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a  b  s  t  r  a  c  t

We  demonstrate  a method  for the  detection  of  nucleic  acid using  hybridization-induced  suppression  of
the  coffee  ring  effect.  When  a  sessile  droplet  is pinned  on  a solid  surface,  evaporation  induces  an  outward
capillary  flow  that  moves  suspended  particles  toward  the  periphery  of  the droplet  and  leaves  a  ring-
shape  structure.  Compared  with  spherical  particles  that  are  carried  to the  contact  line and  form  rings,
non-spherical  particles  tend  to  adhere  to  each  other  at the  air–water  interface  where  they  gain  enhanced
resistance  to  the  capillary  flow  and  suppress  the coffee  ring  effect.  Here,  we  used  suspended  microspheres
surface-functionalized  with  single-strand  oligonucleotide  probes  that  were  complementary  to  a  target
DNA. The  present  target  DNA hybridized  with  the  oligonucleotide  probe  and  connected  with  multiple
microspheres,  leading  to the  generation  of  non-spherical  particle  agglomerates  that  resist  the  capillary
flow  and  form  a  more  uniform  deposition  of particles  after  evaporation.  Video  microscopy  and  numer-
ical  simulation  showed  that  the  suppression  is because  non-spherical  particle  agglomerates  distorted
the  meniscus  surrounding  them  and  exerted  a long-range  capillary  attraction  that  enhanced  the  fluidic
resistance.  Eventually,  the  microscale  hybridization  events  were  translated  into  the  change  of  coffee  ring
patterns  at  macroscale.  Using  coffee  rings  as  the  readout,  proof-of-principle  studies  showed  effective  sen-
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sitivity  at low  concentrations  of 10–100  nM  with  a wide  dynamic  range  from  10 M to  10 M,  and  high
specificity  that  can  distinguish  the  sequence  with  a single  mismatched  nucleotide.  Owing  to  the simplic-
ity  of  the  operation  and  visual  readout  without  the  need  of  a special  detector,  our  approach  demonstrates
immense  potential  for the inexpensive  and convenient  detection  of  nucleic  acid  in at resources-limited
settings.
. Introduction

The detection of nucleic acid is of great interest in broad applica-
ions such as diseases diagnostics [1–3], identification of pathogens
4–6], and monitoring environmental safety [7]. For example, seven
ignature mRNAs elevated in saliva were reported to be an effec-
ive biomarker for oral cancer [1]. When analyzing pathogenicity,
hromosomal markers with species-specific sequences can be also

sed to differentiate pathogenic strains [4–6], which is important
or food safety and homeland security when faced with bioter-
orism threats. To date, the gold standard for detecting nucleic
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acid has been the polymerase chain reaction (PCR). However, PCR
requires sophisticated sample preparation, expensive laboratory
instrumentation, and fully trained operators, which are unavail-
able in many situations, such as local clinics or sites for collecting
environmental samples. Accordingly, there is a strong demand for
platforms that are simple, inexpensive, and user-friendly. Toward
this end, miniaturized formats have been adopted in platforms such
as microfluidic-based PCR [5,8], electrochemistry based microflu-
idic sensors [9,10], and colorimetric assays using nanoparticles
[2,11–15] or quantum dots [4,16]. However, cumbersome com-
ponents (pumps, valves, current meter, or power supplier) and
complicated setups are unavoidable in most systems. Efforts are

still needed to simplify the detection method further.

The coffee ring effect is a natural phenomenon frequently
observed in daily life. When a sessile drop containing suspended
substances is pinned on a solid surface, a ring-shaped structure

dx.doi.org/10.1016/j.snb.2014.09.006
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Fig. 1. Detection of target DNA using the coffee ring effect. (A) Schematics of the sensing mechanism. With microspheres functionalized with to P1rpoB (blue) or P2rpoB (green)
that  have a complementary sequence with the target DNA, rpoB (red), in juxtaposition, the target DNA rpoB can bridge two  microspheres together (left). After evaporation, the
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roplet  with no target DNA forms a perfect coffee ring at its edge, whereas the drop
NA,  rpoB, the microspheres form a coffee ring. (C) When target DNA is present at

For  interpretation of the references to color in this figure legend, the reader is refe

s formed after evaporation. The effect is driven by the maximum
vaporative flux that occurs around the periphery of the sessile
rop and the pinning effect that prevents receding of the con-
act line [17–19]. As a result, a radial, outward capillary flow is
stablished to replenish the increased removal of solvent at the
eriphery. This phenomenon concentrates the suspended particles
t the rim, eventually leaving a ring-shape structure after dry-
ng [17,18]. The coffee ring effect has gained increased attention
ue to its intriguing physics [17,18,20] and applications for paint
anufacture, ink jet printing [21], and particle assembly [22]. In
any cases, the coffee ring effect is undesired because it causes a

on-uniform deposition of entities. Extensive attempts have been
ade to eliminate the coffee ring effect using the Marangoni effect

23], capillary repulsion [24], addition of surfactant [25], and con-
rol of the droplet size [20]. In contrast, earlier studies were also

ade to take advantage on the self-driven capillary flow for hand-
ing biological entities, such as chromatographic separation [26],
rotein-based diagnoses [27–30], and preparation of biological flu-

ds [31].
Recently, reports have shown that the formation of the cof-

ee ring is dependent on the shape of the suspended particles
32]. Compared with spherical particles that form perfect rings,
nisotropic ellipsoids tend to stay at the air–water interface, where
hey experience strong particle–particle attraction and form a
oosely packed structure that has higher resistance to the primary
apillary flow. Consequently, rather than being concentrated at
he periphery of the droplet, non-spherical ellipsoids become uni-

ormly deposited after drying, showing their ability to suppress
he coffee ring effect. Importantly, this shape-dependent suppres-
ion can be visualized without delicate environmental controls
humidity, temperature, or external pump). However, studies that
h target DNA deposits the microspheres more uniformly (right). (B) Without target
centration of 10−5 M,  the microspheres are uniformly deposited after evaporation.

 the web version of this article.)

exploit this phenomenon for biomedical detection have not been
reported.

Here, we  describe a method for the detection of nucleic
acid using hybridization-induced suppression of the coffee ring
effect. Our working principle is based on the phenomenon that
non-spherical particles have higher resistance to the coffee ring for-
mation, the schematics of which are shown in Fig. 1A. Suspended
microspheres were surface-functionalized with single-strand DNA
probes that can recognize a target DNA. Two types of probes, P1
(blue) and P2 (green), were designed to hybridize in juxtaposition
with one target DNA (red). Using microspheres functionalized with
either P1 or P2, the present target DNA hybridized simultaneously
with both P1 and P2, leading to the generation of non-spherical par-
ticle agglomerates through inter-particle cross-linking. Thus, when
the aspect ratio (  ̨ = length/width) of the suspended particles sig-
nificantly increases (from  ̨ = 1 for mono-dispersed microspheres
to  ̨ > 1 for particle agglomerates), the particle agglomerates can be
deemed non-spherical to resist the capillary flow and to suppress
the coffee ring formation.

In this proof-of-concept study, we  establish a method of
detection that is effectively sensitive at low concentrations of
10–100 nM,  with a wide dynamic range from 10−5 M to 10−8 M,
and sufficiently specific to distinguish sequences with a single
mismatched nucleotide. In addition, the mechanistic insight under-
lying the suppression of the coffee ring effect was also elucidated by
video microscopy and numerical simulations. In the present study,
we show how the coffee ring effect was  exploited to amplify the

microscale binding events into changes of pattern formation at
macroscale without cumbersome instrumentations, thus offering
a simple, inexpensive, and user-friend interface for detection of
nucleic acid.
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Table 1
Sequences of single-strand DNA probes P1rpoB and P2rpoB,  the associated fully
matched target rpoB, single mismatched target 3′ , middle (Mid) and 5′ , and fully
mismatched target pagA, where the mismatch nucleotide is underlined.

Strand name Sequence

rpoB 5′-ACTTGTGTCTCGTTTCTTCGATCCAAAGCG-3′

P1rpoB 5′-AAACGAGACACAAGT-/biotin/-3′

P2rpoB 5′-/biotin/CGCTTTGGATCGAAG-3′

3′ 5′-ACTTGTGTCTCGTTACTTCGATCCAAAGCG-3′

Mid  5′-ACTTGTGACTCGTTTCTTCGATCCAAAGCG-3′
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5′ 5′-TCTTGTGTCTCGTTTCTTCGATCCAAAGCG-3′

pagA 5′-CTCGAACTGGAGTGAAGTGTTACCGCAAAT-3′

. Materials and methods

.1. Synthesis of target-recognizing microspheres

To detect the target DNA sequence (rpoB), the single-strand DNA
robes, biotinylated oligonucleotide P1rpoB and P2rpoB, were dis-
olved in Tris–ethylenediaminetetraacetic acid (Tris–EDTA) buffer.
he sequence is listed in Table 1. For the suspended microspheres,
e selected fluorescent polystyrene microspheres with a diameter

f 1.04 �m (Excitation:Emission is 480:520 or 660:690; Bangslab,
SA), which were coated with streptavidin so that the biotinylated
robes P1rpoB and P2rpoB would attach to them through the strong
treptavidin-biotin link. Seventy micrograms of microspheres were
ixed with 5 �g of either P1rpoB or P2rpoB in the microsphere stor-

ge buffer. After incubation for 30 min  at room temperature, the
icrospheres were washed three times with binding buffer con-

aining 20 mM Tris, pH 7.5, 1 M NaCl, and 1 mM EDTA with 0.0005%
riton X-100.

.2. Coffee ring detection

Ten microliter of the target DNA (rpoB) was prepared at a range
f concentrations (10−5 M,  10−6 M,  10−7 M,  10−8 M,  10−9 M,  and

 M)  in the hybridization buffer containing 10 mM Tris–HCl, 1 mM
DTA, and 1 M NaCl, pH 8.2, with 0.2% Tween-20. For the mis-
atch experiment, rpoB was replaced by oligonucleotide targets
ith a single mismatched sequence, labeled 3′, Mid, or 5′ accord-

ng to the location of mismatch, or an oligonucleotide target, pagA,
ith a fully mismatched sequence (Table 1). The target solution was
rst mixed with 35 �g of microspheres functionalized with P1rpoB.
he duration of the hybridization between P1rpoB and the target
NA was 30 min. At the period of time, another 35 �g of micro-

pheres functionalized with P2rpoB were added to 10 �L of pure
ybridization buffer. Next, the microspheres functionalized with
ither P1rpoB or P2rpoB were mixed in 10 �L of hybridization buffer
or 5 min, then repeatedly centrifuged (13.8 × g for 3 min) and re-
uspended three times. The hybridization buffer was then replaced
y deionized water, leaving 14 �L as the final volume to make a
olume fraction of 0.5%. The microsphere solutions were then cen-
rifuged and re-suspended in deionized water 6–10 times. For the
offee ring formation, the solution was dispensed on a microscopic
lide and left for approximately 15 min  until it dried under ambient
onditions.

.3. Image analysis

The coffee ring images and time-lapse videos were taken by
ikon TS-100 and Nikon Ti-E microscopy equipped with a color CCD
nd CoolSNAP Myo, respectively. An image processing program was

eveloped in MATLAB for the automated analysis of coffee ring for-
ation (Fig. A.1). The original images of ring patterns were first

onverted from RGB to grayscale. Using an image segmentation
ethod, the largest segment was identified as the droplet region
ors B 206 (2015) 56–64

and the background was removed from the image. With the inten-
sity histogram of the ring pattern, the dark peak intensity (red dot)
and the bright peak intensity (blue dot) were detected (Fig. A.1B).
We then found the valley (blue square) in between the two  peaks.
The threshold (red square) was defined as the intensity level to
the left of the valley, where its frequency equals that of the val-
ley plus 2% of that of the dark peak. Finally, the program applied
the threshold to the image and computed the ratio of the number
of dark pixels to the total number of pixels covering the droplet
region as a quantitative measurement of the ring pattern.

2.4. Numerical simulation

We  simulated the meniscus profile surrounding the micro-
spheres at the air–water interface using the Surface Evolver
software, which is based on the principle that the liquid surface
deforms and evolves toward the minimal energy status by a gradi-
ent descent method. The total energy is shown as follows:

Etotal = Esurface + EG, (1)

where Etotal is the total energy of the model system, Esurface is
the interfacial surface energy, and EG is the gravitational energy
of the model system. Using the Surface Evolver software, the ini-
tial settings of vertices, edges, and facets were defined (Fig. A.2A).
The Surface Evolver meshed the model into small triangular ele-
ments (Fig. A.2B). During the evolving process, these elements were
deformed and reshaped until the total energy Etotal was minimized.

For an individual triangular facet element, the surface energy
can be expressed as

Esi = Ti

2
|�si0 × �si1|, (2)

where Esi is the surface energy of the triangular facet element i, �si0
and �si1 are the two edge vectors of triangular facet element i, and Ti
is the surface tension of facet element i, where the settings of Ti are
classified into three types: (1) Ti = T (constant, the surface tension of
the air–water interface), (2) Ti = T cos �c at the water–solid interface,
where �c is the contact angle, and (3) Ti = 0 at the solid–air interface.
As such, the total surface (Esurface) can be obtained as

Esurface =
∑

i

Esi =
∑

i

Ti

2
|�si0 × �si1|, (3)

In addition, the gravitational potential energy can be expressed
as

EG = �g

∫ ∫
liquid surface

1
2

Z2�k · �dA, (4)

where � is liquid density, g is gravity, z is the coordinate of the
z-axis, and �k is the unit vector of the z-axis. The corresponding
gravitational energy (EGi) of each facet element i can be described
as

EGi = 1
4

�gZ2|�k · (�si0 × �si1)|, (5)

Consequently, we can calculate EG in the Surface Evolver as fol-
lows:

EG =
∑

i

EGi =
∑

i

1
4

�gZ2
∣∣�k · (�si0 × �si1)

∣∣ , (6)

and the total energy (Etotal) of the system can finally be expressed
as ∑Ti

∑1 2 �

total

i
2 i0 i1

i
4 i0 i1

Two models were implemented: one bi-sphere and one tri-
sphere. For the bi-sphere model, two  solid microspheres with
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 diameter of 1 �m were used. For the tri-sphere model, we
imulated a system consisting of a group of two  agglomerated
icrospheres with a third microsphere. The third microsphere
as placed along the conjugate axis with respect to the two-
icrosphere agglomerate. The contact angle of the microsphere
as 30◦ and the liquid surface tension was set at 70 mN/m.

. Results

.1. Detection of nucleic acid

To evaluate our method, we selected the rpoB gene, a chro-
osomal marker with species-species sequences representing a

athogenic strain Bacillus anthracis. To recognize the target DNA
poB, two single-strand DNA probes (P1rpoB, blue, and P2rpoB, green)
ere used, the sequences of which are complementary to half of

he sequence of rpoB (red) (Fig. 1A). The sequence is summarized in
able 1. The probes were biotinylated at one end, so that they could
ind to the microspheres coated with streptavidin. As such, rpoB
ould hybridize with P1rpoB and P2rpoB in juxtaposition and lead

o non-spherical particle agglomeration. Thus, during the drying
rocess, spherical microspheres (  ̨ = 1) tend to flow outward to the
eriphery of the droplet and form a ring, whereas anisotropic parti-
le agglomerates (  ̨ > 1) are more uniformly deposited and suppress
he coffee ring effect. Based on this concept, after drying in deion-
zed water, a perfect coffee ring was formed when the target DNA

as absent (Fig. 1B). In contrast, the presence of target DNA at a
oncentration of 10−5 M resulted in a strong suppression of the
offee ring effect (Fig. 1C). Rather than moving to the periphery
f the droplet during the drying process, most of the microspheres
ere uniformly deposited at the end. This change in pattern forma-

ion was dramatic and can be observed by direct visual inspection,
howing the validation of this working principle.

In addition to the qualitative visual readout, our method can
lso provide quantitative measurements of the concentration of the
arget DNA. As the target concentration decreases, the suppression
f the coffee ring effect also decreases. At a target concentration
f 10−6 M,  the microspheres did not cover the entire area but
emained to form a wide, dark band around the edge (Fig. 2A). As
he concentration further decreased to 10−7 M,  10−8 M, and 10−9 M,
he dark regions became smaller on average (Fig. 2B–D), show-
ng the dependence of the coffee ring suppression on the target

oncentration.

An image processing technique was used to quantify the change
n coffee ring formation at different target concentrations. The
mages were binarized with a threshold obtained by the histogram

ig. 2. Quantitative analysis of the ring formation reflecting the amount of target DNA. (A
C),  and 10−9 M (D). Scale bar for (A–D), 250 �m.  (E) The average ratio of the dark area to
3  rings for 10−5 M,  10−6 M,  10−7 M,  10−8 M,  10−9 M,  and 0 M, respectively; mean ± SD; re
ors B 206 (2015) 56–64 59

shape-based method (Fig. A.1). The ratio of the dark area to the
total droplet area provided a quantitative measure of the coffee
ring. As shown in Fig. 2E, the ratio at a concentration of 10−5 M was
0.77 ± 0.11, and decreased to 0.22 ± 0.03 when the target DNA  was
absent. When the target concentration was decreased from 10−5 M
to 10−9 M,  the average ratio showed a dependence of the propor-
tion on the concentration. At a concentration of 10−9 M, the average
ratio was 0.26 ± 0.073, which was  slightly greater than that at 0 M.
It shows that the detection has ultimate sensitivity at 10–100 nM.

3.2. Specificity

To examine the specificity of this method, three types of
mismatched oligonucleotide targets were used with a single mis-
matched nucleotide at 3′ end, 5′ end, or at the middle of the
oligonucleotide sequence (Table 1). These three mismatched tar-
gets were applied at a concentration of 10−5 M.  The suppression
of the coffee ring effect was significantly reduced with the pres-
ence of these single mismatched targets (Fig. 3A–C) compared
with the fully matched target (Fig. 1C). We  also tested another
oligonucleotide target, pagA, with a fully mismatched sequence at a
concentration of 10−5 M.  The result was very similar to the ring for-
mation in the absence of target DNA (Figs. 3D and 1B). After image
processing, the results from the null condition (target DNA absent),
target DNA with a single mismatched sequence at 3′, 5′, or the mid-
dle, or target DNA with a fully mismatched sequence (pagA) showed
significant differences from the results of the perfectly matched
target, rpoB (p < 0.0001 for all cases; Fig. 3E). These results demon-
strate that the method has the high specificity to distinguish target
DNA with a single mismatched or a fully mismatched sequence.

3.3. Video microscopy

To elucidate how the coffee ring effect was suppressed, we  per-
formed video microscopy. In the absence of the target DNA, the
microspheres were efficiently carried by the outward capillary flow
to the periphery of the droplet, either in bulk or along the air–water
interface, resulting in a ring-shaped structure at the rim (Fig. 4A and
B, and Video A.1 and 2). Only small numbers of microspheres were
left in the inner area of the droplet. In contrast, when target DNA
was present at a concentration of 10−5 M,  many of the microspheres
remained in the inner area without being carried to the periphery of

the droplet (Fig. 4C and Video A.3). Notably, when the microspheres
were traveling toward the periphery of the droplet, many of they
were first trapped at the air–water interface (Fig. 4D and Video A.4).
According to the observation of anisotropic ellipsoid in the coffee

–D) The results for target DNA at concentrations of 10−6 M (A), 10−7 M (B), 10−8 M
 the total droplet area at different target concentrations (n = 31, 14, 24, 18, 18, and
sults from 2–4 independent experiments).
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Fig. 3. Distinction of target DNA with a single mismatched sequence. (A–C) Coffee rings formed using target DNA with a single mismatched nucleotide at the 3′ end (A), the
5′ end (B), and a middle (C) location. (D) A coffee ring formed using a fully mismatched target, pagA. The target concentration is 10−5 M for all cases. Scale bar for (A–D),
250  �m.  (E) The average ratio of the dark area to the total droplet area for rings using target DNA with a single mismatched sequence at 3′ , 5′ , or middle, or a fully mismatched
sequence paA, compared with the null (target DNA absent) and fully matched sequence rpoB (n = 33, 18, 15, 16, 8, and 31 rings for null, 3′ , 5′ , Mid, pagA, and rpoB, respectively;
mean  ± SD; results from 2–4 independent experiments).

Fig. 4. Dynamics of the coffee ring formation. (A–B) In the absence of target DNA, the microspheres are carried toward the periphery of the droplet. (C–D) When target DNA
is  present at a concentration of 10−5 M,  a significant number of microspheres remain inside the inner area, forming an interconnected network without being carried to the
periphery of the droplet. Scale bar, 250 �m for (A and C) and 50 �m for (B and D).
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Fig. 5. Cheerios effect for coffee ring suppression. (A) In the presence of target DNA at 10−5 M,  a perfect ring was  formed when 0.05% Tween 20 was added into the final
deionized solution. (B) Schematics of green fluorescent microspheres modified with P1rpoB or P2rpoB that can hybridize with rpoB; red fluorescent microspheres modified
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n  (C). Scale bar, 250 �m for (A), 50 �m for (C), and 20 �m for (D). (For interpretatio
f  this article.)

ing formation [32], this motion toward the air–water interface is
aused by the outward capillary flow being blocked by the descen-
ing interface during evaporation. Later, the trapped microspheres
dhered to each other, gradually forming a large network structure
oating at the air–water interface (Fig. 4D and Video A.4). Although
he microspheres underneath the air–water interface could still be
arried toward the periphery of the droplet, the network structure
t the air–water interface remained static, showing the enhanced
uidic resistance [32].

.4. Cheerios effect

The coffee ring effect is suppressed by anisotropic ellipsoids
ecause ellipsoids trapped at the air–water interfaces tend to
eform the meniscus profile surrounding them [33]. This deformed
eniscus profile later causes long-range and strong capillary

ttraction between particles [32,34,35], called the “Cheerios effect”
36]. The capillary attraction leads to the formation of a loosely
acked structure that has increased surface viscosity over bulk vis-
osity and enhances fluidic resistance to the radially outward flows.
hus, this phenomenon prevents the suspended anisotropic parti-
les from moving to the rim of the droplet and suppresses the coffee
ing effect.

Our video microscopy revealed that the network structure
as also formed at the air–water interface, which implies that,

t the air–water interface, the anisotropic particle agglomer-
tes in our system may  also create the Cheerios effect, which
roduces long-range capillary attraction to other anisotropic parti-
le agglomerates or other mono-dispersed microspheres. In other
ords, with some particle agglomeration initially generated by
NA hybridization, because of the deformed meniscus profile sur-
ounding them, these particle agglomerates may  later exert strong
apillary attraction on other particles that do not bind with the
arget DNA, thereby causing additional attraction for particle con-
ections.
een and red fluorescent microspheres. (D) Higher magnification images of the inset
e references to color in this figure legend, the reader is referred to the web version

To test this hypothesis, the deionized water in the final solution
was supplemented with 0.05% Tween 20, a surfactant known to
reduce the surface tension as well as the capillary attraction at the
air–water interface. Consistently, although target DNA was  present
at a high concentration (10−5 M),  a perfect ring was still formed
when the surface tension was reduced (Fig. 5A), which supports
our hypothesis that capillary attraction at the air-liquid interface
plays an important role in the suppression of the coffee ring effect.

To further investigate whether the capillary attraction was
applied to other mono-dispersed microspheres, we used fluores-
cent microspheres. Green fluorescent microspheres modified with
single-strand DNA probes (P1rpoB or P2rpoB) were mixed with
red fluorescent microspheres modified with non-relevant oligonu-
cleotide probes (Fig. 5B). In the presence of the target DNA, rpoB,
although the red fluorescent microspheres only carried a non-
relevant oligonucleotide probe that does not hybridize with rpoB,
they were still incorporated into the particle agglomerates formed
by the green fluorescent microspheres (Fig. 5C and D). These results
indicate that the particle agglomerates in the coffee ring forma-
tion can recruit microspheres that do not bind with the target DNA
and jointly form the network structure that amplifies the fluidic
resistance.

3.5. Numerical simulation

The Cheerios effect requires deformed air–water interface to
trap the colloid particle and enhance the inter-particle capil-
lary attraction. To investigate whether the air–water interface
was deformed in the regions surrounding particle agglomer-
ates, we  calculated the interfacial shape surrounding the particle
agglomerates. We  first constructed a bi-sphere model using two

microspheres with a different center-to-center distance L (Fig. 6A)
to investigate the deformation of the meniscus profile before and
after particle agglomeration. When L equaled three times the
diameter of the microsphere d, where they were deemed to be
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Fig. 6. Numerical simulation of the air–water interface surrounding the microspheres. (A) Schematics of the bi-sphere and tri-sphere models. (B) Top view of the air–water
interface of the bi-sphere model for L = 3d. (C) Side view of the air–water interface of the bi-sphere model for L = 3d. (D) Top view of the air–water interface of the bi-sphere
model  for L = d. (E) Side view of the air–water interface of the bi-sphere model for L = d. The color map  represents the interface height for (B–E). (F) For the bi-sphere and
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ri-sphere models, the potential energy �E plotted versus L/d with the reference p
eader  is referred to the web version of this article.)

ono-dispersed microspheres, although the interface height in
etween the microsphere increased slightly, the triple contact lines
n the microsphere remained flat (Fig. 6B and C). When L decreased
o d, that is, the two spheres were in intimate contact with each
ther and were deemed to be a particle agglomerate, the contact
ines were significantly distorted and no longer flat (Fig. 6D and
), and the interface height between the microspheres increased
ramatically. This result shows that the particle agglomerate can

nduce a distinctive distortion of the meniscus profile.
To further validate whether the distorted meniscus was

esponsible for the increased long-range capillary attraction, we
onstructed a tri-sphere model. We  hypothesized that the distorted
eniscus surrounding the particle agglomerates may  enhance the

ttraction force to a third, nearby microsphere. With two micro-
pheres agglomerated, a third microsphere was placed along the
onjugate axis of two microspheres. In this case, the separation
istance L referred to the distance between the center of the third
icrosphere and contact points of the agglomerated microspheres

Fig. 6A). We  calculated the potential energy �E  (surface tension,
ravity) with respect to the reference position L = 10d  for both the
i-sphere and tri-sphere models (Fig. 6F). For the bi-sphere model,
E  reached a maximum when L ∼ 4d, which shows that the inter-

ction between two mono-dispersed microspheres is repulsive for
 > 4d and becomes attractive for L < 4d. If no prior mechanism such
s DNA hybridization is used to force the initial particle agglomera-
ion, an energy barrier occurs and prevents the microspheres from
ssembling and remaining mostly mono-dispersed. This therefore
revents the formation of the network structure at the air–water

nterface. In contrast, in the tri-sphere model, �E  continued to

ecrease when L ≤ 10d, which shows that, with an already existing
article agglomerate connected through DNA hybridization, this
article agglomerate attracts a third microsphere by long-range
apillary attraction (longer than 10 times the particle diameter)
n at L/d = 10. (For interpretation of the references to color in this figure legend, the

through the deformed meniscus profile. The increased attraction
favors the formation of a network structure and amplifies the fluidic
resistance. Eventually, the coffee ring effect is suppressed.

4. Conclusion

In this paper, we  demonstrated a powerful method for the
detection of nucleic acid using the suppressed coffee ring effect.
After particles agglomerate due to DNA hybridization, the distorted
air–water interface traps the particle agglomerate and exhibits a
long-range capillary interaction with another particle agglomerate
or mono-dispersed microspheres. This enhanced particle–particle
interaction results in the formation of a strong network structure
at the air–water interface, eventually suppressing the coffee ring
effect to reflect the presence of target DNA. Our method has effec-
tive sensitivity for target DNA at a low concentration of 10–100 nM
with a wide dynamic range from 10−5 M to 10−8 M, and high
specificity to distinguish a sequence with a single mismatched
nucleotide.

To facilitate the hybridization process, we applied repeated cen-
trifugation and re-suspension as the final step before dispensing the
droplet. For the solution with target DNA, the suppression of the
coffee ring effect was  increased when more cycles were applied,
and became stable without further change after 6–10 cycles (Fig. A.
3 and 4), which indicates that the particle agglomeration mediated
by DNA hybridization can be facilitated via such cyclic motion to
enhance the efficiency. In contrast, in the absence of target DNA
(Fig. A.3 and 4), a perfect ring was  still formed after the same num-
ber of cycles, which shows that the cyclic motion only speeds up

the hybridization without introducing another type of non-specific
agglomeration via another mechanism. Note that suppression of
coffee ring effect can be still achieved by static incubation for 1 h
without applying the centrifuge/re-suspension cycles (Fig. A.5).



Actuat

F
t
w

F
e
i
v
p
p
p
v
s
T
a
f
r

A

u
i
U

A

t

R

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

Y. Li et al. / Sensors and 

urthermore, in consideration of low-resource settings, the cen-
rifuge process can be applied by the use of an egg beater [37],
hich is compatible with resource-limited scenario.

This approach has many advantages over existing technologies.
irst, the use of the coffee ring effect offers an extremely simple and
conomical method of detection. When self-driven capillary flow
s used, the need for special fluidic controls, e.g., external pumps,
alves, or microfluidic circuitry, is eliminated. In addition, as the
resence of target DNA is translated into a change in macroscopic
atterns, i.e., from concentrated rings to the uniform deposition of
articles, the readout becomes a macroscopic pattern that can be
isualized directly. This avoids the requirement of specific readers
uch as a current meter, spectrometer, or fluorescence microscope.
herefore, with its portability, cost-effectiveness, energy efficiency,
nd user-friendly interface, this method provides great potential
or portable testing and examination in the simpler fashion for
esource limited settings.
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