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The principal goals of this project during the funding period were to demonstrate the
separation of the products of immunological reactions and of DNA binding assays on a
microchip. After achieving this result we were to integrate one of these two classes of
reaction onto a chip, along with the separation itself. Electroosmotic flow was to be used
to control the fluid flow and pumping within the chip. The choice of which reaction to
demonstrate was to be made at the end of the first year, largely based on the success with
each type of separation at that time. The report below descibes our results.

As a brief summary we were able to demonstrate immunoassay separations of the
biological warfare simulant phage virus MS-2, and of small molecule antigens used as
drugs, specifically theophylline. Separation of DNA samples obtained from BW
simulants, following reaction with a fluorescent probe molecule, was also shown. On-
chip reactions and separations were demonstrated for the immunolgical determination of
theophylline.

Our results demonstrate that electrokinetic pumping and control of immuno and
DNA assay reagents is possible within a microchip. The quality of results was high,
indicating the device could be used in principle for automated BW agent determination.

The data we obtained is presented in three sections below; the first a discussion
of immunological separations, the second presenting DNA separations and the third
describing immunoreactions and separations integrated on-chip.

IMMUNOLOGICAL SEPARATIONS

Microfluidic devices etched in glass substrates provide a fluidic network in which
chemical reactions, sample injection and separation of reaction products can be achieved.
The application of high voltages to conductive fluids within these channels leads to
electroosmotic and/or electrophoretic pumping, providing both mass transport and
separation of components within the samples. This method pumps fluid at velocities up
to | cm/s in approximately 20 pum diameter capillaries, while also controlling the direction
of fluid flow at capillary intersections, without a need for valves or other moving parts.
Electrophoretic effects lead to separation: i.c.
the differing mobilities of ions result in different
migration rates within an electric field, giving
rise to separations. PMT for Detection

Integrated  devices for  chemical \
separation employed in this study are based on
capillary electrophoresis (CE), a method in Separation
which high applied voltages can be used to
separate the components of a sample with high
efficiency. Figure 1 illustrates the layout of the
fluid channels in the chip used for these studies.
Sample is introduced through a side channel and
driven towards sample waste with 500 to 1500 %ure I. Layout of the flow channels used

. ) Sor immunoassay and DNA chips.

V, creating a 60-100 pL plug of solution at the

Buffer Sample Waste

Sample Waste
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intersection, which can be injected into
the separation channel. Fluorescence -
detection is used with a 488 nm laser n
excitation source and a photomultiplier anti-MS2* FITC
tube for detection of the emission from AN
fluorescently labelled molecules. This

detection system is highly selective, as

only fluorescent compounds will be

observed [1].

Sensitivity is a key issue in
immunoassays, as most of the
compounds of interest are present at

very low concentrations. We gi)rnl}ls lex
improved detection substantially, by /p
optimizing the wafer bonding process

to reduce formation of light scattering

centers on the surface of the glass ST
devices. Careful alignment of the laser : ' ' ' '

clt 0 20 40 60 80
beam to eliminate scatter from the Time (s)

curved walls of the channels was also Figure 2. Electropherograms of labeled anti-MS2 IgG
beneficial.  In this way we have alone and anti-MS2 mixed with the virus.

reduced our previous detection limits from about 2 nM down to 30 pM in fluorescein.
Detection limits in the pM range are satisfactory for a number of immunoassays.

Solution phase reactions of an antibody (Ab) and its a target molecule, the antigen
(Ag), are much more rapid than imunosorbent reactions due the improved mass transfer
kinetics of homogeneous reactions. By labelling either the Ag or the Ab with a
fluorescent tag, it is possible to determine when a complex between antibody and antigen
has been formed, if the products can be separated from the reactants. (We will designate
labelled compounds with a *) Figure 2 shows an on-chip separation of a labelled
antibody (Ab*) before and after reaction with its antigen. In this case the antigen is the
virus MS-2, while the immunoglobulin G (IgG) antibody is fluorescently labelled anti-
MS-2. The complexes formed between the two compounds have a different charge to
size ratio than either of the free compounds, so they migrate at different rates in the
electric field. The unlabelled virus can be determined from the complex it forms with the
antibody, while the remaining free antibody is separated from the reacted material.

It is also of great interest to analyze for small molecules by immunoassay
methods. A typical example is an analysis for a therapeutic drug for asthma, theophylline
(Th). In order to get good separations by CE when using small target molecules, it is
necessary to label the analyte molecule instead of the antibody. Labelled Th (Th*) is thus
mixed with a sample containing unlabelled Th, and the two are allowed to compete for a
limited amount of antibody to Th, as illustrated in the scheme below.




L_____Kd

——— — —— — S ——— —— T T - .

Ab + Th* <& Ab-Th*
Ab + Th +Th* < Ab-Th + Ab-Th*

A competitive assay leads to an increase in signal for the free, labelled Th* as Th
from a sample increases in concentration. There is a corresponding decrease in signal from
the Ab-Th* complex. Figure 3 shows a series of separations performed on-chip in which
increasing amounts of Th in a sample were added to a fixed amount of Th* and Ab. The
separation occurs in less than I minute and the complex is well resolved from free Th*.

Data like that in Figure 3 provides a calibration curve, such as is shown in Figure
4. Competitive assays of this type are well known to give non-linear calibration curves,
but are extensively utilized in clinical diagnostics. To meet therapeutic criteria, serum
samples should contain Th in the range of 10-20 pg/ml. The lower axis shows the original
sample concentrations before dilution, and it is clear that high sensitivity is attained in the
therapeutic range. It is common to dilute the serum sample before analysis, and in this
study we used a 200-fold dilution factor. The upper axis shows the actual concentration
in the measured samples, after dilution.

In the microchip format it is possible to observe both disappearance of the
complex and appearance of free Th*. This process leads to greater precision of
measurement. Both traces are shown in Figure 4. By measuring both components and
recognizing that the total fluorescence signal should remain a constant, it is possible to
normalize the signals. This compensates for small variations in the amount of material
injected and gives better precision. The y-axis in Figure 4 is thus a plot of peak area for
one of the two fluorescent species, ratioed to the total fluorescent signal.
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Figure 3. Competitive  immunoassay of Figure4. Calibration curve for unlabelled Th in
theophylline performed on-chip. Peaks for the @ sample. Lower axis shows concentrations
complex and for free Th* are seen. The ratio of before dilution, upper axis shows concentrations
peak areas changes as Th from a sample is added. ~ @/ter dilution.




The calibration curve illustrates that we are readily able to measure theophylline in
the therapeutic range, and that the absolute concentrations measured are in the ng/ml
range. The precision of the measurements is within 5%, indicating good analytical
performance.

DNA SEPARATIONS

Several groups have already utilized microfabrication to produce DNA analysis
systems [2-5]. These systems range from rapid analysis of restriction digests [5] to
integration of on-line pre-separation treatments on the chips. On-chip restriction enzyme
digest assays [3], hybridization assays [2], and a silicon polymerase chain reaction (PCR)
amplification chip coupled with a separation chip [4] have appeared in the literature
during the course of this project.

Amplification is a common pre-separation step in DNA analysis. PCR is the
most common and a very powerful amplification technique, however there are limitations
due to large temperature ranges during cycling, surface chemistry issues, and problems
with bubble formation. An alternative method for amplification is Cycling Probe
Technology (CPT) [6]. This technique is very amicable to integration with the chips as it
involves a single enzyme, gives linear amplification of signal, and is isothermal.
Quantitation is easier, no expensive thermocyclers are required, surface chemistry issues
are reduced and the signal amplification is very specific. For these reasons DRES selected
the CPT assay for our development as an on-chip assay. The first key requirement we
needed to demonstrate was that the product separations could be performed on-chip.

Experimental

HPMC, HEC, IXTBE, urea, fluorescein (Na salt) (Sigma), fluorescein labeled 20
base hybridization probe, and 391 basepair target for Newcastle Disease (Defense
Research Establishment Suffield), 12 (5° fluorescein labeled, dAo-rA,) and 24 base
fragments (dA¢-rA4-dA;g), (ID Biomedical).

The fabrication of the devices in
mask glass, power supplies used and optics j% “ Hybridized sample

for detection are described elsewhere. The 'r
LT L

channels for DNA separation were coated
using a slight modification of the Hjerten
procedure [8]. The channels were filled with
the gel using either vacuum or high pressure.

20 bp labelted probe

T Y T T T T Y =T
[r] 50 100 150 200 250 300 50

Results and Discussion Time (sac)

Figure 5. Hybridization assay (top) of nanlabeled,
Hybridization Assays PCR amplified, 391 base pair target DNA (bottom)

- . and a fluorescently tagged 20 base probe (middle).
The Chlp separation format was 0.4% HPMC gel filled channel, 1xTBE buffer (pH

evaluated by separation with a model &0) 150 Viem field sirengih.
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system. A fluorescein tagged probe was conventionally hybridized to a PCR target off-
line and the duplex and excess probe separated and detected using the chip. 20 nM of a
20 base probe was mixed with 50 pM of a complimentary, PCR amplified 391 bp
sample. The solution was hybridized at 60°C for 10 minutes, loaded onto the chip,
injected into the separation channel, and the separation performed. Figure 5 shows the
resulting electropherograms of an injection of target DNA only, probe only, and
hybridized sample. The target shows no signal increase over background as the target was
not fluorescently labeled. The probe trace contains the expected one peak, while the
hybridized sample results in an early peak corresponding to excess probe as well as signal
from the larger complex or annealed product. Some instability in migration times was
observed, as seen in the Figure.

CPT Separations

The chimeric probes best suited to
CPT are relatively short, due to the need to 12 base fragment
operate at low enough temperatures that the
enzyme is not destroyed, while still obtaining
good reaction rates. However, separation of
short DNA fragments requires careful
optimization of experimental parameters. A
set of synthetically produced CPT products o BT P T
were used to evaluate separation conditions
and to determine the analysis range of the chip Figure 6. Separation of synthetic CPT assay
compared to conventionally used radioactive products. The original chimeric probe of 14
detection. Figure 6 shows the separation of a b@ses and the 12 base fragmenis.
24 base long intact chimeric probe from its 12 base fragment. A gel of 4% HEC in 1xTBE
M Urea buffer (pH 8.0) was successful, when using 212 V/cm separation field strength.

4 base probe

The determination of target DNA concentration eventually requires a wide
dynamic range. Small probe fragment peaks due to low target concentrations may need to
be quantified in the presence of a large excess of unreacted probe. On the other hand, high
target concentrations drive the reaction to completion, so unreacted probe must be
determined with a large excess of fragment present. Figure 7 shows a calibration/dynamic
range plot with synthetic mixtures of probe and fragment to determine the dynamic range
afforded by the chip separation. The concentration of the 12 base fragment was held
constant at 5 nM (and used as an internal standard) while the intact probe concentration
was varied. Figure 8 shows the opposite case, the concentration of the 24 base probe was
constant (5 nM) while the probe fragment concentration was varied. For this system, the
extremes of the dynamic range were limited by the obtainable detection sensitivity as well
as the separation resolution.
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Figure 7. Calibration curve for the separation of Figure 8. Varying concentration of 12 base
synthetic CPT amplification products. Varying fragment probe while the concentration of intact
concentrations of 24 base probe while the probeis held constant at 5 nM.

concentration of fragment is constant at 5 nM.

ON-CHIP IMMUNOREACTION AND SEPARATION

In this report we demonstrate that on-chip mixing of diluted serum samples with a
labelled tracer compound and a selective antibody can be followed by separation and
analysis of the components. This result, shown for the drug theophylline, provides
confirmation that the integration of several steps to create a lab-on-a-chip for an
immunoassay of complex, real samples is indeed feasible [10-12].

Experimental
Devices were fabricated in 7.6 x 7.6 cm square Borofloat glass using
microlithographic patterning technique and an HF/NO; etchant as previously described

[8,10,13]. The chip layout is shown in Figure 9. The solution reservoirs are numbered
from 1 to 7 for identification.

The "tricine" buffer contained 50 mM tricine adjusted with sodium hydroxide to
pH 8.0, 0.01% w/v Tween 20, and 26 mM NaCl [10]. For competitive theophylline
assays, serum theophylline (Th) standards from the TDx calibrator kit (0, 2.5, 5.0, 10, 20,
40 pg/ml) were used as received. Samples were made by spiking theophylline into human
serum to give solutions 10, 12.5 and 15 pg/ml in theophylline. Standard or sample
solutions were then diluted 50x in tricine buffer. Solution T containing the fluorescein
labeled theophylline (Th*) tracer was diluted with the tricine buffer in a 1:1 ratio (V/IV).
Solution S containing antitheophylline (Ab) was dialyzed and reconstituted in the tricine
buffer as previously described [10], then 2.5 pl of this solution was further diluted with
tricine buffer to 40 ul before use.

10 pl of diluted theophylline sample or standard, Tracer Th*, and anti-
theophylline solution were added to reservoirs 5, 6 and 7, respectively as indicated in
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Figure 9. Tricine buffer was added to all
other reservoirs. Sample reservoirs (5, 6,
7) were connected to ground while sample
waste (3) was connected to a negative
high voltage (-3 to -6 kV). On-chip
mixing of the solution streams and
reaction of reagents took place in the
mixing coils.  The channel segment
between junctions J1 and J3 was used to
mix the

antigens (theophylline and tracer) while
the segment between J3 and J4 was used
to mix the antigens with the antibody.
The mixed solution passed through the
double T injector, thereby forming a plug
of mixed sample and Ab about 100 pm in
length (~ 100 pL).

Results and Discussion

The mixing manifold illustrated in
Figure 9 was designed to premix sample
and Th* tracer in a 1:1 ratio, then mix the
resulting solution with Ab, also in a i:1
ratio. The intention was to apply the
same potential to each reservoir and let
the geometry of the channels control the
mixing ratios.

Mixing dilution ratio.

The volume flow rate of solution
at each of the junction points in the
mixing manifolds was designed to be
equal, by ensuring equal resistivities and
equal cross-sectional areas at each of the
mixing junctions [14]. Figure 10 shows
electropherograms resulting from on-chip
dilution of Th* at the J3 mixing point. In
Figure 10a, reservoirs 5, 6 and 7 all
contained the same Th* solution, while in
Figure 10b reservoir 7 contained buffer
instead. The latter configuration should
give a 50% dilution of the Th*. In Figure

Buffer Th Th* Waste
@ © ®&

Sample Waste

Fig 9. Device layout for competitive immunoassay,
showing numbering scheme for solution reservoirs and
Junctions. Differing line thicknesses indicate relative
channel widths. The segment joining J1 to J3 was used
Jor mixing of antibody (Ab) with the antigen and
tracer. The double T injector is shown in the inset. The
drawing is not exactly to scale.

On-Chip Mixing
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Figure 10. On-chip dilution of tracer Th* as detailed in
the text. A) Th* was present in reservoirs 5, 6 and 7 and
was loaded into the double T injector at -3 kV. B) the Th*
solution in reservoir 7 was replaced with buffer, leading
to a i:1 dilution of the Th* at the double T injector during
loading. For separation and detection, a pH 8.0, tricine
buffer was used, with 6 kV between reservoirs | and 4.
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Figure 1. Electropherograms  of the

competitive  theophylline assay with on-chip
mixing of reagents. Lower trace with buffer in
reservoir 3, Th* in 6 and buffer in 7, middle
trace with buffer in 5, Th* in 6 and Ab in 7;
upper trace with a 40 ug/ml theophylline sample
(prior to off-chip 50x dilution) in reservoir 5,
Th* in 6 and A4b in 7. Buffer and separation
conditions were the same as for Figure 10.
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Figure 12. Stop-flow study of the effect of mixing
time on the amount of free, unreacted Th* in the
presence of Ab and the indicated amounts of
unlabelled Th (concentrations reported as the value
prior to 50x dilution off-chip). The mixed Ab, Th*
and Th solutions were allowed to sit in the channel
segment between J3 and J4 for varying periods. The
shortest mixing time corresponds to the minimum
possible residence time, given the velocity of flow
with -6 kV applied to the sample waste reservoir.

10a the area under the Th* peak was 490 £ 9 mVes (mean and SD for 4 replicates (n)),
while in Figure 10b dilution resulted in an area of 236 + 4 (n=7). This corresponds to a
Th*:buffer ratio of 48.2 + 1.2 %. Mixing both on- and off-chip was also compared. The
ratio of the dilution achieved on-chip to that off-chip was 103 £ 7 %. In this study we
used a simplified potential delivery system, with a single fixed voltage applied to each of
the delivery reservoirs, but greater control of mixing is clearly possible if the potentials on
cach of those reservoirs is varied [14]. Consequently, slight differences in mixing ratio
between design and result can be readily compensated.

Immunoreactions On-Chip

Figure 11 shows electropherograms obtained for on-chip competitive
immunoassays of serum theophylline. Mixing was performed at -6 kV under continuous
flow conditions to give about 32 s reaction times, followed by separation at -6 kV. For
the lower trace, Th* alone was injected to give a single fluorescence peak at about 30 s.
The central electropherogram was obtained following on-chip mixing of a diluted blank
theophylline (0 pg/ml) serum sample in reservoir 5 with tracer Th* from 6, then with
anti-theophylline from 7. The Th* was completely bound to anti-theophylline to form
complexes, which were detected as a new pair of partially resolved peaks at about 18 s.
Competitive assays were achieved by replacing the blank sample in reservoir 5 with
diluted serum theophylline solution. The separation was completed in less than 1 minute,
the bound Th*-antibody complexes were well resolved from the free Th* and the peak
areas were easily quantitated.
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Diluted Concentration (ng/ml) It is possible to increase reaction

0 200 400 600 800 times by using the chip as a stop-flow
1.00 . . : : - mixer, allowing incubation in the mixing
coil while there is no flow in the mixer.
The volume ratio of the second mixer to
that of the injector port (51 vs 0.15 nL)
means there will be enough reacted
sample available. Figure 12 shows the
effect of cumulative mixing time on the
distribution between free and bound Th*
in a series of competitive assays with
serum theophylline standards at 21° C.
Remaining unreacted Th*, normalized to
the total fluorescent Th* is plotted as a
10 20 30 40 function of total mixing time. The
Undiluted Serum Theophylline (jg/ml) competitive immunoreaction was nearly
complete in the first 30 s of continuous

Figure 13. Calibration curve of normalized peak area flow mixing_ A slight continued decrease
for (e) Jree Th and (o) Ab-TR* complex vs. i geo Tk v increnced mixing time at

cancentration of Th in 50x diluted serum standards X
(upper axis). Lower axis shows Th concentrations as low Th concentration suggests that the

they were in serum standards before 30x dilution off- Lop.tion continues at a slow rate for an
chip. Buffer and separation conditions were the same

as for Figure 10. Each point s the mean of 4 replicates. extended period, consistent with the
g e e e vt vhere ke nouwm chemisey of this system [15].

a log function; see text.

Competitive Theophylline Assays On-Chip

Figure 13 shows a calibration curve obtained from a series of separations, in which
varying concentrations of diluted serum theophylline standards were mixed on-chip with
Tracer Th* and anti-theophylline solutions. The chip was operated in stop-flow mode,
allowing reaction times of 32, 90, 150, and 210 s. A plot of normalized peak area for Th*
(averaged over all reaction times) versus log[theophylline] was linear (slope = 0.54 + 0.03,
intercept = 0.003 + 0.04), and allowed calculation of the solid line shown in Figure 13.
The lower axis of Figure 13 shows the original concentrations of Th in the serum
standards, while the upper axis shows the concentrations of the standards at the stage
they were added to reservoir 5. The calibration curve covers the important clinical range
0f 10-20 pg/ml for serum samples. It is similar to those obtained with on-chip analysis of
off-chip mixed samples or with the FPIA method.

The recovery of theophylline from spiked human serum samples run over a two
day period. Human serum samples with theophylline at 10, 12.5, and 15 pg/ml were
found to have 9.4+ 1.0, 12.9 + 1.8 and 17 + 2 pg/ml, respectively, (mean and SD over 4
replicate injections) when the peak areas from the four different reaction times were
averaged. The precision of the recovery results obtained with on-chip mixing is poorer
than those we obtained with off-chip mixing. This discrepancy appears to arise from
averaging data obtained at several different reaction times. When samples and standards

Th*

0.75-

0.504

Area Ratio

0.25-

0.00
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for calibration curves were analyzed at any one of the fixed mixing times, the precision of
the recovery improved to, for example, 16.0 £ 1.2 ug/ml for a 15 pg/ml sample. This
improvement leads to a precision for on-chip mixing which is similar to that which we
obtained with off-chip mixing [10]. Careful control of the mixing time in both standards
and sample testing is required to achieve this, but is not overly difficult given the
computer control used to run the chips.

The absolute detection limit (DL) for a solution within the chip’s separation
channel was determined to be 1.1 ng/ml. This is consistent with the value of 1.25 ng/ml
we obtained for off-chip mixing with separtion on-chip. Since the present chip performs
a 4-fold dilution, the minimum concentration that can be placed in sample reservoir 5 is
4.3 ng/ml. Given the 50x dilution step performed before the samples and standards are
introduced to the chip, the on-chip reaction and separation system provides a DL of 0.22
pg/ml for undiluted serum. This value is similar to the 0.4 pg/ml reported for
theophylline assay by FPIA [16], serving to illustrate that detection limits are not
sacrificed by performing the on-chip immunoassay.

Conclusions

The research project has met the stated goals of the original contract. Detection
limits of small fluorescent molecules were reduced by about 1000-fold during these
studies, to a range of 10-100 pM. The detection limits measured for the drug
theophylline, as determined by on-chip immunoassay were a few nM, or ng/ml,
somewhat better than the limits obtained with conventional methods. These results
indicate the detection limits were controlled by the equilibrium binding constant of the
immunoassay, rather than by the performance of the chip or the detector. The
demonstrated ability to perform sample and reagent mixing on-chip in a controlled
fashion, followed by on-chip separation of the reactants, is a strong indicator that the lab
on a chip concept is viable for biochemical assays. Since this system is readily
automated, the results establish it is a potential candidate for an operator independent
detection system in the field, or at the least for operation by staff with minimal training
needs. The absolute detection limits are in a very acceptable range, although the detection
limits of the immunoassay method might need to be improved. Increased immunoassay
sensitivity will depend on the development of antibodies with high affinities, which is
certainly feasible. The MS-2 virus assay is of direct relevance to the testing of simulants,
as is the DNA assay for the PCR product obtained from Newcastle disease virus. These
studies demonstrate the chip can be used with simulant agents as well as with therapeutic
drugs, and further that DNA separations of simulant agent DNA assays are possible on-
chip. Consequently, the applicability of the microchip concept to simulant analyses is
supported by our study.

At present our results must be regarded as highly promising, with the caveat that
they represent laboratory based studies. The next stage of development must involve
extending the on-chip reactions demonstrated with theophylline to simulants, both in the
immuno- and DNA-probe reactions manifolds. Subsequent tests with samples obtained

10
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from field releases of simulants, and later field trials represent the next important steps in
establishing and evaluating this promising technology.
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