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We present a new, general concept termed Hydrodynamic Thermal
Confinement (HTC), and its implementation for the creation of
microscale dynamic thermo-chemical microenvironments on bio-
logical surfaces. HTC is based on a scanning probe and operates
under physiological conditions. The temperature can be regulated
between 30° and 80 °C with +0.2 °C precision and temperature
ramps of 5°C s~ over a footprint of ~50 pm x 80 pm in a volume of
~50 x 80 x 15 pm® (~50 pl).

Methods to unravel the heterogeneity in biological entities are
increasingly needed in several areas of research in the life-
sciences where compartmentalization plays a critical role.
Biochemical reactions are efficient at a specific temperature
or within a range of temperatures. As an example of enzymatic
activity, human trypsin is most active around 37 °C," whereas
the optimal operating temperature of Taq polymerase is around
85 °C.% Additionally, elevated temperatures have an effect on
the conformation of proteins, which can lead to the unmasking
of certain epitopes.®> In pathology, the breaking-down of the
cross-linking between formalin and tissue prior to histochemical
staining is performed at temperatures as high as 100 °C.* In
cytology, fluorescence in situ hybridization probes and buffers
are designed to have increased efficiency around 37 °C.° In
certain cases, there is an additional need to cycle between
different set-point temperatures, for example, in polymerase
chain reaction (PCR).

Compartmentalization and the ability to address small areas
within biological samples enable functions such as pharmaco-
logical studies on single cells,® detachment of single adherent
cell from surfaces for genetic testing,” patterning arrays of
protein on surfaces,® and the generation of local chemical
gradients.’ Advantages of microscale-localization of chemical
reactions on biological samples combined with the temperature
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dependence of biochemical reactions identifies a need for new
technologies for creating thermo-chemical microenvironments on
immersed biological samples.

Current heating approaches used with biological samples
include ovens, autoclaves, microwaves, radiofrequencies, lasers,
and resistive heaters."” Ovens and autoclaves do not allow heat
localization on a specific area of the sample nor is rapid
temperature switching possible because of the large thermal
inertia of these instruments. Microwave-based droplet heating
in a microfluidic chip has been demonstrated, but is limited
to reactions performed in a microchannel at temperatures as
high as 42 °C.** Thermal localization with lasers requires light-
absorbing materials and suffers from changes in pH conditions,
sample structure and chemical composition inherent in a bio-
logical environment. In contrast, resistive heating is a favored
implementation for local heating in microfluidics because of
facilitated on-chip integration as well as precise temperature
control.'®*? However, all aforementioned techniques require
the insertion of the sample into a microchannel—what we term
closed-space microfluidics—thus not allowing direct interaction
with the sample. In contrast, thermal probes are atomic-force
microscope (AFM)-based techniques that allow to locally measure
the temperature and/or heat an “open” surface with nanometer
resolution. These techniques rely on mechanical contact between
the tip and the substrate for heat transfer.'*'* For example,
scanning thermal microscopy in immersion has been shown
for mapping nanoscale thermal properties of surfaces."® Direct
contact between the probe tip and the substrate is, however, not a
preferred option, in particular when interacting with biological
substrates as it may cause structural damage to the sample.
Furthermore, in both dry and wet contact-based techniques,
the heat transfer relies on conduction, which is a strongly
material-dependent process and can be relatively slow compared
to convection.

Several research groups developed scanning technologies
for interacting with biological substrates in immersion such as
FluidFM'® and dip pen nanolithography (DPN)."”*® Both tech-
niques use a cantilever mounted on piezo stages, which provide
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nanometer resolution. Such resolution is advantageous when
studying sub-cellular entities or single DNA strands. However,
when operating at the micrometer length-scale, for example on
a few cells or a tissue section, there is a need for a more
versatile technique that is not perturbed by high topological
variations.

In contrast, the microfluidic probe (MFP) technology relies
on hydrodynamic localization of a processing liquid on a surface
with a footprint on the micrometer length-scale in both the
horizontal and vertical dimensions." The MFP and its variants
have been used to demonstrate local staining of tissue sections,**"
RNA profiling of cell blocks,** single-cell analysis,” microperfusion
of brain slices* and patterning of antibodies to create protein
microarrays.® Previous work using the MFP for local processing
focused exclusively on chemical alterations of a microenvironment
and did not include heating approaches and thermal management.
Interestingly, Wegrzyn et al. used a variant of an MFP for thermo-
metry to monitor ion-channel activation in a few cells, but with
no means of temperature control over the flow confinement.

In this paper, we present a new concept and an implementation
for simultaneous localization of chemical reagents and heat on
immersed surfaces at the microscale without the need for physical
contact between the probe and the sample. Our devised concept
that we term hydrodynamic thermal confinement (HTC) (Fig. 1)
leverages hydrodynamic flow confinement (HFC) for liquid locali-
zation generated with an MFP and precise temperature control
while minimizing the thermal losses to the surrounding immer-
sion liquid and surface.

The HFC serves to localize the processing liquid on a sample
immersed in a liquid while HTC ensures maintenance of a
desired temperature within the HFC. Furthermore, HTC provides
faster and efficient heat transport to the sample on the surface as
it leverages convection by means of continuous liquid flows
as opposed to other techniques that rely exclusively on heat
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Fig. 1 Concept of hydrodynamic thermal confinement (HTC). (a) Working
principle of HTC. (b) Schematic (bottom) view of heated flow confinement.
(c) Graph of the temperature profile along the centerline marked in (b).
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conduction. Our implementation of HTC uses a microfluidic
probe with an integrated heater and sensing element fabricated
using standard microfabrication. We demonstrate temperature
control in the HFC using fluorescence thermometry of the
confined solution. We further perform local denaturation of
DNA on a microarray by using a heated formamide solution,
thus localizing thermal and chemical action on an area of
~80 x 50 pm. To the best of our knowledge, this is the first
demonstration of generation of dynamically controlled thermo-
chemical microenvironments at the micrometer length scale on
immersed surfaces.

The MFP head is a hybrid silicon-glass device with micro-
channels etched on one side of the silicon using deep reactive-
ion etching and resistive elements patterned on the other side
using physical vapor deposition (see ESI{). We performed
numerical modelling using the finite-element method (FEM)
to determine the optimal design and operating parameters,
namely, the heater position, channel geometry and flow rates.
Simulations showed that there is an operating range between
1 and 10 pl min~" that provides adequate working conditions
for heating the processing liquid (see ESIt).

We further developed an analytical model to describe the
heating of the processing liquid flowing through the injection
channel with a constant wall temperature (see ESIT).

Power requirements were assessed to implement the conditions
considered in the analytical model. Using a restatement of
Newton’s cooling law:

%—?:hA(Tsf Tm(1)) (1)
we obtain a maximum power required (i.e. at ¢ = 0, when
Tm = 25 °C) ~35 mW, considering a heating area of 200 pm x
500 um (see ESIT). To compensate for heat losses and ensure
sufficient power is available to reach our desired temperatures
we designed a resistive heater with a heating power in the
hundred milliwatt range. Also, we designed and microfabricated
a glass slide with an integrated resistance temperature detector
(RTD) made of platinum (see ESIT) for comparing the analytical
model with experimental data. The simulations demonstrate a
good agreement with the experimental values, as both exhibit a
linear behavior with an offset of ~1 °C. The temperature of the
processing liquid can be controlled between room temperature
and 80 °C with £0.2 °C precision and temperature ramps as high
as 5 °C s~ (see ESI¥). Such precision is achieved using a closed-
loop feedback control with a proportional-integral-derivative
(PID) controller. The RTD patterned next to the resistive element
on the MFP head provides constant temperature feedback to the
PID controller, enabling it to maintain a constant temperature to
be maintained over long periods of time (>2 h) even in the
presence of external perturbations. We used a solution of
Rhodamine B in water to demonstrate the control over the flow
confinement temperature. Fig. 2a shows the fluorescence in
Rhodamine B within the flow confinement as the temperature
of the heater increases. We observe a linear fluorescence drop of
80% over a temperature range spanning from 30 °C to 90 °C.
Here, the measurements are taken on a plane located at the
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Fig. 2 Heat distribution in and around the flow confinement. (a) Fluores-
cence measurement of Rhodamine B-labeled hydrodynamlc thermal
confinement. A linear decrease of the normalized fluorescence intensity
is observed as the heater temperature increases. Error bars show the
standard deviation (n = 5) (b) surface plot and section view of FE simulations
of temperature profile of the flow confinement. The temperature variation
within a ~50000 pm® elliptical volume remains below 5 °C.

surface of the substrate. However, HTC is not only a surface-
based effect but also affects the volume above its footprint.

We therefore investigated the temperature variation in the
flow confinement along the axis perpendicular to the surface.
The cross-sectional and the surface contours show that we can
create a microenvironment of ~50 pm x 80 pm x 15 pum,
within which the temperature variation remains below 5 °C
(Fig. 2b). This indicates that HTC can be used to alter the micro-
environment of samples, such as cell blocks, tissue sections and
in certain cases, single isolated cells. The resolution of the
confined heat is limited by diffusion from the flow confinement
to the surrounding liquid and is approximately 50 um (see ESIT).

We demonstrate the combined effect of thermal and chemical
localization on a biological sample by locally denaturing single
spots of ~60 pm diameter of labelled double-stranded DNA
(ds-DNA) on a microarray. The DNA strands on the microarray
are 17-base-pair-long (Mycroarray, Ann Arbor, MI). The sequence
is typically used to detect a specific point mutation responsible for
the sickle cell disease, which leads to a change in the shape of red
blood cells (see ESIt). We first incubated complementary
fluorescently-labeled DNA in solution on the entire slide, thus all
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Fig. 3 Localized DNA melting using a heated HFC containing 15% formamide.
(@) Schematic illustration of DNA denaturation on a microarray using the MFP.
(b) Overlay image of the DNA microarray (red channel) and the flow confine-
ment (green channel). (c) Fluorescence image of locally denatured DNA spot
after 3 min exposure to 15% formamide at 60 °C. (d) Fluorescence graph of
DNA spots inside and outside the HTC after 3 min exposure to three different
conditions: 15% formamide, 60 °C TE buffer (pH 8), and 15% formamide at
60 °C. Error bars represent the standard deviation (n = 5). All measurements
were performed after background subtraction. (e) Spatial representation of
fluorescence intensity after processing with heat and formamide.

Rel. fluorescence intensit

0.2
i

-o

o |
formamide

heat + buffer
B heat + formamide

spots of the microarray are comprised of dsDNA. We used a 15%
formamide solution in TE buffer (10 mM Tris, 1 mM EDTA, pH 8)
as processing liquid to locally denature single DNA spots on a
microarray (Fig. 3a and b).

Formamide is a solvent derived from formic acid that lowers
the melting temperature of a ds-DNA by forming H-bonds with
the nucleotides, thus competing with the H-bonds of the
double-helix structure. We demonstrate that the combined
use of chemical effect with confined elevated temperatures
leads to higher level of DNA denaturation. Fig. 3c shows the
denaturation of a single DNA spot, while the neighboring spots
remain mostly unaltered.

We performed different experimental sets with various con-
ditions to assess the relative contribution of the chemical and
thermal effects (Fig. 3d). In all cases studied, the flow confinement
was applied for 3 min on top of a DNA spot, with injection and
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aspiration flow rates of 2.5 and 7 pul min~", respectively. These
values were set to account for the viscosity of formamide as well as
the channel geometry. When using a formamide flow confinement
at room temperature, we observed a 30% fluorescence signal
decrease. Similarly, the use of TE buffer (pH 8) at 60 °C as
processing liquid resulted in a 50% signal decrease. The melting
temperature of ds-DNA depends on multiple parameters such as
the length of the strand and the G-C base content. Finally, the use
of formamide at 60 °C resulted in a dramatic signal decrease,
down to less than 20% of the initial value, confirming the
synergetic effect of chemistry and elevated temperature. We attri-
bute the remaining fluorescence to partial denaturation of DNA,
inherent in thermodynamic reactions. Also, the slight asymmetry
in denaturation of the unprocessed DNA spots (Fig. 3e) is attri-
buted to the hybrid silicon-glass composition of the MFP head,
silicon being more prone to thermal losses on the account of
higher thermal conductivity.

We proposed, modeled, characterized and validated a new
concept to perform localized thermo-chemical reactions at the
micrometer length scale on immersed biological surfaces. We
predict our devised technique to be of significant importance
for applications requiring precise control of the temperature
over extended periods of time, such as enzymatic reactions,
but also in applications requiring rapid temperature changes,
such as PCR. With HTC combined with liquid sequencing
technique,’® we envision the possibility to perform multi-step
biochemical reactions with pH and temperature control. The
shape of the microenvironment could be tuned as required by
modifying the geometry of the apertures, absolute flow rates
and flow rate ratios. Fabrication is currently a limiting factor to
localize the heat further as a reduction of the apex size would
reduce the heat loss in the immersion liquid. We foresee
scaling up the HTC concept to interact with larger samples by
creating multiple HTCs operating simultaneously by using MFP
heads with arrays of apertures. The technique we present in this
paper is versatile and can be used with standard visualization
techniques and biological substrates as common as microscope
slides and Petri dishes. HTC with a microfluidic probe allows
micrometer-scale processing of samples, and will become more
prominent as the size of the samples decrease. We strongly
believe that the ability to create local, spatio-temporal and
thermo-chemical microenvironments on biological samples will
enable numerous new investigations in research and diagnostics.
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