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Abstract

We have recently reported an original observation of 
how a specific molecular recognition between coated Poly-
styrene (PS) beads dispersed in solution and a solid surface 
can drastically change the process by which micro droplets 
of fluids dry. This observation simply relies on the analysis 
of the final dried residue on the surface, therefore involv-
ing minimal intervention by trained individuals and a mini-
mum investment in sophisticated readout equipment. For 
instance, a smart phone CCD camera would suffice to pro-
vide the data required for the analysis. These recent results 
naturally open the possibility of developing an inexpensive 
point-of-care diagnostics method for diseases with a known 
genome recognition sequence – or a monoclonal antibody 
signature – using biomedical approaches at the molecular 
or sub-nanometric level. The present results constitute a 
model to study the feasibility and sensitivity of the exposed 
method for the characterization of a known SNP (single 
Nucleotide Polymorphism) in the Epidermal Growth Factor 
Receptor (EGFR) gene (dbSNP ID: rs1050171) identified as 
an early biomarker for several cancers. 

Introduction

For many decades, research on how the contents of a drop-
let can modify the drying mechanism has been going on with 
most studies focusing on transport processes such as the pin-
ning of a wetting line [1,2] with some studies tackling how 
changes in the surface properties can affect the process as well 
[3-8]. Understanding how a specific molecule-receptor interac-
tion at the solid surface affects the drying mechanism and the 
pattern of the final residue has promising bio-medical applica-
tions. For instance, it could be employed for the detection of 
biomarkers in biological fluids (e.g. effusions or blood) using an 
immunoassay where an antibody immobilized on the surface 
binds with high affinity to a specific biomarker in solution. Such 
a molecular recognition event is different from nonspecific van-

der-Waals and electrostatic interactions studied so far [5,8]. In 
a previous study, we showed, for the first time, how a specific 
biomolecular interaction between the surface and solute beads 
modifies the expected drying mechanism [9]. In general, nano 
or micro-sized beads are an efficient approach to disrupt dry-
ing mechanisms because solute particles have a strong effect on 
the droplet drying process [1] and the tunable properties of the 
particles make them amenable to biological applications [10]. 
Our proposed method, coupled to complex pattern-recognition 
algorithms [11], could then provide direct diagnosis of disease 
conditions for remote point-of-care applications. A first step, 
however, is to investigate how DNA hybridization on the sur-
face affects the drying sequence since the specificity and ther-
modynamic stability of DNA base pairing creates more suitable 
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experimental conditions for a stronger response to validate the 
proposed platform technology.

The biotin-Streptavidin (SAv) system was initially selected 
for its known strong non-covalent protein-cofactor interaction, 
with a dissociation constant, KD= 4×10-14 M [12], or a measured 
stretching bond force of about 160pN per biotin-streptavidin 
bond [13]. The results we obtained are applicable to the study 
of a biomarker in solution, or immobilized onto the surface, 
by tagging the biomarker or its receptor with either biotin or 
streptavidin. To initially investigate how a model system such 
biotin-streptavidin influences the droplet drying process, we 
considered aqueous dispersions of biotin- or SAv-coated fluo-
rescent Polystyrene (PS) particles. Encouragingly, we witnessed 
the first observation of how beads coated with a molecule (bio-
tin) with high affinity for a ligand coated on the surface (strepta-
vidin) dispersed in solution can modify the drying process of a 
0.1-0.2µL droplet and the final dried residue pattern [9]. The 
maximum sensitivity was achieved using biotin-coated polysty-
rene beads (diam. 0.5µm) and streptavidin-coated glass slides. 
A control experiment consisted of drying similar streptavidin-
coated beads in the same conditions. In both cases, the particles 
first gather into forming a large peripheral ring. This indicates a 
strong contribution from radial flow and that the drying process 
is driven by evaporation at the wetting line. As the water evapo-
rates, particles experience Brownian motion and the ring diam-
eter stays constant. The two systems behave differently in the 
final stage: while most streptavidin-coated beads deposit in the 
central region of the droplet residue with fewer particles in the 
peripheral ring, the biotin–coated particles are much more uni-
form. The same observation can be drawn from comparing the 
radial particle distribution profile in a 90-degree quadrant area 
centered at the geometrical center of the droplet and with the 
radius of the external peripheral ring. About 30 s after the de-
position, the distribution profiles show beads uniformly distrib-
uted around the center for both biotin- and streptavidin-coated 
solutions. However, the biotin-coated beads distribution will 
retain a uniform angular distribution whereas the streptavidin-
coated beads are concentrated within the first 50µm of radius 
values. These results show the different outcome due to the ex-
istence of biomolecular force that resists the wetting force of 
the receding wetting line.

To understand how biomolecular interactions can prevent 
beads, which are attached to a solid-liquid interface, from slid-
ing along with a moving fluid, we considered the balance of the 
forces acting on a bead and formulated a mechanistic analytical 
model for one bead near the wetting line of the evaporating 
droplet. For a dispersion of biotin-coated beads drying on a sur-
face coated with streptavidin, there is a biological bonding force 
that resists the receding of a wetting line, leaving the original 
drop area covered with beads that have been left behind the 
receding wetting line. For a dispersion of streptavidin-coated 
beads instead, the beads will recede with the wetting line and 
accumulate in larger number at the center of the original drop 
area. In our calculations, the biological force is three orders of 
magnitude larger than the drag force. This previous study also 
provided us with important optimal parameters such as the 
beads concentration and droplet volume as a compromise to 
observe conveniently the drying process under a low-magnifi-
cation microscope within less than 2 minutes. 

In the present study, we bring the investigation of biomo-
lecular effects on droplet drying to the next level by extending 
our results to DNA sensing, which is of prime interest for trans-

lating the method to precision health and remote diagnostics 
for global health applications. 

Materials and methods

Assay approach

The proposed sensing method is based on selective oligo-
nucleotide hybridization. The polystyrene beads and glass sur-
face are selectively chemically modified with an oligonucleotide 
sequence complementary to different regions of the target 
DNA sequence. The target DNA sequence should be kept short 
(20-60 base pairs) to avoid self-dimerization within longer frag-
ments that will prevent proper hybridization with the probes on 
the beads and on the surface. 

To test our assay approach (Figure 1), we chose the model 
system of a SNP in the EGFR gene (dbSNP ID: rs1050171) us-
ing several synthetic oligonucleotide sequences coupled to the 
sensing moieties at two different levels:

(1) Streptavidin-coated glass surfaces are modified with 
a short 24-bases nucleotide complementary to the 3’ end of 
rs1050171. This oligonucleotide is labeled with biotin at the 3’ 
end to facilitate its attachment to the surface.

(2) Streptavidin-coated PS beads (diameter: 0.4-0.6 µm, 
SVFP-0552-5, Spherotech, Inc.) are conversely modified using 
36-bases oligonucleotides of two types complementary to the 
5’ end of rs1050171. One oligonucleotide is complementary to 
one allele (T at position 26) whereas the other one contains a 
mismatched base (G at position 26). Once again, these oligo-
nucleotides are labeled with a biotin at the 5’ end for coupling 
to the streptavidin-coated beads. Table 1 summarizes the oligo-
nucleotide sequences and their relation with rs1050171. All PS 
beads dilutions were performed using buffers recommended by 
the beads manufacturer to maintain the DLVO forces to prevent 
aggregation. In addition, beads were re-suspended by vortex 
before each use to further prevent all aggregation false posi-
tives – as characterized by an optical observation.

When the target EGFR sequence is present below the detec-
tion limit (or absent), the sensor beads are expected to “slide” 
on the sensor substrate. Above the detection limit, the target 
EGFR DNA amplicon serves as a bridge between the sensor sub-
strate and the sensor bead creating a stable specific hybridiza-
tion interaction between the beads and the surface leading the 
beads to “stick” and perturb the receding wetting line. 

Calculation of hybridization parameters

Theoretical values of melting temperature, Tm, and the free 
energy of hybridization with the context sequence, ΔGint, were 
computed using Net Primer (PREMIER Biosoft, Palo Alto, CA). 
Table 1 summarizes the oligonucleotide sequences used in rela-
tion to the target context sequence as well as Tm and ΔGint

 val-
ues.

The oligonucleotides chosen to coat the beads and the sur-
faces were checked against hairpin formation and excessive 
GC content. The possible interaction between oligonucleotides 
(cross-dimers) was estimated using Net Primer. No cross-dimers 
with a free energy of hybridization ΔGint lower than-8kcal/mole 
were found; this guarantees only specific hybridization events 
in our experimental design.

In order to reduce the Tm values, the beads and surfaces 
modified with the biotinylated oligonucleotides are used in a 
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final buffer (e.g. 10 mM Tris, 1 mM EDTA, pH=8.0) at high salt 
concentration (1-5M NaCl). High monovalent salts contribute to 
reducing the hybridization temperature and reduce the anneal-
ing times [14].

Beads and surface modification with sensing oligonucle-
otides

The glass beads were coated with 5’-biotinylated oligonu-
cleotide using the following procedure [6]. 0.5mL of the stock 
beads (Spherotech SVFP-0552-5) at 0.1% w/v in 0.1M PBS, 
pH=7.4 were vortexed and centrifuged for 2min at 14,000rpm 
(16,000g), then re-suspended in 0.2mL 0.1M Tris, pH=7.4 (Sigma 
Cat. T1944) and centrifuged for 4min at 14,000rpm. After re-
suspension in 10mM Tris, 1mM EDTA, pH=8 (Fluka Cat. 93283), 
20µL oligo stock was added at a final concentration of 10µM. 
The solution was incubated for 1h at RT (≈22 °C) on a spinning 
wheel, and then centrifuged for 4min at 14,800rpm. The beads 
were washed with 0.2mL deionized water, centrifuged for 1min 
at 14,800rpm, and re-suspended in 0.2mL 10mM Tris, 1mM 
EDTA, 0.5 M NaCl, pH=8 (Teknova Cat. T0231) for further use. 

Similarly, the Streptavidin-coated (SAv�����������������������)���������������������� glass slides were de-
rivatized with 3’-biotinylated oligonucleotides. 30µL droplets of 
stock (100µM) 3’-biotin oligonucleotide solution were depos-
ited on the surface using a micropipette for 30-60s. The spots 
modified with the oligonucleotides were then rinsed with the 
same volume of deionized water by pipetting the volume back 
and forth on the surface with the pipette 3-5 times to ensure 
proper wetting of the surface and removal of non-specifically 
bound oligonucleotide.

Experimental procedure

The details of droplets to be deposited on the 3’ biotinylat-
ed oligonucleotide glass slide surface are given in Table 2. To 
evaluate the specificity of the method, Type 1 bead-coupled 
5’biotinylated oligonucleotides (T variant) as well as Type 2 
bead-coupled 5’biotinylated oligonucleotides (G mismatch) 
were deposited on the streptavidin surface. For Type 2 beads, 
the interaction between the modified beads and surface is ex-
pected to be weaker and the beads should mostly slide off the 
surface even in the presence of high EGFR A/A amplicon con-
centrations.

The beads were deposited on the surface using the following 
method. A 50µL volume of oligonucleotide-bound beads was 
first heated to 72 °C on a PCR cycler (Eppendorf Mastercycler® 
nexus) while shaking the sample tray at 650rpm. The EGFR PCR 
amplicons ([A/A] and [G/G] alleles) were denatured at 95°C for 
90s and placed on ice. The solutions listed in Table 3 were then 
incubated at 72°C while mixing at 650 rpm for 30min and diluted 
1:2000 with Teknova T0231 buffer. 0.1µL droplets were then de-
posited on the SAv surface with 3’-biotin-oligonucleotide using 
a Gilson P2 pipet on a heated glass slide and left to dry (T≈22°C, 
RH=30%) before imaging using fluorescence microscopy.

PCR amplification of EGFR target

To assess assay performance using DNA mixtures with known 
alleles, three control DNA samples from the Human Random 
Control DNA Panel 3 were used (Sigma-Aldrich). The genotype of 
control samples A02, A04 and A06 was evaluated using a quan-
titative PCR assay targeting SNP rs1050171 (TaqMan® Prede-
signed SNP Genotyping Assay Product Number C_2678675_20, 
Life Technologies, Foster City, CA). This assay uses two allele-
specific probes containing distinct fluorescent dyes and a pair 

of PCR primers to amplify the target region and distinguish the 
two SNP alleles. Assays were performed on a Light Cycler 480 
Instrument II and allelic discrimination plots to identify control 
samples with homozygous A/A and G/G or heterozygous geno-
types (A/G, 50% of each allele). Once control sample genotypes 
were known, the same assay was used to generate PCR ampli-
cons using duplicates of the three control samples. 50-μL PCR 
reactions were performed using 45μL Platinum PCR Super mix 
(Thermo fisher), 1.25μL of the assay, 1μL of template DNA and 
2.75μL of molecular grade water. PCR was performed using the 
following conditions: 1 cycle at 94°C for 2min, 35 cycles of 94°C 
for 30s, 60°C for 30s and 72°C for 45s, 1 cycle at 72°C for 1 min 
followed by a hold at 4°C forever. PCR product was purified us-
ing magnetic bead purification (SPRI select) using 1:1 volume 
ratio of bead buffer and PCR volume and eluted into 50μL. The 
final DNA concentration was determined using the 260/280 nm 
method with a UV/Visible spectrophotometer and was typically 
around 2ng/µL (0.1µM).

Temperature control and imaging

A bare clean glass slide was placed on a copper wire mesh. 
The copper wire was then heated using a constant-current 
DC power supply until the temperature on the surface of a 
streptavidin-coated test slide placed on top of the bare glass 
slide, as measured by a Type K chromel-alumel thermocouple, 
was equal to the calculated Tm value form Table 1. Figure 2A 
shows the glass heating apparatus consisting of the copper wire 
and a cover to maintain the temperature and humidity in close 
proximity of the surface. A linear relationship for the tempera-
ture with the supplied DC current was obtained to calibrate the 
heating system (data not shown) between 72 and 82°C where 
a change of 3°C occurred for a 0.1 A increase in the supplied 
current. Figure 2B shows the infrared thermal mapping of the 
glass surface using a portable FLIR E50 camera (FLIR Systems, 
Wilsonville, OR). A stable uniform temperature is obtained 70 s 
after flowing current through the copper wire.

The fluorescent polystyrene streptavidin-coated beads used 
either had a “yellow” (Spherotech, Inc. SVFP-0552-5) or “Nile 
Red” (SVFP-0556-5, Spherotech, Inc.) dye embedded in their 
core. They emit with a maximum at 500 and 560nm, respec-
tively, when excited at 488 nm. To visualize them, an inverted 
Nikon Ti-U microscope with a 10X objective and FITC and Cy3 
filters sets was used.

Results and discussion

Experimental conditions

First, the optimal coupling conditions between the biotiny-
lated oligonucleotides, the beads and the surface have been 
determined. The preferred bead concentration that shows a 
significant effect while allowing easy observation using fluores-
cence microscopy was determined and resulted in additional 
1:2000 dilution before deposition. The surfaces and solutions 
were held at the calculated Tm values for each oligonucleotide 
within 1ºC or less [15]. The chosen oligonucleotide concentra-
tion to derivatize the beads was determined given the measured 
streptavidin surface coverage provided by the manufacturer. A 
relatively high final concentration of PCR amplicon was chosen 
to ensure the system works above its detection limit to illus-
trate, for the time being, the proof of concept of our proposed 
method. According to the model developed for the biotin-
streptavidin model [9], the detection limit correlates with the 
minimum biological bonding force, or DNA hybridization force, 
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that is generated to balance the drag force of the receding wet-
ting line. 

The total number of particles on the surface of each experi-
ments was determined using image thresholding and particle 
analysis in Image J (National Institutes of Health, Bethesda, MD) 
limited to particles for sizes between 0 and 100pixels2 with a 
circularity from 0.0 to 1.0 (spherical). In each case, the number 
of particles on the surface is similar, which excludes any effect 
of the number of particles considered in the observed images. 
Typically, between 160 and 190 particles were deposited on the 
surface in the observed field of view of the drying 0.1-0.2µL 
droplet. 

Surface-beads interaction

A first set of experiments was carried out involving direct 
interaction between one DNA fragment linked to the surface 
and another one on the bead in the presence or absence of 
the complementary DNA target, as well as in the presence of 
a complementary DNA target sequence with one mismatched 
base (SNP). For this, the streptavidin-coated surface was modi-
fied with a 3´-biotinylated oligonucleotide whereas the beads 
were modified with a 5´-biotinylated oligonucleotide (Table 1). 
Then, the target DNA was added as an allele-specific PCR am-
plicon after incubation while the glass surface was maintained 
at a temperature optimal for hybridization during the entire 
time needed for the droplet to dry on the surface (typically 100-
130seconds). The corresponding results are shown in Figure 3. 
In the first case (A-B), no EGFR target DNA is present and the 
“control” beads deposit mostly as a central bump with only a 
very small amount of beads outside this central area as judged 
by the fluorescent image. This situation is the expected normal 
evolution of a droplet containing particles with an average di-
ameter of 0.5 µm given the temperature applied to the surface, 
as Marangoni recirculation from surface tension gradients will 
dominate radial flow [16,17]. When the A/A allele PCR-ampli-
fied DNA target is added to a final concentration around 30pg/
µL, the final distribution of the beads in the dried residue is very 
different from the “Control” (C-D). The fluorescence image in-
deed shows that the beads deposit more uniformly when the A 
allele target is present as the interaction between the surface 
and the beads mediated by the target DNA is able to overcome 
the Marangoni recirculation and radial forces during the drying 
process. This situation is in agreement with the expectations 
from preliminary results using biotin-streptavidin [9] where the 
biological force between coated beads and the surface disturbs 
the expected drying mechanism of sub-microliter droplets. The 
situation using the G/G amplicon instead offers an intermediate 
state between the control and the A/A allele in terms of bead 
distribution in the droplet measured by fluorescence microsco-
py during the drying process (E-F). Most oligonucleotide-coated 
beads are still in the central region and the peripheral ring, but a 
closer examination shows the beads are more scattered around 
on the surface defined by the initial droplet imprint upon depo-
sition on the surface. Such a situation is understandable as we 
expect less interaction between the beads and the surface giv-
en the SNP mismatch. The results from Figure 3 support our hy-
pothesis that when the EGFR SNP target is absent, the PS beads 
modified with a sequence complementary to the 5’ end of the 
target simply slide onto the surface modified with a sequence 
complementary. However, when the EGFR target sequence is 
present, the beads and surface are linked by hybridization of 
the strands immobilized respectively on the bead and the sur-
face to the respective sequence region on the EGFR amplicon. A 

mixed situation is obtained when the mismatched allele is dried 
on the surface showing the potential of our proposed method 
to detect SNP polymorphisms. 

To further quantify the differences in the fluorescence signa-
ture of the residue of the different type of beads upon drying 
on the surface, we used radial distribution analysis and particle 
analysis with Image J (National Institutes of Health, Bethesda, 
MD). Figure 3G compares the average radial distribution fre-
quency over 180° from the center of the image, i.e. the center of 
the initial deposition area. In the case of the control (no EGFR), 
over 90% of the fluorescence intensity (or beads) is contained 
within the first 100µm value of radiuses (maximum: 188µm), 
which reflects the presence of the beads in a central bump fea-
ture on the droplet residue. When the A/A allele, is present, the 
normalized radial distribution of the fluorescence intensity var-
ies by only a few % around a central value of 20% all along the 
radius of the fluorescence image. This denotes a very uniform 
distribution of the fluorescence intensity, i.e. the beads, on the 
surface. When the G/G allele is present, the radial distribution 
profile shows an intermediate situation where about 80% of 
the intensity is obtained within the first 140µm (out of 188 µm 
along a radius. This is less compact than for the control, but not 
as uniform as for the A/A allele experiment, which also suggests 
a weaker interaction – rather than no interaction – between the 
beads and the surface. 

Surface-independent characterization

In the previous experimental approach, it is difficult to main-
tain the slide and the beads at temperatures above the Tm of 
the oligonucleotides used to ensure efficient selective hybrid-
ization. To simplify the experimental protocol, a secondary char-
acterization experiment was set up. A simple bare glass slide 
(Fisher brand, cleaned with methanol) is used along with two 
types of beads: one coated with 3’-biotin-oligonucleotide with 
Nile Red fluorescent dye embedded in the hollow core, and an-
other coated with the 5’biotin-oligonucleotide and Yellow dye 
embedded in the hollow core. Dual filter imaging (FITC and Cy3 
filter sets) and image overlay was used to reveal the differences 
in the proximity of the two types of beads when EGFR is pres-
ent or absent. Both the center and the edge of the droplet dried 
residue was systematically imaged (Figure 4). The absence of 
temperature gradients, since the slide is no longer heated, re-
move the dominance of Marangoni flow during the drying pro-
cess and radial flow dominates [16], which is the reason why 
most droplet residue show a coffee-ring pattern where most 
beads are accumulated in the peripheral ring. However, in the 
control experiment (Figure 4, no EGFR amplicon present), the 
amount of beads present in the peripheral ring vs. those in the 
rest of the droplet residue is much higher than for the EGFR 
A/A allele (Figure 5). This is most likely because when beads of 
the two types are bridged into larger aggregates by the EGFR 
amplicon, the wetting line, given the drag force during the dry-
ing process, can no longer carry their increased weight and they 
tend to deposit onto the surface. In the presence of the EGFR 
A/A amplicon (Figure 5), there are clearly a much higher num-
ber of pixels in the Boolean AND combination of the FITC and 
Cy3 fluorescence images from each of the two types of beads 
used, especially in the central area of the droplet. Typically, 
less than 2% of pixels are positive in the Boolean image when 
no EGFR is present (Figure 4C,F) compared to over 20% when 
EGFR is present, with much larger areas (Figure 5C,F). This in-
dicates a much higher occurrence of the close proximity of a 
beads emitting red fluorescence (observed with the Cy3 filter) 
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and beads emitting green fluorescence (observed with the FITC 
filter) when the EGFR amplicon is present. Similarly, it suggests 
that the red beads and the green beads, each modified with a 
complement sequence to opposite regions of the EGFR ampli-
con, are located much closer to each other and occasionally ag-
gregated in the sample containing the EGFR A/A amplicon than 
in the control where no sample is present. The results from Fig-
ures 4 and 5 corroborate those of Figure 3, but with a simplified 
experimental setup that does not require a modified glass slide 
maintained at a precisely controlled temperature. In each type 
of experiment, we show clear evidence that the presence of the 
target EGFR DNA strongly modifies the behavior of the micro-
droplet upon unforced drying in ambient atmosphere. 

With added quantification using pattern recognition algo-
rithms for automated image analysis, our observations can lead 
to a rapid diagnosis method for the presence of a short (< 60 
base pairs) SNP DNA target relevant to a particular disease, sim-
ilarly to the presented model with a registered EGFR SNP. Efforts 
are now focused on determining the limit of detection. In the 
reported results, the final DNA concentration from dilution of 
the PCR amplicons is around 40pg/µL, which would correspond 
to a limited number of PCR amplification cycles [18]. Therefore, 
in its current state, the proposed method would require target 
amplification prior to detection.

Conclusion

In line with our recently published original observations of 
how biotin beads modify the drying mechanism of micro drop-
lets on streptavidin-coated slides, we present results, using two 
alternative experimental characterization methods, on how 
specific DNA hybridization can be detected using similar chang-
es to the final dried residue of micro droplets containing simi-
lar beads modified with specific DNA sequences. We chose a 
model system of a well-known SNP of the EGFR protein involved 
in several devastating cancers, but our results merely illustrate 
how the proposed method can be applied to rapid imaging-
based diagnosis of a multitude of biomarkers. We analyze fluo-
rescence microscopy data to show how the final distribution of 
fluorescent beads – modified with a complementary sequence 
to the 5´end of the EGFR DNA target – is affected by the pres-
ence of the target. We used either a glass surface, or a second 
set of fluorescent beads modified with a sequence complemen-
tary to the 3´end of the EGFR DNA target. A first experimental 
method using a chemically modified glass slide maintained at a 
control temperature close to the melting temperatures, Tm, of 
the DNA fragments used provides a simple image analysis, but 
requires a more complex experimental setup while the second 
method requires dual fluorescence channel imaging but uses a 
simple glass slide at room temperature. In each case, we pro-
vide clear evidence of the detection of the EGFR target DNA 
at a final concentration around 40pg/µL. Our results are very 
promising towards developing biomedical diagnostic methods 
for handheld portable Point-Of-Care (POC) devices. All the more 
so as our experimental strategy can be adapted to immune as-
says instead of DNA hybridization for protein detection as well 
by immobilizing antibodies rather than DNA oligonucleotides. 
Multiplexing assays would also be of future interest for low cost 
arrays. 

Figure 1: Proposed detection strategy focused towards 
rs1050171 EGFR describing a positive reaction test (left) and the 
negative control test (right).

Figures

Figure 2: (A) Slide heating setup showing the heated copper 
wire and the plastic cover to maintain the temperature and hu-
midity near the surface. (B) Infrared temperature mapping show-
ing the temperature uniformity over the entire sldie obtained 70s 
after flowing current through the copper wire.
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Figure 3: Differences in drying pattern of a droplet containing 
PS beads modified with a complementary sequence to the 5’ end 
of the EGFR amplicon on a surface modified with a complementary 
sequence to the 3’ end when either no EGFR amplicon (A,B), the 
A/A allele (C-D, or the G/G allele (E,F) is present. To translate the 
images into a quantifiable observable, the integrated intensity for 
the radial distribution of pixels in each fluorescence image (B,D, 
and F) is presented depending on the presence of the EGFR allele 
type (G). Bright field images (A,C, and E) are shown indicatively, but 
are not used for the analysis. 

Figure 4: Differences in drying pattern at the center (A,B,C) 
and edge (D,E,F) of a droplet containing i) red-fluorescent (Cy3) PS 
beads complementary to the 5’ end of the EGFR amplicon, and ii) 
green-fluorescent (FITC) beads complementary to the 3’ end on a 
glass surface when no EGFR amplicon is present. The images on the 
right (C,F) are Boolean AND combinations of the (A,D) and (B,E).

Figure 5: Differences in drying pattern at the center (A,B,C) 
and edge (D,E,F) of a droplet containing red-fluorescent 
(Cy3) PS beads complementary to the 5’ end of the EGFR 
amplicon and green-fluorescent (FITC) beads complemen-
tary to the 3’ end on a glass surface when the A/A allele is 
present at 58pg/µL. The images on the right (C,F) are Bool-
ean AND combinations of (A,D) and (B,E) and show locations 
where beads of each type are in close proximity. The pres-
ence of the EGFR amplicon increases the number of events 
in the Boolean image indicating the presence of aggregates 
formed with each bead types, most likely bridged by the 
EGFR target.
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Table 1: Context sequence and synthetic oligonucleotides designed for the sensing of rs1050171 EGFR SNP. (*) calculated at 
250 pM in 180 mM Na+ equivalent and at 25 °C.

rs1050171 Base Sequence
Tm

(°C)*
ΔGint*

(kcal/mole)

Context sequence GCA TCT GCC TCA CCT CCA CCG TGC A[A/G]C TCA TCA CGC AGC TCA TGC CCT TCG 95.6 n/a

Complementary strand CGA AGG GCA TGA GCT GCG TGA TGA G[T/C]T GCA CGG TGG AGG TGA GGC AGA TGC n/a n/a

Surface-coupled oligo. CGG TGG AGG TGA GGC AGA TGC AAA-Biotin 74.0 -43.66

Type 1 bead-coupled oligo. (T allele) Biotin-AAA AAA CGA AGG GCA TGA GCT GCG TGA TGA GTT GCA 83.0 -62.81

Type 2 bead-coupled oligo. (G 
mismatch)

Biotin-AAA AAA CGA AGG GCA TGA GCT GCG TGA TGA GGT GCA 84.2 -10.54

Tables

Table 2: Droplet solutions arrayed in replicates on the surface modified with 3’ biotinylated oligonucleotides for a given bead dilution, 
EGFR amplicon concentration. (*) Binding buffer: 10mM Tris, 1mM EDTA, 2M NaCl, pH=8.0.

Type Content Purpose

1
1:500 dilution native SAv-coated beads in binding buffer* buffer incu-
bated with EGFR A/A amplicon at T>Tm for 1-2 h.

Negative control for false positives from interaction between SAv-coated 
beads and biotin labels from oligonucleotides on surface.

2
1:500 dilution SAv-coated/5’-biotinylated oligonucleotides in binding 
buffer

Negative control for false positives from non-specific hybridization (cross 
dimers) between biotinylated oligonucleotides

3
1:500 dilution SAv-coated/5’-biotinylated oligonucleotides in binding 
buffer incubated with EGFR A/A amplicon at T>Tm for 1-2 h.

Sample 1. Sense detection efficiency of a dilute pure A/A PCR amplicon 

4
1:500 dilution SAv-coated/5’-biotinylated oligonucleotides in binding 
buffer incubated with EGFR G/G amplicon at T>Tm for 1-2 h.

Sample 2. Sense detection efficiency of a dilute pure G/G PCR amplicon and 
test SNP recognition capabilities.

5
≈10µM dilution 5’-FAM-labled biotinylated oligonucleotides in binding 
buffer incubated with EGFR A/A amplicon at T>Tm for 1-2 h.

Positive control for false negative from loss of biotinylated oligonucleotide 
from the bead surface.

Table 3: Droplet solutions arrayed in replicates on the surface modified with 3’ biotinylated oligonucleotides for a given 
bead dilution, EGFR amplicon concentration. (*) Binding buffer: 10mM Tris, 1mM EDTA, 2M NaCl, pH=8.0.

Solution Name Base content Target content

CONTROL 50µL PS beads bound with 5’-biotin-oligonucleotides None

SAMPLE A 50µL PS beads bound with 5’-biotin-oligonucleotides 1µL A/A amplicon (stock: 1-2ng/µL)

SAMPLE G 50µL PS beads bound with 5’-biotin-oligonucleotides 1µL G/G amplicon (stock: 2-3ng/µL)

Acknowledgements

The authors acknowledge funds from the University Of Ari-
zona College Of Medicine (Phoenix) and the Translational Ge-
nomics Research Institute. Funding support for MM and TC was 
provided by Science Foundation Arizona. In addition, the au-
thors are thankful to Dr. Daniel Attinger at Iowa State University 
for initial helpful discussions.

References

Sangani AS, Lu CH, Su KH, Schwarz JA. Capillary force on particles 1.	
near a drop edge resting on a substrate and a criterion for con-
tact line pinning. Phys Rev E. 2009; 80: 011603.

Thiele U. Patterned deposition at moving contact lines. Adv Col-2.	
loid Interface Sci. 2014; 206: 399.

Sefiane K, Bennacer R. Adv Colloid Interface Sci. 2009; 263: 3.	
147–148.

Baughman KF, Maier RM, Norris TA, Beam BM, Mudalige A, Pem-4.	
berton JE, Curry JE. Evaporative Deposition Patterns of Bacteria 

from a Sessile Drop: Effect of Changes in Surface Wettability Due 
to Exposure to a Laboratory Atmosphere. Langmuir. 2010; 26: 
7293.

Xu W, Leeladhar R, Tsai YT, Yang EH, Choi CH. Evaporative self-as-5.	
sembly of nanowires on superhydrophobic surfaces of nanotip 
latching structures. Appl Phys Lett. 2011; 98: 073101.

Accardo A, Gentile F, Mecarini F, De Angelis F, Burghammer M, 6.	
Di Fabrizio E, et al. Ultrahydrophobic PMMA micro- and nano-
textured surfaces fabricated by optical lithography and plasma 
etching for X-ray diffraction studies. Microelectron Eng. 2011; 
88: 1660.

Lee CY, Zhang BJ, Park J, Kim KJ. Water droplet evaporation on 7.	
Cu-based hydrophobic surfaces with nano- and micro-struc-
tures. Int J Heat Mass Transf. 2012; 55: 2151.

Ristenpart WD, Kim PG, Domingues C, Wan J, Stone HA. Influ-8.	
ence of Substrate Conductivity on Circulation Reversal in Evapo-
rating Drops. Phys Rev Lett. 2007; 99: 234502.

Hurth C, Bhardwaj R, Andalib S, Frankiewicz C, Dobos A, Attinger 9.	
D, et al. Biomolecular interactions control the shape of stains 



MedDocs Publishers

8Journal of Nanomedicine

from drying droplets of complex fluids. Chem Eng Sci. 2015; 137: 
398.

Trantum JR, Wright DW, Haselton FR. Biomarker-Mediated Dis-10.	
ruption of Coffee-Ring Formation as a Low Resource Diagnostic 
Indicator. Langmuir. 2012; 28: 2187.

Kim N, Li Z, Hurth C, Zenhausern F, Chang SF, Attinger D. Iden-11.	
tification of fluid and substrate chemistry based on automatic 
pattern recognition of stains. Anal Methods. 2012; 4: 50.

Holmberg A, Nord O, Lukacs M, Lundesberg J, Uhlén M. The bio-12.	
tin‐streptavidin interaction can be reversibly broken using water 
at elevated temperatures. Electrophoresis. 2005; 26: 501. 

Wong T, Chilkoti A, Moy VT. Direct force measurements of the 13.	
streptavidin-biotin interaction. Biomol Eng. 1999; 16: 45.

Howley PM, Israel MF, Law MF, Martin MA. A rapid method for 14.	
detecting and mapping homology between heterologous DNAs. 
Evaluation of polyomavirus genomes. J Biol Chem. 1979; 254: 
4876.

Dressman D, Yan H, Traverso G, Kinzler KW, Vogelstein B. Trans-15.	
forming single DNA molecules into fluorescent magnetic par-
ticles for detection and enumeration of genetic variations. Proc 
Nat Acad Sci. USA. 2003; 100: 8817.

Bhardwaj R, Fang X, Somasundaran P, Attinger D. Self-Assembly 16.	
of Colloidal Particles from Evaporating Droplets: Role of DLVO In-
teractions and Proposition of a Phase Diagram. Langmuir. 2010; 
26: 7833.

Hu H, Larson RG. Analysis of the Effects of Marangoni Stresses 17.	
on the Microflow in an Evaporating Sessile Droplet. Langmuir. 
2005 ; 21 : 3972.

Lin CC, Huang WL, Wei F, Su WC, Wong DT. Emerging platforms 18.	
using liquid biopsy to detect EGFR mutations in lung cancer. Ex-
pert Rev Mol Diagn. 2015; 15: 1427.


