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Abstract: Droplet microfluidics offers a wide range of applications, including high-throughput drug
screening and single-cell DNA amplification. However, these platforms are often limited to single-
input conditions that prevent them from analyzing multiple input parameters (e.g., combined cellular
treatments) in a single experiment. Droplet multiplexing will result in higher overall throughput,
lowering cost of fabrication, and cutting down the hands-on time in number of applications such
as single-cell analysis. Additionally, while lab-on-a-chip fabrication costs have decreased in recent
years, the syringe pumps required for generating droplets of uniform shape and size remain cost-
prohibitive for researchers interested in utilizing droplet microfluidics. This work investigates the
potential of simultaneously generating droplets from a series of three in-line Tjunctions utilizing
gravity-driven flow to produce consistent, well-defined droplets. Implementing reservoirs with equal
heights produced inconsistent flow rates that increased as a function of the distance between the
aqueous inlets and the oil inlet. Optimizing the three reservoir heights identified that taller reservoirs
were needed for aqueous inlets closer to the oil inlet. Studying the relationship between the ratio
of oil-to-water flow rates (®) found that increasing @ resulted in smaller droplets and an enhanced
droplet generation rate. An ANOVA was performed on droplet diameter to confirm no significant
difference in droplet size from the three different aqueous inlets. The work described here offers an
alternative approach to multiplexed droplet microfluidic devices allowing for the high-throughput
interrogation of three sample conditions in a single device. It also has provided an alternative method
to induce droplet formation that does not require multiple syringe pumps.

Keywords: T-junction droplet generator; gravity-driven flow; multiplexing; droplet tuning

1. Introduction

Droplet microfluidic devices have been demonstrated for a broad range of applications
including nanoparticle synthesis [1,2], chemical reactions [3], protein crystallization [4], bi-
ological assays, and cellular analysis [5-8]. In most instances, uniform droplets are desired
to ensure constant, controlled, and predictable outcomes. Conversely, some applications re-
quire a wide range of tunable droplet volumes, typically femtoliters to nanolitres. Therefore,
it is critical to have a deep and systematic understanding of microfluidic droplet formation.
Microfluidic droplet production has been primarily achieved through T-junctions [9] or
flow-focusing junctions [10]. The commonly used flow-focusing generators can deliver
monodisperse droplets at low capillary numbers (Ca) when droplets are produced in a
highly stable breakup process (e.g., dripping regime) [11]; however, a complex velocity
field and several key parameters defining the geometry (e.g., oil and water channel width
and height) have made it challenging to model flow-focusing geometries analytically [12].
The Tunction is a widely applied geometry for droplet generation due to the ease in
droplet-size controllability and consistency of drop formation and design simplicity [13].
Despite the plethora of studies on simultaneous emulsification in multi-input flow-focusing
microfluidic devices [14-16], the reports on integrated in-series T-junction droplet gener-
ators have been limited. The challenge in the multiplexed production of droplets is to
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prevent the broadening of droplet size distribution due to complications involved with si-
multaneously using multiple droplet generators, which is more evident in series T-junction
droplet generators [17].

Another challenge with multiple droplet generators is the hardware requirement for
droplet generation is often cost-prohibitive [18]. Syringe pumps are most commonly used
to generate a constant flow from the external macro-environment into a micro-channel;
however, when a syringe pump is applied to a micro-channel, flow fluctuations can occur
due to the motion of the electric motor and deformation of elastic channel walls [19,20].
Additionally, other technical limitations, such as slow fluid response time, low volume dis-
pensed, and unwanted pulsatile fluid flow, lead to chip leakage and device de-bonding [18].
Microfluidic chips that use multiple inlets often require >3 syringe pumps, which can be
costly and complicated to operate. Alternatively, pressure pumps can be used to induce
flow more stably with faster responses than those of the syringe pumps; however, accu-
rate control of fluid flow with the pressure source is difficult to achieve in the presence
of parametric uncertainties or disturbances in a microfluidic network [21]. For example,
fabrication error, air bubbles in the channel, the wobble of tubes, suspended cells, or the
swelling of the channel can inhibit the accuracy of flow regulation [22]. To overcome these
limitations, a number of low-cost, zero electric power consumption, and portable on-chip
passive micropumps have been developed [23,24]. Among these pumping mechanisms,
the gravity-driven flow is the most straightforward and commonly used method in vari-
ous microfluidics-based applications [25]. Gravity-driven flow requires liquid reservoirs
with different heights to achieve fluid propulsion from the higher reservoir to the lower
one [26-28]. A key advantage of gravity-driven flow is that the inlet liquid can be adjusted
in real time to monitor different conditions and prolong flow. Furthermore, it is naturally a
low maintenance type of flow, requiring no moving mechanical parts [29]. Using gravity
flow solves the notorious air bubble formation problem, since air bubbles are prevented
from entering the device due to their buoyancy, eliminating the need for external or in-line
bubble traps [30,31]. To date, the majority of gravity-driven platforms have been limited to
single-input designs, with very few studies examining their potential in multiple droplet
generators on a single device [32,33].

In this work, a multi-aqueous-input, in-series T-junction microfluidic droplet device
was developed that leverages easy-to-use gravity-driven flow control. The rationale behind
this device design was twofold: first, incorporating three droplet generators on a single
device enables multi-condition evaluation of relevant parameters all in a single run which
can save time, reagents, and labor in applications such as personized medicine [34]. This
is particularly critical when working with primary samples and patient biopsies as they
are oftentimes limited with sample volume and duration for subculturing. Second, the
T-junctions were positioned in-series to decrease the overall size of the microfluidic chip
compared to a parallel design. The in-series droplet microfluidic device incorporated four
inlet ports: one oil inlet and three aqueous inlets, each containing three different inlet fluid
compositions. The gravity-induced flow was incorporated to determine if the in-series
T-junctions could yield uniform size droplets with comparable droplet generation rates.
Prior to droplet generation, each aqueous inlet reservoir’s height was optimized through
the development of an empirical model. The model is dependent on a series of fluid flow
rate measurements from multiple combinations of “active” inlets (e.g., alternating the
number and position of the inlets with aqueous flow inside the device) in the absence of oil
flow to characterize the relationship between reservoir height and flow rate in the device.
Using the optimized inlet reservoir heights, a series of experiments were performed using
double active inlets to identify the allowable oil to water ratio (the volumetric oil to water
flow rate, ®) and its effect on the droplet size. Decreasing this ratio resulted in increasing
droplet diameters for all inlet combinations, allowing for facile droplet size tuning.
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2. Materials and Methods

The droplet microfluidic device consisted of three in-series T-junction droplet gener-
ators, each spaced 4000 um apart (Figure 1). The channel width for the aqueous and oil
inlets was set to 50 and 85 um, respectively. The microfluidic devices were fabricated by a
combination of soft lithography and PDMS replication [8]. The geometry was designed in
AutoCAD (Autodesk, Mill Valley, CA, USA) to generate a transparency mask (CAD/ Art)
of the fluidic channels. Two-step soft-lithography was used to fabricate the silicon master.
A 40 pm-thick negative photoresist polymer (SU-8 2025, Kayaku Advanced Materials, Inc.,
Westborough, MA, USA) was deposited on a clean 3” silicon wafer (University Wafer,
South Boston, MA, USA) using a spin coater (WS-650MZ-23NPP, Laurell Technologies,
San Diego, CA, USA) and baked at 65 °C for 10 min followed by a second bake at 95 °C
for 20 min. After the wafer was cooled to room temperature, the transparency mask was
placed on top of the wafer, followed by exposure to UV light (1.4 mW cm~2) for 45sin a
custom-built UV exposure set-up using a B100-AP lamp (VWR, Radnor, PA, USA). The
wafer was baked again at 65 °C for 15 min and 95 °C for 30 min. The silicon wafer was
developed with a SU-8 developer solution (Kayaku Advanced Materials, Inc.), removing
the uncrosslinked SU-8 to produce the microfluidic patterns. The wafer was hard-baked at
150 °C for 30 min to increase wafer durability.

_____ - —

Imaging Area

Figure 1. Microfluidic Device Design and Operation. (A) Schematic of the developed gravity-
driven platform where reservoirs at different heights were used to initiate the flow in the aqueous
inlets. A syringe pump was used for oil inlet; (B) photograph of the developed droplet microfluidics
platform including the gravity flow /syringe pumps, and the device mounted on the Leica Microscope;
(C) the schematic of the droplet microfluidics system showing different parts of the device during a
TA experiment.

PDMS replicas (Slygard 184, Ellsworth Adhesives, Germantown, WI, USA) were
generated by mixing the base agent in a 10:1 ratio with the curing agent, followed by
degassing in a vacuum chamber to create a bubble-free mixture. This PDMS was poured
on the silicon master and was cured for at least 6 h at 65 °C. Once cured, the PDMS was
removed from the wafer, and the inlet and outlet ports were punched using a blunted
18-gauge needle. The PDMS replicas were permanently bonded to 25 mm X 75 mm
glass slides (Corning Inc., Corning, NY, USA) using an O, Harrick Plasma PDC-32G basic
plasma cleaner with a 30 s exposure to plasma. The devices were left overnight to ensure
proper bonding between the PDMS and the glass. The fluidic channels in the microfluidic
device were made hydrophobic by manually injecting Aquapel (PGW Auto Glass, LLC,
Cranberry Township, PA, USA), using a filtered syringe with excess Aquapel, and flushed
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with Novec 7500 oil (3M, Saint Paul, MN, USA) to ensure proper droplet formation. Finally,
the channels were dried by blowing nitrogen.

3. Results and Discussion

3.1. Non-Uniform Reservoir Heights Were Required to Generate Uniform Droplets Using
Gravity-Driven Flow

An essential aspect of droplet microfluidic is to generate droplets of uniform size to
ensure accurate comparisons between the cargo inside the droplet. Droplets of uniform
size can be easily tuned by adjusting the ratio between the oil and aqueous flow rates. As
such, the first set of experiments involved measuring the flow rate from a single active
aqueous inlet in the absence of oil flow (Figure S1). Flow rates of 333 uL/h, 467 uL/h, and
633 uL/h were observed for single active aqueous inlets 1, 2, and 3, respectively (Figure 2).
The difference between the flow rates can be explained in part by the higher flow resistance
experienced by the inlets closer to the oil inlet from the channel walls since the fluid from
these inlets traveled through the narrow aqueous and oil channels for longer [35]. This
difference can also be explained by the proximity of the active aqueous inlet to the widening
of the channel downstream of the T-junctions in accordance with the Hagen-Poiseuille
equation (see Supporting Information) [18]. The presence of the widened downstream
channel could result in a pressure drop under low Reynolds number flow (Re = 1.5, 2.1,
and 2.8 for inlets 1, 2, and 3, respectively), which could be modeled by the Hagen-Poiseuille
law using Equation (S1). Assuming that the pressure changes were negligible for an outlet
channel width higher than 1500 um [36], the difference in pressure drop from the aqueous
inlets to the widened fluidic channel resulted in an increase in the flow rate from the
aqueous inlets. This confirmed that uniform reservoir heights were not suitable to generate
similar aqueous inlet flow rates.

A B 650
) ) 600 .‘\\ o Inlet 1
Inlet Combination Acronym = 550 e Inlet?2
3 .
g 50 e Inlet3
Single Active Inlet SA 2 as0f © ‘.
£ 400 :
Double Active Inlets 1 and 2 DA12 g 0l °
= 300 N
Double Active Inlets 1 and 3 DA13 T 20 e N
2 200 o o °
Double Active Inlets 2 and 3 DA23 = 150 e
100 o
Triple Active Inlets TA 50
SA DAI12 DA13 DA23 TA

Active Inlets

Figure 2. Summary of the results of the gravity-driven flow height optimization in the absence of oil flow. (A) Table
summarizing the different active inlet conditions and their respective acronyms; (B) plots of single active inlet (SA)
experiments have been compiled into the first column. Similarly, each double active inlet (DA) experiment has been
compiled into a column and tagged with the respective active inlets. Finally triple active inlets (TA) experiment has been
shown in the last column.

A major challenge in simultaneous droplet generation is the parametric coupling
of the droplet generators where the formation of droplets at a particular junction affects
droplet formation at another one [17,37]. This necessitates control and balance between
the pressure and flow rate over the entire set of generators. As such, the use of multiple
active aqueous inlets was first investigated to study the interaction between the presence
of one, two, or three active inlets at the same height (125 cm). Three combinations of two
active aqueous inlets were studied (Figure 2A) to elucidate the effect of multiple in-line
T-junctions in the absence of oil flow (Figure S2). The different combinations of active
aqueous inlets resulted in a range of flow rates with a general trend that the presence of
a second active aqueous inlet resulted in a net decrease in the flow rate for both aqueous
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inlets (Figure 2B). This can be explained by the hydrodynamic resistance exerted on a
given aqueous inlet from another active inlet [17]. It was found that when the active
aqueous inlets were adjacent to each other (e.g., DA12 or DA23), the parametric coupling
between them decreased both inlets” flow rate more drastically compared to when the
inlets were further apart (Figure 2B). For instance, the flow rate of inlet 3 was 433.3 uL/h in
DA13 compared to 266.7 uL/h for DA23. It was also observed that inlet 1, the closest to the
oil inlet, was only able to achieve a max flow rate of 200 uL/h when coupling with a second
active inlet. A single combination of all three active aqueous inlets (TA) was implemented
in the absence of oil flow with a fixed height of 125 cm for all three reservoirs (Figure S3).
This resulted in a further overall decrease in the flow rates for all three inlets of 100, 167,
and 233 pL/h for inlets 1, 2, and 3, respectively. It should also be noted that since each
reservoir contained 12 mL of overhead liquid, and considering the slow flowrate inside the
microfluidic device, the amount of liquid used even after 2-3 h of experimentation was
~0.3-0.5 mL. This slight decrease in liquid height was found not to significantly affect the
flow rate, droplet size, and generation rate.

An empirical model was developed for the aqueous flow-only experiments to char-
acterize the system and predicted the relationship between reservoir height and aqueous
flow rate (see Supporting Information). Using the data from single, double, and triple
active inlets at fixed reservoir height (125 cm), the constants (Axy) in Equations (52)—(54)
were determined (Table 1). Setting the aqueous inlet reservoirs at 125 cm (inlet 1), 95 cm
(inlet 2), and 75 cm (inlet 3) yielded similar measured flow rates (148-152 pL/h) to ensure
monodisperse droplets from all inlets (Table 1). The predicted flow rates were compared
to measured flow rates with a relatively low coefficient of variances (CV, 8.4-12.9%). The
slight difference between predicted and measured flow rates are similar to experimental
reproducibility variations observed by Liang et al. when characterizing a degas-driven
flow in a microfluidic device [24]. The higher measured flow rate of inlet 1 was set to
overcome the backpressure imposed by the oil inlet. To test the model accuracy, the height
of each inlet reservoir was calculated using the model so that all inlets yield flow rates of
100 pL/h. The revised reservoir heights were set to 75 cm (inlet 1), 55 cm (inlet 2), and
47 cm (inlet 3), and all cases resulted in a measured flow rate close to 100 uL/h with low
coefficient of variances (CV, Table S1).

Table 1. Calculated model values for gravity-driven aqueous flow. The predicted flow rate values
were compared experimental values and the coefficient of variance (CV) was calculated for each inlet.

Inlet 1 Inlet 2 Inlet 3
A1, =1.06 Ar1=0.8 Az1=16
A3 =1.06 Ay3=213 Az, =293
A3 =187 Aj13=240 Azqp =187
Predicted Q3 = 166.2 Predicted Q.13 = 167.8 Predicted Qq-23 = 160
Measured Q.53 = 152.6 Measured Q.o 3 = 148.7 Measured Qq.p3 = 147.6
CV =8.9% CV =12.9% CV =8.4%

3.2. Decreasing the Oil-to-Water Ratio (®) Increased Droplet Diameter without Affecting
Droplet Uniformity

Recent studies in T5unction designs have investigated the impact of the flow char-
acteristics, such as flow rates [38], liquid properties [39], and channel dimensions [40] on
the droplet size. The oil-to-aqueous flow rate ratio () has been suggested as a prominent
parameter governing droplet size in the squeezing regime [41]. Varying ® is the simplest
way to control droplet size, which is why it has been chosen as the key contributing factor
in controlling the droplet generation here. It should be noted that changes in the oil phase
velocity in this system, which result in the changes in oil-to-water flow rate ratio, can be
directly converted in changing the Ca number using the equation below:

Ca="—
Y
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where y is the continuous (0il) phase viscosity, U is the oil phase velocity, and v is surface
tension. Thus capillary number can be easily used as the independent parameter instead of
the oil-to-water flow rate ratio affecting the droplet size/generation rate.

A series of two active aqueous inlet experiments were performed to identify the ®
range in the microfluidic device. The inlet reservoirs were set to the optimized heights
described in the previous section (Table 1) to deliver equal aqueous flow rates, while the
oil inlet flow rate was varied between 30240 uL/h resulting in a range of ® between 1-16.
The droplet diameters observed from each of the active inlets for all ® values using the
three DA combinations (DA12, DA13, and DA23) were monodisperse with no statistical
significance observed using a one-way ANOVA (Figure 3). For instance, at ® = 8, the
average droplet diameters for inlets 1 and 3 were 126.1 £ 3.5 pm and 127.4 £ 3.6 um in the
DA13 combination. Similarly, at the same ®, the average droplet diameter for inlets 2 and
3 were 127.9 &+ 2.3 um and 127.1 & 3.2 um in DA23 combination. However, statistically
different droplet diameters were observed when comparing different ® values. In all DA
combinations, the average droplet diameter was inversely proportional to ®. For example,
in DA12, decreasing ® from 16 to 4 to 1 resulted in an increase in average diameter from
114.1 £3.1t0129.6 + 2.7 um to 174.7 & 3.9 um. This dramatic shift could be explained by
the change in the flow regime from dripping to squeezing [11]. When the average droplet
diameters were compared across all ® values using Fisher’s LSD test, it was found that
all DA combinations resulted in significantly different values (Figure 3A-C, Tables S2-54).
This verified the system'’s capability of achieving tunable droplet diameters by modifying
the oil flow rate.

DA12 B) DA13 Q) DA23

Inlet 1

I Inlet 2 = E 150 M Inlet 3 PN E 180 N Inlet 3
3
- % 160 * ~ 160 | *
r _ 2 140+ *x I : 140 - *

2000 ] Inlet 1 " 200 [ [ Inlet 2

Droplet Diamete
g
Droplet Diameter

Figure 3. Droplet diameter increased as the oil-to-water ratio (®) value decreased in double active gravity-driven droplet

generation. The relationship between ® and droplet diameter was elucidated using active inlets 1 and 2 (A), inlets 1 and

3 (B), inlets 2 and 3 (C). The mean droplet diameter from the three different inlets at the same oil-to-water ratio were not

significantly different from each other at a given & for each experiment. However, the cumulative inlet averages across

different ® values were statistically different with * denoting p > 0.05, ** denoting p > 0.01 thresholds. A minimum of

30 droplets were analyzed for each condition.

The next step was studying the relationship between droplet diameter and the same
four ® values using three active aqueous inlets (Figure 4). An overlay of the three mi-
croscopy images (two fluorescent channels and a brightfield channel) allowed for facile
identification of the droplets generated from the three aqueous inlets (Figure 4A). Similar
droplet diameters were observed in droplets generated from each aqueous inlet for all
four @ values (Figure 4B). For example, at ® = 16, the average droplet diameter for inlets
1,2, and 3 were 110.5 £ 4.6, 114.5 £ 4.5, and 113.5 £ 4.4 um, respectively. Similar to DA
experiments, droplet diameters were found to have an inversely proportional relationship
to ® (Figure 4B), supported by previous reports for a single Tjunction [42]. This finding
can be explained by looking at the fluid dynamics governing a Tjunction. As the flow
rate of the continuous oil phase (and therefore its velocity) decreased (with decreasing ),
larger aqueous droplets formed due to the decrease in shear stress acting on the emerging
aqueous filament at the Tjunction. Conversely, reducing the flow rate of the dispersed
aqueous phase resulted in smaller droplets since the emerging droplet tip was “deflated”
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with smaller amounts of the dispersed phase liquid. One finding observed across all
experiments was that <5% of the droplets generated (which were not included in the
analysis) were either too small (<70 um) or too large (>300 um), which can be explained by
droplet breakups that occur when the droplets enter the main channel and encounter PDMS
residue. In the TA combination, the increase in droplet diameter was observed at ® > §;
however, values of ® lower than 8 (specially ® = 1) resulted in a statistically significant
change in droplet diameters with a higher level of significance (0.01 versus 0.05, Figure 4B).
Fisher’s LSD test indicated that the average droplet diameter varied significantly across all
® values (Table S5). This was similar to that which has been observed in the literature, that
decreasing @ yields a significant change in droplet diameter [11]. Additionally, the initial
flow instabilities at the T-junctions at the initiation of gravity-driven flow could result
in inconsistent simultaneous droplet generation that is resolved after the system reaches
equilibrium. Finally, droplet generation halted at ® > 16 in the gravity-driven system when
the shear stress applied by the oil flow prevented the aqueous phase from reaching the
T-junction at the aqueous inlets, which was similar to single input studies described in
the literature [43]. As such, ® values greater than 16 were not investigated in this study
for the gravity-driven flow system. Similarly, when ® < 1, the water phase was found to
infiltrate the oil inlet channel, resulting in the generation of massive droplets or wetting of
the entire device.

Yoy ) 220
= @ }ﬂ : 200 [ [JInlet 1 .
W% ¢ = [ [ Inlet 2
0a Pe @. E. 180 I Inlet 3
§ .\,‘\7(\ /}_y‘«' o ] :’]60-
' o= B £ 140] e
N P Y /‘1{/ g 120f
Dol =Oann S0 E00
900 4 “‘W P =
) —1? \ /-\{rx ¢
3\/-\_ \’r PN > N‘ 1
Rhod 6G  FITC dH20 (0]

Figure 4. Decreasing the oil-to-water ratio (®) increased droplet diameter in gravity-driven flow.
(A) Overlay fluorescence microscopy image of the droplets generated from inlets 1 (dH,O), 2 (FITC),
and 3 (Rhodamine 6G) at ® = 16. Scale bar represents 100 um; (B) the mean droplet diameter from
the three different inlets at the same oil-to-water ratio were not significantly different from each other
at a given ®. However, the cumulative inlet averages across different ® values were statistically
different with * denoting p > 0.05, ** denoting p > 0.01 thresholds. For each inlet, 30 droplets were
measured, and the results are representative of a single trial.

3.3. Decreasing & Decreased the Droplet Generation Rate Using Gravity-Driven Flow

The droplet generation rates as a function of ® were studied for gravity-induced
droplet formation using the TA combination (Figure 5, Video S1). For all inlets, the
generation rate was proportional to the change in ®. For instance, in inlet 3, the generation
rate shifted from 1.36 £ 0.07 to 0.34 £ 0.04 Hz as the ® value changed from 16 to 1. These
results were in accordance with previously developed models for T-junction geometries,
where the viscous and interfacial tension force balance is still applicable to the prediction
of droplet size and generation rate [41,44]. Taking both dispersed and continuous phase
viscosities into account resulted in a fourth-order polynomial that can be solved for the
droplet diameter [45]. As shown in Equation (56), the droplet generation rate was inversely
proportional to droplet diameter and directly proportional to the oil flow rate, similar to
that which was observed in Figure 5. Performing ANOVA for different inlets at constant &
values revealed that at oil-to-water flow rate ratios <4, the droplet generation rates were not
significantly different (Table S6). In contrast, for @ > 8, the generation rates were different
(specifically for inlet 3 when compared to inlets 1 and 2). However, this discrepancy in
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droplet generation did not translate to large differences in droplet distribution. For example,
at @ = 16 (the largest generation rate difference) the droplet distribution from inlets 1, 2,
and 3 was 29.2, 32.5, and 38.3%, respectively. This means that 1 min of droplet generation
is expected to produce 61.2 + 2.5 (inlet 1), 68.1 £ 5.4 (inlet 2), and 81.4 £ 4.0 (inlet 3)
droplets. At p =0.05, Fisher’s LSD calculations revealed a significant difference in the mean
droplet generation rates across the ® values, acting as a meaningful generation rate control
(Table S7). The generation rates of the developed triple-input, in-series T-junction droplet
microfluidics can be enhanced by tuning other parameters such as oil and water channel
width, oil viscosity, and the capillary number to generate well-defined droplets using a
cost-effective flow initiation method, if necessary.

= 1.6
= 14'__*_ [ Jlnlet1
; ’ B Inlet 2
:‘2 1.2 — Il [nlet 3
S 1.0F
~—
S 0.8 —ns—
=
5 06
U [ —ns—
E 04+
o2t ﬁ
I
_ 0.0 —
16 8 4 1
()

Figure 5. Droplet generation rate decreased as the oil-to-water ratio (®) value decreased in triple ac-
tive gravity-driven experiments. The relationship between ® and the generation rate was elucidated
using all three active inlets. The mean droplet diameters from the three different inlets at the same
oil-to-water ratio were significantly different for given ® = 8 and 16. For each inlet, 30 droplets were
measured, and the results are representative of three trials, with * denoting p > 0.05.

4. Conclusions

A multi-input microfluidic platform capable of simultaneous generation of monodis-
perse droplets has been developed. A gravity-induced flow approach was incorporated to
simultaneously generate droplets from three separate inlets without the need for >3 syringe
pumps. The fluid flow rates from each inlet were tuned based on a developed empirical
model that accurately predicted the relationship between reservoir height and aqueous
flow rate. Droplet generation rate and droplet size were adjusted through a series of
experiments using gravity-driven flow, resulting in monodisperse droplets of diameters
varying between 110.5 & 4.6 um and 180.6 & 4.8 um based on the oil-to-water ratio ().
Comparison studies between droplet diameter and droplet uniformity were performed,
which found that decreased values of @ led to increasing droplet diameters. Furthermore,
it was shown that the droplet diameter significantly differs when lower @ values are
compared for all inlets but is not significantly different at larger ® values. A comparison
between the droplet generation rates demonstrated a different relationship with the ®
value, where decreasing the ® resulted in a decrease in the generation rate in all inlets. In
contrast to the droplet diameter measurements, the droplet generation rates significantly
differ for higher ® values but are not significantly different at lower ® values. However,
even at high ® values, the discrepancy in generation rates does not considerably affect the
inlet droplet distribution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12101211/s1, See Supplementary Material for information on development of an empirical
model relating aqueous flow rate and reservoir height, quantification of gravity-driven flow rates
as a function of height using different aqueous inlets configurations in the absence of oil flow, and
statistical analysis of droplet diameter. Figure S1: Quantification of gravity-driven flow rates as a
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function of height using a single aqueous inlet in the absence of oil flow, Figure S2: Quantification of
gravity-driven flow rates as a function of height using two aqueous inlets in the absence of oil flow,
Figure S3: Quantification of gravity-driven flow rates as a function of height using three aqueous
inlets the absence of oil flow, Video S1: Snapshot of simultaneous droplet generation in three active
inlets using gravity-driven flow, Table S1: Evaluating the predictive capability of the model, Table S2:
Statistical comparison of mean droplet diameter between different ® values using active Inlets 1 and
2 experiment, Table S3: Statistical comparison of mean droplet diameter between different ® values
using active Inlets 1 and 3 experiment, Table S4: Statistical comparison of mean droplet diameter
between different ® values using active Inlets 2 and 3 experiment, Table S5: Statistical comparison
of mean droplet diameter between different ® values using active Inlets 1, 2, and 3 experiment,
Table S6: ANOVA on the mean droplet generation rate for all three active aqueous inlets for a specific
oil-to-water ratio (®) value using gravity driven flow., Table S7: Statistical comparison of mean
droplet generation rate between different ® values using active Inlets 1 and 3 experiment.

Author Contributions: K.R.B. performed and analyzed all the experiments, generated the manuscript
figures and the text content. A.S.C. aided with the analysis. R.E. helped with device fabrication.
J.A.D. and A.T.M. provided financial support, insight on direction of the project, and troubleshooting.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors would also like to acknowledge Louisiana Board of Regents: LEQSF (2019-20)-
RD-D-05, and LSU graduate school (dissertation year fellowship, DYF) for their financial support.

Data Availability Statement: The data that support the findings of this study are available within
the article and its Supplementary Material.

Acknowledgments: The authors would like to thank Emmaline Miller (LSU) for help with drawing
the schematics in Figure 1 and the TOC Figure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dendukuri, D.; Tsoi, K.; Hatton, T.A.; Doyle, P.S. Controlled synthesis of nonspherical microparticles using microfluidics.
Langmuir 2005, 21, 2113-2116. [CrossRef]

2. Abate, A.R; Kutsovsky, M.; Seiffert, S.; Windbergs, M.; Pinto, L.EV.; Rotem, A.; Utada, A.S.; Weitz, D.A. Synthesis of Monodisperse
Microparticles from Non-Newtonian Polymer Solutions with Microfluidic Devices. Adv. Mater. 2011, 23, 1757-1760. [CrossRef]

3. DeMello, A.J. Control and detection of chemical reactions in microfluidic systems. Nature 2006, 442, 394—402. [CrossRef]

4. Chen, D.L.; Gerdts, C.J.; Ismagilov, R.F. Using microfluidics to observe the effect of mixing on nucleation of protein crystals. ]. Am.
Chem. Soc. 2005, 127, 9672-9673. [CrossRef]

5. Qu, B;Eu, YJ.; Jeong, WJ.; Kim, D.P. Droplet electroporation in microfluidics for efficient cell transformation with or without cell
wall removal. Lab Chip 2012, 12, 4483-4488. [CrossRef]

6. Tewhey, R.,; Warner, ].B.; Nakano, M.; Libby, B.; Medkova, M.; David, P.H.; Kotsopoulos, S.K.; Samuels, M.L.; Hutchison, ].B.;
Larson, ].W,; et al. Microdroplet-based PCR enrichment for large-scale targeted sequencing. Nat. Biotechnol. 2009, 27, 1025-1031.
[CrossRef]

7.  Agresti, ].].; Antipov, E.; Abate, A.R.; Ahn, K,; Rowat, A.C.; Baret, ].C.; Marquez, M.; Klibanov, A.M.; Griffiths, A.D.; Weitz,
D.A. Ultrahigh-throughput screening in drop-based microfluidics for directed evolution. Proc. Natl. Acad. Sci. USA 2010, 107,
4004-4009. [CrossRef]

8. Vaithiyanathan, M.; Bajgiran, K.R.; Darapaneni, P,; Safa, N.; Dorman, J.A.; Melvin, A.T. Luminescent nanomaterials for droplet
tracking in a microfluidic trapping array. Anal. Bioanal. Chem. 2019, 411, 157-170. [CrossRef]

9.  Gupta, A.; Kumar, R. Effect of geometry on droplet formation in the squeezing regime in a microfluidic T-junction. Microfluid.
Nanofluidics 2010, 8, 799-812. [CrossRef]

10. Gonzalez-Estefan, ].H.; Gonidec, M.; Daro, N.; Marchivie, M.; Chastanet, G. Extreme downsizing in the surfactant-free synthesis
of spin-crossover nanoparticles in a microfluidic flow-focusing junction. Chem. Commun. 2018, 54, 8040-8043. [CrossRef]

11. Lashkaripour, A.; Rodriguez, C.; Ortiz, L.; Densmore, D. Performance tuning of microfluidic flow-focusing droplet generators.
Lab Chip 2019, 19, 1041-1053. [CrossRef]

12.  Lee, W.; Walker, L.M.; Anna, S.L. Role of geometry and fluid properties in droplet and thread formation processes in planar flow
focusing. Phys. Fluids 2009, 21, 032103. [CrossRef]

13.  Yang, H.; Zhou, Q.; Fan, L.S. Three-dimensional numerical study on droplet formation and cell encapsulation process in a micro
T-junction. Chem. Eng. Sci. 2013, 87, 100-110. [CrossRef]

14. Li, W,; Nie, Z.H.; Zhang, H.; Paquet, C.; Seo, M.; Garstecki, P.; Kumacheva, E. Screening of the effect of surface energy of

microchannels on microfluidic emulsification. Langmuir 2007, 23, 8010-8014. [CrossRef]


http://doi.org/10.1021/la047368k
http://doi.org/10.1002/adma.201004275
http://doi.org/10.1038/nature05062
http://doi.org/10.1021/ja052279v
http://doi.org/10.1039/c2lc40360a
http://doi.org/10.1038/nbt.1583
http://doi.org/10.1073/pnas.0910781107
http://doi.org/10.1007/s00216-018-1448-1
http://doi.org/10.1007/s10404-009-0513-7
http://doi.org/10.1039/C8CC02232A
http://doi.org/10.1039/C8LC01253A
http://doi.org/10.1063/1.3081407
http://doi.org/10.1016/j.ces.2012.10.008
http://doi.org/10.1021/la7005875

Micromachines 2021, 12, 1211 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Nisisako, T.; Torii, T.; Takahashi, T.; Takizawa, Y. Synthesis of monodisperse bicolored janus particles with electrical anisotropy
using a microfluidic co-flow system. Adv. Mater. 2006, 18, 1152-1156. [CrossRef]

Link, D.R.; Grasland-Mongrain, E.; Duri, A.; Sarrazin, E; Cheng, Z.D.; Cristobal, G.; Marquez, M.; Weitz, D.A. Electric control of
droplets in microfluidic devices. Angew. Chem. Int. Ed. 2006, 45, 2556-2560. [CrossRef]

Li, W.; Young, EW.K,; Seo, M; Nie, Z.; Garstecki, P.; Simmons, C.A.; Kumacheva, E. Simultaneous generation of droplets with
different dimensions in parallel integrated microfluidic droplet generators. Soft Matter 2008, 4, 258-262. [CrossRef]
Mavrogiannis, N.; Ibo, M.; Fu, X.T; Crivellari, F.; Gagnon, Z. Microfluidics made easy: A robust low-cost constant pressure flow
controller for engineers and cell biologists. Biomicrofluidics 2016, 10, 034107. [CrossRef]

Zeng, W.; Jacobi, I; Beck, D.J.; Li, S.J.; Stone, H.A. Characterization of syringe-pump-driven induced pressure fluctuations in
elastic microchannels. Lab Chip 2015, 15, 1110-1115. [CrossRef]

Li, Z.D.; Mak, S.Y,; Sauret, A.; Shum, H.C. Syringe-pump-induced fluctuation in all-aqueous microfluidic system implications for
flow rate accuracy. Lab Chip 2014, 14, 744-749. [CrossRef]

Oh, K.W.; Lee, K,; Ahn, B; Furlani, E.P. Design of pressure-driven microfluidic networks using electric circuit analogy. Lab Chip
2012, 12, 515-545. [CrossRef] [PubMed]

Dangla, R.; Gallaire, F.; Baroud, C.N. Microchannel deformations due to solvent-induced PDMS swelling. Lab Chip 2010, 10,
2972-2978. [CrossRef]

Wang, X.L.; Phan, D.T.T,; Sobrino, A.; George, S.C.; Hughes, C.C.W.; Lee, A.P. Engineering anastomosis between living capillary
networks and endothelial cell-lined microfluidic channels. Lab Chip 2016, 16, 282-290. [CrossRef]

Liang, D.Y.; Tentori, A.M.; Dimov, L.K.; Lee, L.P. Systematic characterization of degas-driven flow for poly(dimethylsiloxane)
microfluidic devices. Biomicrofluidics 2011, 5, 024108. [CrossRef] [PubMed]

Wang, X.L.; Zhao, D.; Phan, D.T.T,; Liu, ].Q.; Chen, X.; Yang, B.; Hughes, C.C.W.; Zhang, W.J.; Lee, A.P. A hydrostatic pressure-
driven passive micropump enhanced with siphon-based autofill function. Lab Chip 2018, 18, 2167-2177. [CrossRef] [PubMed]
Marimuthu, M.; Kim, S. Pump less steady-flow microfluidic chip for cell culture. Anal. Biochem. 2013, 437, 161-163. [CrossRef]
[PubMed]

Goral, V.N.; Zhou, C.F; Lai, F;; Yuen, PK. A continuous perfusion microplate for cell culture dagger. Lab Chip 2013, 13, 1039-1043.
[CrossRef]

Lee, K,; Kim, C.; Yang, ].Y.; Lee, H.; Ahn, B.; Xu, L.E; Kang, ].Y.; Oh, K.W. Gravity-oriented microfluidic device for uniform and
massive cell spheroid formation. Biomicrofluidics 2012, 6, 014114. [CrossRef]

Zhu, X.Y.; Chu, L.Y.; Chueh, B.H.; Shen, M.W.; Hazarika, B.; Phadke, N.; Takayama, S. Arrays of horizontally-oriented mini-
reservoirs generate steady microfluidic flows for continuous perfusion cell culture and gradient generation. Analyst 2004, 129,
1026-1031. [CrossRef]

Skelley, A.M.; Voldman, J. An active bubble trap and debubbler for microfluidic systems. Lab Chip 2008, 8, 1733-1737. [CrossRef]
Kang, J.H.; Kim, Y.C.; Park, J.K. Analysis of pressure-driven air bubble elimination in a microfluidic device. Lab Chip 2008, 8,
176-178. [CrossRef]

Lim, J.; Caen, O.; Vrignon, J.; Konrad, M.; Taly, V.; Baret, J.C. Parallelized ultra-high throughput microfluidic emulsifier for
multiplex kinetic assays. Biomicrofluidics 2015, 9, 034101. [CrossRef]

Gao, W,; Liu, M.E; Chen, S.F;; Zhang, C.B.; Zhao, Y.J. Droplet microfluidics with gravity-driven overflow system. Chem. Eng. ].
2019, 362, 169-175. [CrossRef]

Russo, M.; Siravegna, G.; Blaszkowsky, L.S.; Corti, G.; Crisafulli, G.; Ahronian, L.G.; Mussolin, B.; Kwak, E.L.; Buscarino, M.;
Lazzari, L.; et al. Tumor Heterogeneity and Lesion-Specific Response to Targeted Therapy in Colorectal Cancer. Cancer Discov.
2016, 6, 147-153. [CrossRef] [PubMed]

Suteria, N.S.; Nekouei, M.; Vanapalli, S.A. Microfluidic bypass manometry: Highly parallelized measurement of flow resistance
of complex channel geometries and trapped droplets. Lab Chip 2018, 18, 343-355. [CrossRef] [PubMed]

Soon, C.F; Yin, Y.H.; Tee, K.S.; Ahmad, M.K,; Sahdan, M.Z.; Nayan, N. Influence of outlet channel width to the flow velocity and
pressure of a flow focusing microfluidic device. IOP Conf. Ser. Mater. Sci. Eng. 2016, 160, 012086. [CrossRef]

Barbier, V.; Willaime, H.; Tabeling, P; Jousse, F. Producing droplets in parallel microfluidic systems. Phys. Rev. E 2006, 74, 046306.
[CrossRef]

Nekouei, M.; Vanapalli, S.A. Volume-of-fluid simulations in microfluidic T-junction devices: Influence of viscosity ratio on droplet
size. Phys. Fluids 2017, 29, 032007. [CrossRef]

Kaushik, A.M.; Hsieh, K.; Wang, T.H. Droplet microfluidics for high-sensitivity and high-throughput detection and screening of
disease biomarkers. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2018, 10, €1522. [CrossRef]

Schneider, T.; Burnham, D.R.; VanOrden, J.; Chiu, D.T. Systematic investigation of droplet generation at T-junctions. Lab Chip
2011, 11, 2055-2059. [CrossRef]

Zhu, P.A.; Wang, L.Q. Passive and active droplet generation with microfluidics: A review. Lab Chip 2017, 17, 34-75. [CrossRef]
[PubMed]

Xu, J.H.; Li, SW.; Tan, J.; Wang, Y.J.; Luo, G.S. Preparation of highly monodisperse droplet in a T-junction microfluidic device.
Aiche J. 2006, 52, 3005-3010. [CrossRef]

Nan, L.; Cao, Y.; Yuan, S.; Shum, H.C. Oil-mediated high-throughput generation and sorting of water-in-water droplets. Microsyst.
Nanoeng. 2020, 6, 1-10. [CrossRef]


http://doi.org/10.1002/adma.200502431
http://doi.org/10.1002/anie.200503540
http://doi.org/10.1039/B712917C
http://doi.org/10.1063/1.4950753
http://doi.org/10.1039/C4LC01347F
http://doi.org/10.1039/c3lc51176f
http://doi.org/10.1039/C2LC20799K
http://www.ncbi.nlm.nih.gov/pubmed/22179505
http://doi.org/10.1039/c003504a
http://doi.org/10.1039/C5LC01050K
http://doi.org/10.1063/1.3584003
http://www.ncbi.nlm.nih.gov/pubmed/21716807
http://doi.org/10.1039/C8LC00236C
http://www.ncbi.nlm.nih.gov/pubmed/29931005
http://doi.org/10.1016/j.ab.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23453976
http://doi.org/10.1039/c2lc41102d
http://doi.org/10.1063/1.3687409
http://doi.org/10.1039/b407623k
http://doi.org/10.1039/b807037g
http://doi.org/10.1039/B712672G
http://doi.org/10.1063/1.4919415
http://doi.org/10.1016/j.cej.2019.01.026
http://doi.org/10.1158/2159-8290.CD-15-1283
http://www.ncbi.nlm.nih.gov/pubmed/26644315
http://doi.org/10.1039/C7LC00889A
http://www.ncbi.nlm.nih.gov/pubmed/29264612
http://doi.org/10.1088/1757-899X/160/1/012086
http://doi.org/10.1103/PhysRevE.74.046306
http://doi.org/10.1063/1.4978801
http://doi.org/10.1002/wnan.1522
http://doi.org/10.1039/c1lc20259f
http://doi.org/10.1039/C6LC01018K
http://www.ncbi.nlm.nih.gov/pubmed/27841886
http://doi.org/10.1002/aic.10924
http://doi.org/10.1038/s41378-020-0180-0

Micromachines 2021, 12, 1211 11 of 11

44. Husny, ].; Cooper-White, J.J. The effect of elasticity on drop creation in T-shaped microchannels. ]. Non-Newton. Fluid Mech. 2006,
137,121-136. [CrossRef]

45. Christopher, G.E; Anna, S.L. Microfluidic methods for generating continuous droplet streams. J. Phys. D Appl. Phys. 2007, 40,
R319-R336. [CrossRef]


http://doi.org/10.1016/j.jnnfm.2006.03.007
http://doi.org/10.1088/0022-3727/40/19/R01

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Non-Uniform Reservoir Heights Were Required to Generate Uniform Droplets Using Gravity-Driven Flow 
	Decreasing the Oil-to-Water Ratio () Increased Droplet Diameter without Affecting Droplet Uniformity 
	Decreasing  Decreased the Droplet Generation Rate Using Gravity-Driven Flow 

	Conclusions 
	References

