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ABSTRACT: 96-Well plate has been the traditional method
used for screening drug compounds libraries for potential
bioactivity. Although this method has been proven successful
in testing dose—response analysis, the microliter consumption
of expensive reagents and hours of reaction and analysis time
call for innovative methods for improvements. This work
demonstrates a droplet microfluidic platform that has the
potential to significantly reduce the reagent consumption and
shorten the reaction and analysis time by utilizing nanoliter-
sized droplets as a replacement of wells. This platform is
evaluated by applying it to screen drug compounds that inhibit
the tau-peptide aggregation, a phenomena related to
Alzheimer’s disease. In this platform, sample reagents are first dispersed into nanolitre-sized droplets by an immiscible carrier
oil and then these droplets are trapped on demand in the downstream of the microfluidic device. The relative decrease in
fluorescence through drug inhibition is characterized using an inverted epifluorescence. Finally, the trapped droplets are released
on-demand after each test by manipulating the applied pressures to the channel network which allows continuous processing.
The testing results agree well with that obtained from 96-well plates with mush lower sample consumption (~200 times lower
than 96-well plate) and reduced reaction time due to increased surface volume ratio (2.5 min vs 2 h).
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raditional drug screening efforts rely on the use of 96- or

384-well plates to assess the efficacy of various drug
candidates against key biological targets.'™ For this process,
setup typically consists of manual pipetting or robotic handlers
to dispense a combination of reagents into each well.**™* To
add to the complications of handling this wide array of
reagents, these platforms require large aliquots of expensive
biological components and reagents, adding to the overall costs
of the screening process. Furthermore, the screening process
for each compound may take several hours to complete which
can be time-consuming. Droplet microfluidics which utilizes
monodispersed nanoliter-sized droplets that can be generated
in microchannel networks at kHz rates to serve as reaction
vesicles has the potential to address these problems.”'’ In
general, droplets are produced by injecting one fluid into
another immiscible fluid resulting water-in-oil or oil-in-water
emulsions.'' For screening drug compounds, sample reagents
can be dispersed into droplets by an immiscible oil and the
drop volume can be varied from picoliter to nanoliter by tuning
the operating and geometric conditions such as the applied
pressures, flow rates, and channel dimensions Almost
instantaneous mixing can be achieved due to the three-
dimensional flow nature within the droplets and large surface to
volume ratio which eliminates the need for shaking the reagents

to enhance mixing.'> These benefits are particularly useful for
drug screening applications.

This study aims to explore the potential of employing droplet
microfluidic platform as an alternative to screen drug
compounds that inhibit the tau-peptide aggregation, a
phenomenon related to Alzheimer’s disease. Tau proteins
stem from soluble monomeric peptides that aggregate to form
large and insoluble cross-f-sheet structures.'”~'7 These
aggregates lead to the neuronal cell death that is one of the
hallmarks of Alzheimer’s disease."*™'” To develop molecules
which can prevent tau aggregation, the hexapeptide Ac-
VQIVYK-NH, (AcPHF6) which is derived from the full length
of tau protein can be used to screen compound libraries for
potential antitau aggregation properties'- and a fluorescent
indicator known as thioflavin-T (ThT) is often used to quantify
the aggregation.'® This is made possible by the fact that the
fluorescence excitation and emission peaks of the ThT
molecules shift to higher wavelengths when they bind to the
cross-f-sheet structures.” Therefore, as tau-peptide aggrega-
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Figure 1. Sketch of the microfluidic design. Oil inlet 1 is for the continuous phase. Aqueous inlets 1 and 2 are where two separate dispersed phases
can be injected. Oil inlet 2 is the diluting stream that controls the on-demand droplet trapping and releasing function. Region a shows droplets being
generated from the two aqueous streams being mixed. Region b shows a series of serpentine channels that help mix contents within the droplets.
Region ¢ shows the droplet traps which are connected to the diluting stream.

tion increases, so does the fluorescence intensity. The presence
of inhibitors helps to reduce tau-aggregation which should be
quantified as an overall decrease in fluorescence intensity.

In our previous work, the 96-well plate format has been used
for an AcPHF6 aggregation kinetics assay.'” The volume of
each well was 200 uL and the screening process usually took 2
h to complete.'” By switching to a droplet-based platform in
the nanoliter range, the sample volume is magnitudes lower
than well plate systems, and reaction times can be reduced
significantly because of the enhanced mixing resulted from the
three-dimensional flow within the droplet. Premixing multiple
reagents and then immediately encapsulating the mixture in
droplets for reaction is possible in principle, however, not
practical because reaction occurs within 30 s and completes
around 2—3 min in droplets which requires precise control of
the reaction start time. In addition, repeating experiments
would require repeating the entire processing including mixing
the reagents freshly. Therefore, designing a microchannel
network with on-demand trapping and releasing functions is
necessary because the reaction start time can be well controlled
and repeating experiments is enabled by simply releasing the
previously trapped droplets and starting with the newly trapped
droplets. There are several existing methods capable of trapping
and releasing on-demand, however, most involve complex
active techniques such as electrodes'” and laser-induced
heating.”’

The study instead relies on passive methods to achieve rapid
mixing within droplets, on-demand trapping and releasing of
droplets. It is similar to a passive droplet trapping technique
that breaks off parts of a long aqueous plug and leaves them
trapped in individual wells.””"" The major differences include
the design of diluting streams (see Figure 1) that are connected
to the series of the trapping wells to enable on-demand
trapping and releasing and individual droplets can be trapped
rather than pieces of a long plug. Both of these added features

make on-chip mixing possible while facilitating rapid AcPHF6
aggregation feedback. The on-chip mixing was achieved using a
stratified flow technique that combined an AcPHF6 solution
with a solution of sodium phosphate dibasic heptahydrate (PBS
buffer), ThT, and a proven tau-aggregation mhnbltor known as
orange G as the reference compound.'” Droplets were
generated and mixed from these combined aqueous streams
before being trapped seconds later. The pressure applied at the
diluting stream controlled the trapping and releasing of droplets
on-demand. While the droplets were being stored, ThT was
used to monitor the tau-aggregation in the presence of orange
G at various concentrations. The inhibitor results were then
compared to positive and negative controls. Overall, the
fluorescence intensity data obtained showed similar trends to
that of a 96-well plate study. The volume of each trapped
droplet was approximately 1 nL, which is a significant volume
reduction on the order of 10° compared to one well volume of
200 uL. However, the total volume consumption including the
sample wasted in the reservoir and tubing and the sample used
for experiments (~1000 droplets for one reaction repeating five
times) is around S L for the droplet platform which is around
200 times lower than that of the well plate system which is
around 1 mL for a reaction repeating five times. The screening
process was completed in only 2.5 min because of the fast
mixing time within the droplets. Finally, the droplets are
trapped approximately 3 s after the AcPHF6 first comes into
contact with the PBS buffer and other reagents. This is a major
improvement from the 96-well plate setup which is time-
consuming, expensive and does not offer immediate fluo-
rescence measurements after the aggregation process begins.

B EXPERIMENTAL SECTION

Device Fabrication. The polydimethylsiloxane (PDMS)
microfluidic devices were prepared using standard soft-
lithography techniques. Briefly, the PDMS (Skylard 184, Dow



Corning) is mixed in a 10:1 ratio of base to curing agent. The
PDMS is poured onto a silicon master that is coated with SU-8
(2025, Microchem) microchannel patterns and cured for 3 h at
95 °C. The PDMS mold is then peeled off from the master and
fluidic inlets and outlets are made using a 1.5 mm biopsy
punch. This mold is bonded to a PDMS coated glass slide by
exposing the two substrates to oxygen plasma (PDC-001,
Harrick Plasma) with a power of 29.6 W at S00 mTorr for 10 .
Finally, the PDMS devices are heated to 190 °C for at least 2
days to ensure that the microchannels are hydrophobic.

Materials. Five cSt silicone oil (Sigma-Aldrich) was used as
the carrier oil. An AcPHF6 (Celtek Peptides) stock solution
was freshly prepared using ultrapure water (Cayman Chemical
Company) at a concentration of 0.12 mg/mL. The AcPHF6
had a minimum purity of 98%. A 50 mM PBS buffer (Sigma-
Aldrich) stock solution was prepared using ultrapure water and
the pH was adjusted to 7.3 using HCL. A 1.57 mM ThT
(Sigma-Aldrich) stock solution was freshly prepared with PBS
buffer and its glassware was wrapped in foil to protect the light
sensitive dye. A S00 uM orange G (Sigma-Aldrich) solution
was prepared with PBS buffer and 5% (v/v) dimethyl
sulfoxide(DMSO). The DMSO (Sigma-Aldrich) was used to
help dissolve the orange G in solution. No surfactants were
added for any reaction because they may influence the assay
and reduce the trapping performance because of the reduced
interfacial tension.

Experimental Setup. To test the on-demand droplet
trapping and releasing capabilities of the microfluidic device,
fluids were pumped into the inlets using a high precision
microfluidic pressure control system (MSFC 8C, Fluigent).
The flow rate of the dispersed phase was measured using a flow
sensor (SLG 1430, Sensirion). The sample reagents were
injected into the microfluidic device using fluidic tubing with
inner diameter of 100 ym (IDEX Health & Science). The
droplet behavior was imaged using an inverted epifluorescence
microscope (ECLIPSE Ti, Nikon) with a 4X objective and a
high speed camera (Phantom v210, Vision Research). Each
video was captured at 75 frames per second.

Droplet Trapping and Releasing On-demand. A
microfluidic device capable of mixing, trapping, and releasing
droplets on-demand was designed. An overall layout of the
microchannel network is shown in Figure 1. Controlling the
concentration of a particular reagent such as the inhibitor in
individual droplets is important for drug screening analysis
which is designed to achieve by varying the reagent
concentrations in the carrier aqueous streams such as Aqueous
stream 1 and 2 and the flow rate ratio of these two streams. For
added versatility, aqueous inlet 1 can be divided into two inlets
by punching two reservoirs along the two stream paths allowing
for a third aqueous stream from inlet 2. By pumping only water
into aqueous inlet 2, the middle stream can then act as a diluter,
or a barrier that keeps contents from the other two streams
separated prior to droplet generation. In either case, the
contents from each aqueous stream can be mixed through a
series of serpentine channels as seen in Figure 1b and then
trapped shown in Figure lc. The trapped droplets remain
stationary in the circular traps which increase the hydrodynamic
resistance so that other droplets continue flowing through the
main channel. The bottom of each trap is connected to the
diluting stream, and the oil flow through this stream comes
from oil inlet 2 as shown in Figure 1. The pressure system can
be used to precisely control the oil flow through the diluting
stream. There are two pillars in each trap, and these are what

allows droplets to remain stationary in the traps, as it prevents
the droplet from moving forward.

To ensure droplets are trapped on-demand, the following
criteria must be met: (1) when a trap is empty, the approaching
droplet can be trapped or forced to go through the bypass
channel for on-demand trapping; (2) when a trap is filled with
one droplet, no more droplets should be trapped; and (3) when
a droplet is trapped, it should not be pushed out the trap unless
on-demand. To meet these criteria, the flow rate ratio between
the bypass channel and the trap path (Qp/Qr) must be well
controlled because a droplet at the entrance of the trap always
follows the stream with a higher flow rate. For example, if Qg >
Qq, the droplet will go through the bypass channel as
demonstrated in Figure 2b, vise versa as shown in Figure 2c.
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Figure 2. Droplet trapping scenarios. Image a shows flow rates Qg and
Q. Image b shows the scenario where droplets enter the bypass
channel rather than the trap. Image c shows the scenario, where a
droplet enters the trap. Image d shows the scenario where enters the
trap and pushes through to the diluting stream.

There is a chance that Qr > Qg which causes the trapped
droplet to be pushed through the pillar unwantedly as seen in
Figure 2d. Therefore, by fine-tuning Q; in relevance to Qg a
droplet can be trapped on-demand as shown in Figure 2c and
also released on-demand as shown in Figure 2b.

The ratio of Qr and Qj is influenced by several parameters
such as channel dimensions, the applied pressures in reservoirs
and the trap status (i.e., with/out droplets). If the pressure at
the Oil Inlet 2 is set to be 0, the trapping is mainly influenced
by channel dimensions and the applied pressures which are
coupled together through the hydraulic resistance (Ry;) of the
microchannel®” as seen in eq 1** where AP is the pressure drop
over the channel length:

AP = QRy (1)

To trap a droplet as shown in Figure 2c, the lengths of the
bypass channel (L) and the outlet channel (L) (the distance
between the last trap and the outlet), which are proportional to
their RHs, respectively, were designed, such that the Q;/Qy
ratio was slightly greater than 1 for all three traps as shown in
Figure 3. L, can be varied by simply changing the location of
where the outlet is punched. For this design, the outlet channel
was 6 mm and the channel height (h) 25 ym. The diameter of
the trap (dr) was chosen to be 240 um to allow for droplets to
fill the total volume while having a sufficient hydraulic
resistance for trapping and releasing. The length of each
diluting stream (Lp) was chosen to be 30 mm. This large
dimension was chosen to increase hydraulic resistance and limit
the flow into the diluting stream during trapping. In doing so,
trapping efficiency is influenced primarily by the Q;/Qj ratio.

To avoid the trapped droplet to be pushed through the
pillars as seen in Figure 2d, the pressure drop across the
trapped droplet should be below a critical pressure drop (AP,),
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Figure 3. Microchannel dimensions for the trapping design. The box
with dashed outlines shows a close-up view of the trap dimensions. Ly
= 1.8 mm, Ly, = 30 mm, w, = 150 ym, dy = Z40ym,w‘= 25 pm, w, =
73 pym, L, = 70 ym.

which can be estimated with the Young—Laplace relation seen
in eq 2, where 7 is the interfacial tension.™

AR = ,[; R 1)
" (2)

As the flow rate of Qy increases, the pressure drop across the
droplet tends to be greater than AP, and thus push the droplet
through the pillars. Furthermore, due to this AP_ criteria,
having a higher hydraulic resistance in the microchannel means
that droplet trapping will fail at lower flow rates. Therefore, low
viscosity silicon oil (5cSt) was used as the carrier oil which
results in low RH, and thus allows for a higher speed droplet to
be trapped. As seen in eq 2, reducing values of h and w, can also
add tolerance for higher pressure drop across the trapped
droplet, however, they are limited by fabrication techniques and
tend to be closed due to PDMS swelling. For this design, w,
was optimized to be 25 um to allow droplets to be trap
efficiently. For larger w, values, droplets had difficulty
remaining in the trap because of the large gaps and a small
AP, value. Additionally, with this w, value in mind, i was
limited to 25 pm because of the fabrication limit as well.

For a given set of channel dimensions, varying the applied
pressure at the oil inlet 2 is effective in tuning Qy especially
when releasing on-demand is desired because increasing this
pressure increases the flow rate of the diluting stream
(equivalent to decreasing Qy) allowing a trapped droplet to
be pushed out the trap and through the bypass channel. The
diluting stream pressure (Pp) required to release the droplets
was 900 mbar. Figure 4 illustrates the trapping and releasing
on-demand process when the droplet speed was 1.9 mm/s. The
dynamic trapping and releasing processes are shown in
Supporting Information Video | and 2, respectively. It is not
a requirement for Py to be set to 0 mbar to trap droplets as it
can be increased slightly to improve trapping at higher flow
rates. Overall, the on-demand trapping function works for a
wide range of flow rates and the droplets can then be released
by simply increasing the diluting stream pressure.

AcPHF6 Aggregation Kinetics Assay. The on-demand
trapping and releasing function was used to monitor tau
aggregation in the presence of an inhibitor known as orange G.
For this assay, the aqueous phases were pumped into the
microfluidic device using a dual syringe pump (Pump33,
Harvard Apparatus). ScSt silicone oil was injected into the chip
using the pressure control system. After one droplet was
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Figure 4. On-demand trapping and releasing process. Here, Py is
initially at 220 mbar to ensure no droplets enter the traps. Then, Py is
reduced to 40 mbar to allow droplets enter all three traps in
approximately 2.4 5. The droplets are stored in the traps for S min
before changing Py to 900 mbar to release the droplets.

trapped at the last well (the third from left in Figure 1), the
aggregation process was imaged using the inverted epifluor-
escence microscope and a high sensitivity CCD Camera (Retiga
2000R, QImaging). A 40x objective was used to image each
trapped droplet in order to eliminate any background noise
from the PDMS microchannels. Illumination was supplied by a
100 W mercury halide lamp (Intensilight C-HGFIE, Nikon). A
filter cube (CFP-HQ, Nikon) was used to image the ThT
fluorescence (440 nm excitation and 490 nm emission). The
hardware gain was 21.5 and the exposure time was set to 100
ms. After about 5 min of imaging the droplets, they were
released and the traps were reused for more tests. The
fluorescence intensity for each droplet was measured using an
imaging software (NIS-Elements AR, Nikon). The percent
change in fluorescence intensity was calculated for each droplet
to compare them to one another.

There were two concentrations of orange G used for this
study, 6 uM and 165 uM. They were both compared to
positive and negative controls to help determine the
effectiveness of orange G as a tau-peptide aggregation inhibitor.
For each test, the approximate final droplet concentrations are
summarized in Table 1. Originally, the droplet concentrations
were such that the final ThT concentration was 8.25 uM, to
replicate the 96-well plate study. This concentration proved to

Table 1. Final Concentrations of Each Compound after a
Droplet Gets Trapped

AcPHF6 ThT cnng; G PBS buffer DMSO (%
test (mg/mL)  (uM)  (uM) (mM) (v/v))
positive 0.03 31 163 033
control
orange G 0.03 31 6 164 0.12
(6 uM)
orange G 0.03 kN 165 163 033
(lgfﬂ HM)
negative 3l 163 033
control



be too high for droplets as the ThT molecules were suspected
of self-aggregating and caused an unwanted increase in
fluorescence intensity for the negative control droplets.
Therefore, the ThT concentration was reduced until there
was no significant increase in the negative control fluorescence
intensity. The concentrations of all other reagents were
decreased proportionally to the ThT concentration. An added
benefit of this protocol was the reduction in the AcPHF6
concentration that significantly reduced its aggregation at the
droplet generator, where the peptide solution first comes into
contact with the PBS buffer.

For the negative control, a single syringe was prepared with
the same reagent concentrations shown in Table 1. It was
connected to aqueous inlet 1, and aqueous inlet 2 was blocked.
For the positive control and inhibitor tests, two syringes were
used for the aqueous phases. The AcPHF6 stock solution was
kept in its own syringe to prevent its aggregation prior to
droplet generation. This syringe was connected to aqueous inlet
2, and the flow rate was set to 0.5 #L/min. The second syringe
was connected to aqueous inlet 1, and the flow rate was set to
1.5 uL/min. For the positive control, it contained 4.13 uM of
ThT, 21.7 mM of PBS buffer, and 0.44% (v/v) DMSO. For the
6 uM and 16.5 uM orange G tests, it contained similar
concentrations as the positive control with the addition of 8
uM and 22 uM orange G, respectively. With the flow rates of
the first and second syringe at a 1:3 ratio, the final droplet
concentrations in Table 1 can be achieved. Additionally, the
syringes were kept on ice for the length of the tests.

Bl RESULTS AND DISCUSSION

The effectiveness of orange G as an AcPHF6 aggregation
inhibitor was determined by comparing the fluorescence
intensity change at two different concentrations with positive
and negative controls. Figure 5 shows the results for this drug
screening study. These intensity curves are all averaged from at
least three different droplets that were measured over a 5 min
period. As expected, the positive control curve had the greatest
change in intensity and the negative control curve did not
change in intensity. This trend is consistent with the result from
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Figure S. Plot representing the AcPHF6 aggregation over time in the
presence of the orange G inhibitor. The positive control curve has the
highest percent change in intensity, followed by 6 uM orange G and
then 16.5 uM orange G. There is no significant change in intensity for
the negative control curve.

the 96-well plate format indicating the rapid aggregation of
AcPHF6 in the absence of an inhibitor.'” Additionally, both
orange G curves at 6 and 16.5 uM experienced a change in
intensity which was between the positive and negative control
curves. This indicates that AcPHF6 aggregation was reduced in
the presence of orange G. Furthermore, at 6 uM, orange G
concentration has a greater change in fluorescence intensity
than that of the 16.5 orange G concentration, which makes
sense given that there is less inhibitor to reduce aggregation.
Both of these outcomes demonstrate that this droplet
microfluidic platform has the potential to be used as an
alternative drug screening tool for rapid analysis of large
compound libraries.

The shape of the curves in Figure 5 is comparable to the
trends seen in the 96-well plate study.'” The most notable
similarity is that there is a rapid increase in fluorescence before
reaching a plateau phase. This rapid increase represents the
AcPHF6 aggregation in the reaction vessel. In the 96-well plate,
it takes around 30 min for the AcPHF6 aggregation to plateau.
This is greater than what is seen in Figure 5, as the AcPHF6
aggregation takes roughly 30 s to plateau in the trapped
droplets. The significant decrease in reaction time can be
attributed to the rapid mixing of reagents inside the droplets.
The volume of the droplets can be approximated by treating
the trap as a cylinder. With a channel height of 25 ym and a
trap diameter of 240 um, the droplet volume works out to be
about 1.13 nL. Given that the volume for each well in a 96-well
plate is 200 uL, switching to a droplet microfluidics platform
demonstrates a significant volume reduction, in addition to
significant reduction in the time required for screening.

The fluorescent images in Figure 6 show examples of
droplets over time for each test. The positive control droplets

0s 15s 30s 60 s 120 s
Positive
Control I I I
6 uM
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16.5 uM 3
Orange G J
Negative
Control 100um

Figure 6. Trapped droplets with fluorescence intensity changing over
time. Fluorescent images for positive control, orange G at 6 uM and
16.5 uM, and negative control droplets can be seen after 0, 15, 30, and
120 s. The positive control droplet has the most noticeable change in
fluorescence. The fluorescence change for both orange G droplets is
subtle. Finally, there is no noticeable change in fluorescence for
negative control.

have a much stronger increase in fluorescence when compared
to the droplets containing orange G, and this is in compliance
with the curves seen in Figure S. The droplets containing
AcPHF6 all exhibit some fluorescence at the initial measure-
ment. This is because of the aggregation that takes place
between the droplet generator and the final trapping well,
which is around 30.26 mm in distance. With a velocity of
approximately 8.89 mm/s, it takes about 3.4 s for the droplet to
reach the trap after the AcPHF6 solution makes contact with



the PBS buffer at the droplet generator. Considering the time
scale in Figure S, missing the first few seconds of aggregation
will not have a significant impact on the fluorescence
measurements.

The trapped droplets were generated using a stratified flow
technique that mixed reagents seconds before measuring the
fluorescence intensity. This is a cost-effective alternative to the
robotic liquid handlers that inject reagents into each well of the
96-well plate format. There is still some error that exists in the
stratified flow technique that may lead to some of the error bars
seen in Figure S. For one, there are some fluctuations in the
flow rates from the syringe pumps which can lead to a
nonuniform reagent concentration from one droplet to the
next. Additionally, unlike the 96-well plate, the fluids within
each syringe cannot be mixed during the tests and this may lead
to uneven reagent distribution over time. Another source of
error stems from the fact that this design does not allow
droplets to be screened in parallel. Instead, only one type of
droplet can be screened at a time. In the future, it is
recommended that the design be modified to trap one test
compound in parallel with both controls. In doing so, this will
allow for more rigorous comparisons and lead to more accurate
AcPHF6 aggregation data. Nonetheless, this on-demand
trapping and releasing mechanism shows the potential for
using droplet microfluidics as a cost-effective alternative to the
96-well plate format which can be used for rapid screening to
test compound libraries.

B CONCLUSION

A microfluidic device capable of mixing, trapping, and releasing
droplets on-demand was designed and fabricated using standard
soft-lithography techniques. It demonstrated the ability to trap
droplets in a short period of time at high droplet speeds. The
device was used in an AcPHF6 tau-hexapeptide aggregation
kinetics assay to explore the potential of droplet microfluidics as
an alternative to the 96-well plate drug screening platform. A
noticeable decrease in AcPHF6 aggregation was detected when
testing a proven inhibitor known as orange G. When comparing
it to the 96-well plate study, the reaction volume was reduced
by a factor of 10” and the reactions times were reduced from 2
h to 2.5 min. Additionally, the on-chip mixing, rapid
fluorescence detection, and on-demand droplet releasing
helps facilitate an easier setup procedure for users. In essence,
this study demonstrated that a microfluidic device capable of
trapping and releasing droplets on-demand offers several
advantages over the traditional 96-well plate platform for
drug screening applications.
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