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ABSTRACT: Serial dilution is a commonly used technique
that generates a low-concentration working sample from a high-
concentration stock solution and is used to set up screening
conditions over a large dynamic range for biological study,
optimization of reaction conditions, drug screening, etc.
Creating an array of serial dilutions usually requires
cumbersome manual pipetting steps or a robotic liquid handling
system. Moreover, it is very challenging to set up an array of

Serial dilution
digital LAMP #5°

Serial dilution
nanoliter arrays

"‘::--'-‘... RCIRRe: -
& ...... . dmm,;
..... e oo ceToe

Dilution factor

serial dilutions in nanoliter volumes in miniaturized assays. Here, a multistep SlipChip microfluidic device is presented for
generating serial dilution nanoliter arrays in high throughput with a series of simple sliding motions. The dilution ratio can be
precisely predetermined by the volumes of mother microwells and daughter microwells, and this paper demonstrates devices
designed to have dilution ratios of 1:1, 1:2, and 1:4. Furthermore, an eight-step serial dilution SlipChip with a dilution ratio of
1:4 is applied for digital loop-mediated isothermal amplification (LAMP) across a large dynamic range and tested for hepatitis B
viral load quantification with clinical samples. With 64 wells of each dilution and fewer than 600 wells in total, the serial dilution

SlipChip can achieve a theoretical quantification dynamic range of 7 orders of magnitude.

his letter describes a serial dilution SlipChip (sd-
SlipChip) for generating nanoliter arrays with a wide
range of stepwise concentrations for biochemical analysis.
Serial dilution is a common laboratory practice used to
generate solutions with relatively low concentrations from
high-concentration samples. It is also widely used to set up an
array, such as arrays in 96- or 384-well plate format, for
screening conditions or performing quantification over a large
dynamic range.'”* In practice, serial dilution is usually
performed with tedious multiple manual pipetting steps or
an often expensive robotic liquid handling system. With these
traditional fluid handling methods, it is nontrivial to precisely
control fluidic volumes at low microliter volumes, especially
the nanoliter range, during each fluidic transferring step.
Microfluidics has been demonstrated as an excellent method
to control and manipulate small volumes,” and several
microfluidic systems were demonstrated to generate a chemical
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gradient®™"" but not partitions in serial dilution. Valve-driven
microfluidic strategies were also applied to control mixing and
create serial dilution compartments;lz’13 however, these
methods rely on accurate pneumatic control to operate the
valves. A serial dilution microfluidic network consisting of
microchannels was demonstrated to generate arbitrary
concentration profiles,'* and a centrifugal microfluidic device
was also able to produce partitions with serial diluted
concentrations.'”” However, it is challenging for these
approaches to create nanoliter arrays via serial dilution.

In this paper, the sd-SlipChip utilized simple multistep
sliding motions to produce serial dilution nanoliter arrays with
precise dilution ratios, and we also applied this SlipChip device
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Figure 1. Schematic drawings for sd-SlipChip operations: (A) top and bottom plates of the sd-SlipChip device, (B) assembly of the sd-SlipChip by
partially overlapping the wells and ducts on the contacting surface of two plates, (C) original solution (Solution-I) and dilution buffer (Solution-II)
introduced into Type-I and Type-II channels, respectively, (D) top plate moved right to form isolated reaction partitions, (E) top plate moved
down to perform the 1st dilution step, (F) top plate moved down for the 2nd time to perform the 2nd dilution step, (G) top plate moved down for
the 3rd time to separate the wells on the top layer from the wells on the bottom layer, (H) photo of a four-step sd-SlipChip, and (I) zoomed-in

photo shows the serial dilution pattern of blue dye.

with both x and y direction movement to achieve designed
fluidic handling goals. Furthermore, we demonstrated the sd-
SlipChip quantifying a target nucleic acid over a large dynamic
range by serial dilution digital loop-mediated isothermal
amplification (LAMP) and tested it with hepatitis B virus
(HBV) viral load quantification with 16 clinical samples.

Digital nucleic acid amplification (NAA) methods, such as
digital polymerase chain reaction (PCR) and digital isothermal
amplification, are considered accurate for nucleic acid
quantification.'®'” These methods have been applied for a
variety of applications, including detection of fetal DNA in
maternal blood,"® quantification of viral load,"’ analysis of
DNA methylation,” and study of circulating tumor DNA
(ctDNA) in cancer patients.”’ In general, digital NAA can be
performed usin§ droplet-based methods'®**™*° or chamber-
based devices,”*™>*> which can divide a solution containing
target nucleic acids into a large number of nanoliter or
subnanoliter reaction compartments. After amplification, the
partitions can be determined as “positive” or “negative” based
on the fluorescence intensity, and the initial concentration of
target nucleic acids can be calculated based on Poisson
statistics.”

To quantify target molecules over a large dynamic range,
such as for the analysis of viral load,”™*” the dynamic range of
traditional digital NAA is generally limited by droplet volume
and the total number of partitions. However, the sd-SlipChip
can achieve a large dynamic range with significantly fewer
partitions than other methods. For instance, to reach a
theoretical dynamic range of 7 orders of magnitude, traditional
digital NAA requires millions of 1 nL droplets, while the sd-
SlipChip requires fewer than 600 microwells. This makes the
sd-SlipChip particularly interesting for the quantification of
viral load over a large dynamic range. In this paper, we
demonstrated quantification of hepatitis B viral load with
digital LAMP with large dynamic range in an sd-SlipChip.
HBV can cause life-threatening liver infections that may result
in cirrhosis and liver cancer. Quantitative measurement of
HBYV load is crucial to understand patient status and to provide
proper treatment. The current real-time qPCR method is

routinely used in central hospitals, but due to the requirement
of a designated space, skilled personnel, and the cost of
instruments, it is unlikely for these methods to be widely
practiced in secondary hospitals, small clinics, or resource-
limited settings. With the integration of a sample preparation
module®® and small operating gear, this sd-SlipChip can
potentially be impactful for quantification of the viral load in
decentralized settings.

B RESULTS AND DISCUSSION

The sd-SlipChip consists of two opposing microfluidic plates
that have microfabricated microwells and fluidic ducts on the
contact surface. The top plate contains one row of mother
microwells and rows of fluidic ducts; the bottom plate contains
one row of complementary mother microwells and rows of
daughter microwells (Figure 1A). The size, volume, and
number of microwells can be predetermined by requirements
for specific applications, thus minimizing calculation or
handling mistakes from operators. A lubricant (mineral oil/
tetradecane at a 1:1 volumetric ratio) was placed in between
the top layer and bottom layer to prevent the evaporation of
droplets or the absorption of biomolecules to the surface of the
microfluidic plate. The top and bottom plates were assembled
to an initial position: the mother microwells on the top plate
and their complementary parts on the bottom plate partially
overlapped to establish a Type-I continuous fluidic path, which
consists of mother microwells and complementary mother
wells; the fluidic ducts on the top plate and the daughter
microwells on the bottom plate partially overlapped to form
Type-II continuous fluidic paths, which consist of daughter
microwells (Figure 1B). A solution containing a high
concentration of target molecules (Solution-I) was introduced
into the Type-l fluidic path by pipetting, and a solution
containing dilution buffer (Solution-II) was loaded into the
Type-II fluidic paths (Figure 1C). Then, the top plate was
slipped to the right relative to the bottom plate to disconnect
all the fluidic paths and partition reagents (Figure 1D). To
perform a dilution, the top plate was moved downward relative
to the bottom plate to allow the mother microwells on the top
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Figure 2. Characterization of the sd-SlipChip with different dilution ratios. An aqueous solution containing fluorescein was pipetted into the
mother microwells, and water was loaded into the daughter microwells. A molecular diffusion time of 3 min was used for the following serial
dilution experiments. The dilution ratio can be precisely predetermined by the volumes of mother microwells and daughter microwells. The x axis
represents the dilution factor (log-transformed), and the y axis represents the normalized fluorescence intensity (log-transformed). (A) Dilution
ratio of 1:1. The volume ratio between mother and daughter microwells was 1:1. (B) Dilution ratio of 1:2. The volume ratio between mother and
daughter microwells was 1:2. (C) Dilution ratio of 1:4. The volume ratio between mother and daughter microwells was 1:4. The error bar
represents the standard deviation (n = 20).
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Figure 3. Large dynamic quantification of nucleic acid by digital LAMP on an eight-step sd-SlipChip with a dilution ratio of 1:4. (A—G)
Representative fluorescence images of digital LAMP for quantification of HBV plasmid DNA: (A) no template control, (B) 1 pg/uL, (C) 10 pg/
uL, (D) 100 pg/uL, (E) 1 ng/uL, (F) 10 ng/uL, (G) 100 ng/uL. A green dot indicates a positive well. (H) Bar chart representing the positive well
count for each row at different concentrations for the quantification of HBV plasmid DNA (n = 3). The different colors show different dilution
factors, and the error bar represents the standard deviation. (I) Plots of HBV plasmid DNA concentrations versus calculated concentrations from a
linear regression for the quantification of HBV plasmid DNA. The x axis shows the HBV plasmid DNA concentration (log-transformed), and the y
axis represents the copy number obtained by the sd-SlipChip method (log-transformed). (J) HBV viral load with clinical samples comparing digital
LAMP on an sd-SlipChip and a real-time PCR method. The x axis shows the copy number calculated by the sd-SlipChip method. The y axis
represents the HBV viral load, which was quantified by real-time PCR.

plate to overlap with the first row of daughter microwells on on the top plate and the daughter microwells on the bottom
the bottom plate, and the solution in the microwells was mixed plate when they were brought into contact. An aqueous
by molecular diffusion (Figure 1E). Then, the top plate was solution containing fluorescein and, later, an aqueous solution
slipped downward relative to the bottom plate again to allow containing DNA template were tested (see Methods in the
the mother microwells on the top plate to break from the first Supporting Information). The results suggested that 2 min of
row of daughter microwells and overlap with the second row of passive mixing by diffusion was sufficient to allow fluorescein
daughter microwells on the bottom plate (Figure 1F). Through and the DNA template to reach an equilibrium concentration
the simple stepwise slipping movements between the top and (Figure S1A,B). Therefore, a passive mixing time of 3 min was

bottom plate, a serial dilution nanoliter array was established applied to the following serial dilution experiments.
(Figure 1G-1). Next, we demonstrated that the sd-SlipChip can achieve
To ensure sufficient mass transfer during serial dilution, we different mixing ratios with high accuracy. Devices containing
first characterized the mixing between the mother microwells 20 microwells per row were used. A dilution ratio of 1:1 was
C DOI: 10.1021/acs.analchem.9b01270
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achieved by using an sd-SlipChip containing top wells of 10 nL
and bottom wells of 10 nL. A dilution ratio of 1:2 was achieved
by using an sd-SlipChip containing top wells of 5 nL and
bottom wells of 10 nL. A dilution ratio of 1:4 was achieved by
using an sd-SlipChip containing top wells of 3 nL and bottom
wells of 12 nL. An aqueous solution containing 100 ng/mL
fluorescein was introduced into the mother microwells, and
water was loaded in the daughter microwells. The measured
fluorescent intensity was in good agreement with the designed
dilution ratio (Figure 2A—C).

We designed an eight-step sd-SlipChip with a fewer than
600 total wells to perform digital LAMP quantification over a
large dynamic range of 7 orders of magnitude (Figure S2).
This sd-SlipChip contains 8 rows of daughter microwells and
64 of 12 nL microwells per row for daughter microwells. This
device contains 64 of 3 nL mother microwells and 64 of 12 nL
complementary mother microwells. Based on the previous
computational analysis of digital PCR by serial dilution,” as
few as 50 partitions for digital nucleic acid analysis can obtain
reasonably good sensitivity for copy number and assay
sensitivity. The dilution factor for each step was 5. The
calculated total dilution ratio was 390 625-fold. By preserving
the high concentration sample stock in the 64 of 12 nL
complementary mother microwells (top row in Figure 3G) and
utilizing all 8 rows of daughter microwells, the full dynamic
range from the 9 rows can be expanded beyond the total
dilution ratio. The theoretical upper limit of quantification
(ULQ) was about 1.0 X 10% copies/uL, and the theoretical
lower detection limit (LDL) was about 4 copies/uL. The
dynamic range can be defined as ULQ/LDL;** therefore, this
sd-SlipChip device can achieve a dynamic range of 2.5 X 107-
fold, which is approximately 7 orders of magnitude.

We characterized the serial dilution digital LAMP on the sd-
SlipChip by quantification of HBV plasmid DNA. The
experimental setup is described in detail in the Methods in
the Supporting Information. Solution-I, containing LAMP
Mastermix, primers, bovine serum albumin (BSA), and HBV
plasmid DNA template, was loaded into the mother micro-
wells; Solution-II, containing LAMP master mix, primers, and
BSA, was introduced into the daughter microwells. After
multiple slipping operations, a nanoliter array of 64
complementary mother microwells (12 nL each) and 64 X 8
daughter microwells (12 nL each) was established. The device
was placed on top of an in situ PCR thermal cycler for 30 min,
and the resulting fluorescence signal was measured with a
fluorescence microscope. None of the microwells in the no
template control experiments showed a significant increase in
fluorescence intensity (Figure 3A). At low concentrations of
HBV DNA, only row one and row two presented digital
patterns of positive wells (Figure 3B). As the concentration of
target DNA increased, the third to eighth dilutions
demonstrated digital patterns (Figure 3C—G). The number
of positive wells for each row was counted (Figure 3H). The
calculated concentration from the experimental results (de-
tailed calculation method in the Supporting Information) was
in excellent agreement with the serial dilution ratio (Figure 3I).

We further tested serial dilution digital LAMP on an sd-
SlipChip with HBV DNA extracted from clinical samples.
Plasma samples from 12 anonymous HBV-positive patients
and plasma samples from 4 anonymous HBV-negative patients
were used in this study (experimental details in the Supporting
Information). For the 12 HBV-positive samples, the
quantification results from serial dilution digital LAMP on

the sd-SlipChip were in good agreement with the results from
standard HBV clinical protocols (Figure 3]). The four HBV-
negative samples also tested negative on the sd-SlipChip as
none of the microwells had fluorescent intensity higher than
the cutoft threshold.

The sd-SlipChip can precisely control the dilution ratio by
controlling the volumes of microwells. A fine gradient can be
obtained by a small dilution ratio, and a large dynamic range
can be the result of a large dilution ratio. The dilution ratio can
also be different for different rows; for example, the dilution
ratio increases as the number of rows increases to obtain a
nonlinear serial dilution array. Furthermore, the dilution ratio
per column can also be adjusted according to specific
requirements to obtain multiple arrays of different serial
dilution patterns on the same sd-SlipChip.

In this letter, the mixing of solution in mother microwells
and daughter microwells simply relied on molecular diffusion.
For systems with high diffusion coefficients, this may not be
problematic. However, for more viscous solutions, systems
with low diffusion coefficients, or systems requiring fast mixing,
magnetic balls, or microstir bars can be placed in the mother
microwells to perform active mixing.

Furthermore, analysis of paired data from the same column
of an sd-SlipChip can provide an internal control and
potentially increase the accuracy of analysis. In this paper,
we took the base row, the first row that has more than 36.8%
negative counts, and the rows below for data analysis. This
method can use only the counts per row for calculation, but it
does not fully utilize the paired relationship within each
column. Further statistical tools or computational algorithms
that perform additional analysis with data can provide more
comprehensive results and additional insight on the error rate
for the sd-SlipChip, but these approaches are beyond the scope
of this paper.

B CONCLUSION

The sd-SlipChip can generate serial dilution nanoliter arrays
with simple multistep slipping operations. It does not require
cumbersome manual pipetting steps or complex fluidic
handling systems. The sd-SlipChip can provide a precise
dilution ratio by controlling the fluidic volumes in mother and
daughter microwells. The sd-SlipChip can achieve analysis over
a large dynamic range with significantly fewer reaction
compartments than those produced with single-volume
partitions. We applied the sd-SlipChip to digital LAMP
quantification of target nucleic acids with a large dynamic
range. The sd-SlipChip also has great potential for other
biological or chemical screening applications over a large
dynamic range, such as drug screening, immunoassays, protein
crystallization, and optimization of reaction conditions.
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