts (TDC) of bacteria

Aliquots of bacteria were filtered onto 0.2 �m black poly-
arbonate membranes (Nuclepore, Whatman Inc., Clifton, NJ,
SA). After reaching dryness, the cells on the membrane were

tained by 1 �m/mL DAPI for 5–10 min and enumerated with a
onfocal laser scanning microscope (Zeiss LSM 510, Carl Zeiss,
nc., Thornwood, NY, USA). For one measurement, more than
en microscopic fields were counted, containing at least 100 cells
n each field.

.5. Sample preparation of bacteria

Aliquots of P. aeruginosa or S. aureus were collected from
he cultivated broth. After being re-suspended twice in PBS
uffer (pH 7.40) by repetition of centrifugation (6000 rpm for
0 min, 4 ◦C) and supernatant removal, the bacteria were even-
ually suspended and diluted in BSA–PBS buffer. Every sample

as uniformly suspended by a vortex without any macroscopic
ocs, and stored at 4 ◦C prior to use. Ab was added into every
acterial sample within 24 h after the collection. Then, Ab
nd bacteria were incubated by rocking at 24 ◦C for 17 h (P.
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Fig. 1. Schematic illustration of KinExA immunoassay. (A) Free antibody, unbound bacteria, and antibody–bacteria complex were mixed thoroughly to reach
equilibrium. (B) The equilibrated mixture was filtered by a BSA–PBS-prewetted 0.2 �m PES membrane, and the free antibody was passed through. (C) Drawn
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hrough the flow cell of KinExA, a portion of the free antibody was captured by
buffer wash step was applied to remove excess soluble free antibody. (D) Cy
bservation flow cell and excess unbound fluorescent antibody was removed wi

eruginosa) or 12 h (S. aureus) to reach equilibrium. Sequen-
ially, the mixture was filtered by a 0.2 �m polyethersulfone
PES) membrane (Puradisc25AS, Whatman Inc.). The mem-
rane was pre-wetted by BSA–PBS buffer and sample solutions
ere mixed thoroughly before every filtration. The filtration

ime of every sample was restricted to within 15 min, and the
oncentration of free Ab in the supernatant was detected by
inExA (Fig. 1). The loss of free Ab by filtration was less

han 2%, indicating that no Ab absorption occurred by the PES
embrane.

.6. KinExA immunoassay

A KinExATM 3000 (Sapidyne Instruments, Boise, ID,
SA) instrument was utilized as the immunoassay platform.
etails of the KinExATM 3000 instrument have been described

lsewhere (Blake et al., 1996, 1999a; Khosraviani et al.,
000).

The format for the KinExA-based assay employed in this
tudy is illustrated schematically in Fig. 1. The free antibodies,
eparated from the antibody and bacteria mixture by a mem-
rane, were drawn through the flow cell of the KinExA instru-
ent. A portion of the free antibodies (mouse IgG) were captured

y the mouse anti-IgG (Fc) Ab immobilized on the PMMA
icrobeads and labeled subsequently by the trace fluorescent
b (Cy5-conjugated anti-mouse IgG secondary Ab). Under the

ame operating conditions, the generated signals were propor-
ional to the concentrations of the free primary Abs (Ohmura et

l., 2001). By this means, fixing the initial concentration of anti-
acteria Ab but serially diluting the bacteria, an immunoassay
urve of signal percentage related to the bacterial concentration
ould be achieved. The signal percentage of the samples was

t
a
b
t

nti-IgG (Fc) of mouse antibody immobilized on the PMMA microbeads. Then
eled anti-mouse IgG secondary antibody was sequentially passed through the
o buffer wash steps.

stimated using Eq. (1):

ignal percentage(%) = signal − signalNSB

signal100% − signalNSB
× 100% (1)

here signal is the directly detected signal of the sample,
ignalNSB representing the non-specific binding, is the signal of
nly BSA–PBS buffer in the absence of free Ab, and signal100%
s the signal generated by the total free Ab binding sites at the
nitial Ab concentration without complexing with any antigen.
he value of (signal100% − signalNSB) should be nearly or more

han one volt achieved by KinExA instrument, which can be
ptimized by adjusting the other assay parameters. Given that
ll the measurements were implemented after equilibrium, the
urve represented the dissociation constant curve (KD curve)
f primary Ab and bacteria (Blake et al., 1996). According to
he KD curve, the bacterial concentrations could be elicited by
orresponding signals.

All the experiments conducted by KinExA were operated at
4 ◦C.

.6.1. Immobilization on PMMA beads
Poly(methyl methacrylate) (PMMA) beads (100-�m diame-

er, Sapidyne Instruments, 440107) were used as the solid phase
aterial and were coated with goat anti-IgG (Fc) of mouse poly-

lonal Ab to capture the mouse IgG primary Ab. By suspending
00 mg of the beads (dry weight) in 1 mL of PBS containing
00 �g of anti-IgG (Fc) mouse Ab, the mixture was rotated at
7 ◦C for 2 h. After settling and removal of the supernatant solu-

ion, 10 mg/L of BSA was added (to block nonspecific binding)
nd the beads were rotated at 37 ◦C for another hour. Coated
eads were stored at 4 ◦C and diluted to 30 mL with PBS prior
o use.
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The KinExA signals and the logarithms of cell concentrations
showed a very good linear relationship (R2 > 0.98). Of all the
immunoassay curves (Figs. 2 and 3), the standard deviations
were 0.01–7.15% within single runs and 1.23–9.33% among

Fig. 2. KinExA immunoassay curves of P. aeruginosa obtained from different
F.-y. Su et al. / Biosensors and B

.6.2. Assay parameters
For the P. aeruginosa experiment, the P. aeruginosa Ab

as fixed as 32.5 pM to mix with different concentrations of
acteria in the sample preparation. After equilibrium and filtra-
ion, the samples were perfused through the PMMA beads at
.25 mL/min for 150 s, then followed by 30 s of PBS, 240 s of
�g/mL anti-mouse IgG Cy5-Ab, and finally a two-stage wash-

ng with PBS (90 s at 0.25 mL/min and 120 s at 1.0 mL/min). For
he S. aureus experiment, the concentration of primary Ab was
68 pM. The flow time for the samples was 240 s; other parame-
ers were the same as in the P. aeruginosa experiment. Bacterial
mmunoassay curves were constituted of the signal percentage
elated to the bacterial concentration.

.6.3. Cross-reactivity evaluation
The concentrations of P. aeruginosa and S. aureus were con-

rolled at the same optical density. Signals of the mixtures of
2.5 pM P. aeruginosa Ab or 168 pM S. aureus Ab with P.
eruginosa or S. aureus strain were measured by KinExA. The
ross-reactivity was evaluated by taking the specific binding as
00% reaction efficiency. For instance, the cross-reactivity of P.
eruginosa Ab with S. aureus was calculated by Eq. (2):

signalPa–Ab − signalPa–Ab&Sa

signalPa–Ab − signalPa–b&Pa
× 100% (2)

ignalPa–Ab stands for the signal of 32.5 pM P. aeruginosa Ab
lone without any bacteria; signalPa–Ab&Sa and signalPa–Ab&Pa
epresent the signals of P. aeruginosa Ab equilibrated with S.
ureus and P. aeruginosa, respectively.

.6.4. Bacterial determination in the mixture of two-species
trains

Cells of P. aeruginosa and S. aureus were mixed with dif-
erent OD600 ratios of 100:1, 1:1 and 1:10. 32.5 pM P. aerug-
nosa Ab or 168 pM S. aureus Ab was added into the cell
ixtures respectively to determine the concentrations of P.

eruginosa and S. aureus according to the respective calibration
urves. The detection results were compared with the spiked
oncentrations.

.7. ELISA procedure

An amended protocol according to the original one of P.
eruginosa IgG ELISA Kit (Genesis Diagnostics, GD07, Cam-
ridgeshire, UK) was used in this study, as following: (1)
he bacterial samples were prepared according to the protocol
escribed in Section 2.5, except the Ab was initially fixed as
50 pM; (2) 100 �L of each filtrate of free Ab was dispensed into
he microplates pre-coated with P. aeruginosa lipopolysaccha-
ides at room temperature (RT); (3) after incubating for 30 min,
he well contents were decanted and the wells were washed
hree times using the Wash Buffer in the kit; (4) 100 �L of
nti-mouse HRP Ab was dispensed into each well and incu-

ated for another 30 min at RT; 5) after the well contents were
iscarded, the wells were washed four times using the Wash
uffer; (6) 100 �L of TMB (3,3′,5,5′-tetramethylbenzidine)
ubstrate in the kit was rapidly dispensed into each well; (7) after

g
(
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r
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0 min reaction, 100 �L of Stop Solution in the kit was added
nto each well and the absorbance was read at 450 nm within
0 min.

. Results and discussion

.1. Immunoassay curves for P. aeruginosa and S. aureus
y KinExA

To investigate the effects of bacterial growth status on
mmunoassay, bacteria were sampled from four different growth
hases to gain the respective immunoassay curves: (1) before the
ogarithmic growth phase (LGP), (2) in the middle of the LGP,
3) near the end of the LGP, and (4) in the stationary phase.
mmunoassay curves of P. aeruginosa and S. aureus are shown
n Figs. 2 and 3, respectively.

Figs. 2 and 3 clearly show that all the curves for P. aeruginosa
r S. aureus sampled at different growth phases were consistent,
ndicating that the bacterial growth state had little effect on the
mmunoassay. This was probably because P. aeruginosa Ab is
pecific to the outer membrane protein of P. aeruginosa, and
. aureus Ab specifically recognizes the peptidoglycan of S.
ureus, protein A; these components are intrinsic features of the
acterial cell wall, independent of the growth phases.

Based on one of the immunoassay curves for P. aeruginosa or
. aureus (Figs. 2 and 3), bacterial quantitative calibration curves
ere attained by regressing the linear range of the KinExA signal
ercentage with the logarithm of the bacterial OD600 or TDC
total direct counts). The results are shown in Fig. 4A and B.
rowth phases: (a) before the logarithmic growth phase (LGP) (2.3 h cultivation),
b) in the middle of the LGP (8.2 h cultivation), (c) near the end of the LGP
21 h cultivation), and (d) in the stationary phase (35.8 h cultivation). Each point
epresents the mean of duplicate measurements; error bars represent the standard
eviation.
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Fig. 3. KinExA immunoassay curves of S. aureus obtained from different growth
phases: (a) before the logarithmic growth phase (LGP) (2 h cultivation), (b) in the
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Fig. 4. Quantitative calibration curves for P. aeruginosa (A) and S. aereus (B)
i
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T
C

P

S

T

iddle of the LGP (5 h cultivation), (c) near the end of the LGP (15 h cultivation),
nd (d) in the stationary phase (23 h cultivation). Each point represents the mean
f duplicate measurements; error bars represent the standard deviation.

our runs, respectively. These results indicated an acceptable
evel of reproducibility and precision of the newly developed

ethod for bacterial quantification.
From the results shown in Figs. 2–4, the characteristics of

acterial determination by KinExA are summarized in Table 1.
he limits of detection (LOD) of P. aeruginosa and S. aereus
ere 4.10 × l06and 5.20 × l04 cells/mL, respectively, which was

omparable with the lowest LOD by immunological methods
eported elsewhere, i.e., 105 cells/mL for the former (Bovenizer
t al., 1998) and 103 cells/mL for the latter (Rishpon and Ivnitski,
997). The quantification range of P. aeruginosa by KinExA
as 4.10 × l06 to 1.64 × l010 cells/mL (R2 = 0.9903), two mag-
itudes larger than the results reported by Bovenizer et al. (1998).
lthough there were two different slopes of the quantitative cal-

bration curve for S. aereus and the critical point was around
× l0−3 OD600, the quantitative range for S. aereus was actually
× l0−4 to 10 OD600, or 5.20 × l04 to 1.04 × l09 cells/mL, with

wo regressive lines combined. It has been demonstrated that no

isturbance of the equilibrium of Abs and bacteria will occur
y the means of filtration used in this study (data not shown),
nd some flocs would be observed in the bottom of sample after
ong time settlement (>12 h). Therefore, the reason for the dif-

f
a
c
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able 1
haracteristics of bacterial determination by KinExA

Limit of detection

OD600 TDC (cells/mL)

. aeruginosa 5.0 × l0−3 4.10 × l06

. aereus 5.0 × l0−4 5.20 × l04

he detection limit is determined as the bacterial concentration which produces 95%
n terms of OD600 and total direct counts (TDC). Each point represents the mean
f duplicate measurements; error bars represent the standard deviation.
erent slopes in different ranges of S. aereus concentrations was
ssumed to be due to the aggregation of bacterial cells at higher
oncentrations, which would decrease the active cellular surface
rea for binding with Abs.

Working range for quantification

OD600 TDC (cells/mL)

0.005–20 4.10 × l06 to 1.64 × l010

5.0 × l0−4 to 5.0 × l0−3 5.20 × l04 to 5.20 × l05

5.0 × l0−3 to 10 5.20 × l05 to 1.04 × l09

signal value of signal100%.
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Fig. 5. Quantitative curves of P. aeruginosa detected by ELISA and KinExA.
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.2. Average amount of Ab bound to one bacterial cell

From every point in the calibration curves (Fig. 4), the amount
f antibodies bound to bacterial cells could be obtained. Given
hat every bacterial cell had the same density of receptors, the
verage amount of Ab bound to one cell could be evaluated by
q. (3):

[Ab]initial × (1 − i/100)

[bacteria]signali%
(3)

Ab]initial means the original concentration of primary Ab;
bacteria]signal i% stands for the bacterial concentration at the
ignal percentage of i%, and [Ab]initial × (1 − i/100) is the total
mount of Abs bound to the bacterial cells at signal i%. For
nstance, at signal 30%, 70% of 32.5 pM P. aeruginosa Ab had
ound to 1.50 × l09 P. aeruginosa cells/mL according to Fig. 4A.
hat meant one P. aeruginosa cell had bound 1.52 × l0−20 M
ntibodies on average, equal to about 9.15 × l03 antibodies/cell.
y this means, the average amount of Ab bound to one bac-

erial cell could be estimated at every point within the whole
uantitative calibration range, and the maximum value among
hose results represented the maximum capability of one cell
inding with Abs on average. Through the linear range of
he P. aeruginosa calibration curve from 0.01–20 OD600, the

aximum amount of Ab bound by one cell was found to
e 4.20 × 10−19 M/cell at 1.1 × 10−2 OD600. This meant that
ne P. aeruginosa cell could bind a maximum of 2.53 × l05

bs. In the same way, the maximal binding capacity of Abs
or S. aereus cells was estimated to be 2.67 × 108 Abs/cell at
.2 × l0−4 OD600 within the range of 5.0 × l0−4 to 5.0 × l0−3

D600, while 1.28 × l08 Abs/cell at 5.0 × l0−3 OD600 within
he range of 5.0 × l0−3 to 10 OD600. This result supported the
revious hypothesis that aggregation of S. aereus in high con-
entrations led to the reduction of the amount of Ab bound per
ell. The maximal binding capacity of Ab for one S. aereus cell
as nearly 1000 times higher than that for one P. aeruginosa

ell, which indicated decreasing of the active cellular surface
ould result in a more remarkable effect on S. aereus binding
ith Abs.
Taking all the immunoassay curves for bacteria at different
rowth phases into account, the maximum binding capabilities
f bacteria were estimated: (1.6–2.5) × l05 Abs per P. aerugi-
osa cell and (2.2–2.7) × l08 Abs per S. aereus cell, as shown in
able 2. The narrow range of the estimated values further sup-
orted the result that the characteristics of receptors on cellular
urface were independent of the bacterial growth phases.

i
b
s
a
s
e

able 2
stimated maximum binding capability of bacteria

Working range for quantification (OD600) Maximum amo

. aeruginosa 0.005–20 (1.57–2.53) × l

. aereus 5.0 × l0−4 to 5.0 × l0−3 (2.19–2.67) × l
5.0 × l0−3 to 10 (1.25–1.32) × l
ach point of KinExA immunoassay curve represents the mean of duplicate
easurements, while each point of ELISA curve is the average of triplicate

eterminations. Error bars depict the standard deviation.

.3. Detection of P. aeruginosa by ELISA compared with
inExA

In this research, same principle was employed in the P. aerug-
nosa detection by ELISA as that used for KinExA, as described
n Section 2. The intensity of luminescence, which was pro-
uced by the enzyme conjugate and substrate, was proportional
o the concentration of free Abs in the samples. Accordingly,
relationship between the relative luminescence intensity and

acterial concentration could be obtained by ELISA, similar to
he test conducted by KinExA (Fig. 5).

From the results of P. aeruginosa detected by ELISA, the
OD was 0.4 OD600 and the calibration range was only 0.1–10
D600, neither of which was comparable with the results of
inExA. KinExA had at least 10-fold more sensitivity than

he ELISA technique, which agreed with a previous report of
0–1000-fold greater sensitivity (Blake et al., 2001).

The superior sensitivity and quantitative accuracy of KinExA
ompared with ELISA is a co-functional result of KinExA inher-
nt advantages. For a primary antibody, as its concentration
s decreased, the antigen concentration-response curves will
e shifted to lower concentrations, and the dynamic ranges of

ignals broadened until becoming maximal when the primary
ntibody concentration equals its KD value. After that, the sen-
itivity and the dynamic range of the assay will be unchanged
ven if the primary antibody concentration is much more lower

unt of Ab per cell (cell−1) OD600 range of maximum binding capability

05 (l.l–1.9) × l0−2

08 (8.2–12) × l0−4

08 5.0 × l0−3



2 ioelectronics 22 (2007) 2500–2507

(
g
h
a
t
c
e
o
d
i
K
c
t
t
i
s
t
a
f
t
e
e
r
q
i
s

b
h
o
2

b
f
A
a
f
l
fi
t
i
p
t

3

s
g
L
i
o

S
(
a
a

Table 3
Cross-reactivity of two Abs on P. aeruginosa or S. aureus

Reaction percentage (%) P. aeruginosa S. aureus

P. aeruginosa Ab 100 35
S. aureus Ab 17 100

Table 4
Bacterial determinations in the mixtures of P. aeruginosa and S. aureus at dif-
ferent ratios of cell concentration

Ratio of the detected
concentration to the
spiked one

OD600 ratio of P. aeruginosa to S. aureus
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Ohmura et al., 2001). If an antibody has smaller KD for the anti-
en, it will directly improve the sensitivity of the assay for the
igher specificity. For ELISA, higher concentration of primary
ntibody than KD value is usually demanded due to the insensi-
ivity of signal detection. However, by using KinExA, a very low
oncentration of primary Ab near or below its KD can still gain
nough strength of signal by the accumulation from continu-
us sample flow. This permits the achievement of the theoretical
etectable limit in quantitative determination of the assay, which
s limited by the affinity of antibody and antigen, but not by the
inExA instrument. In the KinExA system, theoretical antigen

oncentration-response curves can be obtained as experimen-
al results (Ohmura et al., 2001). In present study, 650 pM was
he lowest Ab concentration for ELISA to get the reliable cal-
bration curve, 20 times as that for KinExA. This limited the
ensitivity of ELISA as compared with KinExA (it’s indicated
hat 32.5 pM was closer to the KD value of the antibody for P.
eruginosa than 650 pM was). In addition, the larger surface area
or sample capture by bead column (approximately 260 mm2)
han does the ELISA microtiter plate (64 mm2 per well) (Blake
t al., 1999b, 2001) and arbitrarily high concentration of the
ffective solid phase, avoids competition with the immobilized
eagent and improves the linearity of the response, leading to a
uantitative response with acceptable signal-to-noise character-
stics. All these factors provided KinExA performance of high
ensitivity, wide dynamic range and high quantitative accuracy.

When compared to ELISA or PCR assays in terms of num-
er of experimental steps and manipulations involved, KinExA
as high simplicity and detection speed with few-to-no hands-
n steps, which makes the measurements of a single sample in
–15 min possible (Blake et al., 1999a; Ohmura et al., 2001).

In this study, the KinExA platform was employed to quantify
acteria by measuring the free anti-bacteria antibody excluded
rom the equilibrated solution of Ab and bacteria that contained
b, bacteria and Ab–bacteria complex. Anti-mouse secondary

ntibody was immobilized on the microbeads to capture the dif-
erent primary antibodies, but not antigen-like reagents such as
ipopolysaccharides of P. aeruginosa. This enhanced the speci-
city range of the immobilized phase for the targets, which made

he bacterial detection much simpler. Since the secondary Ab
mmobilized on the microbeads can capture all kinds of mouse
rimary antibodies, the same beads can be used for several sys-
ems to detect different kinds of bacteria.

.4. Cross-reactivity

Cross-reactivity of monoclonal antibodies with different
trains of gram-negative bacteria or several gram-negative and
ram-positive bacteria is not infrequent (Hübner et al., 1992;
evasseur et al., 1992; Haralambievaa et al., 2001). Actually, this

s one of the most critical drawbacks in the practical application
f immunological methods for bacterial determination.

In this study, the cross-reactivity of P. aeruginosa Ab with

. aureus or S. aureus Ab with P. aeruginosa was examined
Table 3). The cross-reactivity of P. aeruginosa Ab with S.
ureus was 35%, twice as high as that of S. aureus Ab with P.
eruginosa.

t
d
t
a

. aeruginosa 7.28 ± 1.50 1.24 ± 0.33 1.09 ± 0.01

. aureus 1.06 ± 0.01 0.93 ± 0.03 1.48 ± 0.09

.5. Bacterial determination in a mixture of two bacterial
pecies

P. aeruginosa and S. aureus were mixed with different
D600 ratios of 100:1, 1:1 and 1:10, and the respective sig-
als were detected by KinExA using 32.5 pM P. aeruginosa
b or 168 pM S. aureus Ab. From the respective calibration

urves (Figs. 4A, B), the concentrations of P. aeruginosa and
. aureus were evaluated, and the ratios of the detected concen-
ration to the spiked one under different conditions are listed in
able 4.

As indicated in Table 4, when the OD600 ratio of P. aerugi-
osa to S. aureus was below 1, a large detection deviation of P.
eruginosa would be produced due to the high cross-reactivity
f P. aeruginosa Ab to S. aureus. However, when the OD600
atio of P. aeruginosa to S. aureus was equal to or higher than
, the detected concentration of P. aeruginosa was close to the
piked one, which meant that, the cross-reactivity was not signif-
cant. Similar results were found for S. aureus; i.e., the detected
. aureus concentration had good accordance with the spiked
oncentration when the OD600 of S. aureus was equal or greater
han that of P. aeruginosa. Less distinct deviation was found
n the determination of S. aureus, even when the OD600 of S.
ureus was 100 times less than that of P. aeruginosa. This was
robably because of the lower cross-reactivity of S. aureus Ab
o P. aeruginosa (Table 3) and the stronger affinity of S. aureus
b binding to S. aureus cells compared to P. aeruginosa.

. Conclusions

A new method based on the KinExA format was developed
nd characterized, which displayed outstanding analytical char-
cteristics for bacterial detection and quantification. It exhibited
hree noteworthy properties compared with other immunologi-
al methods: (1) its simplicity for manipulation due to few-to-no
teps and no need for modification of the primary antibody;
2) high sensitivity and quantitative accuracy of data acquisi-

ion with low error; (3) its convenience and universality for
ifferent bacterial determination by using anti-mouse IgG as
he immobilizing agent to capture all kinds of mouse primary
ntibodies.
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For the first time, KinExA has been demonstrated as a reli-
ble and promising alternative for bacterial determination. How-
ver, like other immunoassay methods, the achievable minimum
imit of detection of this method is limited by the affinity of
he antibody with antigen. By increasing the specificity of the
ntibody to the target bacteria, detection sensitivity would be
nhanced by using KinExA, and antibodies having little-to-no
ross-reactivity are potential candidates in the application for
acterial determination in complex communities.
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