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Abstract

Genetic analysis starting with cell samples often requires multi-step processing including cell
lysis, DNA isolation/purification, and polymerase chain reaction (PCR) based assays. When
conducted on a microfluidic platform, the compatibility among various steps often demands
complicated procedure and complex device structure. Here we present a microfluidic device that
permits “one-pot” strategy for multi-step PCR analysis starting from cells. Taking advantage of
the diffusivity difference, we replace the smaller molecules in the reaction chamber by diffusion
while retaining DNA molecules inside. This simple scheme effectively removes reagents from the
previous step to avoid interference and thus permits multi-step processing in the same reaction
chamber. Our approach shows high efficiency for PCR and potential for a wide range of genetic
analysis including assays based on single cells.

Analysis of genes from targeted cells based on polymerase chain reaction (PCR) is routinely
required for illustrating the fundamental molecular biology involved in cellular events and
detecting abnormal pathways involved in disease development. Microfluidic devices offer
potential for genetic analysis based on tiny amounts of cell samples with high sensitivity and
high degree of integration 1-8. Genetic analysis of cells often starts with cell lysis which
releases genes from cells. The released genes typically require isolation and purification
before they are analyzed by PCR-based amplification ° 10. The integration of these steps on
a microfluidic platform warrants careful consideration and arrangement. The entire process
involves various chemical and biological reagents, as such some reagents may strongly
interfere with the functions of others. Most notably, chemical reagents used for cell lysis
(such as sodium dodecyl sulphate and Triton X-100) may inhibit PCR by reducing
polymerase activity 11713, Furthermore, the intracellular molecules such as proteins 14,
polysaccharides 15, and ions 16 (including Ca2*, Fe3* and EDTA) in the cell lysate may also
interact with a polymerase and affect the PCR result. So far there have been three strategies
to remove or alleviate the impact of cell pretreatment on PCR: 1. Institute some type of
isolation step to remove lysis reagent and undesired intracellular molecules while preserving
nucleic acids. This is typically done by adsorption of nucleic acids on solid surfaces (e.g.
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beads or matrices) while replacing the solution 231718 The adsorption and desorption
processes involved in these assays increase the complexity of the procedure. Additional
chambers and structures may also be needed on the chip to accommodate the procedure. 2.
Use alternative lysis methods that interfere with PCR to a less degree than surfactants,
typically in combination with dilution. Freeze-thaw 19 or heating 2% 21 has been applied to
cell lysis in the context of genetic analysis. These methods are less efficient than surfactant-
based lysis 22. 3. Use Direct PCR kit based on Phusion polymerase that is tolerant to
surfactant-based lysis reagents 23. However, Phusion polymerase can be inhibited by SYBR
green and other dyes 24 and lacks 5’ to 3’ exonuclease activity 2. Thus commonly-used
fluorescence-based quantification is impossible with the Phusion polymerase system. To
summarize, microfluidic strategies that permit simple operation and device design and are
compatible with Taq polymerase are still in high demand. Such strategy will be particularly

beneficial for precise and demanding operations such as genetic analysis based on single
cells 26-28,

In this work, we demonstrate a simple scheme for conducting microfluidic PCR starting
from cells, taking advantage of the difference in the diffusivity between DNA and various
reagent/intracellular molecules. We use the same reaction chamber for both cell lysis and
PCR and this is analogous to *“one-pot synthesis” (i.e. using one reactor for successive
reactions without separation and purification). The lysis buffer and the PCR mix were
introduced into the chamber by concentration-gradient-driven diffusion. During such
diffusion, the new solution replaces the solution and molecules from the previous step
without removing the slow-diffusing large DNA molecules. We show that this scheme
allows highly efficient genetic analysis of a low number of cells (including single cells). The
single chamber (“one-pot™) design drastically minimizes the complexity of the microfluidic
device. We envision that this may be a general approach for on-chip multi-step assays on
sizable DNAs.

Our microfluidic device had a simple structure that included a reaction chamber connected
with two loading chambers on both sides (Fig. 1a). The connections between the reaction
chamber and the two loading chambers (i.e. a number of channels) could be cut off by
closing two-layer valves 29 30, A hydration line structure was also added in the control layer
so that pressure and water inside the hydration line minimized the evaporation during

PCR 2:31, The temperature required by PCR (up to 95 °C) accelerated water evaporation
through the gas-permeable PDMS structure. The water in the hydration line (under 25 psi
during PCR) moved through the PDMS membrane (~40 pm thick) by osmosis to
compensate water loss due to evaporation. The hydration line also created a high pressure in
the reaction chamber during PCR which also decreased evaporation. With the volume of the
loading chambers substantially larger than that of the reaction chamber (by a factor of 16),
this simple microfluidic platform allowed the replacement of small molecules (either
reagents or intracellular molecules) inside the reaction chamber by diffusion from/into the
loading chambers under concentration gradient, while preserving large DNAs inside
throughout such process. The diffusion process is governed by Fick’s first Law:
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Where J is the diffusion flux, D is the diffusivity or diffusion coefficient, ¢ is the
concentration, and de is the concentration gradient. There is substantial difference among the
diffusivity of involved species: at 25 °C, the diffusivity of genomic DNA fragments is
estimated to be 2.0x10713m?/s (by assuming ~50 kb as the average size and calculating
using the empirical equation32), compared to 4.7x10711 m2/s for Taq polymerase 33,
8.0x10711 m/s for intracellular proteins 3* (considering ~53kDa as the average size),
1.0x10710 m?/s for primers (~20bp ssSDNA) 35, 3.7x10710 m2/s for dNTP 36, 3.0x10710 m?/s
for Triton X-100 37 and 1.0x10~2 m?/s for small ions 38, such as Mg2*, K* and CI". Fig. 1b
shows a COMSOL model of our microfluidic design. Only 1.4% of genomic DNA
fragments diffuse out of the reaction chamber in 1 h. In comparison, 87.5% of the lysis
reagent Triton X-100 and 44.3% of the intracellular proteins, diffuses out of the reaction
chamber (into the loading chambers) in the same period. 1 h loading of new reagents causes
the concentrations of Taq polymerase and primers in the reaction chamber to reach 32% and
58%, respectively, of the concentrations in the loading chambers, compared to 90% for
small ions. Thus the concentrations in the loading chambers may need to be high in order to
supply the reaction chamber with desired concentrations given a short loading period. It is
worth emphasizing that the modeling was conducted by assuming the size of DNA to be ~50
kb which was the typical size of genomic DNA after lysis with shearing, as opposed to the
size of a complete genomic DNA. A scaling law of D~L™" (v=0.571 + 0.014) applies for
linear DNA molecules from 6 to 290 kb, where D is the diffusivity, L is the length of DNA
and vis the scaling exponent3°. Larger DNA sizes which have smaller diffusivity will
further facilitate our scheme.

As an initial test, we used our platform for PCR of purified human genomic DNA produced
from a lymphoblastoid cell line (GM 12878). In the experiment, we first loaded genomic
DNA in water into the reaction chamber (about 500 copies of DNA molecules in the 24 nl
reaction chamber). We then filled the loading chambers with PCR mix having designed
concentrations (250 U/ml Taq polymerase, 1.2 uM for each primer, 0.4 mM for each of
dNTPs, 6 mM MgClI, and 100mM KClI, 0.8% PEG 8000, 0.08% Tween-20) and allowed
various periods for the loading times (0-30 min). It is worth noting that the concentrations
of Taq polymerase and primers in the loading chamber were significantly higher than the
desired concentrations (50 U/ml and 0.4 uM, respectively) in order to speed up the
diffusion-based material transfer. During loading, the PCR mix (with primers targeting
GAPDH gene) slowly replaced the original solution in the reaction chamber by diffusion.
The reaction chamber was then sealed off by the valves and the microfluidic chip was placed
on a flat-plate thermal cycler for PCR amplification. After the PCR amplification, the PCR
product was quantified using qPCR to obtain the copy number of the amplified genes. As
shown in Fig. 2, we observed increasing amplification with longer loading times (the grey
bars). To verify that the PCR result was dictated by the diffusion process, we used
COMSOL to model the molecular transport during loading and generated values for Taq
polymerase (0, 0.2, 2, 13 and 38 U/ml) and primers (0, 3, 20, 120, 400 nM) in the reaction
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chamber under various loading times (0, 1, 3,10, 30 min). We then conducted on-chip PCR
in the reaction chamber containing PCR mixes with the above Taq polymerase/primer
concentrations (striped bars). We found that the amount of PCR product was very similar in
these two cases. This confirms that the increase in the amplification under longer loading
time was due to higher reagent concentrations in the reaction chamber after longer diffusion
and the diffusion of Taq polymerase and primers was the limiting step.

Based on this understanding, we designed the multi-step PCR process, starting from cells
(Fig. 3a). Compared to the device described in Fig. 1 and 2, we reduced the volume of the
reaction chamber to 3 nl (with those of the loading chambers also decreased in proportion)
and used it to process 1-100 cells and applied 45 thermal cycles for the amplification.
GM12878 cells were first loaded into the reaction chamber. Triton X was flowed into the
loading chambers (with the reaction chamber closed) and then diffused into the reaction
chamber for lysing the cells with a loading time of 10 min (shown in Fig. 3b). The reaction
chamber was then closed for 5 min for lysis to complete while the PCR mix (250 U/ml Taq
polymerase, 1.2 UM for each primer, 0.4 mM each of dNTPs, 6 mM MgCl, and 100 mM
KCI, 0.8% PEG 8000, 0.08% Tween-20) was flowed into the loading chambers. The PCR
reagents were then diffused into the reaction chamber with a loading time of 30 min, while
the lysis reagent Triton X and intracellular molecules diffused out. We run the thermal
cycles (45 cycles) while the reaction chamber was closed. The PCR product was then
flushed out of the reaction chamber for quantification by gPCR off-chip. Fig. 3¢ shows the
results of the diffusion-based PCR for detecting samples ranging from single cells to 50
cells. Real-time PCR used in our experiment has the resolution to differentiate various
numbers of cells in the range of 1-1000 (as shown in Fig. S1 in ESI). Fig. 3c shows that
various numbers of cells (1, 5, 15 and 50) were easily differentiated based on the amount of
PCR product after amplification of 45 cycles. It is worth noting that the signal from the
blank sample (0 cell) was due to the dimerization of primers as suggested by the melting
curves (Fig. S2 in ESI). The parameters of the above process were carefully designed to
maximize the efficiency for the on-chip PCR. Our modeling shows that the residual Triton X
in the reaction chamber during PCR was less than 0.1% which has minimal effect on PCR
performance based our test results (Fig. S3 in ESI). As a further confirmation, the diffusion-
based PCR starting with cells yielded similar results compared to those starting with purified
DNA from the same number of cells (Fig. S4 in ESI), indicating that there was no inhibition
from the lysis reagent or intracellular molecules.

The use of diffusion for changing small-molecule reagents in a microfluidic reactor is
universally applicable to assays involving large DNA molecules isolated from cells. Our
approach efficiently eliminates DNA isolation and purification steps and drastically
simplifies the design of the microfluidic device. These advantages will be critical for assays
starting from a low number of cells or processes involving large-scale parallel operations
(e.g. analysis of single cell arrays). The major drawback of the approach is the added time
required for diffusion. This additional assay time can be shortened by elevation of the
temperature and increase in the concentration in the loading chamber. When complex cell
samples (e.g. clinical samples involving multiple cell types) are used, the isolation of the
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target cell type from the mixture before the use of our protocol may be helpful for thorough
removal of the inhibition of PCR by intracellular molecules.
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Figure 1.
Principle of solution replacement based on diffusion. (a) The design of the microfluidic

device (with 24 nl reaction chamber). The device consists of two PDMS layers. Control and
hydration are implemented in the same control layer by actuating the valves and supplying
water under pressure (~25 Psi). The fluidic layer has a small reaction chamber connected
with two large loading chambers. When the valves are open, molecules in the solution A
may enter the reaction chamber by diffusion, effectively replacing solution B. (b) The entry
(solid lines) and release (broken lines) of various molecules into/out of the reaction
chamber, modeled by COMSOL Multiphysics. The initial concentration in the loading
chamber (in the cases of entry into the reaction chamber) or that in the reaction chamber (in
the case of release out of the reaction chamber) was used as the reference (i.e. having a value
of 100%).
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Figure 2.
Diffusion-based PCR in a 24 nl reaction chamber starting with genomic DNA purified from

GM12878 cells. The detection targeted GAPDH gene and the amplification run for 30
cycles. The copy number of the PCR product was quantified using qPCR. The results with
various loading times (grey bars, 0, 1, 3, 10 and 30 min) are compared with those of on-chip
PCR with various Taq polymerase concentrations (0, 0.2, 2, 13 and 38 U/ml) and primers
concentrations (0, 3, 20, 120, 400 nM) (striped bars, these values were generated by
COMSOL modelling of the diffusion process for the corresponding loading times) to
confirm the impact of the diffusion on PCR results.
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Figure 3.
Combined lysis and PCR starting with GM12878 cells in a 3 nl reaction chamber. (a) A

schematic on the procedure. Triton X lysis buffer replaces the original cell buffer by
diffusion. Then the Triton X lysis reagents are replaced by PCR mix by diffusion. Finally
PCR amplification occurs for 45 cycles. Triton X lysis buffer and PCR mix had loading
times of 10 and 30 min, respectively. (b) The cell lysis observed under differential
interference contrast (DIC) microscope. Cells are completely lysed after the loading of
Triton X lysis buffer for 3 min. (c) The combined lysis and PCR procedure on cells of
various numbers (0-50). The PCR signal resulted from the control sample (0 cells) is from
primer dimerization as shown by the melting curves (Fig. S2 in ESI).
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