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The assay cycle of sequentia injection (SI) analysis has been greatly accelerated by simultaneously processing two
sample injections within the same manifold. This is achieved through micro-miniaturization of the SI system using the
lab-on-valve format (LOV), and by optimizing the assay protocol for stopped-flow reaction rate measurements. The
approach has been tested on enzymatic assays of glucose and ethanol, but it is, in principle, applicable to al Sl
reagent-based assays. The average assay time for a single run has been shortened from 200 sto =30 s. Assays were
carried out at 22 °C and 37 °C using commercially available reagent kits. For glucose, at 22 °C, the calibration had a
linear response (r2 = 0.9999) for the concentration range of 100-1000 ppm. At 37 °C, the calibration was linear (r2 =
0.9996) for 100-600 ppm glucose, but was a second order polynomial curve (r2 = 0.9996) for 1001000 ppm. For
ethanol, at both 22 °C and 37 °C, the calibrations were linear for the concentration range of 50-250 ppm. The r2 at two
temperatures was 0.9994 and 0.9995, respectively. For both the glucose and ethanol assays, the relative standard
deviations were below 3%. Factors affecting sampling frequency are discussed. In this work, sequential injection is
shown, for the first time, to achieve sampling frequency comparable to flow injection (FI), while retaining the
advantages of small reagent consumption (typically microlitres per assay), minimized waste production, full automation

of assay protocols, and zero carryover.

Introduction

Flow injection analysis (FIA) is a well-established flow-based
technology that has found wide application in diversefields such as
pharmaceutical assays, environmental studies, oceanography, proc-
ess control, agriculture, drug discovery, and clinical assays. In
conventional flow injection (Fl), continuousforward flow isused to
transport the injected sample zone, to mix it with reagents and to
carry the reaction product into a flow cell for detection.r This
allows higher sampling frequency than sequential injection (SI) but
generates more waste and consumes more reagents as a result of
continuous pumping.

With a high-precision syringe pump and multi-position valve, S|
uses programmable flow to mix and transport injected zones of
sample and reagents and to carry them along with reaction product
into aflow cell for detection.24 Flow programming, including flow
reversal and stopped-flow, offers unprecedented versatility, auto-
mation and precision for solution handling. A drawback of
conventional Sl isthat it has to use syringe pump to flush a long
sampling line between samples to eliminate carryover. This
operation slows down sampling frequency, making it considerably
lower than that of a comparable FI system, where a multi-channel
peristaltic pump serves sample and reagent lines simultaneously.

Miniaturization of a conventional Sl system has been achieved
by integrating the sampling conduit and flow cell into a micro-
fabricated compact structure called the lab-on-valve (LOV)
mounted atop a multi-position valve (Fig. 1).45 Operating in the
microlitre range, this Sl system in the LOV format (uSI-LOV)
reduces sample and reagent consumption and waste generation.
Since the sampling line inherent in the conventional S| system has
been eliminated through integration and miniaturization, carryover
is reduced, and the sampling frequency of uSI-LOV is higher than
that of conventional Sl systems. For example, glucose, ammonia,
and glycerol stopped-flow assays using the LOV format take about
60 to 100 s to complete one run,® while conventional Sl requires
typically 200 s to complete the similar assay.”

In this work, sampling frequency has been further increased by
processing two sampleinjections simultaneously and by optimizing
the assay protocol through flow acceleration. The model chem-
istries, enzymatic assays of glucose and ethanol, were chosen since
their assay protocols can be easily modified to accommodate many
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other reagent-based assays that use spectrophotometric detec-
tion.3

Experimental
Instruments

The sequential injection system (FIAlab-3000, FIAlab Instruments,
Inc., Medina, WA, USA, http://www.flowinjection.com/) consists
of a high-precision bi-directional syringe pump (1000 uL volume)
driven by a stepper motor, a two-way valve, holding coil, six-port
selector valve, and lab-on-valve central sample-processing unit
(FIAlab Instruments, Inc.) (Fig. 1). The entire system was placed
inside an incubator (Model 6M, Precision Scientific, Winchester,
VA, USA, http://www.precisionsci.com/) to provide temperature
control.

For the glucose assay, a homemade tungsten lamp was used as
the visible light source for a UV-VIS spectrophotometer
(USB2000, Ocean Optics, Inc., El Dorado Hills, CA, USA, http://
www.oceanoptics.com/). Two fiber optic cables, furnished with a
stainless stedl tip (0.159 cm od) were used to connect the flow cell
to the light source and the spectrophotometer, with fiber diameters

Two-Way Valve LOV
Carrier | Holding Coit ‘l' ......
—
Flow-through Port
Fiber Out
Sample
Reagent
Spacer
Groove
Multi-Position Valve
1000 pL Syringe Pump Closed V- Fiber In

Channel

Fig.1 TheuSI-LOV system consists of a1000 uL high precision syringe
pump, two-way valve, holding coil, and a lab-on-valve manifold mounted
atop a six-port multi-position valve. The ends of the fiber optic cables were
spaced 3.5 mm apart, resulting in a flow cell volume of 6.8 L.
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of 400 um and 600 um, respectively. The fiber optic cables were
spaced 3.5 mm apart, resulting in aflow cell volume of 6.8 uL (Fig.
1). The entire system was controlled by a personal computer
running FlIAlab software, version 5.9.137.

For the ethanol assay, a deuterium lamp (Model D 1000,
Analytical Instrument Systems, Inc., Flemington, NJ, USA, http://
www.ai shome.com/) was used asthe ultraviolet light source. A 400
um fiber optic cable was connected to the light source, and a 200
um fiber optic cable was connected to the spectrophotometer
(S2000, Ocean Ogptics, Inc.). The flow cell volume and configura-
tion remained the same as for the glucose assay.

Reagents and standards
Glucose

Onevial of dry glucose oxidase reagent (G7519, Pointe Scientific,
Inc., Lincoln Park, Michigan, USA, http://pointescientific.com/)
was dissolved in 2.5 mL DI water prior to use. The reconstituted
reagent contained glucose oxidase >60 U mL-—1, peroxidase
(horseradish) 4.8 U mL—1, 4-aminoantipyrine 1.52 mM, phosphate
buffer, pH 7.5 £ 0.1, sodium p-hydroxybenzoate 40 mM, sodium
azide 0.4% and non-reactive stabilizers and fillers.

The assay is based on two enzymatic reactions:

glucose oxidase

p-glucose + H,0 + O, —======5H,0, + p-gluconate

H,0, + 4-aminoantipyrine + hydroxybenzoate

peroxidase

—E=== > quinoneimine dye + H,O

In the first step glucose oxidase catalyzes the oxidation of glucose
by oxygen to produce hydrogen peroxide. Subsequently, perox-
idase catalyzes hydrogen peroxide to react with the other reagents
and produce quinoneimine dye, which is detected spectrophotomet-
rically at 500 nm. A single mixture of reagent was used for glucose
assay.

Glucose standards were made by serial dilution of 1000 ppm b-
glucose (G-8270, Sigma, St. Louis, MO, USA, http://www.sigma-
.com/) stock solution. The carrier solution was 0.4% v/iv commer-
cial detergent Joy (Procter & Gamble, Cincinnati, OH, USA) in DI
water. All solutions were stored in the refrigerator at 2-8 °C and
were warmed in the incubator to reaction temperature (22 °C or 37
°C) prior to use.

Ethanol

One via of dry reagent was dissolved in 5 mL of DI water.
Reconstituted ethanol reagent (A7504, Pointe Scientific, Inc.)
contained alcohol dehydrogenase (yeast) 600 U mL—1, NAD 8.4
mM, buffer, pH 9.2 + 0.1, surfactant and preservative.

The assay is based on the enzymatic reaction:

alcohol dehydrogenase

ethanol + NAD" —=tecewaoeanse , aeetaldehyde + NADH + HY

Alcohol dehydrogenase catalyzes the oxidation of alcohol to
acetal dehyde with the associated reduction of NAD+to NADH. The
change in absorbance at 340 nm is directly proportional to the
ethanol concentration in the sample. Similar to the glucose assay, a
single mixture of reagent was used.

Ethanol standards were made by serial dilution of 1000 ppm
ethanol standard (A7504-STD, Pointe Scientific, Inc.) stock
solution. The carrier solution was 0.01% v/v P20 surfactant (BR-
1000-54, Biacore, Inc, Piscataway, NJ, USA, http://www.biacor-
e.com/) in DI water. All solutions were stored in the refrigerator at
2-8 °C and were warmed in the incubator to reaction temperature
(22 °C or 37 °C) prior to use.

Assay protocol

The protocol for a Sl stopped-flow assay typicaly consists of
aspiration of sample, reagent(s), and often a spacer into the holding
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coil, followed by aflow reversal that dispenses a desired section of
the sequentially stacked zones to the flow cell for kinetic
measurement. The function of the spacer, which is composed of the
carrier solution, isto increase the amplitude of zone dispersion and
thus promote mutual penetration of sample and reagent zones and
their mixing. A selected section of the stacked zones can be
captured in the flow cell by stopping the flow, and an increase in
signal is recorded in the presence of analyte. The stopped-flow
technique measurestherate of chemical reaction of an analyte with
its reagent, eliminates the contribution of background color, and
yields optimized signal to noise ratio by allowing longer time for
the reaction to proceed.4 Stopped-flow S| also reduces sample and
reagent consumption and waste generation. A typical response
curve (Fig. 2) containsan initial peak when the reacting zones enter
the flow cell. Following a flow stop, a short period (about 5 s) of
residual mixing takes place during which the reaction mixture
settles within the flow cell and the monitored signal is noisy. After
the solution settles, alinear portion of the reaction rate curve (AB
in Fig. 2) is recorded while data is collected.

In order to accelerate the assay, the stopped-flow period needsto
be utilized for preparation of the next run and the mixing of sample/
regent zones has to be accelerated. Since the flow cell can be
isolated from the rest of the system by turning the groove of the
multi-position valve away from the flow cell port (Fig. 1), the
sample, reagent, and spacer of run #2 can be stacked into the
holding coil, while the reacting mixture from run #1 is being
monitored in the flow cell (Fig. 3). By choosing alarge volume of
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Fig.2 Stopped-flow reaction based assay of glucose. The response curve
was recorded as the stacked zones entered the flow cell, followed by
stopped-flow and washout. When the flow was resumed, the signal returned
to baseline as the flow cell was washed out. (400 ppm glucose, sample 30
uL, reagent 80 uL, spacer 100 uL, dispensed volume 210 uL, flow rate 200
uL s-1, stopped-flow 20.8 s, 22 °C.) Note that in all subsequent figures
except Fig. 4, data were only collected for the A—B section of the reaction
rate curve for simplicity of graphical presentation.

Loading run #2

Sending run #2 to flow cell

Fig. 3 Accelerated uSI-LOV protocol. C: Carrier, S: sample, R: reagent,
Sp: spacer, P: product, HC: holding coil, O: flow cell. (a) Stacking sample,
reagent, and spacer of run #2 into the holding coil during the stopped-flow
measurement of run #1. (b) Sending the stacked zones of run #2 to flow cell,
to wash out the flow cell and start the measurement of run #2. Note that the
extended volume of the spacer prevents intermixing of sample/reagent
zones of run #1 and run #2, and assists in washing out the flow cell.



spacer, intermingling of zonesfrom run#1 with run#2 is prevented,
and the flow cell iswell flushed, before monitoring of run #2 takes
place.

The accelerated protocol (Table 1) is comprised of the following
steps: (1) Metering of sample solution by aspiration into the holding
coil, followed by metering and aspiration of reagent and spacer
solutions. (2) Dispensing of a desired volume of the stacked zones
to the flow cell and stopping the flow. (3) After abrief delay (5 ),
during which the solution within the flow cell has settled,
absorbance measurement and data collection starts. At the same
time, the syringe pump starts to send the remaining part of the
stacked zones from run #1 to the waste port. (4) The syringe pump
initiates run #2 by aspirating sample, reagent and spacer into the
holding coil, then absorbance measurement of run #1 stops. Next,
step 2 is repeated, where the valve turns to the flow cell port and a
certain volume is dispensed to the flow cell followed by stopped-
flow. In this process, the material from run #1 is flushed out to
waste, and the desired section of stacked zones of run #2 is
transported into the flow cell and stopped there for kinetic
measurement. Steps 2—4 are in this way repeated for subseguent
runs. Inthelast run, the processed sampl e/reagent zones are flushed
to waste through flow cell after the data collection period. See
Table 1 for more detail.

Results and discussion

The accelerated uSl protocol has been optimized to allow the
segment of sample/reagent zones that yields the steepest reaction
rate slope to be arrested within the flow cell. To achieve this, two
factors were investigated: (1) the volume of sample/reagent zones
dispensed by flow reversal from the holding coil to theflow cell and
(2) the flow rate at which the reacting zones are transported to the
flow cell. While the dispensed volume defines the ratio of analyte
to reagent, the flow rate influences the mixing of sample with
reagent. As the dispensed volume was varied from 160 to 260 uL
with flow rate of 200 uL s—1, the observed maximum reaction rate
was achieved by delivering 210 uL (Fig. 4). At lower dispensed
volumes, the monitored section of sample/reagent zones contains
lower analyte/reagent ratios, while at higher volumes the section
becomes reagent deficient. The glucose and ethanol assays both
yielded maximum slope responses using a dispensed volume of 210
uL, confirming the consistency and repeatability of this parame-
ter.

The flow rate at which the sample/reagent zones are dispensed to
the flow cell has an effect on the magnitude of the signal.8 Asthe
flow rate increases, better mixing leads to steeper response signals
(Fig. 5) and a maximum signal was achieved using a flow rate of
200 uL s—1. Remarkably, acceleration of the flow rate above 50 uL
s—1 did not significantly alter the position of the maximum signal
yield, which remained positioned around 210 uL of dispensed
volume. Since the same segment of sample/reagent zones is
comprised of the same analyte/reagent ratio,1# this observation
confirms that perfect control of sample zone dispersion and
positioning within the flow cell can be reproducibly maintained at
both low and high flow rates.

An additional factor that allows shortening of the assay cycleis
related to flushing of the LOV module ports between subsequent
assays. In Wu et al.' s work,6 the sample port was flushed between
different samples to eliminate carryover from the dead volume of
the flow-through port, and sample and reagent ports were flushed
between runs to eliminate carryover from the LOV ports. In this
work, the monitored section of the stacked zones was further away
from its tail section where solution from the dead volume of the
flow-through port would cause cross contamination. This is why
larger sample, reagent, and spacer volumes were used, as it allows
the tail section to be diverted to waste in step 3, before the next run
starts. This assumption was validated by performing accelerated
glucose assays dternately for the highest concentration sample
(1000 ppm), followed by the lowest concentration (100 ppm), a

Tablel Accelerated uSI-LOV protocol

Notes

Syringe pump valve in

Syringe pump flow rate 400 uL s—1
Syringe pump aspirate 500 uL
Syringe pump delay until done
—Sample—

Syringe pump valve out

Vave sample

Syringe pump flow rate 30 uL s—1

Step 1

Stacking sample, reagent, and
spacer into holding coil.

Syringe pump aspirate 30 uL

Syringe pump delay until done

—Reagent—

Valve reagent

Syringe pump flow rate (uL s—1) 100

Syringe pump aspirate 80 uL

Syringe pump delay until done

_Spacer_

Valve spacer

Syringe pump aspirate 100 puL

Syringe pump delay until done

Loop start (#) 4 Loop start
—To flow cell— Step 2
Valve flow cell

Dispensing the desired section of
stacked zones to flow cell by
flow reversal, which also
washes out flow cell.

Syringe pump flowrate 200 uL s-1

Syringe pump dispense 210 uL
Syringe pump delay until done
Delay 5s

Spectrometer reference scan
Spectrometer absorbance scanning
Valve waste

Syringe pump flow rate 400 uL s—1
Syringe pump empty

Step 3

Absorbance monitoring starts.

Sending remaining part of the
stacked zones to waste.

Syringe pump delay until done

Syringe pump valve in

Syringe pump aspirate 500 uL

Syringe pump delay until done

—Sample—

Syringe pump valve out

Valve sample

Syringe pump flow rate 30 uL s—1

Step 4

Stacking sample, reagent, and
spacer into holding coil for
the next run, while data col-
lection continues.

Syringe pump aspirate 30 uL

Syringe pump delay until done

—Reagent—

Valve reagent

Syringe pump flow rate 100 uL s—1

Syringe pump aspirate 80 uL

Syringe pump delay until done

_Spaoer_

Valve spacer

Syringe pump aspirate 100 uL

Syringe pump delay until done

Spectrometer stop scanning Absorbance monitoring stops.

Loop end Loop end
—To flow cell— Last run
Valve flow cell

Dispensing the desired section of
stacked zones to flow cell by
flow reversal, which also
washes out the flow cell.

Syringe pump flow rate 200 uL s—1

Syringe pump dispense 210 uL
Syringe pump delay until done
Delay 5s

Spectrometer reference scan
Spectrometer absorbance scanning
Delay 158 s

Spectrometer stop scanning
Syringe pump flow rate 400 uL s—1
Syringe pump empty

Absorbance monitoring starts.
Absorbance monitoring stops.
End of the assay, washing out

flow cell.
Syringe pump delay until done
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second run at the highest concentration, and a blank (Fig. 6), using
a protocol that eliminated flushing of the flow-through port
between samples and flushing of the sample and reagent ports
between individua runs.

Using the optimized accelerated protocol (Table 1), assays of
glucose and ethanol were performed at 22 °C and 37 °C. The
reaction rate curves for several concentrations of glucose are
presented in Fig. 7. At 22 °C, the glucose calibration yielded a
linear response (y = 9.57 X 10—6x+9.84 x 10-5,r2 = 0.9999) for
the concentration range of 100-1000 ppm (Fig. 7a). At 37 °C, the
calibration was linear (y = 1.91 X 10-5x + 1.23 X 104, r2 =
0.9996) for 100-600 ppm, but was asecond order polynomial curve
(y = —6.07 X 10-9%2+2.34 X 10-5x — 4.10 X 10—4,r2 = 0.9996)
for 100-1000 ppm (Fig. 7b), most likely due to the saturation of the
enzymes or depletion of oxygen. For ethanol, at both 22 °C and 37
°C, the calibrationswerelinear (y = 1.02 x 10—4x+ 1.88 x 103,

a
{ ) 260, 250, 240, 230, 220, 210, 200, 190, 180, 170, 160 pL
BEEEAEEEEER

Holding Coil Flow Cell
(b)

0.120 Ps00 nm o i 20

0.080 1 —
0.040 / / /
o.ooo

200 5250 300 350 400

-0.040 HE

Timels

Fig. 4 Flow reversal volume optimization () The stacked zones of
sample, reagent and spacer are shown in the holding coil. C: Carrier, S:
sample, R: reagent, Sp: spacer, P: product. Different dispensed volume
would place different segment of the stacked zones into the flow cell. (b)
Delivery of different volumes of the reacting zones to the flow cell, with
flow rate of 200 uL s—1. Datawere collected during the entire stopped-flow
period. (400 ppm Glucose, sample 30 uL, reagent 80 uL, spacer 100 uL,
stopped-flow 20.8 s, 22 °C.)
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r2 = 09994 andy = 1.47 x 10—4x + 5.93 x 105, r2 = 0.9995,
respectively) for the concentration range of 50-250 ppm, showing
no limitation due to reagent availability. The relative standard
deviations were below 3% for both the glucose and ethanol assays.
These results were obtained from initial reaction rate slope
measurements using data collected from 3to 7 s. It should be noted,
however, that reaction rate responsesin Fig. 7 are shown recorded
for 15.8 s for the clarity of graphical presentation. Since the pump
and valve operations required for washing the system and loading
the solutions for a subsequent run require a minimum of 15.8 s,
shortening the data collection period will not accelerate the assay
any further.

Influence of temperature

The rate constant k of areaction is dependent on temperature (T, in
K) and the activation energy (AG*):
k = (ksT/h)e— AG/RT
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Fig. 6 Carryover test. Accelerated glucose assays were done for the
highest concentration sample (1000 ppm), followed by the lowest
concentration (100 ppm), highest concentration, and blank, with a protocol
that eliminated flushing of the flow-through port between samples and
flushing of sample and reagent ports between individua runs. (Sample 30
uL, reagent 80 uL, spacer 100 uL, dispensed volume 210 uL, flow rate 200
uL s—1, stopped-flow 20.8 s, data collection 15.8 s, 22 °C.)
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Fig. 5 Flow rate optimization, with dispense flow rate 10 uL s—1 (a), 50 uL s—1 (b), 200 uL s—1(c), and 200 uL s—1 (d). Data were collected after a5 s
delay in the stopped-flow period. (400 ppm Glucose, sample 30 uL, reagent 80 uL, spacer 100 uL, stopped-flow 20.8 s, data collection 15.8 s, 22 °C.)
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where kg is the Boltzmann constant and h is Planck’s constant. It
can be seen that the higher the temperature, the higher the reaction
rate constant. In the case of glucose assays, at higher temperature
and higher reaction rate, the enzymes are saturated quickly or
oxygen is depleted quickly, so that reaction rate is no longer
proportional to higher analyte concentrations. On the other hand, an
increase in reaction temperature helps to increase sensitivity and
improve the detection limit of the assay.

(a) 0300 7 ASOO nm

0.200 A
; ‘ 1000 ppm
v K 800 ppm
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; 400 ppm
200 ppm
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20 80 100 120
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800 ppm
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0.000 - lank
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Fig. 7 Assay of glucose in the range of 0—1000 ppm at 22 °C (a) and 37
°C (b). Each concentration had four replicate runs. (Sample 30 uL, reagent
80 uL, spacer 100 ulL, dispensed volume 210 uL, flow rate 200 uL s—1,
stopped-flow 20.8 s, data collection 15.8 s.)

Conclusion

Sequential injection is being increasingly accepted as an efficient
tool for automation and micro-miniaturization of reagent-based
assays, both in research and industrial settings. Its wide scope of
applications have been recently summarized in a review by
Lenehan et al.,3 where the conventional Sl format was discussed.
The impact of miniaturization and protocol acceleration can be
appreciated by comparing the enzymatic assay carried out in
traditional Sl format” that required 200 s to complete a single run,
with the work of Wu et al.6 that completed an enzymatic assay in
the LOV format within 100 seconds, and with the present work,
which takes =30 s to complete an assay cycle. This improvement
highlights advantages of sophisticated flow programming as
compared to more traditional and widely used flow injection mode
that uses continuous forward flow and, as a result, consumes more
reagents and generates correspondingly larger volumes of waste.
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