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Fig. 1. Schematic diagram of the QCM test system (top) and vertical-sectional view of the 

flow cell (bottom). 
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FIGURE 2 
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Fig. 2. Typical conductance (solid line) and susceptance (dashed) spectra of the QCM. 1) 

\ blank QCM; 2) after adsorption of Protein A; 3) after antibody immobilization; and 4) after 

incubation with 108 cells/ml of S. Typhimurium. All the spectra were obtained in PBS with 

the same quartz crystal. 
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Fig. 3. Changes of F0, Rm, C,,,, L,,,, and Co for the bindings of Protein A, antibody and 

bacteria, respectively. 
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Fig. 4. Temporal responses of resonant frequency and motional resistance during antibody 

immobilization ( 1) and the prolonged baselines in PBS (2). 
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FIGURE 5 
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Fig. 5. The AF—AR diagram for the layers of protein A (circle), antibody ( triangle), and S. 

Typhimurium cells (squares). An elastic mass effect is represented by line 1, and a pure 

viscosity-density effect is represented by line 2, which was obtained with O~20% sucrose 

solution. Line 3 shows the AF—AR relationship for 105-108 cells/ml of S. Typhimurium. Error 

bars represent standard deviations (n=3~6, the same below). 
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FIGURE 6 

Fig. 6. Fluorescence image of a QCM surface with bound S. Typhimurium cells at 108 

cells/ml (bar = 4 pm). 
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Fig. 7. Temporal responses of resonant frequency and motional resistance during bacterial 

detection without anti-Salmonella magnetic beads. 1) PBS; 2) Chicken meat sample; 3) 1O8 

cells/m1 ofE. coli K12 in PBS; 4)l07 cells/ml of S. Typhimurium in PBS; 5) 1O7 cells/ml of 

S. Typhimurium in chicken meat sample. 
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Fig. 8A. The change of resonant frequency as a function of the cell concentration. 1) Chicken 

meat sample; 2) 108 cells/ml of E. coli K12; 3-6) 105-108 cells/ml of s. Typhimurim. Error 

bars represent standard deviations (n=3~6). 
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Fig. 8B. The change of motional resistance as a function of the cell concentration. 1) Chicken 

meat sample; 2) l08 cells/ml of E. coli K12; 3-6) 105-108 cells/m1 of S. Typhimurim. Error 

bars represent standard deviations (n=3~6). 
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Fig. 9. Temporal responses of resonant frequency and motional resistance during bacterial 

detection with using anti-Salmonella magnetic beads. Numbers indicate concentrations 

(cells/ml) of S. Typhimurim in chicken meat sample. 
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Fig. 10. Temporal responses of motional resistance of the QCM immunosensor (1 and 2) and 

blank QCM (3) for different samples. 1) 106 cells/m1 of S. Typhimurim + anti-Salmonella 

magnetic beads; 2) 106 cells/m1 of s. Typhirnurim; 3) 107 cells/ml of s. Typhimurim+ anti 

Salmonella magnetic beads. 
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METHOD FOR DETECTING AN UNKNOWN 
CONTAMINANT CONCENTRATION IN A 

SUBSTANCE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority of US. provisional 
patent application No. 60/642,335, ?led Jan. 7, 2005. This 
provisional application is incorporated herein by reference 
in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] The invention Was made With United States gov 
ernment support under Grant Number USDA/CREES 
99-34211-7563 aWarded by the United States Department of 
Agriculture. The United States government has certain 
rights in this invention. 

BACKGROUND 

[0003] Generally, quartz crystal microbalance (QCM) 
immunosensors for bacterial detection solely measure the 
resonant frequency, and the frequency shift is usually cor 
related to an elastic mass effect. The quartZ crystal microbal 
ance (QCM), as a simple yet poWerful technique, has been 
Widely employed in chemical and biological sensing. QCM 
can be designed as an immunosensor for directly detecting 
microorganisms Without the need of labeled antibodies that 
are required in sandWich-type immunosensors. QCM immu 
nosensors have been reported for rapid and speci?c detec 
tion of different bacteria. Most QCM immunosensors solely 
measure the resonant frequency (F0) using the standard 
oscillator technique, and the frequency change (AF) is 
usually explained by Sauerbrey equation, Which states that 
the decrease in F0 (—AF) is linearly proportional to the 
increase in surface mass loading of QCM (Sauerbrey, 1959). 

[0004] HoWever, the Sauerbrey equation is applicable 
only to a thin (~l um) and elastic ?lm coupled to the crystal 
surface, Where the mass loading can be up to 0.05% of the 
crystal mass. The Sauerbrey equation does not apply to the 
case of cells attached to the QCM surface, largely due to the 
softness and relatively large siZe of the cells. In addition to 
the mass effect, the changes of surface viscoelasticity and 
other factors also contribute to the frequency change. Due to 
the additive nature of these effects, the mass effect cannot be 
differentiated from others When only F0 is tracked. 

[0005] High-frequency impedance/admittance analysis 
can provide more detailed information about the surface/ 
interface changes of QCM. A QCM can be represented by a 
ButterWorth-Van Dyke (BVD) model, Which is composed of 
a static capacitance (CO) in parallel With a motional branch 
containing a motional inductance (Lm), a motional capaci 
tance (Cm), and a motional resistance (Rm) in series. These 
parameters are determined by physical properties of the 
quartZ crystal, perturbing mass layer, and contacting liquid, 
and can be obtained With a high-frequency impedance 
analyZer by ?tting the measured impedance/admittance data 
to the BVD model. A simpler Way to provide insights into 
the viscoelastic properties of the bound surface mass is to 
simultaneously monitor F0 and Rm or F0 and the dissipation 
factor D using a quartz crystal analyZer that is less expensive 
than the impedance analyZer. This method has been applied 
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to study the behavior of adherent cells in response to 
chemical, biological, or physical changes in the environ 
ment. 

[0006] The impedance analysis has been used to charac 
teriZe a QCM immunosensor for detecting Salmonella Typh 
imurium. A magnetic force Was utiliZed to collect the com 
plexes of Salmonella-magnetic beads on the crystal surface, 
and Rm Was found the most effective and sensitive among 
the four circuit parameters, Which offered a detection limit of 
about 103 cells/ml. The sensitivity of the QCM immunosen 
sor in the absence of magnetic beads has not been investi 
gated nor has the measurements of Rm and F0, therefore it is 
unclear hoW much the magnetic beads could affect the 
detection sensitivity or Which of the F0 and Rm measure 
ments is superior in the presence or absence of the beads. 

SUMMARY 

[0007] A method for detecting contaminants in a solution 
by determining both a change in resonant frequency (AF) 
and a change in motional resistance (AR) of a crystal 
microbalance (CM) immunosensor is presented. The method 
may be used to measure contaminants in samples Whether or 
not the samples include immuno-beads, such as immuno 
magnetic microbeads. The method generally includes mea 
suring the change in frequency (AF) and determining change 
in motional resistance (AR) of a CM immunosenor exposed 
to various samples that include knoWn concentrations of a 
contaminant of interest. The method further includes mea 
suring the AF and determining the AR of a CM immunosen 
sor exposed to a sample containing the contaminant of 
interest at an unknown concentration. The measurements of 
AF and AR create data that relate a given AP to a knoWn 
contaminant concentration and a given AR to a knoWn 
contaminant concentration, respectively. 

[0008] The unknown contaminant concentration may be 
determined according to the AF of the samples With the 
knoWn and unknoWn contaminant concentrations or the AR 
of the samples With the knoWn and unknoWn contaminant 
concentrations. The unknoWn contaminant concentration 
may be determined according to the AR of the CM immu 
nosensor exposed to the samples With the knoWn contami 
nant concentration and the AR of the sample With the 
unknoWn contaminant concentration. Alternately, the 
unknoWn contaminant concentration may be determined 
according to AP of the CM immunosensor exposed to the 
samples With the knoWn contaminant concentrations and the 
AF of sample With the unknoWn contaminant concentration. 
If AR of the CM immunosensor exposed to the samples With 
the knoWn contaminant concentrations more accurately 
re?ects the knoWn contaminant concentrations, the unknoWn 
contaminant concentration may be determined according to 
the AR of the CM immunosensor exposed to the samples 
With the knoWn contaminant concentrations and the AR of 
the sample With the unknoWn contaminant concentration. 
OtherWise, the unknoWn contaminant concentration may be 
determined according to AP of the CM immunosensor 
exposed to the samples With the knoWn contaminant con 
centrations and the AF of sample With the unknoWn con 
taminant concentration. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a schematic diagram of the QCM test 
system (top) and vertical-sectional vieW of the How cell 
(bottom). 
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[0010] FIG. 2 is a typical conductance (solid line) and 
susceptance (dashed) spectra of the QCM. 1) blank QCM; 2) 
after adsorption of Protein A; 3) after antibody immobiliza 
tion; and 4) after incubation With 108 cells/ml of S. Typh 
imurium. All the spectra Were obtained in PBS With the same 
quartz crystal. 

[0011] FIG. 3 is a bar graph ofchanges ofFO, Rm, Cm, Lm, 
and CO for the bindings of Protein A, antibody and bacteria, 
respectively. 

[0012] FIG. 4 is a graph of temporal responses of resonant 
frequency and motional resistance during antibody immo 
bilization (l) and the prolonged baselines in PBS (2). 

[0013] FIG. 5 is a AF-AR diagram for the layers of protein 
A (circle), antibody (triangle), and S. ljxphimurium cells 
(squares). An elastic mass effect is represented by line 1, and 
a pure viscosity-density effect is represented by line 2, Which 
Was obtained With 0~20% sucrose solution. Line 3 shoWs the 
AF-AR relationship for 105-108 cells/ml of S. lyphimurium. 
Error bars represent standard deviations (n=3~6, the same 
beloW). 
[0014] FIG. 6 is a ?uorescence image of a QCM surface 
With bound S. ljxphimurium cells at 108 cells/ml (bar=4 pm). 

[0015] FIG. 7 is a graph of temporal responses of resonant 
frequency and motional resistance during bacterial detection 
Without anti-Salmonella magnetic beads. 1) PBS; 2) 
Chicken meat sample; 3) l08 cells/ml ofE. coli K12 in PBS; 
4)lO7 cells/ml of S. ljxphimurium in PBS; 5) 1O7 cells/ml of 
S. ljxphimurium in chicken meat sample. 

[0016] FIG. 8 (A) is a bar graph of change of resonant 
frequency as a function of the cell concentration 

[0017] FIG. 8 (B) is a bar graph of change of motional 
resistance as a function of the cell concentration. 1) Chicken 
meat sample; 2) l08 cells/ml of E. coli K12; 3-6) 105-108 
cells/ml of S. lj/phimurim. Error bars represent standard 
deviations (n=3~6). 

[0018] FIG. 9 is a graph of temporal responses of resonant 
frequency and motional resistance during bacterial detection 
With anti-Salmonella magnetic beads. Numbers indicate 
concentrations (cells/ml) of S. Typhimurim in chicken meat 
sample. 

[0019] FIG. 10 is a graph of temporal responses of 
motional resistance of the QCM immunosensor (l and 2) 
and blank QCM (3) for different samples. 1) l06 cells/ml of 
S. ljxphimurim+anti-Salmonella magnetic beads; 2) l06 
cells/ml of S. lj/phimurim Without anti-Salmonella beads; 3) 
l07 cells/ml of S. lyphimurim+anti-Salmonella beads. 

[0020] FIG. 11 is a block diagram of a method for 
detecting an unknoWn contaminant concentration in a sub 
stance. 

[0021] FIG. 12 is a block diagram of a method for 
determining a change in resistance of a CM immunosensor 
exposed to samples With knoWn contaminant concentrations. 

[0022] FIG. 13 is a block diagram of a method for 
determining an unknoWn contaminant concentration in a 
substance according to change in resistance or change in 
resonant frequency of a CM immunosensor exposed to 
samples With knoWn and unknoWn contaminant concentra 
tions. 
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DETAILED DESCRIPTION 

[0023] A viscoelastic biosensor With enhanced sensitivity 
has been developed for the detection of bacterial pathogens 
such as Salmonella ljxphimurium based on the use of 
immuno-magnetic microbeads and the measurement of 
motional resistance. For Salmonella lyphimurium, the bio 
sensor can be fabricated using Protein A for the antibody 
immobilization. High-frequency impedance analysis indi 
cates that the changes in resonant frequency and motional 
resistance (AF and AR) of the biosensor are signi?cant While 
the changes in static capacitance, motional capacitance, and 
motional inductance are insigni?cant. AF and AR can be 
monitored simultaneously in real time during the biosensor 
fabrication and bacterial detection, and the AF~AR diagram 
can be used to obtain insights into the surface characteristics. 
It is found that the immobilization of Protein A and antibody 
cause an elastic mass change While the binding of bacterial 
cells result in a viscoelastic change. In the direct detection 
of S. ljxphimurium in food samples, AF and AR are propor 
tional to the cell concentration in the range of 105 to 108, and 
106 to 108 cells/ml, respectively. Using anti-Salmonella 
magnetic microbeads as a separator/concentrator for sample 
pretreatment as Well as a marker for signal ampli?cation, the 
detection limit is loWered to 102 cells/ml based on the AR 
measurement. There is no interference from E. coli K12 and 
the sample matrix. 

[0024] This method is developed for food safety, and can 
be used in food inspection and monitoring during food 
processing, storage and market. With minor modi?cation, 
this method can be adopted for detection of other pathogenic 
bacteria in food samples, including E. coli Ol57zH7, Lisl 
eria monocylogenes and Campylobacler jejuni. In addition 
to immediate applications in the food area, the method can 
also be used in clinical or environmental applications. 

[0025] Current quartz crystal microbalance (QCM) immu 
nosensors for bacterial detection, With feW exceptions, 
solely measure the resonant frequency, and the frequency 
shift is usually correlated to an elastic mass effect. In this 
study, a QCM immunosensor Was described for the detection 
of bacterial pathogens such as Salmonella ljxphimurium With 
simultaneous measurements of the resonant frequency and 
motional resistance. In the case of Salmonella lyphimurium, 
the immunosensor Was fabricated using Protein A for the 
antibody immobilization. High-frequency impedance analy 
sis indicated that the changes in resonant frequency and 
motional resistance (AF and AR) of the QCM Were signi? 
cant While the changes in static capacitance, motional 
capacitance, and motional inductance Were insigni?cant. AF 
and AR Were monitored simultaneously in real time during 
the immunosensor fabrication and bacterial detection, and 
the AF~AR diagram Was used to obtain insights into the 
surface characteristics. It Was found that the immobilization 
of Protein A and antibody caused an elastic mass change 
While the binding of bacterial cells resulted in a viscoelastic 
change. In the direct detection of S. ljxphimurium in chicken 
meat sample, AF and AR Were proportional to the cell 
concentration in the range of 105 to 108, and 106 to 108 
cells/ml, respectively. Using anti-Salmonella magnetic 
beads as a separator/ concentrator for sample pretreatment as 
Well as a marker for signal ampli?cation, the detection limit 
Was loWered to 102 cells/ml based on the AR measurements; 
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however, AF Was not related to the cell concentration. No 
interference Was observed from E. coli K12 or the sample 
matrix. 

EXAMPLE 

[0026] In this example, AF and the change in Rm (AR) of 
a QCM immunosensor Were approximately simultaneously 
monitored for the detection of S. lj1phimurium. In addition, 
the immunosensor With food samples Were evaluated and the 
effect of immuno-magnetic beads on the detection sensitiv 
ity Was investigated. 

[0027] Anti-Salmonella CSA-1 antibodies (1 mg) Were 
manufactured by Kirkegaard & Perry Laboratories (Gaith 
ersburg, Md). Dynabeads® anti-Salmonella (diameter 2.8 
pm) Were obtained from Dynal Biotech Inc. (Lake Success, 
N.Y.). Protein A-soluble, from S. aureus (coWan strain) cell 
Walls, Was supplied by Sigma-Aldrich (St. Louis, Mo.). 
Propidium iodide (PI) Was purchased from Molecular 
Probes (Eugene, Oreg.). Phosphate buffered saline (PBS, 
0.01 M, pH 7.4) containing 0.138 M NaCl and 0.0027 M 
KCl, and 1% (W/v) bovine serum albumin (BSA)-PBS (pH 
7.4) Were received from Fisher Chemical (Fair LaWn, NI.) 

[0028] Salmonella ljxphimurium (ATCC 14028) as a target 
pathogen, and Escherichia coli K12 (ATCC 29425) as a 
competing bacterium Were obtained from American Type 
Culture Collection (Rockville, Md.). The pure culture of S. 
ljxphimurium or E. coli K12 Was groWn in brain heart 
infusion (BHI) broth (Remel, Lenexa, Kans.) at 370 C. for 20 
h before use. The culture Was serially diluted With physi 
ological saline solution and the viable cell number Was 
determined by conventional plate counting. S. ljxphimurium 
Was enumerated by surface plating on xylose lysine tergitol 
(XLT4) agar (Remel, Lenexa, Kans.). E. coli K12 Was 
enumerated using sorbitol-MacConkey (SMAC) agar 
(Remel, Lenexa, Kans.). The undiluted cultures Were heated 
in a 1000 C. Water bath for 15 min to kill all bacteria, and 
then diluted With PBS or sample solution to desired con 
centrations for further use. 

[0029] Chicken breast meat purchased from a local gro 
cery store Was used as a tested sample. An amount of 25 g 
chicken meat Was put into a Whirl-plastic bag (Nasco, 
Fort-Atkinson, Wis.) containing 225 ml of 0.1% buffered 
peptone Water (Difco, Detroit, Mich.) and stomached on a 
SeWard 400 stomacher (SeWard, UK) for 2 min. The mixture 
Was ?ltered by cheesecloth and then centrifuged to remove 
large debris and particles. An aliquot of 9 ml of the resulting 
meat solution Was added With 1 ml of 109 cells/ml of 
heat-killed S. ljxphimurium to make a sample solution of 108 
cells/ml, Which Was further serially diluted to the desired 
concentration With the meat solution. 

[0030] The inoculated sample solutions Were analyzed 
using the QCM immunosensor directly Without any other 
treatment or after immuno-magnetic separation (IMS). In 
IMS, a total of 20 pl of anti-Salmonella beads (ca. 0.1 mg or 
6.6><106 beads) and 1.0 ml of sample solution containing 
0-10 cells/ml of S. ljxphimurium Were added into micro 
centrifuge tubes and vortexed for several seconds. The 
mixture Was incubated at room temperature for 60 min With 
a gentle mixing. Then, the micro-centrifuge tubes Were 
loaded into MPC-S magnetic particle concentrators (Dynal 
Biotech) and alloWed 3 min for separating the magnetic 
beads from the liquid matrices. The liquid part Was dis 
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carded and the resulting immuno-complexes of beads and 
target bacteria Were resuspended in 250 pl PBS for further 
test With the QCM immunosensor. 

[0031] The immunosensor Was fabricated by immobiliz 
ing anti-Salmonella antibodies on the gold surface of AT-cut 
quartz crystals (International Crystal Manufacturing, Okla 
homa City, Okla.), Which had a diameter of 13.7 mm, a 
polished Au electrode (5.1 mm diameter, 1,000 A thickness) 
deposited on each side, and a resonant frequency of 7.995 
MHZ. The crystals Were pretreated With 1 M NaOH for 20 
min and 1 M HCl for 5 min in sequence to obtain a clean Au 
surface. After each pretreatment the crystals Were rinsed by 
spraying ethanol and Water successively, and dried in a 
stream of nitrogen. Each of the resulting crystals Was 
mounted on a 70-pl acrylic ?oW cell (International Crystal 
Manufacturing) as shoWn in FIG. 1 With only one face 
exposed to the solution. AF and AR Were simultaneously 
monitored in real time during antibody immobilization and 
S. ljxphimurium detection using a QCA922 quartz crystal 
analyzer (Princeton Applied Research, Oak Ridge, Tenn.). 

[0032] ProteinA method Was used for the antibody immo 
bilization. First the crystal Was ?ushed With 1 ml PBS to 
obtain a stable baseline. Secondly, the detection chamber 
Was over?oWed by 500 pl of 1 mg/ml Protein A. After 1 h 
incubation, the detection chamber Was ?ushed With 1 ml 
PBS 5 times to rinse off the excess Protein A and to obtain 
a stable baseline. Thirdly, the chamber Was over?oWed by 
500 pl of 200 pg/ml anti-Salmonella antibody solution. Also 
after 1 h incubation, the chamber Was ?ushed With 1 ml PBS 
5 times to rinse off the unimmobilized antibodies and to 
obtain a stable baseline. All the baselines Were obtained in 
PBS at a stop-?oW mode, and the differences betWeen every 
tWo neighboring baselines Were calculated as the net 
responses caused by the immobilization of Protein A and 
antibodies, respectively. 

[0033] The QCM immunosensor Was tested in a stop-?oW 
mode for the detection of S. ljxphimurium in PBS or chicken 
meat sample. First, the immunosensor Was incubated With 
1% BSA-PBS, blank chicken meat sample solution or 108 
cells/ml of E. coli K12 solution for 1 h to block nonspeci?c 
binding sites. Then the QCM Was ?ushed With 1 ml PBS 5 
times to obtain a stable baseline. FolloWing this, the cham 
ber Was over?oWed by 1 ml (Without magnetic beads) or 250 
g (With magnetic beads) of sample solution. After incubation 
for 1 h, the chamber Was ?ushed With 1 ml PBS 5 times to 
rinse olf nonspeci?c bindings and to obtain a stable baseline. 
The difference betWeen the tWo PBS baselines, both 
obtained in a stop-?oW mode, Was correlated to the concen 
tration of S. ljxphimurium in the sample solution. 

[0034] All the experiments Were conducted at room tem 
perature, and disposable 1-ml syringes Were used to push the 
reagent/sample solution through the detection chamber. 

[0035] The QCM sensor Was connected to an HP 4291A 
impedance analyzer (HeWlett Packard Japan, Hyogo, Japan) 
via an HP 16092A test ?xture. The conductance and sus 
ceptance spectra (G~f and B~j) Were measured simulta 
neously under a linear frequency sWeep mode With 201 
frequency points and a frequency span of 10 kHz covering 
the resonant frequency. The measured G~f and B~f data 
Were ?tted to the BVD model using the folloWing equations 
(Tan et al., 1999), 
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Where uu=2rcf, f is scanning frequency, uuO=2rcFO, and F0 is 
the resonant frequency (FO=(2J'|§\/LmCm)_l). The ?ttings, 
Which involved minimizing the relative sum of the residual 
square (Xie et al., 1999) With Rm, Lm, CO, and F0 as 
estimated parameters, Were executed using the Excel 
Microsoft Solver tool. Cm Was calculated from F0 and Lm. 
Typical ?tted results of F0, Rm, Lm, Cm, and CO Were 
79929874 Hz, 9.625 Q, 17.897 mH, 22.154 fF, and 8.243 pF 
(including parasitic capacitance in the test ?xture) for an 
unperturbed quartz crystal placed in the air, and 7991347.7 
Hz, 346.3 Q, 25.394 mH, 15.620 fF, and 10.738 pF for a bare 
crystal (mounted on the ?oW cell) in PBS, respectively. The 
values of Rm, Lm and Cm obtained in the air are close to 
those calculated from the equations (25b-d) of Martin et al 
(1991) With the relative deviations ranging betWeen 
1.5~19%. 

[0036] The ?uorescence images Were taken on Nikon 
Eclipse 600 Fluorescent Microscope (Nikon Instruments, 
LeWisville, Tex.) using the Nikon G-2A ?lter set. Before 
?uorescent microscopy, the QCM immunosensor Was incu 
bated With 108 cells/ml of S. ijxphimurium for 1 h. After 
being rinsed olf non-speci?c bindings, the QCM surface Was 
treated With 1% PI for 2 h to stain the speci?cally bound 
cells. 

[0037] Although extensively used in surface/interface 
studies, the high-frequency impedance/admittance has been 
rarely applied to characterize the QCM immunosensor for 
bacterial detection. In this study, the QCM immunosensor 
Was characterized step by step With the admittance analysis. 
FIG. 2 shoWs typical conductance (G) and susceptance (B) 
spectra of the same quartz crystal subjected to different 
treatments. All the spectra Were measured in PBS after 
physical adsorptions had been rinsed off. It Was demon 
strated that both the maximum G (Gmax) and the frequency 
at Gmax decreased With the layers of protein A, antibody 
and bacterial cells being deposited on the QCM surface 
successively. The decreased values obtained from FIG. 1A 
are ca. 0.009, 0.029, and 0.218 mS for the G and 50, 200, 
and 200 Hz for the frequency at Gmax, respleacytively. 

[0038] To acquire insights into the properties of the ?lms 
deposited on the QCM surface, the measured admittance 
data Were ?tted to the BVD model to extract the values of 
the four equivalent circuit parameters CO, Lm, Rm, and Cm 
along With F0. Each equivalent circuit parameter has its 
distinct physical meaning (Martin et al., 1991; Buttry and 
Ward, 1992): CO re?ects the dielectric properties betWeen the 
electrodes located on opposite sides of the insulating quartz 
crystal; Cm represents the energy stored during oscillation, 
Which corresponds to the mechanical elasticity of the vibrat 
ing body; Lm is related to the displaced mass; and Rm is the 
energy dissipation during oscillation, Which is closely 
related to viscoelasticity of the deposited ?lms and viscos 
ity-density of the adjacent liquid (Muramatsu et al., 1988; 
Lee et al., 2002). The changes of these parameters are 
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illustrated in FIG. 3 in terms of the signal-to-noise (S/N) 
ratio. The noise levels of F0, Rm, Cm, Lm, and CO, de?ned as 
the overnight variations in PBS, Were 2.6 Hz, 0.62 Q, 0.0064 
fF, 0.0039 mH, and 0.0068 pF, respectively. As shoWn in 
FIG. 3, in all cases including ProteinAadsorption, antibody 
immobilization, and bacterial binding, the change of F0 Was 
the largest and the change of Rm Was the second While the 
change of Cm, Lm, and CO Were insigni?cant With the 
S/Né3. The same result Was obtained in a repeated test 
using another quartz crystal. According to Martin et al. 
(1991), both Rm and Lm increase With simultaneous mass 
and liquid loading While CO and Cm are kept unchanged. Lm 
did not increase as expected, and this Was likely due to the 
high correlation betWeen Lm and Cm and the di?iculty in 
accurate measurement of Lm (Yang and Thompson, 1993; 
Noel and Topart, 1994). Kim et al. (2003a) also observed a 
decrease in Lm, and they corrected the Lm as folloWs (Yang 
and Thompson, 1993), 

(Lm Cm)liquid (3) 
(Cm )unloaded 

(Lm)Corrected = 

Where the corrected Lm is calculated based on the assump 
tion that Cm is a constant. Since FO=(2J'|§\/LmCm)_l, the 
corrected Lm re?ects the same information of F0, and there 
fore it is not discussed beloW While F0 and Rm are discussed. 
FIG. 4 shoWs simultaneous response courses of AF and AR 
during the surface modi?cation With Protein A and antibod 
ies successively along With the prolonged baselines in PBS. 
The surface modi?cation Was conducted in the stop-?oW 
mode and PBS Was used to rinse oif physical adsorptions. To 
eliminate the background interference, a stable baseline Was 
obtained in PBS before and after the injection of Protein A 
and antibodies, and the difference betWeen every tWo neigh 
boring baselines Was calculated as the net response caused 
by the immobilization of Protein A and antibodies, respec 
tively. Similar to the results of the above admittance analy 
sis, the net response of F0 is more obvious than that of Rm 
by comparing the S/N ratios. 

[0039] Simultaneous measurements of AF and AR can 
differentiate an elastic mass effect from the viscosity-in 
duced effects. AR is a good measure of the viscoelastic 
change. For an elastic mass change, AR Will be zero and AF 
Will be linearly proportional to the mass change in accor 
dance With the Sauerbrey equation. For a QCM With only 
one side in contact With a NeWtonian liquid, both AF and AR 
are linearly proportional to the squared root of the product 
of viscosity and density of the liquid. Hence, a pure viscos 
ity-density change Will result in a linear AF~AR plot. As 
illustrated in FIG. 5, the elastic mass effect can be repre 
sented by line 1 Where AR=0, and the pure viscosity-density 
effect can be represented by line 2, Which Was obtained With 
0~20% sucrose solution and had a slope of 0.24 Q/Hz. In the 
presence of a viscoelastic change, the AR~AF plot Will lie 
betWeen the lines 1 and 2 or even above the line 2. For 
co-existence of mass and viscosity-induced changes, the 
absolute value of AR/AF Will be <0.24 Q/Hz. In general, the 
smaller the absolute value of AR/AF, the more predominant 
the elastic mass effect. The AR~AF data obtained in each 
step including those for speci?c bacterial bindings, Which 
Will be described later in more details, are presented in FIG. 
5 to identify an elastic or viscoelastic change. The net 
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responses of AF and AR caused by the coating of Protein A 
Were —38.3:7.9 HZ (mean:S.D., n=3) and 1.71059, respec 
tively, and the ratio of AR to —AF Was 0.04 Q/HZ, much 
smaller than 0.24 Q/HZ. Considering the AR measurement in 
PBS had a noise level of ~19, the above AR change Was 
approximately negligible, and the AF change caused by the 
adsorption of Protein A Was attributed to an elastic mass 
effect. Corresponding to the immobilization of antibodies, 
the net responses of AF and AR Were —187.6:17.0 HZ 
(mean:S.D., n=6) and 6111.99, respectively. Although an 
obvious AR increase Was observed, the ratio of AR to —AF 
Was only 0.03 Q/HZ, also much smaller than 0.24 Q/HZ. 
Hence, the AF change caused by the adsorption of antibodies 
Was also primarily due to an elastic mass effect. Therefore, 
the Sauerbrey equation could be applied to estimate the 
surface coverages of Protein A and antibodies, Which Were 
calculated to be 0261005 and 1281012 ug/cm2, respec 
tively. 

[0040] The AR~AF data for the binding of Salmonella 
cells is displayed as line 3. At 105 cells/ml, the AF change 
Was obvious but the AR change Was negligible, indicating an 
elastic mass effect. When the cell concentration Was higher 
than 106 cells/ml, both a negative AF shift and a positive AR 
shift Were observed, and the ratio of AR to —AF Was as high 
as 0.16~0.48, close to or larger than the slope of the pure 
viscosity-density response line (line 2). Thus, the layer of 
bound cells Was viscoelastic and the AF response did not 
obey the Sauerbrey equation. Such viscoelastic changes 
Were also observed on certain polymeric ?lms and cells 
(Zhou et al., 2000). 

[0041] FIG. 6 shoWs typical ?uorescence image of the 
QCM surface after it Was incubated With 108 cells/ml of S. 
ljxphimurium and stained With PI, a nucleic acid stain for 
deal cells. The distribution of S. ljxphimurium cells is 
roughly uniform, indicating an approximately homogenous 
immunosensing surface. The surface coverage of the bound 
cells Was measured to be ca. 9><103 cells/mm2. 

[0042] The QCM immunosensor Was tested in a stop-?oW 
mode for direct detection of S. ljxphimurium in PBS as Well 
as in the stomaching solution of chicken meat Without using 
magnetic beads. Typical responses of AF and AR are given 
in FIG. 7. Also non-speci?c bindings Were rinsed off by PBS 
and the interference from sample matrixes Was excluded by 
obtaining a stable PBS baseline before and after the injection 
of sample solutions. The difference betWeen tWo adjacent 
baselines Was calculated as the net response induced by 
speci?cally bound bacteria. The net responses of AF and AR 
caused by 107 cells/ml of S. ljxphimurium in PBS (curve 4) 
or in chicken meat sample (curve 5) Were both signi?cantly 
distinguishable from the negative controls (curves 1~3). For 
107 cells/ml of S. lj1phimurium, the net response of AR in 
PBS and that in the chicken meat sample Were almost the 
same, but the net response of AF in the chicken meat sample 
Was greater than that in PBS, Which might be ascribed to the 
sensor-to-sensor variations and/or the difference of sample 
backgrounds. Although the QCM surface Was pre-saturated 
With a blank solution of the chicken meat sample to depress 
the nonspeci?c bindings of the sample matrix, the Salmo 
nella cells might carry some food debris or particles and 
therefore caused lager AF response. 

[0043] The calibration data for the detection of S. Typh 
imurium in an inoculated chicken meat sample based on the 
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measurements of AF and AR are presented in FIGS. 8A and 
8B, respectively. Chicken meat Was selected as a represen 
tative sample of poultry product, one of the major vehicle 
foods of S. lj1phimurium. As can be seen, the net responses 
of AF and AR Were proportional to the concentration of S. 
ljxphimurium in the range of 105 to 108, and 106 to 108 
cells/ml, respectively. The AF measurement Was more sen 
sitive than the AR measurement in terms of the detection 
limit (FIG. 8) as Well as in the S/N ratio (FIG. 3). This might 
be due to the fact that both elastic and viscoelastic mass 
change resulted in a negative AF While the former does not 
cause a change of AR. The layer of the bound Salmonella 
cells is viscoelastic, but a small portion of the cells can still 
be probed as an elastic mass. 

[0044] The relative standard deviations of the sensor-to 
sensor determinations varied betWeen l2~29% (n=3~6) for 
the AF measurement and 1.5~28% for the AR measurement, 
respectively. The sample matrix did not interfere With the 
detection of S. ljxphimurium in both the AF and AR mea 
surements, nor did E. coli K12 although at a concentration 
as high as 108 cells/ml. 

[0045] The QCM immunosensors for bacterial detection 
reported previously typically have a detection limit ranging 
betWeen 105 and 107 cells/ml and a detection time of minutes 
to several hours. In this study, Without using magnetic beads, 
a detection limit of 105~lO6 cells/ml Was obtained for the 
direct detection of S. lj/phimurium. HoWever, the infectious 
dosage of a foodborne pathogen such as S. ljxphimurium can 
be as loW as 15-20 cells. 

[0046] In this example, the effect of magnetic beads Was 
investigated in different Ways: the magnetic force Was only 
used for separating the Salmonella-bead complexes from 
sample matrix, the bead complexes Were inducted to the 
QCM surface simply using a syringe, and AF and AR Were 
simultaneously monitored in real time. This avoided the use 
of a complicated test chamber With a magnet and an ultra 
sonic transducer and the inconvenience of discontinuous 
impedance measurements. 

[0047] FIG. 9 shoWs typical temporal responses of AF and 
AR for the detection of S. ljxphimurium in chicken meat 
sample using anti-Salmonella magnetic beads. 

[0048] A ?rm and tight attachment of bacteria causes a 
negative AF, in contrast, a ?exible attachment results in a 
positive AF. In the absence of anti-Salmonella magnetic 
beads, the former case applied as the speci?c binding of 
Salmonella cells alWays led to a negative AF that Was 
proportional to the cell concentration. In the presence of 
anti-Salmonella beads, hoWever, AF Was not related to the 
cell concentration and Was either positive or negative even 
at the same cell concentration. This Was probably because 
the siZe of the Salmonella-bead complexes Was not uniform 
from sample to sample. S. ljxphimurium is a straight rod 
bacterium. Typically, the Width of a Salmonella cell is 
0.7-1.5 um and its length is 2-5 pm. The magnetic beads 
used had a diameter of 2.8 pm. The siZe of the Salmonella 
bead complexes thus varied from several microns to tens of 
microns. Small complexes might generate a tight attachment 
and a negative AF, and oppositely, large complexes and 
aggregates could cause a ?exible attachment and positive 
AF. 

[0049] A signi?cant net increase in AR Was alWays 
observed at a cell concentration higher than 102 cells, and 






