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A computer numerical control-machined plexiglas-based microchip module was designed and constructed for
the integration of blood sample preparation and nucleic acid amplification reactions. The microchip module is
comprised of a custom-made heater-cooler for thermal cycling, a series of 254 pm x 254 pm microchannels for
transporting human whole blood and reagents in and out of an 8-9 pL dual-purpose (cell isolation and PCR)
glass-silicon microchip. White blood cells were first isolated from a small volume of human whole blood (<3 pL)
in an integrated cell isolation-PCR microchip containing a series of 3.5-pm feature-sized “weir-type” filters,
formed by an etched silicon dam spanning the flow chamber. A genomic target, a region in the human
coagulation Factor V gene (226-bp), was subsequently directly amplified by microchip-based PCR on DNA
released from white blood cells isolated on the filter section of the microchip mounted onto the microchip
module. The microchip module provides a convenient means to simplify nucleic acid analyses by integrating
two key steps in genetic testing procedures, cell isolation and PCR and promises to be adaptable for additional

types of integrated assays.

The development of integrated DNA analysis devices
remains an important challenge. Only a few prototype
integrated DNA analysis devices that perform sample
preparation, the analytical reaction, and the detection/
quantitation steps have been described (Table 1)
(Woolley et al. 1996; Burns et al. 1998; Waters et al.
1998; Brown 1999; Anderson et al. 2000), and most do
not integrate the sample preparation step of the analy-
sis (Woolley et al. 1996; Burns et al. 1998; Waters et al.
1998). This is because the sample preparation step is
often the most difficult step in an assay, particularly for
complex mixtures such as biological fluids. Thus, it is
typically performed separately from the biochemical
reaction and the detection/quantitation steps. The de-
sign flexibility of microchips fabricated from glass or
silicon has facilitated the efficient isolation of white
blood cells (WBCs) from human whole blood, as part
of sample preparation for the polymerase chain reac-
tion (PCR). For example, nucleated WBCs isolated in a
glass-silicon microchip have been used directly in mi-
crochip-based PCR (Cheng et al. 1996a; Wilding et al.
1998). Different designs and sizes of filter, including
simple arrays of posts, tortuous channels (Wilding et
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al. 1994), comb-shape filters (Cheng et al. 1996b) and
weir-type filters (Wilding et al. 1998) have been incor-
porated in microchips and tested using human cells.
Also, different designs of silicon microfilters (3—10 pm)
have been fabricated across microchannels, and their
filtration efficiency has been demonstrated using fluo-
rescent beads and lymphocytes (Brody et al. 1995;
Fiehn et al. 1995; Fluitman et al. 1995). In our previous
study, we fabricated dual-purpose microchips for per-
forming cell isolation and PCR (Wilding et al. 1998).
An integrated cell isolation-PCR microchip was first
mounted onto a microchip holder to perform WBC
isolation, and the microchip was then placed on a
Peltier heater/cooler device for PCR thermal cycling.
Disadvantages of this system were that sample injec-
tion, cell isolation, and PCR were not performed on a
single microchip-based device; this increased the risk
of sample loss or contamination, and the analysis re-
quired some manual steps. More recently, we designed
and constructed a plexiglas microchip module (Fig.
1A,C) for blood sample preparation and nucleic acid
amplification reactions.

RESULTS

Microchip Scale Models

In our previous studies (Wilding et al. 1994, 1998;
Cheng et al. 1995, 1996a,c; Shoffner et al. 1996), the
microchip flow chamber design was based on a prag-
matic approach in the absence of computational or
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Table 1. Prototype Integrated DNA Analysis Devices

Fabrication methods for

Sample preparation Biochemical reactions Detection device References
RNA purification from 1T mL  Reverse transcription-PCR, GeneChip conventional Anderson et al.
of serum samples spiked nested PCR, DNase hybridization computer-controlled 2000

with different copy
numbers of an RNA
transcript that contained terminal transferase
a partial HIV sequence labeling
N/A strand displacement
amplification using
on-device heater to provide
thermal heating
N/A multiplex PCR using
commercial thermal cycler
to provide thermal cycling
N/A PCR using on-device heater
to provide thermal cycling
PCR using on-device
heater-cooler to provide
thermal cycling

fragmentation and
dephosphorylation, and

White blood cells isolation
form <3 pL of human
whole blood

electrophoresis

electrophoresis

electrophoresis

(CNC) machining

standard microfabrication Burns et al. 1998

techniques

standard microfabrication Waters et al. 1998

techniques

standard microfabrication
techniques

conventional CNC
machining (standard
microfabrication
techniques for microchips)

Woolley et al. 1998

Plexiglas microchip
module (Figure
1A, B)

modeling tools for microchip microfluidic design.
With the rapid development of computational fluid
dynamic simulation, this type of software would be an
ideal tool for microchip design. However, in view of
the high cost of this specialized software, we investi-
gated a simpler and less expensive method that in-
volved constructing microchip scale models.

Time-lapse photography revealed the desired uni-
form flow pattern across the flow chamber in a four-
to-one microchip scale model (i.e., the model is four
times the size of the microchip) containing flow de-
flectors (Fig. 2A). Also, time-lapse photography for
one-to-one microchip scale models with glass flow
chamber surfaces revealed a more uniform flow in the
presence of flow deflectors (cf. Fig. 2B,C). Both the
four-to-one (Fig. 2A) and the one-to-one (Fig. 2B) mi-
crochip scale models had very similar flow behavior in
the presence of flow deflectors. Glass-silicon microchip
designs (100 ym deep, 14 mm X 17 mm, 8-9 pL flow
chamber volume) based on the results of the microchip
scale models were fabricated. The flow behavior of the
glass-silicon microchip with a straight weir-type filter
(400 pm wide) and flow deflectors (Fig. 2D) was pre-
dicted by both the four-to-one (Fig. 2A) and the one-
to-one (Fig. 2B) microchip scale models. The experi-
mental results revealed that the microchip scale mod-
els are a simple way of assessing microfluidics prior to
microchip fabrication.

Cell Isolation and PCR in the Microchip Module

Microscopic inspection of the integrated cell isolation-
PCR microchip mounted on the plexiglas microchip
module showed that WBCs were trapped on top of the
400 pym-wide weir filter beneath the underside of the
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glass cover; no red blood cells (RBCs) could be dis-
cerned after staining the trapped cells with new methy-
lene blue (Fig. 3). Quantitative capillary electrophore-
sis analysis of the PCR reaction for the human coagu-
lation Factor V gene showed successful amplification
(226 bp) for both the positive control (Fig. 4A) and for
the integrated cell isolation and PCR performed in the
microchip module (Fig. 4B). The successful amplifica-
tion demonstrated that the microchip module pro-
vides a convenient means to simplify nucleic acid
analyses by integrating two key steps in genetic testing
procedures, cell isolation and PCR.

DISCUSSION

A genomic target, a region in the human coagulation
Factor V gene (226-bp), was directly amplified by mi-
crochip-based PCR on DNA released from WBCs iso-
lated on the filter of an integrated cell isolation-PCR
microchip mounted onto a plexiglas microchip mod-
ule (Fig. 1A,C). Sample injection, cell isolation and PCR
were performed on the microchip module, unlike our
previous study (Wilding et al. 1998), wherein a micro-
chip was mounted onto a microchip holder to perform
cell isolation and the microchip was then placed on a
Peltier heater/cooler device for thermal cycling. The
computer numerical control (CNC)-machined plexi-
glas microchip module is comprised of two main com-
ponents: a replaceable glass/silicon filter-PCR micro-
chip and the plexiglas- based unit, which consists of
upper and lower plexiglas blocks, sandwiching a
middle vinyl sheet and a custom-made heater/cooler.
The etch depth, and hence glass-silicon microchip vol-
ume, was based on practical considerations for han-
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Figure 1 (A) Plexiglas microchip module. Dimensions: 40
mm X 40 mm X 19.175 mm. (B) Schematic diagram of the
plexiglas microchip module. (C) Cross-section of the mounting of
a glass-silicon microchip on the microchip module (not to scale)
showing the major components (see text for details).

dling and analyzing microvolumes of reaction mix-
tures in a research and development environment. Pre-
vious microchip design experience revealed some
limitations on etch depth, that is, the flow chamber
could not be etched too deeply in the presence of weir-
type filters (~3.5 pm of filter gap), because as the cham-

ber depth increases, the fluid flow pressure increases
dramatically across the filters and in some cases caused
the microchip to break.

The efficiency of the weir-type filter depends on
the size of the filter, design of the filter, dilution of the
blood sample, viscosity of the medium, and the filtra-
tion flow rate, that is, the applied pressure (Cheng et al.
1998; Wilding et al. 1998). Due to the deformability of
human blood cells, higher filtration flow rates resulted
in poor WBC isolation efficiency as the deformable
WBCs passed through the weir-type filter. Lower filtra-
tion flow rates increased the WBC isolation efficiency
but also increased the time required to eliminate the
red blood cells (RBCs). As a result, clusters of RBCs
formed and adhered to the bottom of the flow cham-
ber inside the glass-silicon microchip, which increased
the contamination, and hence possible inhibition, of
the PCR reaction (McCusker et al. 1992; Wilding et al.
1998). We also found that for filtration experiments
with long contact times, WBCs and RBCs adhered to
the flow chamber and it was impossible to release them
without cell lysis buffers. Therefore, the flow chamber
surfaces of each microchip were first treated with
0.01% (v/v) of Triton X-100. The efficiencies of WBC
isolation and RBC elimination, and hence the filtra-
tion time, were significantly improved with Triton
X-100. For example, the filtration time was reduced to
<10 min. Without Triton X-100, a red cell lysis buffer
(Boehringer Mannheim) would be needed at the final
phase of the cell isolation process in order to achieve
>99.9% efficiency of RBC elimination; that is, <50
RBCs remained from the estimated 14,400,000 RBCs
pumped into the microchip (data not shown). Micro-
scopic inspection (100X) revealed that ~1000 WBCs
from the estimated 15,000 WBCs pumped into the mi-
crochip were visible on the top of the weir-type filter
after being stained with New methylene blue (A.J.P.
Scientific). In addition to the countable WBCs trapped
on the top of the filter, we found many partially visible
clumps of WBCs trapped on the leading slope of the
filter which could not be counted. The slope leading to
the top of the filter is a consequence of the conven-
tional wet etching process used in fabricating the mi-
crochips. As part of the positive control, successful mi-
crochip-based PCR amplification performed in the mi-
crochip module was achieved with 1000 WBC:s isolated
from human whole blood as the genomic template
(Fig. 4A). However, we found that in tube-based PCR,
2000 WBCs present in 10 pL of PCR assay mixture led
to inhibition (data not shown). A similar result was
obtained in the microchip-based PCR amplification.
We speculate that this inhibition was due to the pres-
ence of residual protein (nuclear and cytoplasmic) re-
leased from the lysis of WBCs during the initial high-
temperature step in the PCR (95°C for 5 min).

During operation, the blood sample and PCR assay
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Figure 2 Time-lapse photography (from (i) to (iii)). Uniform flow pattern across the flow chamber is the desired flow behavior. Flow
rate: 73 uL/min (syringe pump setting 6 mL/min). (A) Four-to-one microchip scale model with flow deflectors (rectangles inside the
chamber next to the entry port). (B) One-to-one microchip scale model with flow deflectors (rectangles). (C) One-to-one microchip scale

model without flow deflectors. (D) Glass-silicon microchip.

mixture will only be in contact with the microchan-
nels machined in the upper plexiglas block, the middle
vinyl sheet, and the glass-silicon microchip (Fig. 1C).
Therefore, reuse of these components will require
cleaning to ensure the absence of DNAases, RNAases
and other contaminants. In this study, only the glass-
silicon microchip was disposed after each use (merely
for our own convenience). However, based on the cost
of the upper plexiglas block and the middle vinyl sheet
(estimated to be ~$5-$10 including labor and materi-
als), they could also be discarded after each experiment.

A prototype, next-generation CNC-machined
plexiglas device (Fig. 5A,B) indicates further expansion
of the filter-PCR microchip plexiglas module (Fig.
1A,C) to house more than one glass-silicon microchip
for additional sequential operations such as PCR prod-
uct manipulation, enzyme digestion, sample mixing,
and microarray detection. A system of microvalves,
based on a discontinuous microchannel and the flex-
ible plastic membrane (Yuen et al. 2000), and micro-
channels will connect the individual microchips and
microarray in series. In-platform heater/coolers previ-
ously validated in our first generation system (the en-
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closed rectangle in Figure SA will have the same opera-
tion and function as the microchip module shown in
Figure 1A) provide thermal cycling or incubation at a
set temperature at individual microchip or microarray
locations. Briefly, the proposed operation of the device
will be as follows. A microvolume sample of human
whole blood will first be injected into a sample injec-
tion loop (zigzag portion of the microchannels with a
maximum volume of 5 pL), using a conventional sy-
ringe through the first luer inlet (Fig. 5B). The blood
sample will then be pushed through an integrated cell
isolation-PCR microchip through the second luer inlet
with a PCR mixture (without any genome template).
The cell isolation-PCR microchip will facilitate isola-
tion of WBCs from the blood sample. PCR will be per-
formed as described above and shown in Figure 1A.
After thermal cycling, the PCR product will be trans-
ferred from the cell isolation—-PCR microchip into a re-
action microchip through the third luer inlet with ad-
ditional reagents added from the fourth luer inlet to
perform enzyme digestion or other biochemical reac-
tions. Subsequently, after incubations, the treated PCR
product will be transferred from the reaction micro-
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Figure 3 Microscopic view from the top of an integrated cell
isolation-PCR microchip mounted on the plexiglas microchip
module. (A) WBCs isolated by the 400 pm wide weir-type filter.
(B) New methylene blue-stained WBCs isolated by the weir-type
filter.

chip into a mixing microchip through the fourth luer
inlet with addition reagents added from the fifth luer
inlet. After incubation in the mixing microchip, the
treated PCR product will be ready for detection. This
treated PCR product will finally be transferred from the
mixing microchip into a detection microarray through
the fifth luer inlet with addition reagents added from
the sixth luer inlet. After final incubation, the standard
glass side will be taken out for scanning and detection.
In this case, all analytical tasks (except the final scan-
ning) will be performed on this integrated device,
which minimizes or eliminates any sample loss or con-
tamination.

A series of sample transfer experiments were per-
formed on the proposed integrated device to prove
that the microfluidic network can indeed transfer a
sample from the microchip to the microchip/detection
microarray. Time-lapse photography showed success-
ful sample transfer from a 12 pL reaction microchip to
a 22 pL mixing microchip (Fig. 6A,B) performed on the
proposed integrated device, thus demonstrating the
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Figure 4 (A) Electropherogram of human coagulation Factor V
amplification in the plexiglas microchip module with a PCR mi-
crochip containing 1000 WBCs isolated by the conventional test
tube method from human whole blood. (B) Electropherogram of
human coagulation Factor V amplification by integrated cell iso-
lation and PCR in the plexiglas microchip module.

feasibility of the sample transfer and the possible de-
velopment of a total integrated microchip device.

METHODS
Microchip Scale Models

A template four times the size or the same dimensions of a
glass-silicon microchip was cut from a 250 pm-thick mem-
brane (3M Tape number 8672; 3M Industrial Tape and Spe-
cialties Division). The template was placed between two
pieces of plexiglas/standard glass microscope slides to form
the flow chamber, and clamps were used to fasten the plexi-
glas/glass slides together to prevent leakage. Two holes were
machined through the bottom plexiglas/glass slide for the
inlet and outlet of the microchip scale model. In some cases,
a series of flow deflectors was incorporated into the microchip
scale model to modify the flow behavior such that the flow
pattern would be uniform across the flow chamber. In order
to better mimic the inside surfaces of the glass-silicon micro-
chip, the plastic flow chamber surfaces of the four-to-one mi-
crochip scale model was treated with 0.01% (v/v) of Triton
X-100 (Sigma).

Glass-Silicon Microchips

Based on the results obtained from the microchip scale mod-
els, a series of 8-9 pL dual-purpose (cell isolation and PCR) 14
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Figure 5 (A) Total integrated microchip device. Dimensions:
120 mm X 70 mm X 40 mm. (B) Schematic diagram of the
total integrated microchip device.

mm X 17 mm silicon microchips thermally coated with sili-
con oxide (2,000 + 100A thick) (a flow chamber depth of
100 = 10 pm) was fabricated at the Cornell Nanofabrication
Facility (Ithaca, NY) using standard photolithographic tech-
niques (Shoffner et al. 1996; Wilding et al. 1998) on 560-590
pm-thick 100 mm-diameter silicon wafers. The principle of
the weir-type filters and the choice of the size of the filter gap
have been discussed previously (Cheng et al. 1998; Wilding et
al. 1998). Briefly, a weir-type filter is formed by a block of
silicon (weir) spanning a chamber or channel. A gap between
the top of the weir and the glass cover of the chip serves to
trap cells between the top of the weir and the underside of the
glass cover.

Plexiglas Microchip Module

The microchip module was constructed from the following
components: an upper plexiglas block (40 mm X 40 mm X 8
mm), a middle vinyl sheet (40 mm X 40 mm X 3.175 mm), a
lower plexiglas block (40 mm X 40 mm X 8 mm), a custom-
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made heater/cooler, a replaceable glass-silicon microchip (17
mm X 14 mm), two gaskets (for sealing the exit/entry ports),
a temperature sensor and two pieces of small plexiglas strips
(Fig. 1A,C).

The upper plexiglas block, the middle vinyl sheet and the
lower plexiglas block were manually fastened together by
screws (Fig. 1C). The upper plexiglas block and the middle
vinyl sheet housed the custom-made heater/cooler that was
constructed from a copper block (11 mm X 11 mm X 6 mm)
with channels drilled inside it for the inlet and outlet of flow-
ing coolant, a standard thermoelectric cooling module (Part
no. 9501/017/0408B; Ferrotec America Corporation), and a
copper plate. In this study, the flowing coolant was deionized
water at room temperature flowing at 10 mL/min. Also, a
temperature sensor (Model AD590, Omega Engineering) was
glued at the corner of the copper plate to monitor the tem-
perature during thermal cycling. The custom-made heater/
cooler was supported on the lower plexiglas block, into which
two channels were drilled for inlet and outlet of the cooling
water. The glass-silicon microchip was placed directly on top
of the heater/cooler with the silicon surface of the microchip
accessible for contact with the heater/cooler for thermal cy-
cling. The inlet and outlet of the microchip were connected to
microchannels formed by the middle vinyl sheet sandwiched
between the upper and lower plexiglas blocks. The function of
this vinyl sheet was to cover open microchannels (254
pm X 254 pm) milled or drilled into the bottom of the upper
plexiglas block to form fluid flow channels. Gaskets (3M Tape
no. 8672; 3M Industrial Tape and Specialties Division) were
placed between the microchip’s inlet/outlet port and the mi-
crochannel’s opening on top of the upper plexiglas block in
order to prevent leakage. The microchip was held in place by
two plexiglas strips on top of the upper plexiglas block, and
additionally was spring-loaded by means of a compressible
silicon rubber block made from a silicon rubber sealer (Archer
cat. no. 64-2314B, custom-manufactured for Radio Shack) to
facilitate efficient heat transfer between the microchip and
the heater/cooler.

The open microchannels were first machined on the bot-
tom surface of the upper block using a computer numerical
control (CNC) machine (Fadal Engineering) with a 0.01 inch
(254 pm) diameter end mill. A spindle speed of 6000 rpm and
feed rate of 0.5 inch/min were used in order to produce
smooth channel surfaces. Kerosene was used as the coolant
during machining. Finally, openings for the heater/cooler and
necessary holes and openings required for assembly were ei-
ther milled or drilled into the various components.

Cell Isolation and PCR in the Microchip Module

The microchip was first primed with PBS (Dulbecco’s 1 X
phosphate buffered saline without calcium chloride and mag-
nesium chloride), which contained 0.01% (v/v) of Triton
X-100, to ensure that there was no air remaining inside the
microchip and no leakage was observed on the plexiglas mi-
crochip platform. Then, a small volume (<3 pL) of human
whole blood (5400 WBCs/uL and 4,800,000 RBCs/uL) ob-
tained from a fasting volunteer was pumped into the micro-
chip. Directly following the injection of the whole blood, 100
pL of PCR assay mixture was pumped through the microchip
from a 1 mL syringe at 9.85 puL/min (syringe pump, Model
341B; Sage Instruments, setting 11 mL/hr) to complete the
cell isolation process. For human coagulation Factor V gene, a
100 pL of PCR assay mixture contained 2 pL of each primer (5
pM/uL), 10 pL of 10 X reaction buffer (1.5 ptM MgCl2), 2 uL of
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Reacticn _f

micrnchip 4

Figure 6 Sample transfer from a 12 pL reaction microchip to a 22 pL mixing microchip on the
total integrated microchip device. Flow rate: 50 pL/min (syringe pump setting 5 mL/min).
(A) Time-lapse photography [from (i) to (iii)]. (B) Schematic diagram.

dNTPs (10 pM), 1 pL of AmpliTaq Gold DNA polymerase
and 83 L of water. The primer sequence information is as
follows: forward primer FACV-3 (5'-TGC CCC ATT ATT TAG
CCA GGA G-3') and reverse primer FACV-5 (5'-ACC CAC
AGA AAA TGA TGC CCA G-3').

Finally, the microchip module was connected to a tem-
perature control module (TCM-39032; ILX Lightwave), which
was inserted into a computer-controlled modular laser diode
controller (LDC-3900; ILX Lightwave), for thermal cycling.
The reaction mixture in the microchip was initially heated to
95°C for 5 min and cycled for 40 cycles: 94°C for 1 min, 60°C
for 1 min and 72°C for 1 min. A final extension was per-
formed at 72°C for 5 min.

As a control, microchip-based PCR reactions using pre-
isolated WBCs as a genome template were performed in the
plexiglas microchip module. WBCs were isolated from human
whole blood obtained from a fasting volunteer, and mixed
with PCR assay mixture. Then, the WBC-spiked PCR assay
mixture was injected into a 12 pL PCR microchip (Cheng et al.
1996b; Shoffner et al. 1996) which was then mounted onto
the plexiglas microchip module to perform microchip-based
PCR. In addition, PCR reactions were performed in MicroAmp
tubes (Perkin-Elmer GeneAmp PCR System 2400) containing
10 pL of the same PCR assay mixture used in the microchip
module. In this case, the PCR assay mixture contained 40 ng
of genomic DNA. All PCR products were analyzed by quanti-
tative capillary electrophoresis using the Agilent Bioanalyzer
2100 (Agilent Technologies) and a DNA 7500 LabChip Kkit.
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