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A Two-stage Micro Resistive Pulse Immunosensor for
Pathogen Detection

Yu Han,* Haiyan Wu,*® Gang Cheng™ and Jiang Zhe™

We present a two-stage immunosensor for pathogen detection in a mixed population. In this
approach, antibody-conjugated microparticles were used to functionalize the surface of the
capture chamber via a convenient magnetic method and a two-stage resistive pulse sensor was
used to detect and quantify pathogen cells. We firstly tested the capture efficiency of the
functionalized capture chamber. The specific capture efficiency of S. cerevisiae is greater than
94.8%, while the non-specific capture efficiency is 3.4%. We showed the device can accurately
measure pure S. cerevisiae at concentrations ranging from 1.0 to 8.0x10% cells/uL. We
performed S. cerevisiae measurements in a mixture with Chlorella. Both cells have similar
sizes. For S. cerevisiae to Chlorella ratio ranging from 1.0 to 2.0, the measurement errors was
less than 7%, while the error became 20% to 32% for lower ratios ranging from 0.1 to 0.5
caused by nonspecific attachment. We demonstrated that this device is able to isolate target
cell and quantitatively measure the cell population in a short time. This device can be
potentially used for pathogen detection in food industry, biological research and clinical

applications.

Introduction

Pathogen detection represents an important task for many
applications such as disease diagnosis, food industry, environmental
monitoring, biodefense and biological research!-. Rapid analysis is
essential in pathogen detection, especially for diagnosis of pathogen
infection and controlling the spread of infectious diseases® > 7 8,
Conventional culture and colony counting method uses specific
microbiologic media to isolate and enumerate a pathogen species.
This method is sensitive and accurate, but it is also time consuming
and requires complex procedurest. Nucleic acid-based methods such
as polymerase chain reaction (PCR) assay have been used in
pathogen detection because of their high sensitivity” % 10, However,
they either require long reaction time or multi-step sample
preparation procedures including cell lysis and 5 - 24 hours long
enrichment stepst!. Hence it is challenging for rapid, onsite pathogen
detection. A conventional immunoassay such as an enzyme-linked
immunosorbent assay (ELISA)> 2 13 is highly specific and
applicable to pathogen detection; however, it also requires long
assay time. Furthermore, both PCR and ELISA methods require
bulky, expensive instruments and highly trained personnel4.
Recently, lab-on-a-chip immunosensors have attracted attentions for
bacterial pathogen detection because of their capability of direct cell
measurements without needs for cell lysis or pre-enrichment while
having high specificity? - 15 16, An immunosensor chip transduces
the specific binding between receptors on cell surface and antibodies
immobilised on a solid surface to an electrical or optical signal® -
19, While the surface immobilisation of antibody is crucial for
sensitivity of an immunosensor?, it is a great challenge to make the
surface modification by antibodies in microchannels, and maintain
functionality of the surface modification for a long time, due to the

This journal is © The Royal Society of Chemistry 2013

instability of antibodies?. Regenerating the surface modification of a
microchannel is also a challenge to reuse the sensor?% 22,

To overcome the above limitations, we report a device for pathogen
detection using a simple surface functionalization method by
attaching antibody-functionalized microparticles (Ab-MPs) to the
sensing surface via an applied magnetic field, requiring no chemical
modification of the sensor surface. The sensing surface can be
functionalized quickly before each test, and can also be regenerated
by removing the magnetic field and washing away the magnetic
microparticles. Coupled with a two-stage resistive pulse sensor, this
device can accurately detect and count the pathogen cells in a
mixture. Using S. cerevisiae as a model pathogen cell, we proved
that this device is able to quantitatively detect the S. cerevisiae from
a mixed population with Chlorella, which is used as model non-
target cells.

Sensing Principle and Design Concept
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Fig. 1. Schematic of the two-stage resistive pulse sensor (RPS)
for pathogen cell detection. (a) schematic cross-section view
showing the capture chamber is coated with a thin layer of Ab-
MPs to catch the pathogen cells. The two-stage RPS are
modelled as two variable resistors connected in series, (b) 3-D
view of the two-stage RPS consists of a pair of RPSs, a capture
chamber and three electrodes, and (c) equivalent circuit of the
two-stage RPS.

Figure 1 illustrates mechanism of the pathogen detection. The
detection consists of four major steps: firstly, antibody binds to
dynabeads protein G through Fc-region to form antibody
functionalized microparticles (Ab-MPs). Secondly, Ab-MPs are then
loaded to the device and form a thin layer of Ab-MPs on the bottom
of the capture chamber owing to attraction forces by an external
magnet, as shown in Fig. 1 (a). Thirdly, cells are loaded to the
device. Because of the specific binding between the receptors on
pathogen surface and Ab-MPs surface, pathogen cells are captured
by the Ab-MPs layer in the capture chamber, while non-target cells
travel to the 2" stage resistive pulse sensor (RPS), as shown in Fig
1. Finally, the two-stage resistive pulse sensor is used to count and
size the cells passing through them. The 1%t stage RPS counts all cells
in a sample, while the 2" stage RPS counts only the non-target cells.
The count difference between the two RPSs represents the
population of pathogen cells in the tested sample. Unlike the
conventional micro immunoassay, this approach eliminates the need
to chemically modify the surface of microchannels, which is
typically difficult and time consuming on a chip, and has a limited
shelf life?3. The Ab-MPs layer attached on the capture chamber is
easy to be regenerated by simply removing the magnetic field,
washing away the old Ab-MPs and refilling fresh Ab- MPs, making
this device is easy to recover for next use.

Device fabrication and testing procedure

2| J. Name., 2012, 00, 1-3
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Fig. 2. Images (a) On-chip filter, (b) 1% stage RPS with a
sensing channel of 30 um x 20 um % 20 pm (Length x Width x
Height), (c) the surface of the capture chamber functionalized
with layers of Ab-functionalized MPs by an external magnet,
(d) 2" stage RPS with an identical sensing channel to 1% first
stage RPS, (e) the two-stage RPS device consists of inlet and
outlet reservoirs, two RPSs, a capture chamber with Ab-
functionalized MP coating, and three Ag/AgCl electrodes.

The resistive pulse sensor was fabricated using standard soft
lithography method. It consists of 1) two resistive pulse sensing
channels with a width of 20 um, and length of 30 um to detect cell
transits; 2) a capture chamber with a width of 1 mm and a length of
15 mm to capture pathogen cells, 3) three Ag/AgCl electrodes to
detect the resistive pulses caused by passages of cells through 1%
RPS and 2™ RPS, and 4) a filter structure with pore width of 20 um.
A two layer SU8 mold, consisting patterns for the sensing channel
and the filter with a thickness of 20 um and patterns for the capture
chamber and the reservoirs with a thickness of 40 um, was created
by a two-step photolithography process®. The microchannels,
capture chamber and reservoirs were then formed by pouring
Polydimethylsiloxane (PDMS) onto the two-layer SU8 mold
followed by degassing and curing. This two-layer structure offers a
higher sensitivity of the sensing channel without increasing the flow
resistance of reservoirs. Next, PDMS microchannel was bonded
onto a glass substrate after an oxygen plasma treatment (200 mTorr,
50 W, 50 s). Ag/AgCl electrodes were inserted on each side of the
sensing channels to finish the fabrication of the two-stage RPS.

Next, 100 puL of Ab-MPs were loaded into the inlet reservoir and
driven through the capture chamber by pressure difference between
inlet and outlet reservoir, at a flow rate of approximately 200 pL/hr.
An external magnet (19 mm x 19mm x 19mm, NdFeB, Grade N52,
K&J Magnetics, Inc.) was used to capture the Ab-MPs in order to
form an Ab-MP coating layer on the bottom of the capture chamber.
50 pL of Ab-MPs with a concentration of 7.2x10* counts/uL was
loaded to the device. After the Ab-MP coating was formed, non-
captured MPs were removed from the inlet reservoir. The device was
washed by PBS buffer. Approximately 3.6x10° counts of Ab-
MPs were loaded to the capture chamber, and were estimated to
form ~2 layers of Ab-MPs (The estimated thickness of Ab-MPs
coating is 5.3 pm). For each test, 100 pL of sample containing
pathogen cells were loaded into the inlet reservoir at a flow rate of
20 pL/hr. To provide the pressure difference between inlet and outlet
reservoir, the device was placed vertically and the sample were
driven through the device by gravity. The flow rate was calculated
using the volume difference in the inlet reservoir before and after
each test, divided by the time duration of each test. Resistive pulses
from the two resistive pulse sensors were recorded by a data

This journal is © The Royal Society of Chemistry 2012
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acquisition card (NI USB-6251, National Instruments) at a sampling
rate of 500 kHz?3.

Sample preparation

Saccharomyces cerevisiae (ATCC, Manassas, VA USA) and
Chlorella (Carolina Biological Supply Company, Burlington, NC
USA) were used as model pathogen cells and non-target pathogen
cells, respectively, to prove the concept of the two-stage resistive
pulse sensor. S. cerevisiae was cultured in the medium (3 g of yeast
extract, 3 g of malt extract, 5 g of trypton, 10 g of glucose in 1 liter
DI water) for 18 hours, then collected by centrifuging at 2200 rpm,
followed by being washed twice with phosphate buffer saline (PBS,
pH 7.4, Sigma-Aldrich, USA) containing 0.1% bovine serum
albumin (BSA, Sigma-Aldrich, USA). Next, the collected cells were
resuspended at preferred concentrations ranging from 1.0 cells/pL to
1.8x10* cells/pL.

Chlorella was cultured by transferring 10 mL of a stock culture
directly from the vendor into 200 mL of Alga-Gro fresh water
medium (Carolina Biological Supply Company). The new culture
was placed under cool-white fluorescent lights for 7 to 10 days to
allow the algae to grow. Then Chlorella was collected by
centrifuging at 5000 rpm, washed twice with PBS containing 0.1%
BSA and resuspended at a concentration of 1.0x102 cells/pL.

To prepare Ab-MPs, firstly, dynabeads protein G with a diameter of
2.80 pm (10 mg/mL, Life Technologies, USA) was diluted 1/50 in
PBS with 0.1% BSA. The polyclonal Ab to S. cerevisiae (Abl, 1
mg/ml, Bio-Rad, USA) was diluted 1/25 in PBS with 0.1% BSA.
Next, 50 pL of diluted MP solution was mixed with 50 pL diluted
Ab solution for 30 min on a thermal mixer at a speed of 650 rpm at
room temperature. The MP solution was then placed on a magnet to
separate MPs from the solution, and the supernatant containing
unconjugated Abs was removed. The separation and removal
processes were repeated for three times to remove all unconjugated
Abs. Next, Ab-MPs were resuspended in PBS with 0.1% BSA at a
concentration of 0.2 mg/mL. Additionally, the rabbit anti-mouse
antibody (Ab2, 1 mg/mL, Life Technologies, USA) was also
conjugated with MPs using the same procedure, which was used for
control experiments.

Results and Discussions

Yeast is a group of important microorganisms for many biology
studies?*. Some species of yeast, for example, Candida albicans, can
cause infections in humans®: 26, S. cerevisiae is well-known in
bakery or brewing industry; however, it is also reported as an
unusual cause of life-threatening infection in humans?-?, In our
study, S. cerevisiae is used as a model cell to prove the concept of
the pathogen detection mechanism shown in Fig. 1. Chlorella was
used as the control cell, whose size is very close to that of S.
cerevisiae, to prove the device’s capability to detect target cells from
similar-sized reference cells. In our study, the concertation of S.
cerevisiae was varied from 1.0 to 1.8x10* cells/uL, while the
Chlorella concentration was kept constantly at 1.0x108 cells/uL. The
cell concentrations were measured using an Accusizer 780 particle
sizer (Particle Sizing Systems, Port Richey, FL USA) before each
test. We also measured the sizes of both cells using a light
microscope. The size ranges of S. cerevisiae and Chlorella
were from 3.2 to 7.4 pm and from 3.4 to 8.4 um. The on-chip
filter was able to block any debris larger than 20 um..

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. (a) Relative resistive pulses caused by cell transits.
Negative and positive pulses represent cell passages through 1%
stage RPS and 2" stage RPS, respectively; (b) counts and size
distribution measured from 1% stage RPS (before the capture
chamber) and 2" stage RPS (after the capture chamber). During
this test, 13.74 x 102 cells entered the capture chamber, while
7.37 x 10° cells exited the chamber. Both S cerevisiae and
Chlorella had a concentration of 1.0x10° cells/pL.

Fig. 3 (a) shows typical relative voltage pulses generated by the two
RPSs when 7 pL mixed sample of S. cerevisiae and Chlorella was
tested. Both S. cerevisiae and Chlorella had a concentration of
1.0x10% cells/uL. As shown in Fig. 1 (c), the two-stage RPS is
modelled as two variable resistors connected in series. The output
voltage, vour, was measured at the central electrode. A cell passing
through the sensing channel of 1% stage RPS increases the resistance
of the channel, causing a decrease in vou, (Negative voltage pulse).
Similarly, a cell passing through 2" stage RPS also causes an
increase in resistance, but generates a positive voltage pulse of vout.
Hence each positive pulse represents a cell transit through the 2™
stage RPS, and the negative pulse represents a cell transit through 1%
stage RPS. The cell volume is proportional to the magnitude of the
resistive pulses (6R/R)% 3L,

6R/R=(d3/LD2)~[(D2/2L2)+]7/w/1+(D/L)2}F(d3/D3) @

where R is the resistance of a sensing channel, d is the equivalent
volume diameter of a particle, D and L are the characteristic
diameter and the length of the rectangular sensing channel, F is the
correction factor. In our design, D was calculated to be 22.6 pm by
D = (4-A/m)'2, where A is the cross-sectional area of the sensing
channel, F was taken to be 1.0%2. After the 20 pL sample were tested
in the device, each cell size was back calculated from its resistive
pulse (6R/R), which was derived from the equivalent circuit (see Fig.
1(c)), using equation 1. The cell size distributions and counts
measured by 1% and 2™ RPSs are shown in Fig. 3 (b). Fig. 3(b)
shows the following: 1) a total of 13.74 x 10* cells passed
through the 1%t RPS and entered the capture chamber, while
7.37 x 10° Chlorella cells exited the chamber, implying 6.73 x
108 S. cerevisiae were captured by the capture chamber. The
total counts for S. cerevisiae and Chlorella are in good
agreement with the actual numbers calculated from their
concentration (S. cerevisiae: 7 x 103, Chlorella: 7 x 10% and
total counts: 14 x 103). The measured sizes of S. Cerevisiae and
Chlorella also match the microscopic measurement well.
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It is worthwhile mentioning here that the pathogen cell measurement
relies on an assumption that all pathogen cells are captured by the
Ab-MP layer while all non-target cells are not captured by the layer.
Accurate detection requires the reduction of the cell counts between
1t and 2™ stage RPS are caused by the specific capture of pathogen
(S. cerevisiae) by the Ab-MP layer. However, in actual
measurements, the reduction could also be caused by the non-
specific attachment of non-target cells (Chlorella). To prove the
dominance of specific capture, experiments were conducted to
evaluate the capture efficiency of specific and non-specific
attachment by the Ab-MP layer using two types of Ab-
functionalized MPs: 1) anti-S. cerevisiae Ab-functionalized MPs
(Ab1-MPs) coated on the capture chamber to evaluate the specific
capture of S. cerevisiae, and non-specific capture of Chlorella, and
2) rabbit anti-mouse Ab-MPs (Ab2-MPs) coated on the capture
chamber to evaluate the non-specific capture of S. cerevisiae and
Chlorella, respectively. The cell concentration and flow rate were set
to be 1.0x108 cells/pL and 20 pL/hr for both experiments. For each
test, only one type of cells was used. The capture efficiency is
defined as the ratio of the count of cells captured in the chamber
over the count of cell entering the capture chamber; both counts
were obtained from the counts of two RPSs. Each test was repeated
five times. The measurement results on capture efficiency of S.
cerevisiae and Chlorella under two chamber surface conditions are
shown in Figure. 4.

100 I S. cerevisiae antibody
— 95 1 functionalized MPs
X
§ 90
S 85
L 15 4
g Rabbit anti i
= abbit anti-mouse antibody
2 4p functionalized MPs
1]
O
5 i
0 4

revisia Chlofeusa cerevisia® chlorelia

S. ce

Fig. 4. Measured capture efficiency of S. cerevisiae and
Chlorella with anti-S. cerevisiae Ab-functionalized MPs and rabbit
anti-mouse-MPs.

As shown in Fig. 4, with Ab1-MPs, the capture efficiency for S.
cerevisiae and Chlorella were 955 + 2.3% (specific capture
efficiency) and 3.4 £ 1.5% (nonspecific capture efficiency). With the
Ab2-MPs, the nonspecific capture efficiencies for S. cerevisiae and
Chlorella were 3.1 £ 4.1%, and 1.4 + 2.6%. Although the capture
efficiency is highly dependent on the affinity of the antibody, the
capture ligand and the contact time of the cell and the surface, the
94.8% capture efficiency is very high in this initial evaluation. The
non-specific attachment (<5%) is low, and is comparable with the
non-specific attachment reported by other studies? 7. With the high
specific capture efficiency and the low nonspecific capture
efficiency, the proposed device is expected to differentiate and count
pathogen cells accurately from a mixture with small errors. To
confirm the reproducibility, we repeated the capture efficiency tests
on two additional devices with the same design. Using the same
Ab1-MPs and the same procedure, the specific capture efficiency of
S. cerevisiae was 94.2% and 96.1%, and nonspecific capture

4| J. Name., 2012, 00, 1-3

efficiency of Chlorella was 3.4% and 1.4% (See ESI, Figure S2),
which are close to those of the device shown in Fig. 4.

Note that the non-specific attachment can be further reduced by
optimizing the shear stress®®. A recent study showed that shear
stress ranging from 1.0 to 3.0 dyn/cm? was an optimal shear stress in
CD4+ T cell capture’. The shear stress was estimated using
following equation'® 33,

Tw = 6uQ/(h*w) @

where 7w is the shear stress at the walls of a rectangular channel, p is
the dynamic viscosity of the fluid, Q is the flow rate, w is the width
of microfluidics channel and h is the height of the microfluidics
channel. In our test, the dynamic viscosity of PBS buffer was 1x10-
Pa-s*, and the flow rate was 20 pL/hr. Hence the shear stress is
estimated to be 0.21 dyn/cm?. We believe an increased flow rate may
further reduce the non-specific attachment. However, a large flow
rate may wash away the Ab-MPs later; a strong magnetic field may
be needed for a larger flow rate. In addition, the non-specific
attachment can also be reduced by (1) increasing the antibody
density on MP surface and the Ab-MP coverage on the sensing
surfaces, and 2) using antifouling materials to modified MP and
sensor surfaces.

To evaluate the concentration measurement accuracy, pure S.
cerevisiae with different concentrations ranging from 1.0 to
1.8x10* cells/uL were tested by both the two-stage RPS with Abl-
MPs coating on the capture chamber and the Accusizer. In the two-
stage RPS device, the capture chamber is expected to capture most
of the cells.
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Fig. 5. The comparison of S. cerevisiae concentration measured
by a two-stage RPS and Accusizer. The concentration was
varied from 1.0 to 1.8x10* cells/uL. The black dash line
represents y = x line. The shaded region represents the
measurement uncertainty of the Accusizer (x10%, from the
manual of Accusizer 780 Particle Sizing System). The
measured concentration was fitted with y = x, the R? is great
than 98%.

Fig. 5 shows the measurement results, indicating the concentration
measured by the two-stage RPS (black circles) are in good
agreement with that measured by the Accusizer. From the responses
of the 1% stage RPS and the 2™ stage RPS, the capture efficiency was
calculated to range from 93.5 to 96.0%., which is high and
comparable to the result report by other studies” 35. The capture
efficiency can be further increased by 1) using a longer capture

This journal is © The Royal Society of Chemistry 2012
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chamber to promote interactions between cells and Ab-MPs, and 2)
using antibody or aptamer with higher binding affinity®® 7. To
determine the detection limit, we measured the particle concentration
of a blank PBS buffer. The test was repeated 5 times. The measured
particle concertation was 0.3 + 0.1 counts/pL. The limit of detection
(fLop) is given by?:

frop = fo+3 X ag €)]

where fo is the particle concentration of the PBS buffer, oo is the
standard deviation . With fo = 0.3, oo = 0.1, fLop is 0.6 cells/pL from
equation 3. A t-test also showed the difference between PBS buffer
(0.3 £ 0.1 cells/uL, N=5) and 1.0 cells/uL sample (1.1 + 0.1
cells/uL, N=5) was statistically significant (P-value < 0.0001).
Hence the resolution of the current method was estimated to be up to
1.0 cells/ pL. We also experimentally determined the upper limit of
detection was 8.0x10° cells/uL with the current detection algorithm.
At higher cell concentrations, the chance that two cells transit
through a sensing channel at same time increased, which will lead to
a larger measurement error. The experiment results show a large
error (31.9 % + 3.3%, as show in Fig. 5) at the concentration of
1.8x10* cells/uL. It is worth to mention that because a two-cell
passage generates a complex pulse, an advanced pattern recognition
algorithm can be used to differentiate a single cell passage from a
two-cell passage®®; the upper detection limit can be increased. The
detection range was from 0.6 to 8.0x10% cells/uL. For a diluted
sample with lower cell concentrations (i.e., 1.0 cells/mL), a
relatively large volume of samples needs to be analyzed to ensure
detection accuracy, leading to longer detection time. However,
several methods, such as centrifugation or a multichannel resistive
pulse sensor‘® can be used to reduce the assay time. In the detection
range from 1.0 to 8.0x10% cells/uL. The measurement error is
between 1.4 to 11.2%. The relationship between S. cerevisiae
concentrations measured by the two-stage RPS and Accusizer
was fitted with the reference line y = x in the concentration
range from 1.0 to 8.0x103 cells/uL, and the coefficient of
determination, R?, was greater than 0.98. A t-test was conducted
on the concentration measurements. The p-values for all
measurements were less than 0.001 at 95% confidence interval,
showing each measured concentration can be significantly
distinguished from other concentrations. Another factor, which
may affect the measurement accuracy at a higher concentration at a
higher concentration, is the increased chance of two cells transit
through two sensing channels at the same time, that may cause
increase of both R1 and R2 (see Fig. 1) and lead to incorrect count
and incorrect concentration measurement. This issue can be
overcome by taking two independent measurements of the two
RPSs, using two pairs of electrodes.
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Fig. 6. Measured S. cerevisiae in a mixed population of S.
cerevisiae and Chlorella. The concertation of S. cerevisiae was
varied from 1.5x102 to 2.0x10% cells/uL. The concentration of
Chlorella was kept constant (1.0x10° cells/uL). The shade
region represents the measurement uncertainty of the Accusizer
(£10%, from the manual of Accusizer 780 Particle Sizing
System).

Next, we demonstrated S. cerevisiae detection in a mixed population
of S. cerevisiae and Chlorella. The concentration of S. cerevisiae
was varied from 1.5x102 to 2.0x10° cells/uL, while the
concentration of Chlorella was kept constant, 1019 cells/uL. The
measured S. cerevisiae concentration vs the input concentration was
plotted in Fig. 6. For comparison, y = X line and y =1x102 cells/uL
line were also plotted. The Chlorella concentration measured by our
device and by Accusizer at all S. cerevisiae concentrations was 1018
+ 92 cells/pL and 1019 + 69 cells/pL, which agreed with each other
very well, indicating the nonspecific capture efficiency is low. For S.
cerevisiae measurement, the measured concentrations by the two-
stage RPS device are accurate when the S. cerevisiae/Chlorella ratio
(target cell to non-target cell ratio) is high (from 1.0 to 2.0).
Compared to the Accusizer measurements, the measurement error
ranged from 4 to 7%, which is well within the measurement
uncertainty of the Accusizer. The best accuracy was achieved at a S.
cerevisiae/Chlorella ratio equalling to one. We also expect a low
measurement error when S. cerevisiae concentration is greater than
2.0x10°% cells/uL, because the amount of nonspecific captured
Chlorella cells is much small compared to the large amount of S.
cerevisiae cells. However, at lower S. cerevisiae/Chlorella ratios
(0.1 to 0.5), the measurement error became higher, ranging from
20% to 32%, which was 10% to 22% higher than the measurement
uncertainty of the Accusizer. Note that the detection accuracy is
affected by the ratio of target/non-target cells due to the nonspecific
attachment of non-target cells. At low target cell/non-target cell
ratios, the detection accuracy decreases because even a small amount
of nonspecific attachment causes large error in detection of target
cells whose concentration is low, which is an universal challenge for
all cell immunoassays. For example, previous study** demonstrated
that 58.2% of target L. monocytogenes was captured when it is
mixed with non-target S. Enteritidis at 1:1 ratio. In our experiment,
the relative error on S. cerevisiae concentration measurement was
4% when the S. cerevisiae/Chlorella ratio is 1.0, indicating our
method has much higher capture efficiency and higher accuracy. The
accuracy can be further improved by using a capture ligand with a
higher affinity, a higher flow rate and/or antifouling surfaces*? 4,
We conducted statistical analysis on the concentration measurement.
The p-values for all measurements shown in Fig. 6 were less than
0.005 at 95% confidence interval, showing each measured
concentration can be significantly distinguished from other
concentrations.

The advantages of the presented pathogen cell detection method are
manifold. First, it eliminates the need for on-chip surface
modification, which is typically difficult and time consuming for
microchannels; secondly, the sensing surface can be functionalized
right before each test using freshly-made Ab-MPs. This greatly
improves the device reliability because antibodies has a limited shelf
life due to irreversible denaturation?. Thirdly, the Ab-MP based
capture surface enables high capture efficiencies due to increased
surface roughness. Fourthly, the sensing surface functionalization
can be regenerated quickly by removing the magnetic field and
washing away the magnetic beads for next use. With these
advantages, this device can be potentially used for a range of
applications in addition to microorganism identification. For
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example, it can potentially be used for HIV diagnosis, where
CD4/CD8 T lymphocyte ratio less than one is a possible HIV
indicator*. The device can also be extended to detect multiple types
of pathogen cells in a single test by using multiple capture chambers
in series, with each chamber coated with one specific Ab-MPs layer.

Conclusions

We reported a microfluidic immunosensor for pathogen
measurement without a need for on-chip chemical modification of
microchahnels. Antibody-functionalized microparticles were used to
functionalize the capture chamber surface and a two-stage resistive
pulse sensor was used to detect and count pathogen cells. We
demonstrated that this device is capable to achieve the high specific
capture efficiency greater than 94.8%, and the non-specific capture
efficiency as low as 3.4%. We also demonstrated that the device can
measure the S. cerevisiae concentration in a mixture with Chlorella.
For a S. cerevisiae/Chlorella ratio ranging from 1.0 to 2.0, the
measurement error ranged from 4 to 7%, while the errors were 20 to
32%, for the ratio was 0.1 to 0.5. Without using surface modification
process, this device enables a fast and cost-effective pathogen
detection and microorganism identification.
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