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Abstract

This paper describes a very simple and robust microfluidic device for digitizing samples into an array
of discrete volumes. The device is based on an inherent fluidic phenomenon, where an incoming
aqueous sample divides itself into an array of chambers that have been primed with an immiscible
phase. Self-digitization of sample volumes results from the interplay between fluidic forces,
interfacial tension, channel geometry, and the final stability of the digitized samples in the chambers.
Here we describe experiments and simulations that were used to characterize these parameters and
the conditions under which the self-digitization process occurred. Unlike existing methods used to
partition samples into array, our method is able to digitize 100% of a sample into a localized array
without any loss of sample volume. The final volume of the discretized sample at each location is
defined by the geometry and size of each chamber. Thus, we can form an array of samples with
varying but predefined volumes. We exploited this feature to separate the crystal growth of otherwise
concomitant polymorphs from a single solution. Additionally, we demonstrated the removal of the
digitized samples from the chambers for downstream analysis, as well as the addition of reagents to
the digitized samples. We believe this simple method will be useful in a broad range of applications
where a large array of discretized samples is required, including digital PCR, single-cell analysis,
and cell-based drug screening.

INTRODUCTION

A crucial first step in many chemical and biological experiments, such as in digital PCR or
single-cell analysis, is the partitioning of samples into an array of small individual volumes
for subsequent assays. Towards this end, several methods exist. Traditional methods of
generating small volumes of sample include the use of a nebulizer to create an aerosol and the
mixing of a sample with an immiscible phase to create an emulsion}=3. These methods,
however, have limitations. The droplets formed by a nebulizer exhibit a large range of sizes.
Similarly, mixing two immiscible phases to form an emulsion does not produce monodisperse
droplets. The droplets formed by both methods are difficult to manipulate and analyze
individually. In addition, neither of these methods would be well suited for the continuous
monitoring that is necessary for in situ assays.

For more control over the process and the final volumes that are formed, a common means to
generating an array of samples is by dispensing small volumes into microwells*~. While this
approach is successful in creating an array of spatially localized samples, filling the individual
wells can be tedious. Human error also can get in the way of dispensing homogeneous volumes.
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To avoid this, special dispensing equipment, such as robotic pipets, are used. However,
specialized dispensing equipment limits the flexibility of these microwell platforms and raises
costs. In addition, the dispensing equipment makes it difficult to work with volumes below
0.5uL because of the relatively high dispensing volumes of pipets as well as problems with
sample evaporation® 6: 8,

Given the need to generate and manipulate a large number of samples and the drawbacks of
traditional approaches, new methods of sample-volume discretization have emerged over the
past decade. These methods include separation of volumes from one another using microfluidic
valves®, formation of droplets on a dielectric by electrowetting!®: 11, differential wetting of
surfaces that have been patterned with self-assembled monolayers2, and generation of
individual or a continuous stream of droplets using microfluidics'3—20, These newer methods,
albeit powerful, still suffer from a number of drawbacks. For example, valves and pumps
require complex fluidic control in fabricated devices that tend to be expensive, especially if
hundreds to thousands discrete volumes are involved. Steady-state methods to generate a
stream of droplets make the subsequent manipulation and analysis of individual droplets
difficult. But more importantly, they often result in loss of sample volume because there is
some initial waste of the sample as a steady-state flow stream is established before the regular
formation of droplets can begin. Additionally, these steady-state methods require accurate
control of flow rates which increases the complexity and expense of the final instrument.

A simpler method for creating an array of discretized samples is to drag a fluid along a surface
pitted with small wells by a method called discontinuous dewetting?!: 22, Another option is to
send liquids through paths at the interface between two substrate slabs and then isolating
portions of the liquid by moving one slab with respect to the other in a device called the
SlipChip23. These methods are appealing in their simplicity but direct fluid contact with the
substrate surface could interfere with certain applications and prevents the removal of solutions
in their entirety from the wells. Further possibilities include the separation of volumes using
capillary valves or in enlarged nodules along a microfluidic channel?4 25, Here, the fluid is
not necessarily in contact with the channel walls, yet there is a disadvantage in that it isn’t
possible to release a selected digitized volume independent of the other digitized volumes.
Therefore, with these two techniques, one could not conduct downstream analysis of identified
samples of interest. Additionally, it may be difficult to vary the surface-to-volume ratio of the
digitized volumes across a wide range, a capability that is important for certain applications
such as screening for polymorphs by varying solvent evaporation rate.

To address the need for digitizing sample volumes into an array format, this paper describes
an approach that is simple, robust, does not incur any sample loss during the digitization step,
and forms sample volumes at pre-determined locations with pre-defined volumes. Sample
formation is not based on a steady state method. The discretized volumes can be manipulated
by both the addition of reagents and the removal of samples for further analysis. We believe
this easy method will be useful in a broad range of applications, such as digital PCR and cell-
based assays. As a demonstration, we applied our device towards the study of polymorphs
formed during small-molecule crystallization.

RESULTS AND DISCUSSION

For digitizing samples, we were interested in utilizing designs that contain a main channel with
adjacent side cavities (for formation and retention of small volumes) so that once formed, the
discretized samples would not impede flow in the main-channel. Such a design enables the
main channel to permit access to the side cavities: reagents could be added through the main
channel to individual cavities with samples and discretized aliquots could also be removed
from the cavities and advanced down the main channel for additional analysis. We investigated
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a number of designs to see if they met the following requirements: (1) the digitization process
had to be simple, robust, and with minimal or no fluidic control, (2) the sample had to be
digitized with 100% efficiency without any sample loss, and (3) the digitized sample had to
be easy to remove for downstream manipulation and analysis. To satisfy these requirements,
we found the channel system had to be primed with an immiscible fluid prior to introducing
the aqueous sample phase. We have developed two designs to meet our requirements: one that
involved side cavities that were taller than the main channel (Figure 1a-1d) and the other that
was shaped like a Greek key (Figure 1e-1h). We found the design with tall side cavities to be
particularly simple and useful, and consequently selected this design to present our parametric
studies later in the paper.

1) Operation of the Device

Digitization of Sample Volume—Our chip design with tall side chambers consisted of two
inlets feeding into a main channel that was decorated with side cavities roughly twice the height
of the main channel (Figure 1a). Unless otherwise specified, the height of the main channel
was 50pm and that of side cavities was 100um. The width of the main channel was 100um.
Rectangular side cavities were 200um in length along the main channel and 125um in depth,
with an ~10-um overlap with the main channel. The overlap ensured that the side cavities made
contact with the main channel during fabrication.

The second channel design resembling a Greek-key motif also consisted of a main channel
decorated with side cavities (Figure 1e). In this design, the main channel and sample cavities
were the same height (40um). The width of the main channel was 25um. Side cavities extended
300pm away from the main channel and were 350um long. The side cavity opening was
250um wide but 60um into the cavity entrance, it widened to 350pum. We found it was critical
that the opening of the side cavity be larger than the cross-sectional area of the main channel
in order for flow from the main channel to be redirected into the cavity. A small drain channel
(10-20 um wide) connected each side cavity (from a region furthest to where the sample phase
enters) to the main channel and facilitated the removal of immiscible phase from the side cavity
as the sample phase entered.

The sample digitization process is commenced by priming the main channel and side cavities
with an immiscible phase (Figure 1b and 1f). Next the sample phase is slowly introduced,
entering the main channel as well as the side cavities (Figure 1c and 1g; see video in
supplementary material). In the Greek key-motif chip (Fig. 1e), there is usually some droplet
break-off and recombination upon sample phase filling of the cavity. This phenomenon can be
seen in the experimental time sequence of Figure 1g. Drop-wise filling can occur with the tall
rectangular side cavities as well (Figure 1a). However, because successive droplets combine
as more aqueous sample phase entered the cavity, this phenomenon does not appear to have a
negative effect on the digitization function of the device.

In the Greek key-motif chip, digitization occurs when the flow of the sample phase is ceased
(Figure 1h). Sample phase in the main channel migrates or retracts to a nearby side cavity. In
this design, the main channel was thin enough so that any aqueous sample phase in this channel
would have a high interfacial energy. Migration/retraction of the sample phase from the main
channel to a sample cavity reduces the interfacial energy of the system.

When using a chip with tall rectangular side chambers (Figure 1a), additional immiscible phase
is sent through the main channel in order to initiate digitization (Figure 1d). The immiscible

phase moves slowly through the main channel but does not enter the sample cavities. As the

front of the immiscible phase advances, sample contained within the side cavities is isolated

and becomes partitioned (see video in supplementary material). In this way, large arrays can

be formed quickly and easily. Figure 1i shows an array of 810 side chambers.
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In both designs, the volume of the final digitized sample is defined by the dimensions of the
side cavities. It is therefore possible to create samples of varying volumes simply by changing
the size of the side chambers. If the side chambers are constructed out of some gas-permeable
material, such as PDMS, an array of digitized samples exhibiting various sizes and thus rates
of solvent evaporation can be generated. As we describe later in the paper, we took advantage
of this property and used our sample-digitization chip to weigh the role of kinetics in the balance
between thermodynamics and kinetics that ultimately determines the polymorphic distribution
in a concomitant system?25,

Sample Self-Digitization with 100% Efficiency—An attractive feature of the digitization
chip is that it can digitize100% of a sample volume without any loss of sample, provided that
the volume of the agueous sample phase is less than the total volume of the side cavities
combined. A plug of aqueous sample phase sandwiched between immiscible phase can move
through the main channel and fill each subsequent side chamber until the entire aqueous sample
had been digitized (Figure 2). This feature is important in applications where the amount of
material available is small (e.g. for certain purified biomolecules or cells, or when assaying a
drop of blood from a needle prick) or if the loss of sample could translate into uncertainty in
the result of the assay (e.g. for digital PCR in clinical diagnostics).

Manipulation of Digitized Samples—Using our chip it is possible to remove individual
samples from the side cavities for downstream analysis either in full (Figure 3a) or in part
(Figure 3b). We have also demonstrated sample phase removal from all cavities by simply
flowing additional immiscible phase through the main channel at a fast rate (Supplementary
Figure 1). We found that connecting small external access channels to the side cavities provided
a straightforward means of addressing each individual sample. The external access channels
had a small cross-sectional area with a high resistance to flow to ensure that the samples within
the chambers would not enter these channels during the digitization process. External access
channels were connected to separate fluid inlets and outlets that were independently controlled.
If desired, pressure could be applied to the fluid in the external access channels, displacing
immiscible phase from the external channel into the side cavity and pushing the digitized
sample from the side cavity into the main flow channel. As long as a low flow rate of about 1
2 uL/minwas established in the main flow channel, the dislodged sample moved in the direction
of flow. By varying the pressure applied to the external access channels and the flow rate in
the main channel, we were able to remove entire digitized samples (Figure 3a), partition one
sample into multiple aliquots, or remove only a portion of a given digitized sample (Figure
3b). To partition a sample into aliquots or to remove only a portion of a digitized sample,
syringe pumps were employed to define a specific ratio of flow rates between the main channel
and the access channels that are connected to the side cavities. We were also able to introduce
additional reagents to the digitized samples by introducing reagents into the main channel
(Supplementary Figure 2). As the immiscible phase was displaced from the main channel by
the aqueous reagent phase, the reagent phase fused with aqueous samples in the side cavities.
The digitized samples could be later re-partitioned by flowing immiscible phase through the
main channel. This phenomenon was observed with all of the aqueous sample phases that were
evaluated.

2) The Effect of Varying Physical Parameters Involved in Sample-Volume Digitization

Flow Rate—The volume of the final digitized sample was qualitatively observed to be lower
when the sample phase was introduced at a faster flow rate. Closer inspection revealed that
this was a reproducible trend (Figure 4). A sample phase moving at faster rates never filled the
sample cavity in its entirety (Figure 4 left column) and therefore the volume of the digitized
sample decreased with increasing flow rate. We correlated this experimentally observed
behavior with simulations using Fluent (Figure 4e). The digitization process was simulated
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using the design with the tall cavities (Figure 1a) at four different speeds: 0.1, 1, 2.5, 5, and
10mm/s. The results of the simulations mimicked our experimental observations.

A bulge of the digitized samples into the main channel was observed in some of our simulations.
This bulge could be attributed to the coarse-mesh size used in the simulation. When a narrower
mesh size was used, this sample bulge was no longer present (Supplementary Figure 3, RVF
> 1 is indicative of a bulge). Although studies with finer mesh sizes would certainly increase
the accuracy and direct comparability to the chip experiments, we found them to be impractical,
given the large number of simulations needed to characterize the digitization parameters. For
example, each simulation depicted in Figure 4e used a mesh size of 5um and took 6-10 hours
to complete. If we use a finer mesh size of 2.5um, the run time would increase 8-fold to 48—
80 hours. The purpose of the simulations was to correlate and help us understand our
experimental findings and we were able to do that, and confirm our experimental trends, with
a mesh size of 5pum.

Substrate Contact Angle—Prior to using the chips for sample digitization experiments,
we baked our freshly sealed PDMS chips in a 115°C oven for 2 days. The baking produced a
hydrophobic PDMS surface (> 90°) lining the channels and side chambers. To examine the
effect of a more hydrophilic surface, we carried out a digitization experiment immediately after
sealing the oxidized PDMS chip to glass (Figure 5). Interestingly, the aqueous sample was not
able to fully occupy the side cavities as it moved through the chip; more importantly, the
aqueous sample was not retained in the side cavities when the immiscible phase subsequently
flowed through the channel to digitize the aqueous sample. This result was surprising; we would
have expected the aqueous fluid to move easily along the walls of the hydrophilic channel and
fill the side cavities.

One possible explanation for the observed behavior is that it was difficult for the oil to exit the
sample chamber because the aqueous sample phase was coating the walls of the channel. In
other words, aqueous phase coating of the channel walls restricted immiscible phase flow out
of the chamber. If this were true, it would imply that a thin layer of hydrophobic immiscible
phase must exist between the aqueous sample phase and the channel walls in order for the
sample phase to replace immiscible phase inside of the side cavity?/+28: 29, To confirm this
hypothesis, we simulated the effect of changing the substrate contact angle on the digitization
process (Figure 5d). Indeed, we found that sample discretization did not occur at low contact
angles, in agreement with our experimental observation. Similar to the experiments, the sample
phase never fully entered the side chamber when the substrate had a low contact angle.
Furthermore, the volume of the discretized sample was seen to increase as the substrate contact
angle was raised.

Interfacial Tension—Interfacial tension is expected to be an important parameter in
determining the digitization dynamics. Therefore, we conducted a series of simulations in
which the interfacial tension between the two phases was varied while keeping other physical
parameters, such as density and viscosity of the immiscible phase, constant (Figure 6a). As a
reference, 49.255 mN/m was an estimate of the interfacial energy between an aqueous sample
phase and an immiscible phase of light mineral oil without surfactant3C.

As the interfacial tension was increased, the volume of the discretized sample increased as
well. One explanation for this trend is that in a system with a high interfacial energy, the overall
energy of the system is somewhat reduced when the sample phase enters the two-layer side
cavities. Since the cavity is taller than the main channel, the sample phase surrounded by the
immiscible phase can take on a more spherical shape than in the main channel, thereby
minimizing the surface area and thus surface energy. When the interfacial tension was high,
the sample phase was quite stable in the cavity as it would have to deform and increase its
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surface area to exit the cavity. When the interfacial tension was low (2 mN/m), deformation
of the interface was facile and would likely require comparatively little energy for sample phase
to be pulled out from the side cavity.

It is also possible that the stability of the discretized sample once formed contributed to the
observed trend. A sample of smaller volume, as was observed in the 20mN/m simulation, has
a higher surface area to volume ratio and therefore would be more stable in this lower interfacial
tension system than in one of higher interfacial tension systems, such as the 60 mN/m one.

We experimentally observed that the addition of a small amount of surfactant (0.01 — 0.05%
wi/w) facilitated sample digitization and retention in the side cavities. Without a surfactant, we
found many of the cavities were leftempty or partially filled. Even though sample phase entered
and filled the cavities, it had difficulty partitioning from the bulk sample volume upon flowing
the immiscible phase into the main channel. Adding surfactant beyond 0.01 — 0.05% wi/w
resulted in an increased occurrence of the drop-wise filling of the side cavities that was
described in the —Digitization of Sample VVolumes section.

Identity and Viscosity of the Immiscible Phase—Different immiscible phases can be
used in the digitization chip. We successfully digitized aqueous fluids using light mineral oil
with 0.01% (and 0.05%) Span 80 (30cSt), or 0.01% octaethylene glycol monodecyl ether, or
0.01% tetraethylene glycol monodecyl ether, as well as Fluorinert FC-40, AS-4 (6¢St), AS-4
with 0.05% Span 80, AR-20, 50cSt Silicone Oil with 0.05% Span 80, and 100cSt Silicone Oil
with 0.05% Span 80. Digitization behavior did not seem to depend greatly on the identity of
the immiscible phase as long as a small amount of surfactant was present.

We also investigated the effect of viscosity of the immiscible phase in simulations where we
imported parameters for light mineral oil and light white mineral oil, as well as 50 and 75 cSt
PDMS oils (Figure 6b). Interestingly, the higher viscosity oils resulted in smaller discretized
sample volumes. When the viscosity of the PDMS oil was 75 ¢St, no sample phase was left in
the cavity. If viscosity is increased while interfacial tension and flow rate are held constant,
two immiscible fluids will continue to flow alongside one another as they move downstream.
Itis only when the interfacial energy is high enough with respect to the viscosity that a reduction
in the interfacial area between the two fluids will sufficiently lower the energy of the system
to overcome the viscous forces that drive the sample/immiscible phase interface
downstream3?. Therefore, digitization was not expected to occur when the immiscible phase
viscosity was very high relative to the interfacial tension.

Capillary Number Captures the Effect of Flow Rate, Interfacial Tension, and
Viscosity—The formation of droplets is often dependent on the capillary number (Ca), a
dimensionless quantity that represents the ratio of the viscous to the interfacial forces:

Ca=Uply,

where U (m s71) is the flow velocity, z (kg m™ s71) the dynamic viscosity of the immiscible
phase, and y (kg s~2) the interfacial tension between the sample and immiscible phases.

To better understand the effect of the different physical parameters described above on the

digitization behavior of sample in our device, we plotted the retained volume fraction (RVF;
this is the volume of the digitized sample divided by the volume of the side cavity) as a function
of Ca for three different substrate contact angles: 120, 150, and 175° (Figure 7). We generated
this data using simulations. As anticipated from the dependence of digitization on contact angle,
we didn’t see any sample digitization when the contact angle was 120° (Figure 7a). When the
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contact angle was 150°, samples were only digitized at Ca of 0.009 and below (Figure 7b). The
threshold at Ca ~ 0.009 was quite sharp. It has been reported previously that Ca under 0.01
favor the partitioning of nanoliter-sized plugs of an aqueous solution in an immiscible phase
using a microfluidic T-junction32. Inverse proportionality of sample volume to Ca has also
been observed previously33. This variation was even more pronounced when the contact angle
was 175° (Figure 7c) where a large range of sample volumes was observed between Ca =
0.0008 to Ca = 0.0125. Therefore, given a fixed geometry for the side cavities and channel in
a sufficiently hydrophobic chip, digitization dynamics is governed largely by the capillary
number.

Geometry of the Sample Cavity and Main Channel—In addition to capillary number
—which summarizes the effect of flow rate, interfacial tension, and viscosity—we found
digitization dynamics were also affected by the dimensions of the sample chamber and the
main channel. In particular, we found two ratios to be important: (1) the aspect ratio between
the cross-sectional area of the chamber opening and the cross-sectional area of the main
channel, and (2) the aspect ratio between the total surface area of the chamber and the cross-
sectional area of the main channel.

We investigated sample digitization in a series of forty different side chambers with various
dimensions (Figure 8; see Supplementary Figure 4 for a list). For these experiments, the sample
phase was 1nM phosphate buffer and the immiscible phase was light mineral oil with 0.01%
Span 80. The dimensions varied were d,, d3 and h, (Figure 8a). Because the exact volume of
the sample phase in the side cavity was experimentally difficult to measure, we counted the
fraction of filled cavities for each geometric variant. In a few cases where partial filling was
observed, the volume of the discretized sample was estimated from optical micrographs and
rounded to the nearest tenth of a completely filled sample cavity.

The fraction of filled cavities was plotted against the cross-sectional area of the chamber
opening divided by the cross-sectional area of the main channel (Figure 8b); the fraction of
filled cavities was also plotted versus the total surface area of the chamber divided by the cross-
sectional area of the main channel (Figure 8c). The cross-sectional area of the main channel
was held constant (4000 um?Z; 100 um wide by 40 um tall). Both plots resemble a sharp sigmoid
function. There was an abrupt increase in the fraction of filled cavities where the area of the
cavity opening was equal to the cross-sectional area of the channel (Figure 8b); digitization
did not occur if this ratio fell below 1. Above a ratio of 1, digitization was successful with the
exception of one design where d, = 30 um and d3 = 300 um. In this case, the area of the cavity
opening (12,000 um?2) was much larger than the cross sectional area of the channel (4000
um?); however, the cavity depth (< 30 um) was very shallow. From the perspective of the
fluids, the presence of a side chamber of these dimensions appeared to be similar to a slightly
wider main channel. Therefore, the depth of the cavity must be sufficiently large in order to
retain and digitize the sample phase.

In Figure 8c, all three distances defining the size of the cavity were taken into account instead
of just d3. The fraction of filled cavities increased with increasing cavity surface area. Data
points that deviated from this trend were d, = 125um with d3 = 50um, and d, = 30um with
d3 =300um (again). When d3 = 50, the area of the chamber opening was half of the cross-
sectional area of the channel. Therefore, the ratio of the area of the chamber opening to the
main-channel cross section was less than 1, and based on observations from Figure 8b, this
design was not expected to result in digitization of the sample phase. For the design where
dy, = 30um with d3 = 300um, it failed to digitize samples for the same reason as described
previously in Figure 8b. The smallest value for cavity depth (do) in which filling was observed
was 62.5um (here the area of the chamber opening was equal to the cross-sectional area of the
main channel). Only a fraction of cavities were filled in this case. At a cavity depth d, =
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125um, every cavity was filled as long as the area of the chamber opening was larger than the
cross-sectional area of the chamber.

In summary, the geometric criteria for successful sample digitization were: 1) the chamber
opening must have an area that is equal to or larger than the cross-sectional area of the main
channel, and 2) the chamber must have sufficient depth (approximately 2/3 the width of the
main channel). The first criterion stems from the need for the aqueous sample phase to enter
the chamber; if the chamber opening was too small in comparison with the cross-section of the
main channel, the aqueous sample did not efficiently enter the chamber. The second criterion
is based on the retention and break-off of the sample phase in the chamber: if the chamber was
not sufficiently deep, the aqueous sample phase simply could not be retained within it.

3) Separation of the Concomitant Polymorphs of 2,5-Dihydroxybenzoic Acid

Polymorphism, the ability of a solid material to exist in more than one form or crystal structure,
is a fascinating phenomenon in which the same molecule can have different physical properties
depending on molecular packing and crystal habit or morphology34. Variations in the solid-
state properties of a material due to form can have significant implications in the function of
crystalline products, such as pharmaceutical dissolution rates and ease of forming tablets3°.
For this reason, all possible polymorphs of a crystalline product must be identified and
characterized for the formulation of drugs. We are interested in the utility of our digitization
chip in these efforts.

Of particular interest to us is concomitant polymorphism?2®, where two polymorphs grow at
the same time under the same conditions. The resultant material is a mixture of the two forms.
Previously we have studied the concomitant polymorphs of 2,5-dihydroxybenzoic acid (2,5-
DHB)36. We observed that crystallization from a saturated 50% aqueous ethanol solution, with
10-3M of the pH indicator dye methyl red, produced a mixture of two polymorphs that could
be identified as red needles and purple plates (Forms | and I, respectively). We were curious
whether we could separate the growth of these two crystals with our digitization chip. Because
the chip is constructed out of PDMS, a gas-permeable material, aliquots of different volumes
and surface areas will evaporate at different rates, resulting in an inherent change in the
timescale of the crystallization event. During the growth of concomitant polymorphs, there is
competition between a kinetic and a thermodynamic product. Therefore, it seemed likely that
we could produce different results from digitized samples that formed in side cavities of
different size.

The digitization chip is advantageous in that we could easily screen a large number of different
sample volumes and surface areas simply using pre-defined side chambers with a range of sizes
and shapes. For this experiment, we used the same forty cavities of differing dimensions as we
did for the experiments described in Figure 8 (Supplementary Figure 4). We filled our
digitization chip of different sized chambers using a saturated solution of 1 x 102 M 2,5-DHB
and 1 x 107> M methyl red in 1:1 EtOH:H,0 as the sample phase. The immiscible phase was
light mineral oil with 0.05% Span 80. After being kept at room temperature for 2-3 days (all
tubing was removed following digitization and the chip was placed on a shelf), a solid mass
was observed in each chamber and no liquid remained. The solid material was found to be
crystalline when viewed between crossed polarizers. In some cases, a single crystal was
observed (Figure 9b and 9c¢). Upon close inspection, these crystals resembled the two known
polymorphs of 2,5-DHB36: 37, The crystals that had grown from the larger-volume side cavities
were red, and their interfacial angles and overall morphology resembled that of Form | (Figure
9b). Purple crystals in the smaller chambers displayed a distinct apex that is expressed by Form
Il at the intersection of the (1 22) and (I 2 2) faces (Figure 9c). The purple color of these crystals
was consistent with the previously reported color of methyl red inside of Form 11 2,5-DHB
crystals; a red color of the dye has been reported in Form 136

Anal Chem. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cohen et al.

Page 9

To confirm our visual observations, we collected Raman spectra of the crystals inside the
chambers and compared them to reference spectra for each polymorph (Figure 9d). The Form
| reference spectrum in green exhibits characteristic peaks at 1327 cm™1 from phenol CO
stretching or OH in-plane deformations and at 287 cm™1 that is likely a skeletal vibration. Form
11 (in red) has distinct features at 1665 cm~1 from an intra-molecular hydrogen-bonded
carboxylic acid and at 1199 cm™1 due to either phenol CO stretching or OH in-plane
deformations. Raman spectra of crystals inside the chip were collected by sending the Raman
laser through the glass coverslip (130 — 170um thick). Although there was some fluorescence
(evidenced by the elevated baselines), we were able to collect spectra and correlate them to
references for either form.

Form | was found in the larger chambers, confirming our visual observations. Out of six
crystallization experiments, Form | was found in 11.4 and 10.17-nL capacity cavities four
times, in 9.9 and 9.12-nL cavities twice, and always in the case of the fused 2-nL chambers
that had a total capacity of approximately 0.104u:L.38. Raman spectra consistent with Form I
were collected in all smaller volume chambers, except for some cavities with a volume below
2nL where the crystals melted during the Raman experiment and produced spectra of poor
quality. Single crystals in these smaller compartments visibly resembled Form II. Figure 9d
shows representative Raman spectra of crystals found in the larger and smaller cavities. We
believe the observed variation in crossover volume between the occurrence of one crystal form
over the other was due to differences in the evaporation rate caused by either variations in our
laboratory’s temperature and humidity, inconsistencies in the thickness of the PDMS, or a
combination of both of these effects.

Form I, melting between 214.85 and 216.85 °C, is the more stable polymorph (Form Il melts
between 207.85 and 209.85 °C). Therefore, it was not surprising to find Form Il in the smaller
cavities where faster evaporation rates gave rise to high super-saturation quickly resulting in
growth of the less stable polymorph to be energetically favored. Rapid evaporation from small
volumes has previously been observed to yield less stable crystal forms3°. There has even been
some evidence that a less stable crystal actually becomes more stable in a confined
environment40.

CONCLUSIONS

We described a robust and versatile approach to digitize 100% of a sample volume that relies
on a persistent fluidic behavior rather than complex fluidic controls. The procedure was simple:
prime chip with oil, introduce aqueous sample, then follow with oil again. The main channel
acted as the principal conduit for the chip, making it possible to select and remove the digitized
aqueous samples for further manipulations or analysis. We characterized the effect of different
physical parameters on the digitization behavior in detail and demonstrated how these physical
parameters could be adjusted to fine-tune the volume of a digitized sample.

We highlighted the ease of generating digitized samples of different volumes to separate the
growth of otherwise concomitant polymorphs. In doing so, we added to a growing body of
evidence that crystallization in confined environments can produce the same results as
crystallization from a variety of solvents#!: 42, This observation has the potential to simplify
the way in which a typical polymorph screen is conducted3®, as well as significantly reduce
the amount of material required to do so. We anticipate our chip for sample self-digitization
will be useful in polymorph screens that must be conducted in industries where the final product
is a crystalline material.
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MATERIALS AND METHODS

Chip Design and Fabrication

Microfluidic chips were generated by replicating poly(dimethylsiloxane) (PDMS, (Sylgard
184) bought from Dow Corning Co. (Midland, MI).) from a SU-8-on-silicon master fabricated
using two-layer photolithography. This procedure has been extensively described
elsewhere*3. Briefly, channel designs were drawn in Autocad 2007 (Autodesk, San Rafael,
CA) and high-resolution photomasks bearing these patterns were printed by a photoplotter.
(Fineline Imaging, Colorado Springs, CO). Prior to photolithography, SU-8-3050 photoresist
(Microchem, Newton, MA) was spin-coated onto a silicon wafer at 40- or 50-um thickness to
form the first layer of features on the silicon wafer (the main channel in Figure 1a-d and the
entire design in Figure 1e-h). The photomask was then placed over the SU-8 coated wafer and
exposed to UV light with a mask aligner (Newport, Irvine, CA). Following exposure, curing,
and development of these features, SU-8-3050 was spin-coated onto the same wafer again at
100-um thickness (unless otherwise specified), and exposed using a second photomask that
defined the taller features of the SU-8-on-silicon master. In Figure 1a-d the second layer
corresponds to the sample cavities and in Figure 1e-h a second layer does not exist. The second
photomask and features of the first layer of photoresist were aligned and exposed to UV light.
After curing and development, the finished two-layer master was coated with
(tridecafluoro-1,1,2,2-tectrhydrooctyl)trichlorosilane (Gelest, Morrisville, PA) by gas-phase
deposition to prevent PDMS from sticking during molding and peel-off. The molded PDMS
replica was punched with access holes (16 G) for fluid inlets and outlets, and then the PDMS
mold was permanently sealed to glass coverslips that were purchased from Electron
Microscopy Sciences (Hatfield, PA). The PDMS-glass chips were exposed to oxygen plasma.
To ensure thorough curing, the coated PDMS layer was left in a 115°C oven for at least 1day.

Materials Used in the Self-Digitization Chip

The self-digitization chip was primed with immiscible phases that were composed of light
mineral oil and light white mineral oil (Mineral Oil, Embryo Tested, Sterile Filtered, Sigma-
Aldrich, St. Louis, MO), Fluorinert (FC-40, 3-M, St. Paul, MN), AS-4 (Fluka, Buchs,
Switzerland), AR-20 (Fluka), 50cSt PDMS oil, or 100cSt PDMS oil (Poly(dimethylsiloxane)
200 fluid, Sigma-Aldrich). Where specified, the immiscible phase was mixed with SPAN 80
(sorbitan mono-oleate purchased from Sigma-Aldrich), octaethylene glycol monodecyl ether
(Sigma-Aldrich), and tetraethylene glycol monodecy! ether(Sigma-Aldrich). Unless otherwise
noted, the sample phase consisted of 1nM phosphate buffer. Other sample phases were
100puM Alexa488 (Invitrogen, Carlsbad, CA), 100uM 5,6-carboxyflourescein (Molecular
Probes, Eugene, OR), yellow food coloring, blue food coloring (Kroger, Cincinnati, OH)
diluted by half, and 1 x 1072 M 2,5-dihydroxybenzoic acid (Sigma-Aldrich) and 1 x 10° M
methyl red (Color Index #13020, Sigma-Aldrich) in 1:1 EtOH:H,0.

Experimental Setup

To reach the microchannels, access holes to the channels were punched with a 16-gauge needle
prior to sealing the chip. After removal from the 115°C oven, polyethylene tubing (PE 100,

Becton Dickinson, Franklin Lakes, NJ) was inserted into the access holes. The tubing leading
to one of the inlets was attached to a 3-mL plastic syringe (Becton Dickinson) that was filled
with the immiscible phase. Pressure was applied until all of the sample cavities were filled and
no air bubbles remained. After 30 to 60 minutes, sample phase was introduced using a 50-uL
glass syringe (Hamilton, Reno, NV) with a micrometer connected to the plunger. The syringe
and the tubing were filled with mineral oil, except for the very tip of the tubing containing the
sample phase. This setup enabled us to work with and dispense very small volumes (less than
or equal to the sum of volumes for all side cavities connected to an individual main channel).
In a typical experiment, we were able to introduce volumes as small as 7nL to the digitization
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chip (see Figure 2). The tubing connected to the sample phase inlet during filling was removed
and the tubing connected to glass syringe was inserted in its place, taking care not to introduce
any air bubbles into the system. The sample phase was pushed forward with fine control using
the micrometer.

Discretization experiments were visualized using the AZ-100 zoom microscope (Nikon
Instruments, Melville, NY). The light source was an Intensilight C-HGFI (Nikon). The
Brightline FTIC-3540B-000 filter set from Semrock (Rochester, NY) was used when imaging
the fluorescence of either Alexa488 or 5,6-carboxyfluorescein. A Prosilica (Vancouver, BC)
GC640 CMOS fast camera controlled with a program written in LabView (National
Instruments, Austin, TX) collected bright-field images and time sequences. A Prosilica GC660
CCD camera was used for the fluorescence experiments.

To remove samples from the side cavities, a syringe pump (KD Scientific, Holliston, MA)
established a low flow rate of 1 — 2 pL/min of immiscible phase through the main channel.
External access channels were connected to syringes filled with immiscible phase. These
syringes were operated either by hand or controlled using additional syringe pumps. Sample
phase flow rates were calculated by measuring the physical advancement of the immiscible/
sample phase interface between individual frames of movies collected using the GC640
camera. The flow rate was calculated when the interface was moving in between side cavities,
not during the process of filling a cavity.

Raman spectra were collected using a Renishaw inVia Raman Microscope equipped with a
785-nm diode laser (Wotton-under-Edge, Gloucestershire, UK). The reference spectra
belonged to large single crystals that had been indexed to confirm polymorphic identity.
Crystals in chambers were analyzed using a 100x objective at 100% or 10% power with a 10s
or 60s accumulation time, respectively. Spectra were analyzed using the Renishaw WiRE 2.0
software.

Computational Fluid Dynamics (CFD)

Computational analyses of the various process parameters (interfacial tension, contact angle,
linear flow velocities) that are important for self-digitization of sample volume were conducted
using a commercial computational fluid dynamics (CFD) package (Fluent, Version 6.3.26;
Fluent Inc.; Ann Arbor, MI). The filling was simulated using a side chamber with a volume of
0.25 nl (length x width x height: 100 um x 50 um x 50 um) adjacent to a main channel (width
x height: 50 um x 25 pum) that was filled with a plug of aqueous disperse phase that had a
volume of at least twice the volume of the side chamber. The channel and side cavity geometry
were converted into finite elements using a hexahedral meshing strategy that produced 10,533
nodes and 8,100 cells (mesh size of 5.0 um between node points). Geometric designs that were
a 1:1 replica of the on-chip design were studied as well.

The different oils used in the experiments were applied in the CFD analysis. These oils were:
(1) light mineral oil (Sigma M8410; ¢ = 862.0 kg m~3, u = 0.03 kg m~1 s71), (2) light white
mineral oil (Sigma 330779; ¢ = 838.0 kg m~3, = 0.0335 kg m~1 s71), (3) silicone oil (Sigma
378356; 0 = 980.0 kg m~3, = 0.05 kg m~1 s71), and (4) an artificial oil with higher viscosity
(0 =980.0 kg m™3, u=0.075 kg m~1 s71). Water (6 = 998.0 kg m~3, 1 = 1.003 x 103 kg
m~1 s71) was used in all simulations as the disperse or sample phase. The model solver was
defined as pressure-based, with a 3-dimensional and implicit formulation, unsteady with non-
iterative time advancement, with an absolute velocity formulation, and with first-order implicit
unsteady formulation. The multiphase model was set to a Volume of Fluid (VOF) solver with
two phases, explicit VOF scheme, and a Courant number of 0.25. The phase interaction was
defined with interfacial tension values ranging from 2.0 to 60 mN m~1. Subsequently,
depending on the parameter to be investigated, the boundary conditions were set as follows:
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the inlet was defined by a flat velocity profile with a linear flow velocity ranging from 0.1 to
10.0 mm s~1; the outlet was defined as outflow with a constant pressure (Poytiet = Patm =
101,325 Pa); the walls enclosing the channel and side cavity were set to have contact angles
ranging from 120° to 175°. A water plug was defined through the Fluent —adapt -tool, while
all other nodes of the mesh were defined with an initial water volume fraction of 0. The fluid
flow profile and the volume fractions were then simulated with fractional steps for the pressure-
velocity coupling. The spatial discretization was implemented by a first order upwind scheme

fo

r the momentum, a PREssure STagering Option (PRESTO!) set for the pressure, and the

volume fraction was discretized using the Geo-Reconstruct option. All residual tolerances were
set to 0.001.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic and sequence of images showing two microfluidic designs used for digitization
of an aqueous sample

a) Schematic of the digitization platform where the main channel was half the height of the
side chambers (shown here as 50 and 100um, respectively). b) The chip was first primed with
an immiscible phase. c) The sample phase was then slowly introduced into the channel. d) The
immiscible phase flowed through the channel a second time. In this step, sample phase was
displaced from the main channel yet remained in the side chambers, discretizing the sample
phase into a volume that was defined by the geometric dimensions of the side cavities. The
experimental time sequences (c and d) were made using 100uM Alexa488 as the sample phase
and light mineral oil with 0.01% Span 80 as the immiscible phase. The scale bar corresponds
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to 200um. e) Schematic of our Greek key-shaped digitization platform. The main channel was
the same height as the side chambers. Discretization using this design followed the same two
initial steps. f) The channel was primed with immiscible phase, and g) The sample phase was
slowly introduced. h) When the sample phase flow was ceased, digitization occured. The scale
bar corresponds to 250um. i) An array containing 810 digitized samples with inset displaying
a close-up of 90. The sample consisted of blue food coloring diluted in half with purified water
and the immiscible phase was light mineral oil with 0.01% Span 80. Both scale bars correspond
to 600 um.
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a) Prime channel with immiscible phase
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g) Stop sample flow

Figure 2. Digitization of 100% of sample volume without loss

a - ¢) Schematic depiction of the digitization and retention of 100% of a sample volume using
the design with the tall rectangular side cavity. d) An experimental time sequence illustrating
this phenomenon. All sample volume moving through the channel continued to fill each
subsequent chamber and became discretized as long as the capacity of the chambers (i.e. total
volume of the chambers) was larger than the volume of the sample. e - g) Schematic depiction
of the digitization and retention of 100% of a sample volume using the Greek key-shaped cavity
design. h) An experimental time sequence illustrating this phenomenon. The images show the
fluorescence of the sample phase (100uM Alexa488). The immiscible phase was light mineral
oil with 0.01% Span 80. The scale bars correspond to 200um (d) and 250um (h), respectively.
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Figure 3. Selective removal of digitized sample volumes

a) Images showing the complete removal of sample volumes. The sample phase was yellow
food coloring and the immiscible phase was light mineral oil with 0.01% Span 80. The flow
rate in the main channel was 1pL/min. The external access channels were connected to oil-
filled syringes that were operated by hand. b) Images showing the partial removal of a sample
volume. Controlled portions of a selected sample could be released by defining the ratio of the
flow rate in the main channel to the flow rate in the external access channel. The sample phase
was blue food coloring diluted in half with purified water and the immiscible phase was light
mineral oil with 0.01% Span 80. The flow rate in the main channel was 1uL/min. The external
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access channels were connected to oil-filled syringes that were operated by hand. The scale
bars correspond to 100um.
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Figure 4. Dependence of the digitized sample volume on the aqueous-phase flow rate

In panels a), b), ¢), and d) the aqueous phase flow rates were 0.2, 1.1, 6.9 and 8.3 mm/s,
respectively. Corresponding images in the column on the right indicate that the volume of the
digitized sample was inversely proportional to the aqueous-phase flow rate. The aqueous phase
in these images was 100uM 5,6-carboxyflourescein and the oil phase was light mineral oil with
0.01% Span 80. The scale bar corresponds to 200um. €) The effect of aqueous-phase flow rate
was studied using CFD simulations. These images display the final digitized sample volumes
generated with different flow rates. As the speed increased from 1 to 10 mm/s, the resultant
volume clearly decreased, in agreement with the experimentally observed trend. Blue in
schematic denotes aqueous sample phase and yellow denotes immiscible phase.
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a) Prime channel with immiscible phase
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b) Flow sample through channel

¢) Flow immiscible phase through channel
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Figure 5. Dependence of sample-volume digitization on the contact angle (CA) of the substrate
a), b), and c) are schematic illustrations showing the lack of digitization of a sample phase
when the substrate had a hydrophilic surface. Blue in schematic denotes aqueous sample phase
and yellow denotes immiscible phase. Below this schematic, b) and c) are experimental time
sequences that correspond to the processes depicted in the illustration. Digitization did not
occur in a freshly oxidized PDMS channel. The sample phase introduced into the device in
panel b) was not retained during subsequent immiscible phase flow shown in c). The
experimental images were obtained using a sample phase consisting of 100uM 5,6-
carboxyfluorescein; the immiscible phase was light mineral oil with 0.01% Span 80. The scale
bar corresponds to 200um. d) Images of resultant digitized samples from CFD simulations
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with three different substrate contact angles. Here the contact angle was given its usual
definition, that is, the angle measured between the substrate surface and the tangent line to the
upper surface of a water droplet placed on top of the substrate. The digitized sample volume
increased with contact angle of the substrate. At or below a contact angle of ~120°, digitization
of sample volume did not occur, in agreement with our experimental observations.
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Figure 6. Dependence of sample-volume digitization on the interfacial tension and the viscosity of
the immiscible phase

Images of the final digitized sample volumes were generated from CFD simulations. a) Light
mineral oil (6 = 862.0 kg m~3, 1 = 0.03 kg m~1 s71) was used as the immiscible phase and
water was used as the sample phase. Interfacial tension was the only condition to vary between
each successive simulation. b) Volume of digitized sample decreases with increasing viscosity
of the oil phase. Water was used as the sample phase.
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Figure 7. Dependence of digitized sample volume on the capillary number (Ca) at three different
contact angles of the substrate

Digitized sample volume divided by the volume of the side chamber, defined as the RVF,
plotted as a function of Ca at contact angles of a) 120°, b) 150° and ¢) 175°. The contact angle
here was given its usual definition, that is, the angle measured between the substrate surface
and the tangent line to the upper surface of a water droplet placed on top of the substrate. Note
the effect of contact angle on sample-volume retention where the surface needs to be
sufficiently hydrophobic (o >> 90°) to retain the sample volume inside the side cavity. Also
note the abrupt decrease in RVF (VVdrop/Vchamber) — above a certain Ca, sample digitization
no longer occurs. Sample-volume digitization is a low-Ca phenomenon. The shape and shading
of each data point corresponds to the interfacial tension and viscosity of the immiscible phase.

Anal Chem. Author manuscript; available in PMC 2011 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Page 24

=
~

y -

ol
-1

2 3 4 5 6
Area of Cavity Opening/
Cross Sectional Area of Channel

.

Fraction of Filled Cavities

¢)

I

Fraction of Filled Cavities

0 20 40 60 80 100

Surface Area of Cavity/
Cross Sectional Area of Channel

Figure 8. Dependence of sample-volume digitization on the geometry of the side chamber with
respect to the main channel

a) Definition of the device dimensions. b) Dependence of sample digitization on the aspect
ratio between the cross-sectional area of the chamber opening and the cross-sectional area of
the main channel. When the ratio of these two areas was equal, different fractions of filled
cavities were observed. At a ratio of greater than 1, sample digitization generally occurred
successfully; at a ratio of less than 1, sample-volume digitization was absent. ¢) Dependence
of sample digitization on the aspect ratio between the total surface area of the chamber and the
cross-sectional area of the main channel. As the surface area of the chamber increased, a clear
trend towards fully filled cavities was observed. Exceptions to the trend depicted in b) and

c) were very shallow side chambers with a large opening area; at this extreme, the presence of
the side chamber was similar to a slight widening of the main channel, and thus no sample-
volume digitization occurred. Images of digitized samples have been highlighted in bold.
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Figure 9. Separation of otherwise concomitant polymorphs of 2,5-dihydroxybenzoic acid (2,5-DHB)
a) Images of crystals that were grown by slow evaporation in a sample self-digitization chip;
solvent evaporation rates were adjusted by varying the volume and surface area of the sample
compartments. The sample was a 50% aqueous ethanol solution containing 10 mM 2,5-DHB
and 10 uM methyl red; immiscible phase was light mineral oil with 0.05% Span 80. Crystals
grew in the chip at room temperature over 2-3 days. The scale bar corresponds to 100um. b)
and c) are representative polymorphic crystals grown in the chip. d) Raman spectra of 2,5-
DHB. Although there was some fluorescence, spectra of crystals grown inside of the self-
digitization device can be clearly correlated to the reference spectra for the two forms.
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