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There is a growing need for power-free methods to manipulate small volumes of liquids and thereby en-
able use of diagnostic assays in resource-limited settings. Most existing self-powered devices provide ana-
log manipulation of fluids using paper, capillary or pressure-driven pumps. These strategies are well-suited
to manipulating larger micro- and milliliter-scale volumes at constant flow rates; however, they fail to en-
able the manipulation of nanoliter and picoliter volumes required in assays using droplets, capillary sam-
pling (e.g. finger prick), or expensive reagents. Here we report a device, termed the Digit Chip, that provides
programmable and power-free digital manipulation of sub-nanoliter volumes. The device consists of a
user-friendly button interface and a series of chambers connected by capillary valves that serve as digitiza-
tion elements. Via a button press, the user dispenses and actuates ultra-small, quantitatively-programmed
volumes. The device geometry is optimized using design models and experiments and precisely dispenses
volumes as low as 21 pL with 97% accuracy. The volume dispensed can be tuned in 10 discrete steps
across one order-of-magnitude with 98% accuracy. As a proof-of-principle that nanoliter-scale reagents
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can be precisely actuated and combined on-chip, we deploy the device to construct a precise concentra-
tion gradient with 10 discrete concentrations. Additionally, we apply this device alongside an inexpensive
DOI: 10.1039/c71c00199a smartphone-based fluorescence imaging platform to perform a titration of E. coli with ampicillin. We ob-
serve the onset of bacterial death at a concentration of 5 pg mL™, increasing to a maximum at 50 ug mL™.

rsc.li/loc These results establish the utility of the Digit Chip for diagnostic applications in low-resource environments.
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Introduction

Despite recent advances in microfluidics for diagnostics, many
of the most sensitive tests remain unavailable in resource-
limited settings due to the prohibitive cost and power require-
ments of the necessary instrumentation.” Most microfluidic sys-
tems require costly electrically-powered pumps for fluidic actua-
tion, and this limits the deployment of these technologies in the
challenging field conditions of developing world environments,
where in many cases the requirements of portability and remote
location may limit access to reliable sources of electric power.
To increase access to point-of-care diagnostic technolo-
gies, low-cost and low-power fluidic actuation systems are
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needed."” Recently, compelling strategies for passive fluid
control have been reported that have included lateral flow pa-
per microfluidics,” vacuum pumps,®” pressure pumps,>° fi-
bres,'® and capillary pumps.'>'* Sophisticated sample manip-
ulations are possible using these power-free actuation
systems, and multi-step assays have been demonstrated.®**"”
However, these analog approaches to fluid manipulation are
typically optimized to regulate the flow rate of bulk fluids,
and have not yet been demonstrated to be well-suited for
complex manipulations of very small reagent volumes.

Many diagnostic assays require the use of small samples
or reagent volumes, including those that sample blood from
a finger prick and those that require expensive reagents. As a
result, several chip-based techniques for digital manipulation
of small volumes have been developed including droplet*®>°
and digital microfluidics.>>* In both cases, droplet actua-
tion requires a power source such as an electric pump (drop-
let microfluidics) or a high voltage source (digital micro-
fluidics). These requirements limit the feasibility of these
methods in resource-limited environments.

Developing power-free platforms for digital manipulation
of small sample volumes poses two distinct challenges not
present in their analog counterparts: 1) dispensing
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mechanisms need to be very precise and optimized for small
volumes;***> 2) sample controls need to be modular and
compatible with a user-friendly interface. Innovative architec-
tures for self-powered,® or manually-powered®® fluid manipu-
lation, including the SlipChip®>”° have recently overcome a
number of key challenges; however, thus far these self-
powered techniques only allow a limited number of sequen-
tial manipulations and lack the modularity and programma-
bility of powered techniques such as digital microfluidics.
Devices driven by finger pressing have also been devel-
oped,®"** however, these devices typically make use of one di-
rectional flow valves and as such are considerably more diffi-
cult to manufacture. Moreover, these devices cannot
manipulate picoliter volumes of fluid. Finally, these devices
typically metre only a single, fixed volume of fluid.

Here, we develop a user-friendly interface for power-free
and digital manipulation of small volumes using capillary-
valve-dispensers as modular elements, which are linked to
pressure-regulated buttons. The device, termed the Digit
Chip, uses the pressure applied from pressing buttons manu-
ally to break individual capillary valves and move liquids in
fixed-volume increments. Using theory and experiments, we
optimize the geometry and surface properties of the valves
and pressure-regulated buttons, and show that droplets can
be dispensed and manipulated accurately across a wide range
of volumes down to the picolitre scale. Dispensing, actuating,
and mixing reagents are essential components of many im-
portant biological and chemical assays. To demonstrate that
small volumes can be precisely actuated and mixed, we use
the Digit Chip to create a precise, discretized concentration
gradient with nanoliter volumes. We also illustrate how this
architecture enables a convenient and low-cost technique to
measure the susceptibility of bacteria to antibiotics. This is
an important capability that could allow small collections of
bacteria to be assessed for drug resistance via phenotypic
testing without the need for any type of traditional lab infra-
structure. The Digit Chip could also be applied in a variety of
biological and chemical assays which depend on reagent di-
lutions and chemical gradients including generation of stan-
dard curves, optimization of reaction conditions,* and
chemotaxis.*

Experimental
Digit Chip fabrication

Using standard photolithography, we patterned a 50 um tall
SU-8 3050 (Microchem, MA) layer on a silicon wafer (Univer-
sity Wafer, MA). PDMS (Dow Chemical, MI) was dispensed
onto the wafer and cured for 1 hour at 67 °C. After curing,
the PDMS was removed from the silicon wafer and holes were
punched to form the inlet and outlet.

Fabrication of user-friendly interface

The mold was printed using a pPrint 3D printer. PDMS was
dispensed onto the mold and cured at 67 °C for 1 hour. The
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PDMS was removed and holes were punched to create outlets
and a small vent in the button chamber. The PDMS was
plasma treated and bonded to a glass slide. Silicone tubing
was used to attach the button to the Digit Chip.

Contact angle measurements

PDMS was treated with an oxygen plasma for a variety of ex-
posure times. Advancing contact angles were measured using
Image] to analyse images of the droplets acquired using a
camera.

Bursting pressure measurements

Valve bursting pressures were measured using a syringe
pump connected to the chip. After introducing PBS (pH 7.4)
into the Digit Chip, the syringe pump was connected to the
chip with 9.5 cm of silicone tubing (0.76 mm inner diame-
ter). The initial volume of gas in the 1 mL syringe and tubing
was measured. The syringe was slowly compressed at a rate
of 20-50 uL min~" while monitoring the capillary valve under
a microscope. The pump was stopped and the pressure was
relieved as soon as the valve burst. The volume change of gas
contained in the syringe and tubing was recorded. The in-
duced pressure was calculated using the initial and final vol-
umes using the ideal gas law. The changes in pressure were
measured at least 5 times per chip.

Measurements of applied pressure using the elastomeric button

The outlet of the user-interface was connected to silicone tub-
ing (0.76 mm inner diameter) filled with a plug of PBS buffer
(pH 7.4). After compressing the button, we recorded the
change in displacement of the plug. This change in displace-
ment of the plug was used to calculate the volume of gas
displaced while pressing the button. This volume change was
converted into a pressure change using Boyle's law.

Chamber filling percentage measurements

The filling percentage of chambers was measured by acquir-
ing optical images under a microscope (Nikon) and analyzing
the images using Image].

Generation of a discretized concentration gradient

The device was fabricated from PDMS as stated above. Auxil-
iary air outlets were connected to each fluid inlet to enable
fluid to be pumped in from both sides. Screw valves were fab-
ricated on each air outlet by 3D printing a chuck to suspend
the screws above the channel. The valves were closed or op-
ened by turning the screw clockwise or counter-clockwise. Be-
fore dispensing the dyes, the air channels were blocked by
closing the valves to ensure that liquid did not enter the air
channels. Both samples were introduced and dispensed for
the desired number of chambers. The sum of the number
chambers filled with blue and yellow dyes was held constant
at 10 for all concentrations. Samples used were ddH,O with
food coloring at 2 drops per mL. Devices were not plasma
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treated or bonded to allow them to be reusable so 20% EtOH
was added to the solutions to lower the contact angle. To pre-
vent leakage, the channels were held against the substrate
under light pressure. After dispensing, the valve was re-
moved. Using a 1 mL syringe, air was injected by hand to
move the droplets to the middle chamber. Mixing was aided
by pressing on the middle chamber 3 times. Using an optical
microscope, a picture of the mixed sample was recorded. The
ratio of the dye was measured using Image] by recording the
intensity of the dye and comparing it to the intensity of a
bulk solution of dye mixed using standard laboratory pipettes
and injected into the on-chip mixing chamber.

Antibiotic susceptibility testing

The device was fabricated in PDMS as stated above. Ampicil-
lin in 1x PBS (pH 7.4), either 100 pg mL™ or 1000 ug mL™",
was introduced into the antibiotic inlet. 1, 2, 5 or 10 cham-
bers were filled in the standard manner. Air was then used to
push the antibiotic into the growth chamber. The bacteria
metering chamber was then filled with the bacterial solution
(12.5 x 10° cfu mL™ E. coli in LB broth with 50 mM TBS pH
8.5 and 1 mM resazurin). Air was used to push this plug of
fluid into the growth chamber where it diffusively mixed with
the antibiotic. The chip was then incubated in a 37 °C water
bath (to prevent evaporation) for 8 h.

Fluorescent image acquisition and analysis

A Luxeon Rebel Color LED (Green, LEDSupply) was used as a
light source. A collimating lens was used to focus the light
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into a beam. This beam was passed through a plastic green
filter (Roscolux) to remove any extraneous wavelengths and
directed onto the growth chamber of the Digit Chip. Emitted
light was passed through a 589 nm bandwidth filter (Ed-
mund Optics) and imaged using a LG G3 cell phone camera
equipped with an adhered PDMS lens.*® Images were cap-
tured using the free Open Camera app and image analysis
was performed using Image]. The red channel of the RGB im-
age was extracted and the average intensity of the pixels in
the growth chamber was measured. Each concentration of
antibiotic was performed in triplicate and values were nor-
malized to maximum and minimum pixel values, with error
bars showing standard error.

Results and discussion
Overview of the Digit Chip

The Digit Chip consists of a series of chambers connected by
capillary valves that serve as digitization elements (Fig. 1A).
Upon manual application of a pressure via a button, the fluid
bursts through the first capillary valve and enters the adja-
cent chamber (Fig. 1B). Through capillary pressure, the
chamber fills spontaneously until the fluid reaches the subse-
quent capillary valve and the flow is arrested. The user can
opt to fill the next chamber by re-pressing the button. The so-
lution volume dispensed is programmed by the number of
times the user applies pressure to the button.

The principle underlying the design of the device relies on
the function of capillary valves created within the fluidic
structure.®® At the interface between the narrow and wide
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Fig. 1 Overview of the Digit Chip. (A) Schematic illustrating precise and user-programmable dispensing of ultra-low volumes using a Digit Chip.
Chambers, which serve as the digital elements, are connected in series by capillary valves. After each button press, an additional chamber is filled
with fluid. (B) A schematic illustrating the spontaneous filling of a chamber after pressure-induced bursting of a capillary valve. (C) Theoretical
bursting pressure as a function of capillary valve width with a 90° valve expansion angle and 50 um channel height. (D) Theoretical bursting pres-
sure as a function of valve expansion angle for various contact angles assuming a 50 um valve width and a 50 um channel height.
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regions, the liquid-air interface becomes pinned and requires
a certain threshold pressure to resume movement. A valve ex-
ists between the narrow linear channel and the larger circular
chamber, and the pressure is supplied by the press of a but-
ton. Once the valve bursts, the fluid will spontaneously fill
the circular chamber. As long as the user only presses the
button for a short period of time, the pressure is relieved be-
fore the fluid reaches the subsequent valve. As such, the pres-
sure is below the critical pressure upon arrival at the next
chamber, and motion ceases.

Bursting pressure model and design principles

Each valve must have a bursting pressure low enough that it
can be readily applied by a human finger, but large enough
that the valve does not burst spontaneously. To calculate the
capillary valve bursting pressure, we use the following previ-
ously described equation for the maximum sustainable pres-
sure across the meniscus in a rectangular configuration of
the capillary burst valve:*®

AP =-20[M+%J (1)

where AP is the pressure difference across the liquid-air
interface, w is the valve width, & is the channel height, o is
the surface tension of the liquid-air interface (72.9 mN m™),
6, is the contact angle with the initial side-wall prior to the
expansion, and 6, is the critical advancing contact angle.

Upon the application of pressure, the meniscus will bulge
until the contact angle with the new sidewall after the valve
reaches the critical advancing contact angle, 6,. This occurs
when 6; = 6, + f, where f is the valve expansion angle, or
when 6, is greater than 180°, the maximum sustainable con-
tact angle.’® Thus the valve will burst when 6; equals the
lower of 6, + S or 180°. These equations assume that the fluid
is dispensed from an infinite reservoir and do not consider
the receding interface.

Using this equation, we modeled the bursting pressure as
a function of valve width (Fig. 1C) and valve expansion angle
(Fig. 1D) for a variety of contact angles. As expected, the
bursting pressure increases with narrower valves and larger
valve expansion angles. The calculations indicate that a valve
expansion angle of approximately 90° or higher is optimal as
the bursting pressure rapidly drops off for angles less than
90°. At low contact angles, the bursting pressure approaches
zero for valve widths around 25 pum, thus valves narrower
than 25 um are ideal.

It is critical that the device surface be hydrophilic so that
the chambers fill spontaneously via the capillary pressure af-
ter the valves burst. Thus, the contact angle of the fluid
should be less than 90°. On the other hand, Fig. 1C and D
suggest that at low contact angles, the valves will burst spon-
taneously for most valve widths and valve expansion angles.
Thus, the surface should be engineered to be only slightly hy-
drophilic. We measured the critical advancing contact angle
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of PBS on PDMS for a variety of oxygen plasma treatment
times (Fig. S11). We found that with a 30 s oxygen plasma ex-
posure, the contact angle of PBS on PDMS is 70° which is
compatible with the Digit Chip. PDMS is a useful material for
this device because of its compatibility with rapid
prototyping. While its elastomeric properties are useful in
the user interface, they are not essential for the functioning
of the wells. The stability of PDMS surface chemistry was suf-
ficient for our device to function properly within the same
day of plasma treating. However, using different materials for
the wells (e.g. glass) that have a more stable surface chemis-
try may be more advantageous if the device were to be mass-
produced and stored for longer periods before use.

Optimization of device geometry

Motivated by these calculations, we fabricated an array of de-
vices with various capillary valve widths and expansion angles
to further refine the design. Devices were fabricated by
pouring PDMS on a 50 um tall SU-8 master mold patterned
using standard photolithography. After curing, the PDMS was
plasma treated and bonded to a glass substrate.

Fig. 2A shows the measured bursting pressure as a func-
tion of valve width and Fig. 2B shows the bursting pressure
as a function of valve expansion angle. We compared our
measured values to the theoretical predictions and in both
cases, we find good agreement with the theory. In all of our
designs, the channels connecting the wells were sufficiently
short to ensure that there was not enough buildup of flow
momentum between wells to break a capillary valve. Fig. 2C
shows the bursting pressure as a function of the number of
valves filled. On average, we observe only a 5% increase in
bursting pressure after each sequential valve is filled.

We studied the accuracy of filling as a function of cham-
ber size (Fig. 2D). A series of devices were designed with
chamber diameters ranging from 55 pm to 800 um and chan-
nel heights ranging from 5 um to 50 um tall. Since the capil-
lary valve bursting pressure depends on the width of the valve
and the expansion angle, the sizes of the circular chambers
can be freely adjusted to allow for different volumes while
performing in the same manner. The volume of these cham-
bers ranged from approximately 21 pL to 24 nL. The valve
widths scale with the chamber size and range from 2.5 to 20
um wide. We found that all chambers and wells, including
those as small as 21 pL, could be filled with at least 97% ac-
curacy. The remaining chamber sizes filled with high accu-
racy (Fig. S27). A small amount of error is caused by the in-
complete filling of some chambers due to the occasional
formation of small bubbles. However, the valves were stable,
not spontaneously breaking even after many minutes. A small
amount of evaporation does occur if the device is left
unattended for a manner of minutes, but this does not desta-
bilize the air-liquid interface.

This smallest dispensing volume achieved approaches the
minimum achievable limit for our design, which we esti-
mate to be 15-20 pL. The fabrication tolerance of our

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Experimental investigation of the device geometry and its optimization. (A) Experimentally measured bursting pressure as a function of valve
width. The dotted line represents the calculated bursting pressure assuming a 70° contact angle and 90° valve expansion angle. (B) Experimentally
measured bursting pressure as a function of valve expansion angle. The dotted line represents the calculated bursting pressure assuming a 70°
contact angle and 50 um valve width. (C) The measured bursting pressure as sequential chambers are filled. (D) The measured volume dispensed as
a function of chamber volume. (E) Images illustrating the spontaneous filling of a 12 nL chamber after the valve is burst by a user-applied pressure.
Sequential dispensing of volumes in approximately (F) 12 nL, (G) 580 pL and (H) 140 pL increments. Errors bars represent standard error.

photolithography process creates minimum lateral sizes of
the channel and chamber (to maintain the near 90° spread-
ing angle). The valve design places an additional fundamen-
tal constraint on the valve aspect ratio, which limits how
small the channel height can be. Since the free-energy barrier
encountered at the side walls in the chamber opening must
always exceed the favourable free-energy change associated
with wetting the top and bottom walls, the width: height as-
pect ratio in the channels connecting the chambers must stay
below a maximum value. This maximum aspect ratio is deriv-
able from (eqn (1)) and given by:

_cos(6, +5)
cos(6,)

[w/h], .. = )

A contact angle of 70° and a spreading angle () of 90°,
gives a maximum aspect ratio is 2.75, limiting how small the
channel height can be as a function of the width. This limit
was in agreement with experiments showing that further re-
duction of the channel height for our smallest chamber size
led to spontaneous breaking of the valves.

Designing a user-friendly interface

We sought to design an interface that allows the user to eas-
ily apply the appropriate pressure to break one capillary
valve. The interface consists of two hollow PDMS chambers
connected in series to the sample loaded in the Digit Chip
(Fig. 3A and B). When the user fully compresses the first
chamber, which serves as the button, the gas within the
chamber is displaced and a pressure is applied to the sample

This journal is © The Royal Society of Chemistry 2017

in the Digit Chip. The applied pressure is regulated by tuning
the size of the second pressure-regulation chamber. The pres-
sure is vented through a small hole when the user releases
the button.

The applied pressure difference generated by pressing the
button can be approximated using Boyle's law:

V, +V,
AF:lpp]icd = 1::!!“\ ( = V - ]j (3)

s

where AP,piicq is the applied pressure difference, Py, is the
atmospheric pressure of 101325 Pa, V;, is the volume of the
button chamber and Vj is the volume of the regulation cham-
ber and the connective tubing. This equation assumes the
button is fully compressed when pressed. This two-chamber
design limits the maximum pressure a user can apply to the
valve (achieved when the button is fully compressed) and
therefore ensures that the user cannot press too hard.

We measured the applied pressure as a function of the ra-
tio of the size of the button and pressure regulation cham-
bers (Fig. 3C). The measured pressures are lower than the
theoretical predictions (Fig. 3D), suggesting that the button
chamber retains about 20% of its volume when fully
depressed.

To test the efficacy of this interface, we connected various
designs in series to a Digit Chip with 20 pm wide valves and
24 nL chambers. We measured the number of chambers
filled per button press (Fig. 3E). We found that when using
an interface with a ratio of the two chambers of 15%, we
could accurately fill a single chamber per button press. The
applied pressure from this interface design is 11 kPa, which

Lab Chip, 2017, 17, 1505-1514 | 1509
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is higher than the approximately 6 kPa capillary valve burst-
ing pressure predicted by eqn (1). This is expected as the
pressure generated by the user must be greater than the valve
bursting pressure due to the pressure drop along the tubing,
fluid reservoir, and channel and the fact that the flexible

1510 | Lab Chip, 2017, 17, 1505-1514

PDMS chambers expand under pressure. Fig. 3F shows im-
ages of dispensing fluid in 24 nL increments using this inter-
face. Using the interface, we found that we could accurately
dispense liquid in 24 nL increments over 10 times sequen-
tially. The volume dispensed ranged from 24 nL for 1 button-
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press to over 300 nL for 13 button-presses (Fig. 3G) and the
chambers filled with over 98% filling accuracy and less than
3% standard deviation (Fig. 3G). The volumes dispensed in
Fig. 2F-H were further replicated using the button to show
its applicability to a variety of volumes (Fig. S37).

Generation of a discrete concentration gradient

Concentration gradients and reagent dilutions are important
in a variety of biological and chemical assays. As a demon-
stration that solutions can be accurately dispensed and com-
bined, we used the Digit Chip to mix small solution volumes
in precise ratios (Fig. 4A). In this device, two separate solu-
tions can be dispensed up to 10 times in increments of 24
nL. After dispensing the liquid, the fluid is actuated towards
the central mixing chamber by manually injecting air using a
syringe. The air channels are closed during dispensing by
screw valves,®” which depress the channel (Fig. 4B).

We dispensed 10 different ratios of blue and yellow dyes
in 24 nL increments and mixed the dyes in the central cham-
ber on chip. For each concentration, the sum of the number
of both droplets dispensed was kept constant at 10, corre-
sponding to a total volume after mixing of 240 nL. Fig. 4C
shows the measured ratios of the two solutions mixed on
chip. The r* value of the fit to the line representing the
expected ratio of the dyes is 0.98. The deviation in our
measured values is due to the compounded error of filling 10
wells and the fact that some liquid remains trapped in the
chambers after injecting air. Fig. 4D shows images of the
resulting colors generated from mixing the two dyes.

Ampicillininlet

Airlnlet

Airlnlet

Bacterialnlet

Outlet

PG
L CLO— OO0,

Resazurin Resorufin
0 min 45 min 90 min 135min 180 min

Growth Chamber

View Article Online

Paper

A low-cost platform for rapid determination of bacterial anti-
biotic susceptibility

In order to demonstrate the usefulness of the Digit Chip for a
practical application, a device was developed which tests the
effect of antibiotic concentration on bacterial growth.*® The
chip is comprised of a pair of channels leading into a central
growth chamber, each with a respective air inlet (Fig. 5A). A
single outlet is present on the far side of the growth chamber.
The top channel is the standard Digit Chip motif, with 10
chambers separated by capillary valves (Fig. 5A, i). By filling
the desired number of chambers with antibiotic solution and
expelling the metered antibiotic into the growth chamber, be-
tween 1 and 10 equivalents of antibiotic are introduced. The
side channel is a single bacterial metering channel separated
from the growth chamber by a capillary valve (Fig. 5A, ii). This
chamber is filled with a fixed volume of bacterial solution,
which can be transported by air into the growth chamber
where it mixes diffusively with the antibiotic solution. This
device can then be submerged in a 37° water bath to allow for
bacterial growth.

To observe the viability of the bacteria, resazurin dye was
added to the bacterial medium. Only in the presence of ac-
tively metabolizing bacteria will the resazurin be reduced to
its fluorescently active product, resorufin. In order to mea-
sure the fluorescence of this product, a simple smart phone-
based imaging platform was devised (Fig. 5B). The excitation
system consists of a high-powered green LED light source,
along with a collimating lens to focus the excitation light and
a plastic green filter to remove extraneous wavelengths. This

B Cell Phone Camera

PDMSLens —

L./

Bandy Filter

DigitChip

Plastic Filter ———

Collimating Lens N
Green LED %

-
b

Fluorescence (AU)
o
o

0 1 10 100
Concentration of Ampicillin (ug/mL)

Fig. 5 Testing of antibiotic susceptibility. (A) Schematic illustrating architecture of device. Insets show Digit Chip motif (i) and capillary valve
between bacterial metering channel (yellow) and growth chamber (ii). (B) Simple, smartphone-base fluorescence platform allowing for excitation
with green light and imaging of resultant red fluorescence. (C) Time series demonstrating the conversion of non-fluorescent resazurin to highly
fluorescent resorufin by bacterial metabolism. (D) Curve illustrating the effect of ampicillin titration on the viability of E. coli.
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light is focussed onto the growth chamber of the chip from
an oblique angle to minimize detection of the excitation
light. The emitted light is passed through a 589 nm bandpass
filter and imaged using an LG G3 smartphone camera. To
magnify the image of the growth chamber, a PDMS lens was
fabricated and affixed directly onto the back of the smartph-
one, covering the camera lens. The resultant RGB image was
then split into its component red, green and blue channels,
and the average intensity of the red channel was measured.
In keeping with the intended use of the Digit Chip in low re-
source settings, the entire platform including all components
can be purchased and constructed for under 60 USD.

In order to confirm the function of the platform, a high con-
centration (1.0 x 10°) of bacteria was introduced into the
growth chamber in the absence of antibiotic and the fluores-
cence was imaged every 45 minutes for 3 hours. The resultant
images display monotonically increasing fluorescence as the
bacteria replicate and metabolize (Fig. 5C). Evidently, the sys-
tem is more than adequate for detecting the conversion of
resazurin to resorufin and thereby measuring bacterial viability.

The susceptibility of E. coli to ampicillin was chosen as a
suitable test case to confirm the efficacy of the Digit Chip. A
wide range of concentrations (0, 1, 2, 5, 10 and 50 pg mL™")
of antibiotic were introduced using the discretized measure-
ment chambers and two stock solutions (100 pg mL™ and
1000 pug mL™"). These were mixed with bacterial solution
(12.5 x 10° ¢fu mL™) and incubated for 8 h prior to measure-
ment of fluorescence. The results are illustrated graphically
in Fig. 5D. The graph follows a standard sigmoidal shape,
with bacterial death beginning at a concentration of about 5
ug mL™" and increasing until 50 ug mL™". These results are in
good agreements with past studies, which have shown a min-
imum inhibitory concentration of 2 ug mL™*° and complete
inhibition of growth at 50 ug mL™.*° Evidently, the ability of
the Digit Chip to create titrations with a wide range of con-
centrations is ideally suited to investigating bacterial antibi-
otic susceptibility. Moreover, due to the extremely small vol-
umes used (on the order of 100 nL) very small quantities of
bacterial sample and antibiotic solution are required. This is
particularly important in situations where the sample is lim-
ited by biological or financial constraints. Furthermore, this
device is amenable to any combination of bacterial species
and antibiotic, allowing for widespread implementation.

Discussion

This type of self-powered digital fluidic device may be useful
for a wide class of assays in low-resource settings that require
low sample or reagent volumes (e.g. pin-prick assays), or that
require complex multi-step manipulations or precise timing
that are difficult to automate using existing passive analog
fluidics. Using this device, the user controls the time at
which various reagents are introduced which eliminates the
need for built-in timing mechanisms. This device is espe-
cially useful for assays in which the volumes dispensed are
systematically varied, such as titrations. This device architec-
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ture is compatible with many common fabrication techniques
currently used to make channel-based microfluidics at low
cost."” As with other microfluidic technologies, the replace-
ment of PDMS with more cost-effective alternatives (e.g. plas-
tics, glasses) might also accompany the transition to larger-
scale manufacturing.”’ For our device this would have the
added benefit of enabling us to choose materials whose surface
chemistry is more stable and suitable for long-term storage.

Along with these advantages, the Digit Chip does have
some weaknesses. The nature of the capillary valve requires
that metered fluid be displaced and replaced with air before
the valve is re-established, meaning that the chambers need
to be flushed with air between subsequent dispensings. Fur-
thermore, valve dimensions need to be precise to allow for
correct behaviour. However, these drawbacks are relatively
minimal given the simplicity and accuracy of the device.

We applied the Digit Chip to evaluating antimicrobial resis-
tance, which is an important target application to enable in
resource-limited settings. The features of the Digit Chip would
make it straightforward to carry out the type of drug titration
that is typically used to assess whether a frontline antibiotic
will be efficacious. This approach is also applicable to any of
the multitude of tests in biology and chemistry that require ti-
tration. For example, the testing of dissociation constants and
the activity of enzymes could be tested using minute quantities
of reagents, provided that a measurable color change occurs.

The adoption of this technology in a wider variety of as-
says will also include its functioning with complex fluids,
such as whole blood, that have a higher viscosity and contain
suspended particles. Although the core principles of our de-
vice (e.g. eqn (1)) are independent of viscosity, whose only in-
dependent effect on our chips was to change the speed with
which the chambers filled, the presence of suspended parti-
cles (e.g. blood cells) would place size restrictions on our
chambers, with the smaller geometries having the capacity to
become easily clogged.

Increasing the complexity of manipulations and involving
more reagents in the Digit Chip would require more inlets,
and a 2D configuration of these buttons and valves. Valving
mechanisms must be added at each node to control the direc-
tionality of pressure applied, just as was illustrated here to
make the concentration gradient. One natural extension of the
existing device would be to have two parallel Digit Chip motifs
emptying into a common chamber, with one having chambers
10x larger than the other. This “ones and tens” configuration
would allow any integer value between 1 and 100 to be metered
and dispensed with only a small increase in complexity.

Just as has been shown with digital microfluidics,**>* a
vast modular library of manipulations and different assays
could be built from the Digit Chip using a few stock 1D and
2D configurations of wells, valves and buttons. These device
configurations would need to be optimized for the maximum
number and type of fluid manipulations possible, but not
with a need for any reagents to be loaded beforehand. There-
fore a single chip design could be used for many assays (e.g.
any titration involving a given number of reagents) or rapid
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experiments performed in the field. However, this modularity
comes at the cost of easy assay automation. A general limita-
tion of user-programmable digital fluidic platforms is that
more sophisticated assays may require more buttons and thus,
greater user involvement and more complicated instructions.

Conclusion

In summary, we introduce a device for power-free and user-
programmable manipulation of small sample volumes. A se-
quence of microfluidic chambers connected by capillary valves
connected to pressure-regulated buttons allow for discretized
dispensing of sub-nanoliter volumes. This device architecture
enabled power-free dispensing of volumes in increments as low
as 21 pL and near 97% accuracy. The volume dispensed could
be fine-tuned in 10 increments across one order-of-magnitude.
The number of volume increments could be increased in future
iterations of the device. A series of devices is used to generate a
concentration gradient with 10 discrete concentrations in sub-
microliter volumes, and to determine the susceptibility of bac-
teria to various concentrations of antibiotic. This device could
help bring a new class of assays, which require sophisticated
manipulations of small volumes, to low-resource settings.
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