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Abstract: Biomolecule interactions are central to pharmacol-
ogy and diagnostics. These interactions can be quantified by
thermophoresis, the directed molecule movement along a tem-
perature gradient. It is sensitive to binding induced changes in
size, charge, or conformation. Established capillary measure-
ments require at least 0.5 uL per sample. We cut down sample
consumption by a factor of 50, using 10 nL droplets produced
with acoustic droplet robotics (Labcyte). Droplets were
stabilized in an oil-surfactant mix and locally heated with an
IR laser. Temperature increase, Marangoni flow, and concen-
tration distribution were analyzed by fluorescence microscopy
and numerical simulation. In 10 nL droplets, we quantified
AMP-aptamer affinity, cooperativity, and buffer dependence.
Miniaturization and the 1536-well plate format make the
method high-throughput and automation friendly. This pro-
motes innovative applications for diagnostic assays in human
serum or label-free drug discovery screening.

M olecular recognition is not only central to cell signaling,
but it also represents the functional principle of pharmaceut-
icals and laboratory diagnostics. A variety of opportunities
thus comes along with an in-depth understanding of biological
binding events. From this perspective, it is not surprising to
see an ever-growing interest in quantitative biomolecule
interaction analysis. To this end, the directed movement of
molecules along a temperature gradient, referred to as
thermophoresis,!l has been successfully utilized in the last
years.”>% It is highly sensitive to molecular size, charge, and
conformation. Based on binding induced changes in at least
one of these parameters, affinity and concentration can be
quantified, even in complex bioliquids.™

In the well-established microscale thermophoresis (MST)
approach, samples are measured in glass capillaries. Capillary
MST has been applied for ions, small molecules, nucleic acids,
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peptides, proteins, crude cell lysate, and untreated human
blood serum.*®! With circa 0.5 uL per capillary filling, the
sample consumption is low compared to, for example,
isothermal titration calorimetry.”! However, the actual mea-
surement volume is significantly smaller: it lies in the range of
2 nL.™” The additionally consumed volume becomes essential
when working with expensive or rare material such as patient
samples. This is especially true if high-throughput analyses
need to be performed, for instance, in diagnostics or drug
discovery. Throughput and automation of conventional MST
are further limited by the complicated handling of glass
capillaries.

Therefore, we developed a capillary-free approach to
measure thermophoresis in nL. droplets under an oil-surfac-
tant layer inside 1536-well plates (Figure 1). The water-in-oil
system was experimentally characterized for temperature
induced effects. The findings agreed with numerical simula-
tions.
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Figure 1. A) Droplet production. The liquid handler positions a destina-
tion plate above a source plate with a sample stock (purple). A
transducer emits an acoustic pulse focused to the sample surface,
whereby a 2.5 nL droplet travels into the destination well. To prevent
evaporation, droplets are transferred into an oil-surfactant mix
(brown). Inset: Samples were stable for several hours. 5 nL of 1:1
human serum/PBS. B) Inverted microscopic setup. The droplet center
is heated with an IR laser. Thermophoresis is monitored by fluores-
cence (LED: light emitting diode; CCD: charge-coupled device
camera).

The applicability of the system for biomolecule interac-
tion studies was evaluated with a well-described nucleic acid
aptamer. Aptamers were discovered more than 20 years
ago.! Owing to their three-dimensional conformation, these
single-stranded oligonucleotides bind to various biomedically
relevant targets, including proteins and small molecules.”!”
Just like antibodies, aptamers show high specificity and
affinity. At the same time, these nucleic acid based ligands
are superior to protein based ligands in production costs,
storage conditions, and chemical modifiability."" In vivo,
their small size facilitates good delivery to the target tissue,
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whereas no immunogenicity and low toxicity have been
reported.!'"!!! These benefits and the first marketed aptamer
drug demonstrate the high potential of aptamers.'”

Aptamer binding studies were miniaturized employing
a non-contact liquid handling system available commercially
(Labcyte). The system delivers 2.5 nLL portions from multi-
well source plates into destination plates by acoustic droplet
ejection (Figure 1 A).¥1 The deviation from the target volume
is less than 2% (Supporting Information, Chapter S3a). To
prevent evaporation, droplets were transferred into a protec-
tive layer of standard microbiology mineral oil supplemented
with a surfactant mix according to Tawfik and Griffiths.'! For
the presented experiments, we transferred four or eight 2.5 nLL
portions to yield 10 nL (270 um) or 20 nL samples (340 pum).
The positional accuracy of the transfer was reduced owing to
deflection by the oil. To coalesce individual portions, desti-
nation plates with funnel-shaped wells were mildly centri-
fuged after transfer (<500 g to avoid droplet damage). With
our optimized procedure, we reproducibly obtained nL
samples that were stable for several hours (Figure 1A,
inset). This allowed for multiple thermophoretic binding
assays (10 min each).

Droplets were measured on a newly constructed micro-
scopic setup (Figure 1B). Similar to the previously described
capillary instrument,>* thermophoresis was induced and
analyzed all-optically. As an essential modification to the
capillary setup, an inverted configuration was chosen so that
the sample plate stayed upright to avoid oil dripping. While
fixing the plate guaranteed that the droplets stayed in place,
moving the optical parts allowed sequential measurements.

Before studying biomolecule affinity, we characterized the
effects of local heating on aqueous nL droplets under oil. If
asymmetrically applied, heating occasionally led to convec-
tive flows strong enough to move an entire droplet away from
the laser spot. This was prevented by using plates with a small
well floor area (r=0.45mm). Utilizing the temperature
dependence of the fluorescent dye Alexa 647, the radial
temperature profile in the central horizontal plane of a 20 nL
droplet was obtained 0.2 s after the IR laser had been turned
on (Figure 2 A). For a temperature increase of AT,=11 K in
the heat spot center, the droplet periphery warmed up by
AT,=4K. A Lorentz fit revealed an FWHM of 120 pm. In
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Figure 2. Local heating of 20 nL droplets. A) Radial temperature profile
in the central horizontal plane (red). The temperature increased by

AT =11 K in the center and by AT, =4 K in the droplet periphery. A
Lorentz fit (black) revealed FWHM =120 um. B) Flow profile of
fluorescent polystyrene beads (d=1.0 um) integrated over 7 s during
heating (AT=15 K). The beads moved toward the heat spot and out

of focus with a peak velocity of 15 pms™".
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the following, AT denotes the average temperature increase
of the central (30 x 30) um area.

Convective flows inside 20 nL samples were visualized
with fluorescent polystyrene beads. Figure 2B is integrated
over 7 s of heating. The beads moved toward the central heat
spot and out of focus, with peak velocities of 5-10 ums~! for
AT=6K and 15 ums™' for AT=15K. To elucidate these
flows, we performed full numerical simulations considering
diffusion, convection, thermophoresis, and the temperature
dependence of the dye. Simulations of 20 nL (Figure 3) and
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Figure 3. Numerical simulation of temperature and flow fields in
a vertical cut through a 20 nL droplet after 0.2 s of heating. Left:
Isotherms indicate the temperature increase. Right: The central
horizontal plane (dashed) comprises the boundary of two toroidal flow
vortices. The vortices are driven by Marangoni convection at the
water—oil interface and have already reached the steady state.

10 nL droplets (Supporting Information, Figure S1) verified
that the observed inward flow can be explained by Marangoni
convection. This type of convection is caused by temperature-
induced differences in interfacial tension. In our case, local
heating decreased the interfacial tension between water and
oil at the top and bottom of the droplet, triggering Marangoni
fluid flow along the interface. Owing to the cylindrical
symmetry, toroidal vortices arose in the upper and lower
droplet hemisphere. Figure 3 shows the cross-sections of the
tori in a vertical cut. The dashed line indicates the horizontal
plane. Here, the flow is directed inward in the upper and
lower vortex, which agrees with the experimental observation
in this plane (Figure 2).

After flow field analysis, we recorded fluorescence time
traces, the basis for our binding measurements, in 20 nL Alexa
647 samples (Figure 4A). The experimental curves were
highly reproducible and confirmed by simulation. A series of
different events was identified in agreement with standard
capillary measurements. When the heating laser was turned
on, the fluorescence decreased owing to the temperature
response (DTR) of the dye and thermophoretic molecule
depletion. Thermophoresis and back-diffusion equilibrated
within seconds. Subsequent slow warming of the entire
sample slightly reduced the dye fluorescence intensity, but
did not affect the measurement. When heating was turned off,
fluorescence recovered owing to DTR and back-diffusion. A
larger AT enhanced DTR and thermophoresis in experiment
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Figure 4. Fluorescence time traces from 20 nL droplets. A) Measure-
ments of three Alexa 647 samples (gray, blue, red) overlap with minor
deviations demonstrating the low batch-to-batch variation. Experi-
ments and simulation (black) agree well. After the IR laser is turned
on (t=10s), the fluorescence decreases due to the temperature
response (DTR) of the dye and thermophoresis. Thermophoresis and
back-diffusion equilibrate within seconds. After heating (t=50s), From
recovers due to DTR and isothermal back-diffusion. A larger AT
enhances DTR and thermophoresis. B) Simulated contributions to the
decrease in F,,,. Omitting Marangoni convection led to a negligible
change of 0.008 (dotted); omitting thermophoresis changed the signal
by 0.06 (dashed).

and simulation (Figure 4 A). To assess the contribution of
Marangoni convection and thermophoresis, simulations
excluding either effect were performed (Figure 4B; imple-
mentation details are given in the Supporting Information,
Chapter S2a). When neglecting Marangoni convection, the
flow fields differed considerably, but the fluorescence signal
was only slightly altered. Upon removal of thermophoresis
from the simulation, the time traces changed significantly.
This demonstrates that thermophoresis prevailed against the
convective flows.

Having characterized thermophoresis in nL droplets
under oil, we evaluated its applicability for biomolecule
interaction studies. We analyzed a 25 mer DNA aptamer that
binds adenosine and its phosphorylated analogues.'” This
aptamer has previously been studied extensively.”!* For nL-
scale interaction studies, a constant concentration of fluo-
rescently labeled aptamer (c =2 um) was added to a serial
dilution of adenosine-5-monophosphate (AMP). As men-
tioned above, mild centrifugation in the funnel-shaped wells
reliably coalesced individual AMP and aptamer portions.
After coalescence, the concentration of AMP and aptamer
equilibrated by diffusion. The short diffusion times through
the small 10 nL or 20 nL samples guaranteed complete mixing
within minutes. We found diffusive mixing to be as effective as
manual premixing.

The mixed samples were locally heated by AT=6 K. The
resultant thermophoretic depletion of free aptamer signifi-
cantly differed from its bound complex with AMP (Support-
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ing Information, Figure S2). Furthermore, the temperature
response of the aptamer dye (DTR) changed upon AMP
binding.

The fluorescence after DTR and thermophoresis was
divided by the fluorescence before heating as described in the
Supporting Information, Figure S2 and previously.”! As this
relative fluorescence can be approximated as linear to the
bound aptamer fraction, it was directly fit to the Hill equation
(Supporting Information, Chapter S3c).

Using the original selection buffer according to Huizenga
and Szostak,™ we found ECsy=(116+14) um in 10nL
samples and EC5,=(104+10) pm in 20 nL samples (Fig-
ure 5 A). Both values agree with each other and the literature
value of (87+5)um from capillary thermophoresis.”! The
determined Hill coefficients of n=1.24+0.1 (10 nL) and n=
1.94+0.3 (20 nL) indicate cooperative binding of more than
one AMP, which is consistent with the previously reported
tertiary structure of the complex (Figure 5, inset).!'”] More-
over, the Hill coefficients only slightly deviate from each
other and confirm the literature value (n = 1.4).”) As a control,
we measured a DNA oligonucleotide with the same length as
the aptamer but two point mutations. The dinucleotide
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Figure 5. The specific signal change in DTR and thermophoresis upon
AMP titration to labeled aptamer was fit to the Hill equation. Mean
values of at least two individual nL samples; error bars: standard
deviation. A) Selection buffer. The fit revealed ECso= (116 £14) um and
n=1.9+0.3 in 10 nL (red squares) and ECs,= (104 £10) um and
n=1.2+£0.1in 20 nL (black circles). A dinucleotide mutant showed

a 200-fold increased ECs, value of about 20 mm (blue triangles).

(B) PBS. ECs,=(0.90+0.13) mm was found (black circles), confirming
the buffer dependence of the aptamer (n=1.6£0.4). The mutant
showed a 130-fold increased ECs, value of about 0.12m (blue
triangles). Inset: Determined Hill coefficients agree with the reported
tertiary structure (NDB code 1AW4): an aptamer (gray) binds two
AMP molecules (red)."”
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mutant showed a 200-fold reduced AMP-affinity (ECs,
~20 mm). This demonstrates the specificity of the binding
signal.

To quantity the reported buffer dependence of the AMP-
aptamer,” binding was measured in PBS (Figure 5B). An
ECs, of (0.90+0.13) mm was found, corresponding to a 10-
fold affinity reduction compared to selection buffer. This
reduction is not surprising, as the aptamer has originally been
evolved in and thus optimized for its selection buffer.'>1¥ A
dominant effect can most likely be ascribed to magnesium
ions: while the selection buffer contained 5 mm MgCl,, we
used PBS without Mg**. Mg*" do not only stabilize DNA, but
can also neutralize AMP phosphate group and thus reduce
repulsion to phosphates in the aptamer backbone.'” A
reduction of the MgCl, concentration from 5 to O mm has
been reported to significantly reduce AMP-aptamer retention
in affinity chromatography.'® This is in accordance with the
EC,, differences that we found in nL-thermophoresis. The
Hill coefficient was not significantly affected by the buffer; it
was n=1.6£0.4 in PBS. The affinity of the mutant control
was reduced 130-fold compared to the aptamer (EC;,
~0.12Mm).

The successful quantification of affinity, cooperativity, and
buffer dependence confirms the applicability of the presented
method for aptamer analysis. This type of study is most likely
to gain in importance now that the comprehensive aptamer
patent portfolio, which presumably has suppressed many
commercial applications, is starting to expire.”” Furthermore,
nL-thermophoresis is a highly attractive analytical method for
other biomolecules including peptides or proteins, and for
complex bioliquids such as blood. The suitability for these
studies remains to be tested, but can be expected judging from
the application depth of capillary thermophoresis.**! Sample
preparation is unlikely to be limiting, as the liquid handler can
be deployed for various solution types. We, for example,
produced stable nL droplets of 50% human blood serum
(Figure 1 A, inset) as required for thermophoretic diagnostics.
Diffusive mixing after nL transfer was successful. Therefore,
an assay design in which a stock dilution series of a biomol-
ecule target is tested against a high number of binding
partners seems very practical, for example, for drug discovery.
It could also be combined with our previously published
diagnostic autocompetition approach. A stock dilution of an
unlabeled tracer for the biomarker of interest would then be
tested against multiple patient sera, supplemented with
a constant amount of labeled tracer.

Compared to conventional capillary thermophoresis, the
volume was reduced 50-fold. This leads to an enormous
potential for high-throughput screens, even more so, as the
easy-to-handle multi-well plates promote automation.

As a further advantage, the nL transfer is contact-free,
which exempts from washing steps and minimizes cross-
contaminations. After transfer, the sample is not in direct
contact with the well surface, but forms a surfactant sur-
rounded droplet inside the oil. This should significantly
reduce unspecific surface adhesion of biomolecules (“stick-
ing”), an often encountered challenge in capillary thermo-
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phoresis.®! The elimination of sticking represents a major
benefit, even if surfactant and oil might have to be optimized
for different sample types.

Considering these advantages, the miniaturization, and
the extensive characterization in experiment and simulation,
nL droplet thermophoresis promises diverse applications
throughout the life sciences.
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