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Sensitive and specific detection of nucleic acids from rare but
biologically important individual cells can bring in-depth
understanding of cell differentiation and disease occurrence;
for example, stem cells and circulating tumour cells in cancer
patients.”™ As the most powerful and basic technologies to
analyse nucleic acids, polymerase chain reaction (PCR)
produces millions of copies of DNA molecules starting from
a single template DNA. In PCR of cell populations, cell lysis and
specific enrichment procedures need to be highly efficient and
compatible with downstream analysis, which may lose rare DNA
and cannot reveal cell heterogeneity. Methods for isolating and
PCR of single cells are essential to obtain more meaningful
information.

Several research groups have reported techniques for gene
analysis using a small amount of cells, even a single cell.””®
Flow cytometry may be the most effective way for isolating
large numbers of individual cells, but gene analysis of these
sorted cells is still conducted in vials, with microliter volumes
and low throughput. Analytical tools and methods for high
throughput gene analysis based on microfluidic technology
have emerged in recent years,'>" including micro wells and
micro droplets. Fusion and division of droplets are needed to
add reagent and reduce lysate-induced inhibition effects, but
they destroy the integrity of DNA' and the accuracy of detec-
tion. Meanwhile, sample transfers between generation and
operation of droplets, DNA amplification, and fluorescent
detection also induces high risk of sample loss. Last but not
least, complicated fabrication and operation processes, as well
as high commercial costs of these microfluidic chips, are not
affordable by most biological labs. One-step PCR of cells in
micro wells without sample transfer is an effective and low
cost method to ensure the integrity of cell DNA. However, due
to lysate-mediated inhibition, reducing reaction volume to
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One step DNA amplification of mammalian cells in
picoliter microwell arraysy
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We developed a strategy for direct DNA amplification of single cells on a PEG-modified silica chip with
30 600 picoliter-sized microwells. HPV-positive cells in heterogeneous populations were successfully
detected with high accuracy sensitivity as high as single copy.

picoliters for high throughput analysis of cells is still a chal-
lenge today.

In this study, we present a strategy for one-step DNA
amplification of a single cell on a PEG-modified silica chip with
30 600 picoliter-sized microwells. We applied this strategy to
detect HPV 16 E6 positive cells with existence of negative cells as
background, demonstrating its feasibility for medical diagnosis
and related applications. Compared with flow cytometry or
microfluidic chips, this strategy can robustly detect a single
copy of nucleic acids from single cells within 2.5 hours by an
integrated operation. It is dramatically simpler and cheaper
than previously reported methods, thus more accessible by
most biology labs.

The workflow of our approach, shown as Fig. 1, illustrates
the size-optimized silica chip is 2.2 x 2.2 cm?® and has 30 600
microwells and is 100 pm in diameter, 40 pm in depth, and 314
pL in volume (Fig. 1A).”* To avoid air bubbles and protein

A (0.0 000 ¢
PEG modification LA AL
ICX XX X X )
40 Em 100 um (00000 ¢
0000 00]
® ( J ® o g® ©
B i

¢

mineral oil

glass cover T
ol ICEEERR

== PCR reagent

Fig. 1 Working flow of one-step PCR for single cells. (A) Silica chip
with microwells. (B) Loading of cells. (C) Division of PCR reagent. (D)
Assembled heating chamber. (E) Heating chamber containing target
cells generate fluorescent signal during PCR. (F) The fluorescent signal
can be detected by a wide-field microscope.
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adsorption during sample loading, surfaces of the chip were
modified by methoxy-PEG-silane (2-[methoxy(polyethyleneoxy)
propyl]-trimethoxysilane). Our method for fabricating the
heating chamber is as follows: we first dried the silica chip and
put it on the bottom of a culture dish. A pre-treated cell
suspension with optimized density was added to the culture
dish and then subjected to centrifugation (Fig. 1B). After cells
were loaded into the microwells, the chip was washed with
water and dried again. Then, PCR reagent was added on one
side of the chip and a piece of silica gel was used to wipe the
PCR reagent to another side (Fig. 1C). Next, the chip was
sandwiched in a copper-glass chamber, which was filled with
mineral oil and fixed by screws (Fig. 1D and S17). Finally, this
heating chamber was put on top of the heating module of
a thermal cycler for PCR assay. TagMan probes specific to target
sequence produce a detectable signal when the positive cell is
present and this PCR signal can be detected either during or at
the end point of the assay by a fluorescence microscope (Fig. 1E
and F).

As the simplest and most accessible method, centrifugation
was used to load cells into microwells. According to single cell
trapping analysis that was previously demonstrated, the
number of wells containing single cells climbs and then
declines with increasing cell density.’* To obtain the
maximum amount of single cells, we optimized density of the
cell suspension for loading by increasing cell density gradually
in a relatively small range and recording the number of cells in
the microwell. The correlation between cell density and cell
numbers in microwells is shown as Fig. 2. As expected, both
the numbers of wells containing single cells and multi-cells
increased with increased loading density, but the percentage
of single cells decreased gradually. To balance these two
aspects, we chose a loading density between 40 000-60 000
cells per mL. At this constant parameter, we obtained 8000
wells with cells, and more than 80% of these wells contained
a single cell.

We used the same chip for cell loading and PCR reagent divi-
sion to ensure the integrity of the cell's nucleic acids. There are
several hindrances to fulfilling this strategy. The first one is to
reduce the phosphate-buffered saline (PBS) normally used to
suspend live cells during cell loading. Although the microwell is
picoliter-sized, PBS salt precipitated when drying the chip after cell
loading and was resolved during the PCR reagent division. The
pretreatment of a cell sample we used was to eliminate PBS from
cell suspension through fixing cells by paraformaldehyde (PFA)
and re-suspending them in deionized water. Therefore, both PBS
and PFA were eliminated. Our fixation process prevented cells
from bursting during buffer replacement and also inactivated
enzymes that inhibit a PCR reaction. Our results demonstrated
that PBS elimination increased the PCR efficiency dramatically
(Fig. S21). On the other hand, suspending cells in water can keep
the surface of a chip clean enough for PCR reagent division.
Otherwise, air bubbles will generate when wiping the PCR reagent,
become larger, and move during the thermal cycle, bringing strong
fluorescent background finally (Fig. S27).

The lysate-mediated inhibition effect increased dramatically
when the reaction volume decreased to picoliter-scale, not only
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Fig. 2 Cell loading analysis. (A) Chip after loading live cells stained by
calcein AM. (B) Bright field and fluorescent images of higher magnifi-
cation images show the PI labeled cells in a microwell. (C) Relation
between the loading density of cell suspension and the cell distribution
on a chip. Percentage of single cells among all nonempty wells (red
line) decreased with increased cell loading density.

because of the remaining lysis reagent itself, but also due to the
high concentration of cell lysate.”®™* According to reported
works that BSA could be a mild reagent for direct cell lysis,"*°
another effort we made to fulfill this strategy was the intro-
duction of bovine serum albumin (BSA) to PCR reagent.
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Fig.3 One-step PCR of single CaSki cells for detecting HPV DNA. (A) Images of the same chip during PCR on cycles 1, 15, and 40. Bright spots in
cycle-1 and cycle-15 are nonspecific fluorescence of cells, and the bright wells in cycle 40 are PCR signals. (B) Definition of microwells. Cell+/
fluo+ is a microwell with both cell and PCR signals; cell—/fluo+ is a microwell with a PCR signal but without cells; cell+/fluo— is a microwell that
contains cells, but no PCR signal; cell—/fluo— is empty background. (C) Fluorescence intensity curve illustrating the normal amplification of cells.
(D) Statistical analysis of the accuracy of this strategy. The diameter of a well is 100 pm.

Compared with traditional PCR in a vial, PCR at picoliter scale
has higher surface to volume ratio; thus, we needed a high
enough concentration of BSA to lysis cells and prevent interface-
adsorption of DNA polymerase. Unfortunately, we also found
that background noises became stronger as BSA concentration
increased. Considering these two contradictory aspects, we
finally optimized the BSA concentration at 25 mg mL ", which
is a very high concentration compared with 1 mg mL™" in
traditional PCR carried out in vials and at which background
noises are acceptable for detection.

Human papilloma virus (HPV) induced cervical cancer was
used as a model system to demonstrate the feasibility of this
method. It is reported that HPV 16 E6 gene mediates the
oncogenic property of HPV and over 99% of all cervical cancers
are high-risk HPV-positive.”"** The detection of HPV positive
cells can be used as a primary diagnosis. We first verified the

This journal is © The Royal Society of Chemistry 2019

PCR reagent and PEG-modified chip worked well by cell lysate
(Fig. S3A and Bf). Next, we detected the HPV DNA in CaSki
cells (HPV+, 600 copies) and human Alu elements (Fig. S41),
which are the most abundant transposable elements dispersed
throughout the human genome.**** For both of these cases, we
obtained the same specific PCR signal after 25 cycles (Fig. 3A
and S471). To exclude false signals, CaSki cells shown in Fig. 3A
were not fluorescent labelled. Nevertheless, a cell itself
generated a fluorescent signal immediately after the initial
denaturation of PCR and this non-specific fluorescence
changed very little during the thermal cycle. The only reason
may be that cells adsorbed some TagMan probes that were
destroyed during denaturation. On the contrary, we took
advantage of this property to identify the cell itself from a PCR
signal in the following experiments when the cells were not
initially stained.

RSC Adv., 2019, 9, 2865-2869 | 2867
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Fig. 4 Detection of HPV 16 E6 in negative cells, positive cells, and
heterogeneous populations. No PCR signals were generated in C-33A
cell after 50 cycles. Single copy of HPV16 could be detected in both
SiHa cells and the cell mixtures.

We also stained cells by PI before loading them into micro-
wells to distinguish cells from the PCR signals more clearly. We
defined the relationship of cell-PCR fluorescence by a higher
magnification shown as Fig. 3B and took images after each 5
cycles. The fluorescence of 35 cell+/fluo+ and 35 cell—/fluo—
were analyzed. The curve of cell+/fluot+ shows an “S” shape
which indicates a normal amplification and also a significant
difference from the cell-/fluo- (empty well, Fig. 3C). On the other
hand, it is easy to find that all the cell—/fluo+ (false positive
signal) are near cell+/fluo+ (Fig. 3B), which indicated the
possibility of leakage from a neighboring positive well. As these
false positive signals are always together with positive signals,
and statistics suggest that the ratio of cellt+/fluo— is 1.1%
(Fig. 3D), we can conclude that once a positive cell appears, it
could be detected with an accuracy as high as 98.9% (sum of
cell+/fluo+ and cell—/fluo+).

In order to confirm the utility of this assay to identify specific
cells in heterogeneous populations, we detected HPV 16 gene in
SiHa cells (HPV+) based on TagMan PCR assays with existence
of C-33a cell (HPV—) as background, which were not infected by
HPV. Unlike the large number of HPV in CaSki and Alu element
in human cells, each SiHa cells contain 1-2 copies of HPV 16
DNA only on average.>*” Consistent with what we predicted,
HPV-negative cells C-33A showed no PCR signals after 50
thermal cycles (Fig. 4). We found that SiHa cells, but not all of
them (23% on average), generated positive PCR signals, which is
different from what we originally thought (Fig. 4). We also
mixed SiHa cells and C-33A cells to decline the positive cell
content and the positive signals decreased continually. These
findings demonstrated our strategy successfully detected
a single copy of target DNA from single cells among heteroge-
neous populations.

There are several possibilities for the contradiction on HPV
16's copies in a SiHa cell. First, the reported number of 1-2
copies on average may be too low to detect in the picoliter-sized
wells shown in our strategy, especially with a high concentra-
tion of protein as background. The second is that not every SiHa
cell really has HPV 16 DNA because the reported data is an
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average number. More data are needed to give a deeper expla-
nation through single cell sequencing or digital PCR of single
SiHa cells.

Conclusions

In conclusion, we have established a novel strategy for the
detection of specific cells in picoliter-sized reaction units with
high throughput and efficiency. The cell pretreatment
described in this work eliminates or inactivates most inhibitors,
allowing the PCR reaction to be performed in picoliter-sized
microwells. Using an improved PCR reagent, no specific cell
lysis was needed for successful identification of a single DNA
copy from single HPV positive cells in a microwell. Compared
with previous reported single cell detection on a chip, simpli-
fication of the device and operation, combined with a commer-
cial PCR instrument, and the high sensitivity of single copy
detection in this work, enables the strategy to be dramatically
more accessible by biologists. We also believe that this strategy
of loading and direct PCR of single cells can be useful in a broad
array of applications, especially single cell sequencing.
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