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ABSTRACT: The “coffee ring effect” is a natural phenomenon wherein
sessile drops leave ring-shaped structures on the solid surfaces upon
drying. It drives a nonuniform deposition of suspended compounds on
the substrates, which adversely affects many processes, including surface-
assisted biosensing and molecular self-assembly. In this study, we
describe how the coffee ring effect can be eliminated by controlling the
amphipathicity of the suspended compounds, for example, DNA
modified with hydrophobic dye. Specifically, nuclease digestion of the
hydrophilic DNA end converts the dye-labeled molecule into an
amphipathic molecule (one with comparably weighted hydrophobic
and hydrophilic ends) and reverses the coffee ring effect and results in a
uniform disk-shaped feature deposition of the dye. The amphipathic “Coffee ring”
product decreases the surface tension of the sessile drops and induces the
Marangoni flow, which drives the uniform distribution of the
amphipathic dye-labeled product in the drops. As a proof of concept, this strategy was used in a novel enzymatic amplification
method for biosensing to eliminate the coffee ring effect on a nitrocellulose membrane and increase assay reliability and
sensitivity. Importantly, the reported strategy for eliminating the coffee ring effect can be extended to other sessile drop systems
for potentially improving assay reliability and sensitivity.

B INTRODUCTION molecules with highly programmable physicochemical proper-
ties hold good promise to reverse the coffee ring effect.

DNA molecules provide great versatility to redefine their
physicochemical properties in a user-defined manner through
chemical modification.”>">’ Many sites on DNA molecules,
such as the 5’-/3’-termini, the 2'-/4’-positions of the ribose and
the bases, can be modified with functional moieties.>*™>*
Researchers showed that the properties of DNA molecules such
as amphipathicity and average charge density can be easily

The coffee ring effect refers to the often observed natural
phenomenon that sessile drops containing dissolved or
suspended compounds leave ringlike structures on the solid
surfaces upon drying.' > Previous studies suggest that the
outward capillary flow caused by nonuniform evaporation of
solvent carries the suspended compounds to the periphery of
sessile drops during evaporation, leading to the form a “coffee

ring’ upon drying.”"""" The coffee ring effect causes the tuned by chemical modification.”*> For instance, researchers
nonuniform deposition of suspended compounds on the have designed amphipathic DNA by covalent linking of a lipid
underlying surface, and it adversely impacts many processes molecule on the termini>® The DNA molecules with highly
involving surface-assisted biosensing, inkjet printing, molecular programmable physicochemical properties can serve as the ideal
self-assembly, and painting."'™"” For instance, in surface-based molecules to reverse the coffee ring effect in sessile drop
biosensing, where an aliquot of sensing solution is dried on a systems.
substrate, the nonuniform deposition of biosensing probes can Herein, we reported that the nuclease digestion of hydro-
lead to significant variations in signal intensity across the test phobic molecules labeled DNA to generate amphipathic
zone, which decreases assay uniformity, reliability, and
sensitivity.ls_22 Previous studies suggest that the formation of Received: April 16, 2018
coffee ring is correlated with the charge,”’ amphipathicity,”* Revised: ~ May 15, 2018
and shape” of the suspended compounds,” thus chemical Published: May 21, 2018
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Figure 1. (a) Schematic illustration of eliminating coffee ring effect by nuclease digestion of DNA-FAM. (b) Fluorescent ring left by a sessile drop
containing DNA-FAM. (c) Fluorescent disk left by a sessile drop containing DNA-FAM and Exo I (d) Variation of signal intensity across the

fluorescent ring (b) and disk (c) indicated by a solid yellow line.

nucleotide derivatives can efficiently eliminate the coffee ring
effect. The mechanism under the elimination of coffee ring
effect was further investigated. The results indicated that
amphipathic nucleotide derivatives can decrease the surface
tension of sessile drops. The decreased surface tension induced
the formation of Marangoni flow that can go against the
outward capillary flow to reverse the coffee ring effect.
Furthermore, surface-assisted sessile drop analysis was designed
by integrating the strategy for avoiding coffee ring effect with
enzymatic signal amplification. The developed biosensing
method displayed a high sensitivity in the detection of target
DNA with a minimal detection limit of 1 aM. Discrimination of
a single base changes in DNA sequence was also achieved. The
surface-assisted sessile drop analysis can open new possibilities
for fields such as liquid biopsy and single-nucleotide poly-
morphisms analysis. Moreover, the strategy for avoiding the
coffee ring effect by redefining the amphipathicity of the
suspended compounds can further be promoted to other sessile
drop systems such as molecular self-assembly, inject printing,
and paint manufacturing.'”*’

B RESULTS AND DISCUSSION

Figure la illustrates the phenomenon that nuclease digestion of
hydrophobic molecules labeled DNA can lead to the formation
of a disk instead of a ring on the solid surface after sessile drops
have dried. As a proof of concept, random single-stranded DNA
molecules (Table S1) labeled with hydrophobic fluorescein
amidite (DNA-FAM) were prepared. Exonuclease I (Exo I)
that can cut single-stranded DNA to produce nucleotides was
used to modify the molecular amphipathicity of DNA-FAM.
Without the addition of Exo I, sessile drops containing the
DNA-FAM molecules leave a fluorescent ring on the
nitrocellulose membrane (Figures S1 and S2) after drying
(Figures 1b and S3). The fluorescent rings form because the
outward capillary flow inside the sessile drops carry DNA-FAM
molecules to the periphery. However, upon digestion of DNA-
FAM in the sessile drops by Exo I, uniform fluorescence disks
are left on the substrate after evaporation (Figures lc and S3).

The fluorescence images of the ring (Figure 1b) and disk
(Figure 1c) were further converted into grayscale images by the
Quantity One Software (Bio-Rad, Version 4.6.9). The variation
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Figure 2. (a) Molecular structures of hydrophilic DNA-FAM and (b) amphipathic nucleotide FAM. (c) Surface tension of the air—water surface vs
time for DNA-FAM suspended sessile drops with or without the addition of Exo L
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Figure 3. (a) Movement of the PS microspheres in the sessile drops suspended with FAM-DNA. (b) The observed movement of the PS
microspheres shown in (a). (c) The movement of the PS microspheres in sessile drops suspended with FAM-DNA and Exo L (d) The observed

movement of the PS microspheres shown in (c).

in gray value across the ring and disk indicated by the solid
yellow line is presented in Figure 1d. For the curve indexed to
the ring, the signal is predominantly distributed around the
contact line and weak signal is also observed in the center
region. Moreover, the signal intensity varies on the contact line,
suggesting the nonuniform deposition of DNA-FAM in the test
zone. In contrast, no obvious variation in signal intensity is
observed across the disk, which indicates that the DNA-FAM
molecules are uniformly deposited in the test zone. Addition-
ally, DNA labeled with FAM at different sites and DNA labeled
with different hydrophobic dyes were treated with Exo I to test
the generality of the strategy for eliminating the coffee ring
effect. The results showed that all of the digested DNA left
fluorescent disk on the substrate after the evaporation of the
sessile drops (Figures S4 and SS). The above results clearly
demonstrate that nuclease digestion of hydrophobic molecules
labeled DNA can efficiently eliminate the coffee ring effect.
The mechanism of reversing the coffee ring effect was further
investigated. The difference in molecular structure and
physicochemical properties of DNA-FAM and the digested
products was studied. The DNA-FAM molecule is hydrophilic
due to the presence of a long oligonucleotide chain (Figure 2a).
After Exo I digestion, nucleotides and nucleotide-FAM
molecules are produced. Sessile drops containing isolated
nucleotides and FAM molecules leave fluorescent rings after
evaporation (Figure S6), suggesting that the hydrophilic
nucleotides cannot lead to the elimination of the coffee ring
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effect. The nucleotide-FAM molecules were further studied. As
shown in Figure 2b, the nucleotide-FAM molecule is
amphipathic due to the presence of a comparably weighted
hydrophilic nucleotide moiety and a hydrophobic FAM moiety.
According to previous studies, amphipathic molecules are able
to decrease the surface tension of the sessile drops to induce
the Marangoni flow that goes against the outward capillary flow
in sessile drops.’®* The surface tension of sessile drops
containing FAM-DNA, digested unlabeled DNA, and digested
FAM-DNA was further measured. As shown in Figure 2c, the
FAM-DNA and digested unlabeled DNA led to a slight
decrease in the surface tension of the sessile drops. In contrast,
the surface tension of the sessile drops containing digested
FAM-DNA drastically decreases by about 60%. Accordingly,
the amphipathic nucleotide-FAM molecules are suggested to be
responsible for the elimination of the coffee ring effect. Other
tests further confirm that the nuclease digestion of hydrophobic
molecules labeled DNA can serve as a general strategy to
eliminate the coffee ring effect (Figures S7—S12).

Previous studies showed that the decrease in the surface
tension can induce the formation of an inward Marangoni flow
that can recirculate the compounds accumulated at the contact
line to the center of the sessile drops.”*** The flow currents in
sessile drops containing FAM-DNA and digested FAM-DNA
were further characterized with video microscopy. Polystyrene
(PS) microspheres (Figure S13) are suspended in the sessile
drops to aid the observation of the flow currents. The
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Figure 4. (a) Schematic illustration of the surface-assisted sessile drop analysis. (b) Fluorescent disks left by the biosensing sessile drops containing
target DNA with different concentration. (c) Fluorescence spectra of the disks shown in (b). (d) Normalized fluorescence intensities of disks left by
biosensing sessile drops added with target DNA and spurious target DNA (ST-DNA).

movement of the PS microspheres over time in the sessile
drops was recorded (Videos S1 and S2). In the sessile drops
suspended with FAM-DNA and PS microspheres (Figure 3a
and Video S1), the microspheres gradually move to the contact
line and densely packed microspheres are clearly observed at
the periphery as evaporation proceeds. The movement of the
PS microspheres in FAM-DNA suspended sessile drops clearly
shows the well-known outward capillary flow current that leads
to the formation of the ring-shaped structure (Figure 3b). As
for the PS microspheres in the sessile drops containing digested
FAM-DNA, the inward movement of the PS microspheres
toward the center of the drops is clearly observed (Figure 3c
and Video S2). The inward flow current (Figure 3d) can be
ascribed to the Marangoni flow directed toward the center of
the sessile drops.

Taken together, the above results suggest that the nuclease
digestion of hydrophilic DNA-FAM to produce an amphipathic
nucleotide-FAM in the sessile drops is responsible for the
elimination of the coffee ring effect. The amphipathic
nucleotide-FAM molecules were carried to the contact line of

the sessile drops by an outward capillary flow, making the
surface tension around the periphery lower than that in the
center region.*’ The surface tension gradient across the sessile
drops results in the generation of the Marangoni flow directed
toward the center of the drops.24 Consequently, the nucleotide-
FAM and other molecules accumulated around the periphery
are carried to the center of the sessile drops by the inward
Marangoni flow, finally leading to the formation of a uniform
fluorescent disk instead of a ring after drying. These results
clearly demonstrate that redefining the amphipathicity of the
compounds in sessile drops can serve as an efficient strategy to
eliminate the coffee ring effect in the sessile drop systems.
The strategy for avoiding the coffee ring effect was further
integrated with enzymatic signal amplification to develop a
surface-assisted sessile drop biosensing method. As a proof of
concept, DNA was used as the model target. The principle for
the visual detection of target DNA on nitrocellulose membrane
is illustrated in Figure 4a. Double-stranded toehold exchange
probe*** labeled with FAM and hydrophobic quencher BHQ1
was rationally designed (Table S1). The DNA probe has 3'-
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protruding terminus to resist cleavage by exonuclease III (Exo
I1).¥™* In the presence of target DNA, the DNA probe
specifically hybridize with target DNA by toehold-mediated
strand displacement®*>*° to form probe-target duplex that has
a 3'-blunt termini on the probe strand. As Exo III can catalyze
the stepwise removal of nucleotides from DNA with the 3'-
blunt termini, the probe strand is digested by Exo III and the
target DNA is regenerated for the next reaction cycle for signal
amplification (Figures S14 and S15). The digestion of the
probe strand by Exo III produces amphipathic nucleotide-FAM
and nucleotide-BHQ1 molecules (Figure S16) that can induce
a Marangoni flow in the sessile drops to drive the formation of
uniform fluorescent disks. It should be noted that the
Marangoni flow can promote convective mixing of suspended
compounds in the sessile drops to increase the collision
probability between the reaction molecules to accelerate the
reaction. Moreover, the evaporation of the sessile drops can
increase the concentration of targets through volume reduction,
which is particularly suitable for the analysis targets with low
abundance (Figure S17).

Figure 4b presents the fluorescent images left by the
biosensing sessile drops containing different concentrations of
target DNA after drying. Notably, the coffee ring effect is
efficiently avoided and uniform fluorescence disks are formed
(Figure S18), which can be ascribed to the production of
amphipathic molecules by Exo III digestion. The fluorescence
intensity of the disks gradually increases with raising the
amounts of added target DNA (Figures 4b and S19). Moreover,
sessile drops containing 1 aM of target DNA leaves legible disks
on the nitrocellulose membrane with bright fluorescence,
suggesting that the surface-assisted sessile drop analysis
possesses high sensitivity in target DNA detection. The
fluorescence spectra of the disks are presented in Figure 4c.
The emission peak indexed to FAM grows stronger with
increasing concentration of target DNA and obvious signal
enhancement is observed with adding 1 aM of target DNA. The
high sensitivity of the surface-assisted sessile drop analysis can
be ascribed to the collective enzymatic signal amplification and
evaporation-induced concentration of targets. The specificity of
the surface-assisted sessile drop analysis for target DNA
detection was further investigated by evaluating the response
of the biosensing sessile drops to spurious target DNA (ST-
DNA) that only have a single-base difference with the target
DNA (Table S1). As shown in Figure 4d, all of the spurious
targets lead to a slight increase in the fluorescence intensity
compared to the target DNA, suggesting that the toehold
exchange probe is able to discriminate single-base changes in
DNA sequence. The above results clearly demonstrated that
highly sensitive and specific surface-assisted sessile drop analysis
has been successfully developed based on the strategy for
reversing the coffee ring effect.

B CONCLUSIONS

In this work, we found that the nuclease digestion of
hydrophobic molecules labeled DNA in sessile drops can
efficiently eliminate the coffee ring effect. Amphipathic
molecules produced in the nuclease digestion can induce a
Marangoni flow in the sessile drops to drive the formation of a
disk-like structure instead of a ring-shaped structure after
drying. Surface-assisted sessile drop analysis was further
developed by combining the strategy of eliminating the coffee
ring effect with enzymatic signal amplification. The developed
biosensing method possesses high sensitivity and specificity.
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The surface-assisted sessile drop analysis can open new
possibilities for single nucleotide polymorphisms analysis and
liquid biopsy. Also, the developed strategy for avoiding coffee
ring effect by redefining the amphipathicity of suspended
compounds can further be promoted to other sessile drop
systems including molecular self-assembly and paint manufac-
turing.

B EXPERIMENTAL SECTION

Printing Hydrophobic Polydimethylsiloxane (PDMS) Circles
on Nitrocellulose Membrane. Hydrophobic PDMS circles
(diameter of ~2.5 mm) were printed onto a nitrocellulose membrane
with a three-dimensional (3D) printer. The mechanical arm of the 3D
printer moved an injector over the nitrocellulose membrane to print
the PDMS circle and the nitrocellulose membrane was moved by a
separate motor along the axis perpendicular to the motion of the
mechanical arm. The resultant nitrocellulose membrane was heated at
90 °C in an electric oven for 6 min to allow PDMS to fully penetrate
the nitrocellulose membrane. The as-prepared PDMS layer can trap
the sessile drops within the circles.

Elimination of Coffee Ring Effect with Nuclease Digestion of
DNA-FAM. In a typical experiment, 10 uL of 1X NEB buffer 1 (10
mM Bis-Tris-propane HCl, pH 7.0, 10 mM MgCl,, 1 mM
dithiothreitol) containing DNA-FAM (200 nM) and Exo I (40 U)
was spotted to the hydrophobic PDMS circles on the nitrocellulose
membrane to form a sessile drop. The sessile drop was kept at 37 °C
until dry. The fluorescent images were captured with a fluorescence &
FISH digital pathology scanner (Aperio VERSA 8, Leica) equipped
with a 488 nm laser. The control experiments were conducted using
the same procedure in the absence of Exo 1.

Measurement of Surface Tension. Briefly, 50 uL of 1xX NEB
buffer 1 suspended with DNA-FAM (200 nM) and Exo I (40 U) was
allowed to react at 37 °C for 2 h with humidity control. The dynamic
surface tension measurement was then conducted by the hanging
droplet method on a KRUSS Drop Shape Analysis (DSA-10). The
surface tension of the sessile drops was determined by comparing the
shape of the drop hanging from a syringe to the Young—Laplace
equation. The capillary tip of the outside diameter was 0.76 mm. The
dynamic surface tension was measured with a custom-built improve-
ment to the pendant drop system. Evaporation was suppressed by
sealing the reaction drops in a cuvette with an excess of solvent. No
obvious evaporation was observed during the experiments. Each
dynamic surface tension measurement was repeated three times.
Control experiments without the addition of Exo I were carried out
with the same procedure.

Observation of Marangoni Flow in Sessile Drops. Typically,
the reaction mixture containing 1X NEB buffer 1, 400 U Exo I, and
200 nM DNA-FAM was prepared and allowed to react at 37 °C for 2
h. Then, the PS microspheres (0.3%) were added to the above reaction
solution. The mixture was further dropped on thin glass coverslips for
microscopic observation. The bright field images and videos about the
movements of PS microspheres in the sessile drops were obtained on a
Zeiss confocal laser scanning microscope (LSM 880).

Elimination of Coffee Ring Effect in Surface-Assisted Sessile
Drop Analysis. A volume of 10 yL reaction mixture containing 1X
NEB buffer 1, Exo III (40 U), toehold exchange probe (200 nM), and
target DNA (0.1 nM) was spotted to the test zone on a nitrocellulose
membrane. The reaction in the sessile drops was allowed to proceed at
37 °C for 2 h. The fluorescent images were captured using the
fluorescence & FISH digital pathology scanner (Aperio VERSA 8,
Leica).

Detection of Target DNA with the Surface-Assisted Sessile
Drop Analysis. In a typical experiment, a series of reaction solution
containing 1X NEB buffer 1, 40 U Exo III, 200 nM toehold exchange
probe, and different concentrations of target DNA (0—1 pM) were
prepared. Then, 10 uL of the reaction solutions was spotted to the test
zones on the nitrocellulose membrane and was allowed to react at 37
°C for 2 h. The fluorescence intensity of the left disks were quantified
on the IVIS Spectrum (PerkinElmer). The fluorescence spectra of the
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disks were recorded by a fluorescence microplate reader with
excitation wavelengths of 488 nm.
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