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ABSTRACT: In this work, we present a simple, straightforward, and robust method for spontaneously digitizing samples into an 
array of discrete volumes. The method is based on an oil-triggered, template-confined dewetting phenomenon. To realize the 
dewetting-induced sample digitization, an aqueous sample is firstly infused into a networked microwell array (NMA) through a 
predegassing-based self-pumping mechanism, and then an immiscible oil phase is applied over the surface of NMA chip to induce 
the templated dewetting. Due to a periodic interfacial tension heterogeneity, such dewetting ruptures the sample at the thinnest parts 
(i.e., connection channels) and spontaneously splits the sample into droplets in individual microwells. Without requiring any complex 
pumping or valving systems, this method can discretize a sample into tens of thousands of addressable droplets in a matter of minutes 
with nearly 98% usage. To demonstrate the utility and universality of this self-digitization method, we exploited it to discretize 
samples into 40,233 wells for digital PCR assay, digital quantification of bacteria, and self-assembly of spherical colloidal photonic 
crystals. We believe this facile technique will be useful in a broad range of applications where partitioning of samples into a large 
number of small individual volumes is required. 

Sample digitization is a crucial operation in many chemical 
and biological assays.1–4 By discretizing an initial sample into a 
large number of equal volume subunits, single target entities 
can be isolated from non-target species which enables new 
functionality for myriad applications including digital quantita-
tion of nucleic acid or protein,5,6 single-cell analysis,7,8 protein 
crystallization,9,10 and drug discovery.11,12 Conventional ap-
proaches to sample discretization include nebulization and me-
chanically agitated emulsification.13,14 Although these methods 
can massively produce discretized droplets, they have limita-
tions in the monodispersity and reproducibility of droplets. 
Moreover, it is difficult for these methods to continuously mon-
itor individual droplets which is needed for studying the tem-
poral processes of individual entities. Recently, a variety of mi-
crofluidic methods have been proposed for sample digitization. 
Among them, droplet microfluidics is the most popular ap-
proach to sample digitization, which produces a large number 
of monodisperse aqueous droplets in an oil phase using hydro-
dynamic interactions.15,16 Although droplet-based microfluidic 
digitization methods are powerful and fully-developed, they 
normally require complex and precise pumping equipment. To 
stabilize the water-oil interface and prevent droplet coalescence, 
these methods also require the addition of surfactants in the 
aqueous or oil phase, which may interfere with the reaction or 
assay.17 In addition, indexing is also a challenge for droplet mi-
crofluidic platforms since droplets are free to move throughout 
the experiment, which hinders time-lapse studies of large num-
bers of individual droplets. As an alternative to sample digitiza-
tion, “static” microfluidic methods supporting the generation of 
arrays of physically isolated droplets have been developed. By 
confining droplets into static and spatially-defined arrays, these 

methods allow indexing and monitoring of droplets over time 
and also obviate the need for any surfactant addition. Typical 
“static” microfluidic digitization systems include pneumatically 
actuated valve arrays,18 SlipChip,19 OpenArray,20 trapping well 
arrays,21 and hydrophilic-in-hydrophobic patterns.22 Although 
these “static” microfluidic digitization systems offer the major 
advantage over the droplet-based approaches, most of them still 
require expensive external pumping equipment, accessory sam-
ple loading components, or complex microfabrication to 
achieve sample digitization. More recently, in order to lessen 
reliance on complex external pumping equipment and simplify 
the fluid operation for end-users, a degassing-driven self-pump-
ing mechanism was recently introduced for “static” sample dig-
itization.23–27 By employing the air absorption of the pre-de-
gassed polydimethylsiloxane (PDMS) substrate to create pump-
ing pressure, this power-free self-digitization technology has 
minimized the number of liquid control components, which is 
favorable to portable applications. In most cases, the power-free 
self-digitization devices consist of an array of microchambers, 
each row of microchambers connecting to a main microchannel. 
During sample digitization, such “microchamber array + main 
channel” features normally require an oil flushing step to re-
move the excess sample from the main channel after sample 
priming and thus isolate the aqueous sample in each micro-
chamber. However, due to the rapid decay of pumping pressure 
created by the pre-degassed PDMS substrates and high viscos-
ity of the oil phase, the oil flushing process is usually lengthy, 
which is unfavorable, if rapid analyses are required, e.g., point-
of-care diagnostics. Furthermore, most existing methods re-
quire an excess of sample volume for sample digitization, mak-
ing it unsuitable for analyzing very limited quantities of 



 

samples, e.g., a drop of blood from a needle prick. Therefore, it 
remains challenging for microfluidic platforms to achieve rapid, 
cost-effective, and low-sample-loss digitization. To address 
these challenges, we recently presented a rapid and facile 
method for spontaneous sample digitization,27 which uses a re-
versible channel-well assembly chip coupled with predegas-
sing-based self-pumping mechanism to achieve an easy, fast, 
and large-scale sample partitioning. However, due to the de-
tachable channel-well configuration, it requires tedious align-
ment and assembly which can hinder non-specialist users from 
using this sample digitization method. 

In this work, we present a simpler and more straightforward 
method for spontaneously digitizing samples into tens of thou-
sands of discrete volumes in less than one and a half minutes 
with about 98% usage. By combining the degassing-driven self-
pumping mechanism and template-confined dewetting effect, 
this method spontaneously and rapidly discretizes an aqueous 
sample into a high-density networked microwell array without 
the need for any complex pumping/valving systems or tedious 
alignment steps. Unlike most (if not all) power-free methods for 
sample digitization, this method allows for automated, flow-
free isolation of trapped sample in microwells without oil flush-
ing operation, which further reduces the complexity of the fluid 
operation and is also favorable to minimal sample-loss during 
sample digitization. To demonstrate the utility and universality 
of this self-digitization method, we exploited it to discretize 
samples into 40,233 wells for digital PCR assay, digital quanti-
fication of bacteria, and self-assembly of spherical colloidal 
photonic crystals. We envision that our proposed method will 
provide a facile and versatile tool for a variety of digital assays 
or synthesis in the future. 

 

Figure 1. Design and components of the NMA chip used for 
dewetting-induced self-digitization. (a) Schematic of the NMA 
chip. The chip consists of three layers: a PDMS cover layer, a mi-
crostructured PDMS sheet, and a glass supporting layer. (b) Photo-
graph of an NMA chip containing discretized samples, scale bar is 
500 μm. 

RESULTS AND DISCUSSION 
Device Design and Operation. The basic design of a 

dewetting-induced self-digitization (SD) chip is depicted in 
Figure 1. The chip consists of a networked microwell array 
(NMA) and a rectangular reservoir. In the NMA, the microwells 
are arranged in a honeycomb manner, where inner individual 
microwells are connected to the surrounding six neighboring 

microwells while peripheral microwells connected to the main 
channel by narrow and shallow microchannels. Such a 
networked feature allows one sample loading to fill all the 
microwells with minimal sample amounts and time. 
Furthermore, its periodic surface heterogeneity can be used to 
guide the dewetting of the impregnated aqueous sample in an 
ordered fashion, leading to spontaneous sample digitization. 
Figure 2 shows the operation procedure of the dewetting-
induced self-digitization chip for sample digitization (also see 
Movie S1). First, the inlet of the chip was sealed with tape, and 
then the sealed chip was placed in a vacuum condition (~ 10 
kPa) for 1 h to build up a negative pressure in the closed 
microchannel/ microwell system for self-priming.27 After 
removal of the chip from the vacuum, a pipette tip holding 
aqueous sample (~35 μL) was immediately inserted through the 
tape and into the inlet of the chip. Driven by the negative 
pressure created in the chip during the degassing process, the 
sample solution was automatically sucked into the 
microchannels and quickly filled all the available space in the 
closed system including microchannels and microwells.23–29 
Subsequently, a few drops of oil having high wettability to 
PDMS (e.g., silicone oil or hexadecane) were added to the oil 
reservoir. Once the sample filled all of the channels and 
microwells, the cover layer was peeled off from the 
microstructured layer. Due to its high wettability to PDMS, the 
oil leaked from the oil reservoir spontaneously spreads over the 
surface of the microstructure layer to trigger the dewetting of 
the impregnated aqueous sample at narrow well-to-well chan-
nels, leading to the isolation of sample in individual microwells 
and thus sample discretization. In contrast to traditional 
discontinuous dewetting which creates liquid arrays by draining 
or scraping the excess liquid from a molded or patterned 
surface,30,31 this method does not require any delicate handling 
of liquid or devices (e.g., carefully controlling the draining or 
scraping speed), thus providing a simple and robust route to 
sample digitization. More importantly, the primed sample can 
be transformed into discretized droplets in the NMA chip with 
nearly zero waste (only wasting a tiny sample loaded in the 
main channel). For our NMA chip, the volume of the main 
channel is about 2% of the total volume of channel-microwell 
space. Thus, it can be inferred that the usage ratio of sample is 
about 98% (refer to Section S1 in Supporting Information for 
more details), which is favorable for analyzing very limited or 
precious samples. 

Mechanism of Self-Digitization Induced by Oil-Triggered, 
Template-Confined Dewetting. Dewetting of liquid on solid 
surfaces is a spontaneous physical phenomenon driven by the 
total interfacial energy minimization, which induces the rupture 
of large continuous liquid and the formation of small droplets. 
The idea of templated dewetting is to use a pre-patterned or -
structured substrate to control liquid breakup at specific sites;32 
that is, dewetting is driven by a physically and chemically 
defined substrate surface topography rather than by random 
intrinsic inhomogeneities, thus forming ordered liquid patterns. 
The most critical factor of determining the spatially-ordered 
dewetting is the topography features of the templates. In the 
case of our study, a networked microwell array serves as a 
template for inducing dewetting in an ordered manner to form 
defined arrays of droplets. Unlike solid-state dewetting which 
is generally activated by thermal treatment,32 the dewetting of 
liquid in the networked microwell array is triggered by the 
application of an oil phase, which not only minimizes sample 
evaporation but also is more compatible with biological assays 



 

than thermal treatment. As shown in Figure 3a, before peel-off 
of the cover layer, the top of the impregnated aqueous sample 
is nearly flat. Once the removal of the cover layer makes the oil 
phase cover the aqueous sample, to minimize the interfacial 
energy, the shape of the top of the aqueous liquid becomes 
convex. Due to different geometrical dimensions, the 
curvatures of the water/oil interfaces at the microwell and 
connection microchannel are notably distinct. Generally, the 
interface curvature is specified by the radii of curvature along 
two orthogonal directions, say R1 and R2. At the connection 
microchannel, the radii of curvature are: 

𝑅ଵ =
𝑤
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and  

𝑅ଶ ∼ ∞ (2) 

where R1 and R2 are the curvature radius of water/oil interface 
along the direction vertical to and parallel to the connection 
microchannel, respectively; w is the width of the connection 
microchannel and θ is the contact angle between the aqueous 
liquid surface and the solid (i.e., the microchannel wall). 
According to the Young-Laplace equation, the pressure of the 
aqueous liquid at the connection microchannel is given as 
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Figure 2. Schematic illustration of the operation procedure of the 
NMA chip for sample digitization. (a) degassing of the chip in a 
vacuum chamber; (b) removing the chip from vacuum conditions, 
adding an aliquot of sample in the inlet and a few drops of oil in the 
oil reservoir; (c) aspiration of the sample into the microchannels 
under the negative pressure created by the degassed PDMS 
substrate; (d) sample priming of all channels and wells; (e) peeling 
off the cover layer from the microstructured layer; (f) discretization 
of the primed sample into all wells induced by oil-triggered 
dewetting. 

where Patm is the atmospheric pressure and γw/o is the interfacial 
surface tension. Similarly, at the microwell, the radii of 
curvature are: 

𝑅ᇱ
ଵ = 𝑅ᇱ

ଶ =
𝑑

|2 𝑐𝑜𝑠 𝜃|
(4) 

where R1' and R2' are the curvature radius of water/oil interface 
at the microwell along the direction vertical to and parallel to 
the connection microchannel, respectively; d is the diameter of 
the microwell. The pressure of the aqueous liquid at the 
microwell is given as 
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Thus, there is a pressure difference between aqueous liquids at 
the microwell and those at the connection microchannel, which 
is calculated as 

𝛥𝑃 = 𝑃channel − 𝑃well = 𝛾w/o ⋅ |2 𝑐𝑜𝑠 𝜃| ⋅ ൬
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As shown in Figure 1a, w is 20 μm and d is 100 μm, so that ΔP > 
0. Such pressure difference causes the aqueous liquid to flow 
toward the microwell (low pressure region) from the connection 
microchannel (high pressure region), and thus the aqueous 
liquid in the microchannel becomes thinner and finally ruptures, 
achieving sample digitization. 

 

Figure 3. Description and modeling of oil-triggered, templated 
dewetting in a networked microwell array chip. (a) Schematic of 
the oil-triggered, templated dewetting mechanism. The Laplace 
pressure gradient resulted from the spatial curvature difference 
drives the aqueous liquid in the microchannel toward the microwell, 
causing the thinning and splitting of the liquid ligament in the 
microchannel. (b) Sequential simulation images showing the self-
splitting of the aqueous sample in a connection channel induced by 
oil-triggered dewetting. (c) Sequential bright-field microscope 
images showing the pinch-off of the aqueous sample in a 
connection channel during the oil-triggered dewetting process. 
Scale bar represents 20 μm. 

To gain a better insight into the liquid dynamics during 
sample digitization, we conducted a numerical simulation of the 
oil-triggered, template-confined dewetting using the finite 
element method (COMSOL Multiphysics 5.6). The dewetting-
induced self-digitization can be roughly divided into two stages: 
i) convex interface formation process in which the oil phase is 
introduced to displace the solid PDMS during peeling off and 
cover the aqueous liquid in the networked microwell array, and 
then the minimization of overall surface energies deforms the 
water/oil interfaces to form convex shapes; and ii) Laplace 
pressure-driven flow process in which the Laplace pressure 
induced by the convex oil/water interfaces provides the driving 
force for thinning and rupture of the aqueous liquid at the 
connection microchannels. In the numerical simulation, to 
simplify the model calculation, we directly applied the oil phase 
over the chip surface at t = 0 s. Figure 3b shows the simulated 
local dewetting process in the NMA chip. Once the oil phase is 
applied, the water/oil interfaces form convex shapes (see Movie 
S2). It is clear that the water/oil interface at the connection 



 

microchannel has a larger curvature while the water/oil inter-
face at the microwell has a smaller curvature (Figure 3a and 
Movie S3). Such curvature difference generates an internal La-
place pressure gradient which pushes the aqueous liquid away 
from the connection microchannel towards the neighboring mi-
crowells. Thus, the aqueous liquid becomes thinner and forms 
a neck at the center of the connection microchannels as a result 
of local mass reduction. The formation of this neck further in-
creases the Laplace pressure gradient due to the increase in cur-
vature by the reduction of local liquid ligament radius, and thus 
accelerating the liquid ligament thinning and leading to its even-
tual pinch-off and a local dewetting of aqueous liquid at the 
connection microchannel (see Movie S4). By exploiting this lo-
cal dewetting effect, the NMA chip isolates the aqueous liquid 
into microwells, achieving self-digitization. Figure 3c shows a 
series of frames obtained from the video recording the oil-trig-
gered, template-confined dewetting process. These images il-
lustrate the qualitative features of the oil-triggered, template-
confined dewetting process and agree well with those predicted 
by the numerical simulation. 

 

Figure 4. Digital PCR on the NMA chip: (a) Fluorescence images 
showing the representative digital PCR results with a serial dilution 
of target DNA template ranging from 10 copies/µL to 104 cop-
ies/µL. The negative assay was in control when no target template 
was loaded. Scale bar represents 200 μm. (b) A log plot showing 
the linear relationship between the measured value (copies/µL) in 
the NMA chip and the expected copy number per reaction (Note: 
each data point represents the mean ± standard deviation of three 
independent experiments). The measure values matched well with 
the expected values according to Poisson statistics (R2=0.9998). 

Digital PCR. To explore the capability of our self-
digitization method, we firstly applied it to a digital PCR test 
for detecting KRAS G12A mutation. KRAS G12A is one of the 
most common KRAS-activating mutations, occurring in many 
cancer types, such as lung, colon, colorectal, pancreatic, and 
ovarian tumors.33 For digital PCR detection of KRAS G12A, a 
serial dilution of DNA template solutions (ranging from 10 
copies/μL to 104 copies/μL) was prepared. After premixing, 
four PCR mixtures obtained from the serially diluted DNA 
template solutions and a negative control (not including 
template) were introduced into five pre-degassed NMA chips, 
respectively, and partitioned into the whole array of microwells 
with the oil-triggered dewetting. After partitioning, each NMA 

chip was sealed by a glass slide coated with a thin layer of 
uncured PDMS to form a glass-PDMS-glass sandwich 
configuration, which can minimize the evaporation of liquid in 
the chip during thermo-cycling. Subsequently, the assembled 
chips were placed in a thermal cycler with a flat block 
(Mastercycler nexus flat, Eppendorf, German) to perform PCR 
thermocycling. After PCR, the chips were transferred to a 
fluorescence microscope for imaging. Figure 4a shows 
representative fluorescence images obtained from different 
concentrations of DNA template. It can be found that the 
numbers of positive partitions increased with the concentrations 
of the DNA template. Furthermore, no positive signals were 
observed in the chip corresponding to the negative control 
reaction, suggesting that no contamination or unspecific 
amplification occurred. For quantitative analysis of the results, 
the obtained fluorescence images were analyzed by counting 
the negative and positive partitions with ImageJ software 
(http://rsbweb.nih.gov). Finally, the average copy number of 
DNA template initially present in each chip was calculated by 
using Poisson statistics. By fitting the measured data to the 
expected template concentration values, a good linear 
correlation (R2 = 0.9998) was observed (Figure 4b) and the 
slope and intercept of the linear correlation were determined to 
be 1.0021 and 0.2964, respectively. These values demonstrate 
the capability of our self-digitization method to absolutely 
quantify DNA. Note that our NMA chip was able to detect 
template DNA at concentrations as low as 10 copies/μL, with a 
dynamic range of over 4 orders of magnitude, demonstrating 
that the NMA chip is a useful platform for highly sensitive and 
precise genetic analysis.  

Digital Quantification of Viable Bacteria. Precise counting 
of viable bacteria is important to a variety of microbiological 
applications such as clinical diagnosis, food quality monitoring, 
and antibiotic susceptibility testing. To further test the 
quantitative performance of our self-digitization method, we 
applied it to digital quantification of bacteria. This 
quantification method for the detection of bacteria is similar to 
digital PCR in quantitative strategy but plays the same role as 
the colony counting and thus can be named as “digital CFU”. In 
the same way, a sample is stochastically partitioned into a large 
number of microwells with the oil-triggered dewetting self-
digitization method, allowing most microwells to be loaded 
with single or no bacteria. After several hours of incubation, 
enumeration can be carried out on micro-colonies proliferated 
from single bacteria to quantify the initial bacterial 
concentration in the sample. To facilitate the observation of 
“microcolonies” proliferated from single bacteria, a resazurin-
amplified fluorescence detection was adopted.34 Resazurin is a 
fluorescent dye used as a cell viability indicator, which can be 
reduced by intracellular electron receptors (e.g., NADH and 
FADH) into strongly fluorescent molecule resofurin. Therefore, 
in this case, the fluorescence signal in a microwell reflects the 
presence of viable and proliferating bacteria. This strategy not 
only accelerates the enumeration of microcolonies proliferated 
from individual bacteria but also allows enumeration of 
individual microcolonies using simple digital imaging setups. 
Here, we use AlamarBlue (a resazurin-based dye) to achieve 
resazurin-amplified fluorescence detection of bacteria in the 
NMA chip. Prior to each experiment, samples were prepared by 
mixing broth, AlamarBlue, and E. coli JM109 at predetermined 
concentrations. The prepared samples were discretized into 
microwells by the oil-triggered, template-confined dewetting 
approach and then the devices were incubated at 37 °C in an 



 

incubator to promote bacterial proliferation within microwells. 
After 4 hours of incubation, all chips were examined by 
fluorescent microscopy to count the positive microwells 
containing microcolonies in each chip. Figure 5a shows 
representative fluorescence images of the NMA chips loaded 
with different concentrations of E. coli JM109 after incubation. 
Furthermore, we also compared the quantitative results (i.e. cal-
culated number of CFUs in the samples) obtained with our dig-
ital CFU assay and those from the conventional plate counting 
method. As shown in Figure 5b, the E. coli concentrations 
measured with the NMA chip-based digital CFU correspond 
very well to those measured with the conventional plate count-
ing method (R2 = 0.9992) in the entire 4 log range of the meas-
ured sample concentrations, demonstrating the capability of the 
NMA chip-based digital CFU method to quantify microbes. Im-
portantly, the NMA chip-based digital CFU method offers four 
distinct advantages over the conventional plate counting 
method: i) faster bacteria detection; ii) lower sample/reagent 
consumptions; iii) less labor-consuming; iv) wider dynamic 
range of concentrations. Although the previously developed 
droplet digital CFU methods possess the same advantages, the 
requirement of complex and precise pumping equipment limits 
theis applications. Due to its simplicity, rapidity, and precision 
in the quantification of viable bacteria, this NMA chip-based 
method provides an extremely useful tool for various microbi-
ological applications. 

 

Figure 5. Digital enumeration of bacteria via the NMA chip. (a) 
Fluorescence images showing the representative results of growth 
of different concentration fluorescent E. coli JM109 in the NMA 
chip. Scale bar represents 200 μm. (b) A log plot showing the linear 
relationship between the measured concentrations with digital CFU 
assay and the expected concentration of E. coli JM109 samples 
whose concentrations ranged over four orders of magnitude (Note: 
each data point represents the mean ± standard deviation of three 
independent experiments). Strong linearity between the calculated 
number of cells and the expected number of cells for E. coli JM109 
indicates that the NMA chip can be applied for the precise enumer-
ation of bacteria in a wide dynamic range. 

Facile Fabrication of Highly Uniform Spherical Colloidal 
Photonic Crystals. Spherical colloidal photonic crystals 
(SCPCs), combining a large number of highly ordered 
nanoparticles in spherical geometry, possess unique photonic 
properties for various applications, such as optoelectronic 
devices, actuators, filters, sensors, and displays.35,36 To produce 
SCPCs, a variety of methods have been proposed. Among them, 
the droplet-template method is one of the most popular methods 

for the fabrication of SCPCs, in which droplets of aqueous 
colloidal suspension are dispensed on a hydrophobic surface or 
in oil and then dried to spontaneously assemble particles into 
close-packed spherical structures.37 To demonstrate the 
versatility of our self-digitization method, we further applied it 
to the fabrication of highly uniform SCPCs. Similar to digital 
PCR and digital CFU assays (more details see Figure S1), the 
first step was to discretize the sample into microwells. In this 
case, polystyrene (PS) suspension (235 nm in diameter) was 
used as the aqueous sample and n-hexadecane was used as the 
oil phase. Hexadecane has good wetting to PDMS, which 
allows hexadecane to penetrate into the interface between the 
aqueous phase and PDMS, resulting in the detachment of the 
confined aqueous sample from the microwell surface. 
Subsequently, due to the evaporation-induced shrinkage and 
energy minimization, the detached aqueous sample becomes a 
spherical droplet due to energy minimization. After all aqueous 
samples confined in microwells evolved into spherical shapes, 
the chips were placed in a convection oven for evaporating the 
aqueous solvent. The evaporation of the liquid medium leads to 
the assembly of PS nanoparticles into close-packed supraballs, 
i.e., the desired SCPCs. The size of the SCPCs is determined by 
the concentration of suspended colloidal particles. Figure 6 
shows the SCPCs that were synthesized using our self-
digitization method. One of the main advantages of this method 
is its ability to synthesize highly monodispersed SCPCs. The 
statistical analysis indicates the synthesized SCPCs have a very 
narrow size distribution with a coefficient of variance (CV) of 
~ 3.3% (Figure 6c), exhibiting an excellent monodispersion. It 
can also be found that they have a very regular hexagonal 
ordering of the nanoparticles at the surface (Figure 6b), which 
form the (111) lattice planes of a face centered-cubic (FCC) 
structure. Upon illumination by visible light, a strong green spot 
can be observed at the surface of each colloidal crystal sphere, 
which corresponds to the characteristic color of diffraction 
patterns.38 To further investigate the optical properties of the 
obtained SCPCs, we measured their reflection spectra by 
illuminating them with normal incidence light. As shown in 
Figure 6d, distinct peaks of reflection were observed at 563.6 
nm for the SCPCs in the air, which correspond to the Bragg 
reflection generated mainly from the (111) planes of the SCPCs. 
According to Bragg’s law, the value of the diameter of the 
particles assembling the SCPCs calculated from the results of 
the reflection spectrum is 236 nm, which is in good agreement 
with the diameter of the PS nanoparticles used. In contrast to 
conventional droplet-template methods, this self-digitization 
method provides simple and robust fabrication of highly 
uniform SCPCs without the need for precise control of fluid, 
complex ink-jetting setups, or large volume sample, and thus 
has great potential for novel material synthesis in a wide variety 
of applications such as photonics, liquid crystals, and sensors. 

CONCLUSIONS 
In this work, we have developed a facile and rapid method 

for the discretization of samples using oil-triggered dewetting 
in a networked microwell array. Due to the large difference in 
Laplace pressure between the channel and well regions, the 
aqueous liquid primed in the networked microwell array is 
spontaneously isolated into microwells, achieving sample 
digitization without using any additional pumping or printing 
equipment. We demonstrated that this self-digitization method 
could be used for absolute quantitation of nucleic acids, digital 
enumeration of viable bacteria as well as facile synthesis of 



 

spherical particles, confirming its functionality and versatility. 
We believe that this simple, robust, and cost-effective sample 
digitization approach will find numerous applications for 
biological, medical, and synthetic purposes. 

 

Figure 6. Preparation of spherical colloidal photonic crystals with 
the NMA chip. (a) Optical microscopy images of the spherical col-
loidal photonic crystals composed of PS nanoparticles with an av-
erage diameter of 235 nm, scale bar is 100 μm. (b) SEM images of 
the spherical colloidal photonic crystals produced with the NMA 
chip, scale bar is 2 μm. (c) The statistical analysis for monodisper-
sity of spherical colloidal photonic crystals produced with the 
NMA chip. The sizes of particles were measured by ImageJ soft-
ware. (d) Normal reflection spectrum of the spherical colloidal pho-
tonic crystals consisting of PS nanoparticles with an average diam-
eter of 235 nm. 

EXPERIMENTAL SECTION 
Device Fabrication. The NMA chips were fabricated using 

standard soft lithography as described previously.39 Briefly, a 
multi-layer SU-8 procedure was performed to create two-layer 
patterns with SU-8 3010 and 3050 negative photoresists on a 4-
inch silicon wafer. Next, PDMS casting was performed to 
replicate PDMS microstructures from the SU-8 mold. 
According to different applications, PDMS was prepared with 
two different recipes. For the fabrication of the NMA chips used 
in digital microbial assays and synthesis of SCPCs, a standard 
recipe recommended by the supplier was used, in which PDMS 
monomer and cross-linker (Sylgard 184, Dow Corning, 
Midland, MI) were mixed in 10:1 (w/w); for the fabrication of 
the NMA chips used in digital PCR, a modified recipe from our 
previous experience was adopted, in which PDMS monomer, 
cross-linker and Triton X-100 (Sigma-Aldrich China, Shanghai, 
China) were mixed in 10:1:0.05 (w/w/w). In the latter PDMS 
recipe, the purpose of the addition of Triton X-100 is to modify 
the PDMS surface and then suppress the adsorption of DNA or 
enzymes to PDMS surfaces, which can significantly enhance 
PCR compatibility of the chip.24 After degassing for 1 h, the 
freshly PDMS mixtures were poured over the molds and blank 
silicon wafer to create a microstructured PDMS layer and a flat 
PDMS cover layer, respectively. Subsequently, the casted 
PDMS was placed on a hotplate (70 °C) for 3 h. After curing, 
the microstructured PDMS replica and the blank PDMS slab 
were peeled off from the mold and blank silicon wafer, 
respectively. Then, an inlet port and an oil reservoir were 
created on the PDMS cover layer with a punching tool and a 
scalpel, respectively. Next, the unstructured surface of the 
microstructured PDMS replica was bonded to a glass slide by 
plasma treatment. Finally, the PDMS cover layer and 
microstructured PDMS layer were reversibly assembled by 
alignment and conformal contact. 

Numerical Simulation. The numerical simulation in this 
work was carried out using the COMSOL Multiphysics (v 5.6, 
Burlington, MA). For the simulations, we used the two 
connected microwells geometry (including the oil region above 
it) as the computational domain, and the numerical simulation 
was implemented using the Laminar Flow Two-Phase Flow, 
Level Set interface. Flow is assumed to be laminar, 
incompressible, Newtonian, and isothermal. The initial 
velocities of all liquid in the computational domain were set as 
0. All walls of microwells and microchannel were set as wetted 
walls. The oil/water/PDMS three-phase contact angle was 
determined by the sessile drop method combined with the 
Owens-Wendt equation and Young–Laplace equation (see 
Section S2 in Supporting Information for more details). All 
simulations were calculated with the same dimensions as those 
of microwells and microchannels in the prepared NMA chip 
(shown in Figure 1). All the materials and physical parameters 
used for simulations are detailed in the Supporting Information 
(Table S1). 

PCR Reagents and Conditions. Genomic DNA containing 
KRAS G12A mutation was extracted from the A-549 lung 
carcinoma cell line using an animal tissue/cell genomic DNA 
extraction kit (Solarbio, Beijing, China). The extracted genomic 
DNA was quantified using NanoDrop spectrometer 
(ThermoFisher Scientific, Massachusetts, USA), then further 
diluted and realiquoted to use as templates in digital PCR. Here, 
Tris-EDTA buffer was used to dilute the extracted DNA to 
obtain a 10-fold serial dilution. The primers and probes used 
were chemically synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China). The sequences are given as follows (all in 
5'→3' direction): forward primer, GCCTGCTGAAAATGAC-
TGAATATAAACT; reverse primer, GCTGTATCGTCAA-
GGCACTCTT; probe, FAM-TTGGAGCTGCTGGCGTA- 
MGB. The reaction volume of each digital PCR was 35 μL, 
containing 17.5 μL of Premix Ex Taq (Probe qPCR) (Takara 
Bio, China), 1.8 μL forward primer (10 nm), 1.8 μL reverse 
primer (10 nm), 0.7 μL probe (10 nm), 1.7 μL BSA (Takara Bio, 
China) (10 mg/mL), 8 μL RNase-free water and 3.5 μL target 
template diluted by Tris-EDTA buffer. After sample 
discretization, the chips were transferred to a flat PCR system 
(MasterCycler Nexus flat, Eppendorf) to perform an 
amplification reaction. The thermal cycling protocol is given as 
follows: 95 °C hot starts for 30 seconds, 40 thermal cycles, 
95 °C for 5 seconds, and 60 °C for 34 seconds. In each digital 
PCR run, sterile double-distilled water was used as a negative 
control. All digital PCR experiments were performed in 
triplicate. 

Bacterial Strains and Culture. The bacterial strain of E. coli 
JM109 was cultivated in Luria Bertani (LB) broth (Land Bridge, 
Beijing, China) at 37°C with a shaking rate of 220 rpm 
overnight to obtain bacteria stock with cell density up to OD600 
of 1.1. Then, a conventional plate-counting was carried out to 
measure the concentration of E. coli JM109 stock (see Section 
S3 and Figure S2 in Supporting Information for more details). 
For digital CFU detection, the E. coli stock was diluted with LB 
broth to obtain a serial dilution with concentrations ranging 
from 103 to 107 cells/mL. Subsequently, the diluted E. coli 
samples were mixed with AlamarBlue (Maokang 
Biotechnology Co., Ltd., Shanghai, China). Each final sample 
contained 90% dilution from E. coli stock and 10% AlamarBlue. 
In all experiments, the bacterial samples were immediately used 
after preparation. Next, the prepared bacterial samples were 
loaded in five pre-degassed NMA chips respectively for 



 

discretization. After discretization, the chips were incubated at 
37 °C for 4 h in an incubator (LHP-160, Jiebosen, Changzhou, 
China). Finally, the chips were taken out from the incubator and 
microscopically examined. For plate counting, 100 µL from 
each of the diluted E. coli samples was plated in an agar plate. 
All agar plates were incubated at 37 °C for 16 h. After 
incubation, the number of colonies on each plate was manually 
counted. Each measurement was performed in triplicate. 

Preparation of SCPCs. The SCPCs were prepared using the 
microdroplet template method. The colloidal suspension 
containing 2.5 wt% PS nanospheres (235 nm in diameter, 
Nanorainbow Biotechnology Co. Ltd, Nanjing, China) and n-
hexadecane (Aladdin, Shanghai, China) were used as the 
aqueous and oil phases, respectively. After discretization, the 
chip was immersed in a petri dish containing n-hexadecane. 
Next, the petri dish was placed in a 60 °C convection oven for 
12 h, allowing the aqueous solvent to be slowly evaporated. 
After evaporation-induced colloidal assembly, isopropanol 
(Aladdin, Shanghai, China) was used to remove excess 
hexadecane to obtain bare SCPCs. Finally, to enhance their 
mechanical strength, the bare SCPCs were thermally sintered at 
110 °C for 15 min.  The obtained SCPCs were analyzed using 
an optical microscope (SOPTOP CX40M) equipped with a 
CCD camera (touptek I3ISPM03100KPA, Hangzhou, China) 
and a scanning electron microscope (Zeiss Sigma 500, Carl 
Zeiss, Germany), respectively. In addition, microreflectance 
spectroscopy was performed using an inverted metallurgical 
microscope (SOPTOP ICX41M) coupled with an optic fiber 
spectrometer (Ocean Optics, USB2000+). 
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