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A B S T R A C T

A novel microfluidic chip employing power-free polydimethylsiloxane (PDMS) femtoliter-sized arrays was de-
veloped for the detection of low concentrations of protein biomakers by isolating individual paramagnetic beads
in single wells. Arrays of femtoliter-sized wells were fabricated with PDMS using well-developed molding
techniques. Paramagnetic beads were functionalized with specific antibodies to capture the antigens. These
antigens were labeled with enzymes via conventional multistep immunosandwich approach. After suspending in
aqueous solutions of enzyme substrate, the solutions were delivered to the arrays using a conventional micro-
pipette. The aqueous solutions were introduced into the microwells by capillarity and the beads were loaded into
microwells by gravity. A fluorocarbon oil was then flowed into the chip to remove excess beads from the surface
of the array and meanwhile isolated the femtoliter-sized wells. All processes were achieved by conventional
micropipette, without external pumping systems and valves. Finally, the arrays were imaged using standard
fluorescence imaging after incubation 30min for digital counting enzyme molecules. It was demonstrated that
the chip platform possessed the performance of digital counting with a linear dynamic range from 1 aM to 1 fM
for the detection of biotinylated β-galactosidase (BβG), achieving a limit of detection (LOD) of 930 zM. Using
this chip, a digital immunoassay to detect Tumor Necrosis Factor α (TNF- α) was developed. Since the chip
fabrication is low-cost and circumvents the surface modification, we expect it can become a new chip-based
digital immunoassay platform for ultrasensitive diagnostic of biomarkers.

1. Introduction

Quantitative detection of small numbers of biomolecules at low
concentrations is of great interest for health monitoring, biological
applications, and the clinical diagnosis of disease (Dong and Ueda,
2017; Tekin and Gijs, 2013). Enzyme-linked immunosorbent assay
(ELISA) is widely used for the detection of protein biomarkers, as it
amplifies the signals by using enzymes conjugated with antibodies. The
conventional ELISA has a limit of detection of about 10−12 M con-
centration of the target (Giljohann and Mirkin, 2009), which compro-
mises on detecting the samples with biomarkers at low concentrations
of 10−16 to 10−12 M (Anderson et al., 2004; Hanash et al., 2011). Rissin
and coworkers have developed a method for the detection of single
molecules of proteins (i.e., digital ELISA), in which each biomarker-
enzyme complex was isolated into ultra-small reactor volumes (fL)

(Rissin et al., 2010).
Digital counting technology was first used in polymerase chain re-

action (PCR) for absolute nucleic acid quantification by counting single
molecules (Vogelstein and Kinzler, 1999). Beads-based digital ELISA
works by capturing protein biomarkers on microscopic beads, labeling
the protein biomarkers with an enzyme, isolating the beads in an array
of femtoliter-sized wells, and detecting bead-associated enzymatic ac-
tivity using fluorescence imaging. Adding an excess of beads to the
sample containing a low concentration of protein biomarkers results in
a Poisson distributed capture of target molecules by beads (roughly
10:1 beads to molecule ratio), meaning that 99% of beads carry either
one or zero enzyme (Walt, 2013). Since the fluorescent product of the
enzyme-substrate reaction is confined to a small volume rather than
being free to diffuse into a large volume, it is possible to detect a single
biomarker-enzyme complex using a conventional fluorescence
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microscope (Liebherr et al., 2015; Rondelez et al., 2005). Therefore,
protein biomarker concentration can be quantified through counting
the number of “on” wells that contain a bead and enzyme, or “off” wells
that contain a bead without enzyme. For high throughput, simultaneous
and parallel analyses of single biomarkers-enzyme complexes, a mass of
femtoliter-sized droplets or microchambers are required.

Rissin and his coworkers (Rissin et al. 2010, 2011) first developed
the single-molecules arrays (SiMoAs) for digital detection. They estab-
lished a microwell array platform on an optical fiber bundle that was
loaded with individual paramagnetic beads using centrifugal forces and
then mechanically sealed against a silicone gasket. However, fabri-
cating and assembling femtoliter-sized well arrays using optical fiber
glass bundles is expensive, highly manual, and requires a number of
precision tools for manufacturing and instrument interfacing. Kan et al.,
(2012) proposed a DVD-based manufacturing method of femotoliter-
sized wells arrays using injection molding of a well characterized hy-
drophobic material, namely cyclic olefin polymer (COP). However, due
to the high contact angle of the bead solution on COP (∼90°), a
pumping system was used to apply vacuum pressure to the exit of the
channel to draw the liquid into the channel and above the array, and
the molds used for fabricating arrays had a draft angle of ∼7–10° to
avoid a perfectly vertical well wall. This microwell array disc addressed
the limitations of the fiber-optic microwell arrays, facilitating the es-
tablishment of a commercial Simoa platform (Schubert et al., 2016;
Wilson et al., 2016; Wu et al., 2016).

Efficient seeding of beads and simultaneous retaining of femtoliter
droplets also can be accomplished using hydrophilic-in-hydrophobic
microwells that has a hydrophilic bottom and hydrophobic interwell
surface. Kim et al., (2012) proposed a device employing one million
hydrophilic-in-hydrophobic microwells by ion etching glass coated
hydrophobic polymer of carbon-fluorine (CYTOP) which can be ma-
nipulated using a micropipette. Deborah Decrop et al., (2017) described
a fabrication of arrays with hydrophilic-in-hydrophobic microwells
using a novel single-step fabrication procedure by stamp molding of a
hydrophobic OSTE-polymer formulation that does not require post-
maufacturing surface modification. Leirs et al., (2016) described a di-
gital microfluidic platform with 62,500 hydrophilic-in-hydrophobic
femtoliter-sized microwells patterned in Teflon-AF layer deposited on
glass slides (Witters et al., 2013) to detect influenza A nucleoprotein.
Despite that the hydrophilic-in-hydrophobic nature allows effective
embedding of individual beads with fluid droplets in each microwell,
the manufacture of hydrophilic-in-hydrophobic chips is unfortunately
often expensive or labor-intensive.

Another effective strategy for high-sensitivity detection using ELISA
is to isolate each biomarker-enzyme complex into ultra-small droplets.
Shim et al., (2013) reported a microfluidic droplet-based approach used
to generate and manipulate 32 fL water-in-oil droplets at a frequency of
3.5× 105 Hz. Using microfluidic droplets can overcome the limits on
the scalability and flexibility of mechanical fabrication of femtoliter
wells. However, a complex storage area is needed for trapping the
femtodroplets that are packed into a monolayer in storage by mono-
lithic microfluidic valves, so that the fluorescence measurements of
individual droplets can be achieved by a fluorescence microscope.

These methods above offer several smart strategies to overcome the
concentration limitation of conventional ELISA, here, we demonstrate a
simpler power-free microfluidic chip suitable for the quantitative de-
tection of extremely low concentrations of protein biomarkers with
digital counting. We have generated large arrays of one million fem-
toliter-sized wells in PDMS by molding techniques. The beads suspen-
sion was introduced into the microwells by capillarity (Rondelez et al.,
2005) and the beads were loaded into microwells by gravity. All pro-
cesses were achieved by conventional micropipette, without external
pumping systems and valves. A fluorocarbon oil was used to remove
excess beads from the surface of the arrays, and to seal and isolate the
femtoliter-sized wells (Zhang et al., 2012).The use of power-free fem-
toliter-sized PDMS arrays greatly simplifies the loading of beads and the

isolation of single beads in femtoliter volumes. This chip is low-cost in
manufacturing and do not need complex surface modification. Since
one million wells allowed us to simultaneously examine roughly
6×105 beads for the presence of biomolecules, the LOD of this chip
achieved 930 zM for the detection of BβG. Moreover, digital ELISA of
TNF-α showed a LOD of ∼50.48 fg/mL (2.88 fM).

2. Materials and methods

2.1. Materials

The negative photoresist (SU-8 2000, 3050) and developer were
bought from MicroChem (Westborough, MA, USA). PDMS (RTV-615 A
and B components) were purchased from Momentive Performance
Materials (Waterford, NY, USA). Trimethylchlorosilane was obtained
from Aladdin (Shanghai, China). Biotinylated β-galactosidase (BβG),
fluorogenic substrate fluorescein di (β-D-galactopyranoside) (FDG),
bovine serum albumin (BSA), Tween-20, MgCl2, were purchased from
Sigma Aldrich (St. Louis, MO, USA). Lodestar superparamagnetic beads
with streptavidin functionalization and carboxyl functionalization were
obtained from Agilent technology (Santa Clara, CA). Monoclonal anti-
TNF-α antibody, recombinant TNF-α calibrator, and detection anti-
TNF-α antibody were purchased from R&D System (Waltham, MA,
USA). The streptavidin-β-galactosidase (SβG) was obtained from Life
Technology (Grand Island, NY, USA). Starting Blocking T20 PBS (TPBS)
was purchased from Thermo Scientific (Waltham, MA, USA). Bovine
serum, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) were purchased from Sangon Biotech (Shanghai, China).
Fluorinated oil FC-40 was obtained from 3M (St. Paul, MN, USA).

2.2. Fabrication of silicon master and chip

The chip was composed of array layer, channel layer and glass layer
that was fabricated using a well-developed soft lithography replica
molding process. Fig. 1 shows the schematic of the fabrication process.
In brief, the master molds with positive features were fabricated by
patterning negative photoresist on silicon wafers using conventional
photolithography techniques. A 120 μm layer of SU-8 3050 negative

Fig. 1. Schematic of the fabrication process of power-free femtoliter-sized ar-
rays.
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photoresist was applied by spincoating for 30 s at 1000 rpm onto a clean
silicon wafer followed by baking at 95 °C for 3min and exposed to
collimated UV light through a film mask that contained the channel
pattern. And another clean silicon wafer was spincoated at 1000 rpm
for 30 s to achieve a 3.0-μm thick layer of negative photoresist and
exposed to collimated UV light (250mJ/cm2) through a chrome-on-
glass mask that contained the array pattern. Wafers were developed in
SU-8 developer at room temperature. Then the molds were baked onto
a hot plate at 200 °C for 40min.

The molds are silanized with trimethylchlorosilane in a fuming
hood for 30min at room temperature to prevent undesired bonding
between PDMS and the molds. The PDMS pre-polymer is prepared by
mixing a base and curing agent in a ratio of 5:1 and 10:1 (v/v). The 5:1
and 10:1 PDMS pre-polymers were poured over the channel layer mold
and the array layer mold respectively and cured for 25min on an 85 °C
hot plate. The PDMS was then peeled off from the silicon masters and
cut into appropriate pieces. Prior to bonding, inlet ports and outlets
ports were created in the channel layer using a 1.0 mm Harris Micro-
Punch. And then, the array layer put on one glass slide and pressed
together to exclude the bubble between them. Next, the channel layer
and the array layer were manually aligned and pressed together to
promote bonding. The assembly of three layers were bonded together
by baking at 85 °C overnight.

2.3. Digital counting of BβG

Superparamagnetic beads with streptavidin functionalization were
mixed with various concentrations of BβG (400 μL) from 1 aM to
100 fM in a test tube. After reaction for 2 h at room temperature, the
beads were washed three times in PBS with 0.1% Tween-20 and 0.1%
BSA, and three times in PBS with 0.1% Tween-20. The beads were then
resuspended in 15 μL of 250 μM FDG in PBS with 0.1% Tween-20 and

1mM MgCl2 and introduced into the arrays. The beads were settled for
2min, and trapped into the droplet array by injecting fluorinated oil.
The chip was incubated at room temperature for up to 30min to in-
crease the signal-to-noise ratio.

2.4. Digital ELISA of TNF-α

Carboxyl-terminated paramagnetic beads were functionalized with
a monoclonal anti-TNF-α antibody to TNF-α using EDC coupling ac-
cording to the manufacturer's instructions. Test solutions (100 μL)
composed of TNF-α spiked into 25% bovine serum in TPBS were in-
cubated with suspensions of 3× 106 magnetic beads for 2 h at room
temperature. The beads were then separated and washed three times in
5×PBS and 0.1% Tween-20. The beads were resuspended and in-
cubated with solution containing biotinylated polyclonal anti-TNF-α
(1 nM) in TPBS for 1 h at room temperature. Next, the beads were then
separated and washed three times in 5×PBS and 0.1% Tween-20. The
beads were then incubated with solutions containing SβG (40 pM) for
30min at room temperature, separated and washed six times in
5×PBS and 0.1% Tween-20 before injection into the chip and one time
in PBS. The beads were then resuspended in 15 μL of 250 μM FDG in
PBS with 0.1% Tween-20 and 1mM MgCl2 and introduced into the
arrays. The beads were settled for 2min, and trapped into the droplet
array by injecting fluorinated oil. The chip was incubated at room
temperature for 30min and then acquired images.

2.5. Image acquisition and analysis

Bright-field and fluorescence images of one array block were ac-
quired sequentially by using an inverted microscope (IX71, Olympus).
The arrays were illuminated with white light and imaged on the CCD
camera. After the white light images were acquired, fluorescence

Fig. 2. Schematic illustrations of bead trapping and beads
are trapped into the single wells. (A) Schematic illustrations
of bead trapping. Aqueous solution with target beads is in-
jected into the chip through inlet well by using a conven-
tional micropipette. The injected beads are allowed to settle
down because of gravity for several minutes. Then, oil is
injected through the inlet and aqueous solution containing a
single bead is sealed in the well. (B) Optical microscopy
images show the process of sealing wells and removing ex-
cess beads. (a) The beads were loaded into the femtoliter-
sized wells with excess, unloaded beads on the surface. (b)
The aqueous/oil interface where the excess beads on the
surface were being pushed towards the aqueous phase. (c)
The excess beads were removed and the retaining beads
were loaded into the femotoliter-sized wells. (C) Light-field
images of the femtoliter arrays. Beads (2.7 μm in diameter)
are trapped into the single wells (4.4 μm in diameter, 3.5 μm
in deep, 10 μm center-to-center distance). (D) SEM images of
array microwells showing the presence of singulated beads.
(E) Fabricated chip. Each chip has 4 channels. There are 184
blocks of well array where each block has 5520 wells cor-
responding to the 106 microwells on a single channel.
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images were acquired (495 nm excitation; 520 nm emission) with an
exposure time of 2000ms. Then the stage was manually moved to ac-
quire images of the next block in an array. The bright-field and fluor-
escence images were analyzed using image J software. At first, the
bright-field images and fluorescent images were converted into grey-
scale images. By using the “Analyze Particles” module in the software,
the number of fluorescent wells (F) and the number of wells containing
bead (B) could be counted. Then the percentage of fluorescent micro-
wells can be calculated through dividing F to B.

3. Results and discussion

3.1. Chip fabrication and performance of loading and sealing

As shown in Fig. 1, the configuration of power-free femtoliter PDMS
arrays is comprised of three functional components arranged in sand-
wich format, the channel layer, array layer, and glass layer. The glass
layer is used to prevent the deformation of PDMS layers during the
experiments. The microwells are 4.36 ± 0.18 μm in diameter and
3.49 ± 0.17 μm in deep, giving a volume of approximately 50 fL,
which are slightly bigger than the beads (2.7 μm in diameter) (see
Fig. 2C). The whole channel allows to be injected ∼15 μL of bead
suspension. Fig. 2D shows the scanning electron microscopy (SEM)
image of the array, illustrating the well uniformity and surface flatness.
Thus, the femtoliter PDMS arrays yield structures with acceptable well
geometries and dimensional uniformity.

The key to beads-based digital ELISA is to make sure that only one
bead is trapped into the single wells. The loading process are shown in
Fig. 2A. Aqueous solution with target beads is injected into the chip
through inlet well by a conventional micropipette. The injected beads
are allowed to settle rapidly inside the fluidic channel under the in-
fluence of gravity, because the beads contain 13.9% by weight of iron.
Fig. 2C illustrates an outcome of the bead loading process and one well
contains one single bead. Furthermore, bead loading in these chips is
sensitive to bead concentration and the time allowed to settle. Figure S-
1 shows bead loading efficiency as a function of bead concentration and
time. Quantitative analyses of images showed that ∼63% of wells were
occupied by a bead after 2min of bead settling via gravity using
3× 106 beads in 15 μL.

After delivery of beads into the channels, not all of the beads fall
into the wells. In other words, excess beads remained on the surface of
the array. These beads could interfere potentially with sealing and also
cause extraneous fluorescent signals, if not removed from the array area
during the imaging. High-density oil allowed to efficient removal of the
aqueous solution from the hydrophobic surface and retained the aqu-
eous solution with trapped beads. In this process, we used the fluor-
ocarbon oil FC 40 to displace the aqueous in the direction of flow,
thereby washing away the excess beads on the surface (see Fig. 2B (a)).
Fig. 2B (b) illustrates that there is a clean surface in the trailing side of
the interface in the direction of flow. Also, this method resulted in
complete removal of excess beads from the surface (see Fig. 2B (c)). The
process only takes about 10 s to achieve the extremely high frequency
of embedded droplets generation on single array.

Because PDMS is a hydrophobic material, to test the loading per-
formance of chip, we introduce three different solutions into micro-
wells. Solutions of calcein, fluorescein and FDG with beads incubated
with high concentration of BβG (1pM) was injected into the arrays, and
then isolated and sealed wells by FC40 and took fluorescent photos (see
Fig. 3A). We found that not all kind of aqueous solutions can achieve a
distribution by capillarity (Fig. 3A (a)). Due to the gas solubility of
PDMS, air dissolved in PDMS can be evacuated by putting the PDMS
chip in a vacuum pump for a certain period of time and the negative
pressure is generated within the PDMS (Song et al., 2011; Zhu et al.,
2012). Using this degassed chip, the sample solution can be introduced
into the chip efficiently. In our experiment, we have made a comparison
for the sampling effect using both undegassed and degassed chips. To

the arrays of control group was put into a vacuum pump before using it.
The three solutions were then loaded into the degassed chip under the
actuation of the negative pressure, and were imaged under microscope
afterwards. As shown in Fig. 3B (a), solution of calcein was introduced
into the wells. Solutions of fluorescein and FDG with beads were also
introduced into the wells and there were no distinctly difference in
terms of the sampling effect between undegassed chip and degassed
chip (Fig. 3B (b, c)). So, in this study, the chip did not need to be de-
gassed and no any pumping systems were required. That is why we
termed our method as “power-free”.

3.2. Single-molecule detection of β-galactosidase

To test the single-molecules detection ability of the chip, BβG was
detected by first capturing it with streptavidin-coated super-
paramagnetic beads. When the ratio of beads to enzymes is 10:1, 99%
of beads carry either one or zero enzyme, according to the Poisson
distribution, and thus protein concentration can be quantified by
counting the number of “on” or “off” wells. A fixed number of beads
(3×106) was incubated with different concentrations of BβG (1
aM–100 fM) in a fixed volume (400 μL), after which the beads were
sealed in the chip with 250 μM FDG by injecting FC 40. A fluorescent
image was taken right 30min after the sealing. Sealing confines the
fluorescent product generated from the reaction between an enzyme
and substrate to inside individual femtoliter-sized wells, creating a lo-
cally high concentration of product (Figure S-2). The brightness of wells
containing bead and enzyme (Fig. 4A (c)) are clearly different from the
brightness of background (Fig. 4A (a)) and the brightness of wells that
contain bead without enzyme (Fig. 4A (b)). The numerical ratio of wells
containing bead and enzyme to wells containing bead yields the con-
centration of the target analyte. Thus, the larger the number of avail-
able wells in a measurement, the better the detection sensitivity that
can be accomplished in a given assay time. Fig. 4B shows fluorescence
images of the array and illustrated how the number of wells showing
fluorescence increases as the concentration of BβG increases. Fig. 5A
shows a log-log plot of the concentration of BβG as a function of the
percentage of fluorescent wells. A linear trend in digital enzyme
quantification was obtained for BβG concentrations between 1 aM and
1 fM (Fig. 5B, R2= 0.996). The LOD of BβG detection was determined
from the extrapolation of BβG at a fraction of bright wells equal to the
background plus three times standard deviation of the background. The
background was determined from the experiments without BβG mole-
cules. By this way, the LOD reached 930 zM, which was a little higher
than the LOD of SiMoAs (220 zM).

3.3. Detection of TNF-α using power-free PDMS femtoliter-sized arrays

The power-free PDMS femtoliter-sized arrays were applied to the
detection of the clinical biomarker TNF-α. The ability to sensitively
detect BβG paves the way for ultrasensitive quantification of very low
concentrations of TNF-α. In the first step of the bead-based digital
ELISA, microscopic beads coated in antibodies capture the target pro-
tein, followed by labeling the bound proteins with enzyme reporter
molecules. Enzyme labeling of the proteins is achieved by the formation
of an immunocomplex in two steps, using a biotinylated detection an-
tibody and a streptavidin-enzyme conjugate (Figure S–3A). The method
is conceptually similar to the digital ELISA reported by Rissin et al.,
(2010). Beads associated with bound enzyme label and labels generate
a locally high concentration of fluorescent product in the 50-fL reaction
chambers (Figure S–3B). In digital ELISA, the number of bright wells in
the fluorescence images was proportional to the concentration of TNF-
α. Using digital ELISA to detect TNF-α in 25% bovine serum, we ob-
tained an LOD of ∼12.62 fg/mL (0.72 fM), which equates to an LOD in
whole serum of ∼50.48 fg/mL (2.88 fM). The LOD is determined by the
background plus three times the standard deviations of the background,
where the background was acquired without TNF-α molecules (Fig. 6).
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The LOD of the chip was at the same order of magnitude of the LOD of
the commercial platform Simoa HD-1 Analyzer (14 fg/mL) (Wilson
et al., 2016).

4. Conclusions

In summary, a novel power-free microfluidic chip have been

developed for high-sensitive detection of protein biomarkers. The ob-
tained microwells arrays are shown to have appropriate geometries and
dimensional uniformity. And successful generation of one million em-
bedded droplets and seeding of individual paramagnetic in the micro-
well array were demonstrated. This bead-based approach enables the
quantification of very low abundance biomarkers by integrating a bead-
based immunoassay with direct digital counting of individual enzyme

Fig. 3. Fluorescence image of undegassed and degassed ar-
rays injected by the solutions of calcein, fluorescein and
beads with FDG. Three solutions were injected into (A)
undegassed and (B) degassed arrays, respectively. Then
isolating and sealing the wells by FC40. (A) (a) Solution of
calcein didn't get into the wells so the wells do not have the
fluorescence. (b,c) Solutions of fluorescein and FDG with
beads were introduced into the wells and the wells have the
fluorescence. (B) Three solutions were all get into the wells
and the wells have the fluorescence. Before the experiment,
streptavidin-coated superparamagnetic beads incubated
with 1 pM BβG.

Fig. 4. Single-molecule detection of β-galactosidase. (A) Schematic of three populations of wells after incubation: (a) wells containing no bead, (b) those containing a
bead without enzymes, and (c) those containing a bead with an enzyme exhibiting a positive signal due to the enzymatic activity of a single β-galactosidase reporter.
(B) Fluorescence images of the array for various concentrations of BβG.
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molecules. The PDMS femtoliter-sized array enables single-molecule
detection straightforward using conventional optics cameras used in
fluorescence microscopes. Using streptavidin and carboxyl coated
magnetic beads, we demonstrated the capability of power-free arrays
for performing digital bioassays. Moreover, the chip greatly simplified
the process development, and the fabrication of this array is low-cost
manufacturing and do not need complex surface modification. The
experiments were accomplished using a conventional micropipette, and
this provides a path towards the development of instrumentation for
performing high-throughput testing of samples in single-molecule ar-
rays for applications in life science research and in vitro diagnostics
(Whitesides, 2006). Although our method has the ability to digitally
detect biomolecules, the number of unique digital wells limits the dy-
namic range of detection. So further researches should be done to im-
prove the upper limit and developing a new strategy to improve dy-
namic range for digital immunoassays is a must. More importantly, in
the future, we will focus on the clinical applications of this method so
that much more valuable information with practical implications can be
found.
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