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There is a need for valves and pumps that operate at the microscale with precision and accuracy, are versatile in
their application, and are easily fabricated. To that end, we developed a new rotary planar multiport valve to
faithfully select solutions (contamination = 5.22 + 0.06 ppb) and a rotary planar peristaltic pump to precisely
control fluid delivery (flow rate = 2.4 + 1.7-890 + 77 pL/min). Both the valve and pump were implemented in a
planar format amenable to single-layer soft lithographic fabrication. These planar microfluidics were actuated by
a rotary motor controlled remotely by custom software. Together, these two devices constitute an innovative
microformulator that was used to prepare precise, high-fidelity mixtures of up to five solutions (deviation from
prescribed mixture = +|0.02 + 0.02| %). This system weighed less than a kilogram, occupied around 500 cm?®,
and generated pressures of 255 + 47 kPa. This microformulator was then combined with an electrochemical
sensor creating a microclinical analyzer (uCA) for detecting glutamate in real time. Using the chamber of the pCA
as an in-line bioreactor, we compared glutamate homeostasis in human astrocytes differentiated from human-
induced pluripotent stem cells (hiPSCs) from a control subject (CC-3) and a Tuberous Sclerosis Complex (TSC)
patient carrying a pathogenic TSC2 mutation. When challenged with glutamate, TSC astrocytes took up less
glutamate than control cells. These data validate the analytical power of the pCA and the utility of the micro-
formulator by leveraging it to assess disease-related alterations in cellular homeostasis.

1. Introduction

Microfluidics conserve resources by performing experiments with
lower volumes of reagents, thereby decreasing cost and facilitating a
multiplicity of trials. This miniaturization also increases accessibility
while reducing weight, volume, and device power requirements,
enabling remote (point-of-care) field work and at-home testing.

However, when creating formulations at the microscale, the difficulty in
precisely controlling flow rate and accurately selecting solutions has
traditionally resulted in decreased formulation fidelity, limiting the
scope of experimentation [1,2]. In applying microfluidics to biological
systems, the drive to increase fidelity has resulted in a range of
specialized microphysiological platforms, yet there is a need for versa-
tile multi-valve fluidic platforms that are accurate, precise, modular, and
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accessible [3-5].

Microphysiological systems research, an area of ever-increasing
importance in pharmacology and toxicology, utilizes microbioreactors,
also known as organs-on-chips or tissue chips, to recapitulate 2D or 3D
tissues in vitro [6-11]. These chips can be used independently to study a
singular organ or they can be coupled to approximate organ systems. In
particular, organs-on-chips can benefit from the application of cellular
microphysiometry to measure dynamic changes in acidification [12,13]
or multiple analytes [14-17], but this will require the use of one or more
pumps or valves dedicated to each experiment. In their operation,
organs-on-chips are nourished by either intermittent media replacement
or perfusion. Some organs require shear forces, and therefore perfusion,
to achieve proper function. For perfusion, the flow of media is typically
driven by syringe pumps or reservoirs pressurized by gravity, surface
tension, or compressed gas although bio-pumps have also been created
where contraction of cardiomyocytes drives fluid flow [18]. In most
cases, changing the media composition or adding a drug or toxin re-
quires that the entire contents of the input reservoir be altered, the sy-
ringe replaced, or drug injected through a septum—valves are seldom
used. Therefore, microphysiological systems can benefit from hardware
that can automatically transition between media formulations, deliv-
ering drugs and toxins and removing samples for analysis [19].

Creating a versatile multiport fluidic microformulation system relies
on delivering precise and predictable flow that can seamlessly transition
between different fluids, a task that requires both in-line flow and a
multiport valve [20]. Creating in-line flow, the first of these two re-
quirements, allows fluid to be changed or replenished without stopping
liquid flow, enabling continuous application of differential treatments.
Many early microfluidic experiments using in-line flow were based on
electrophoretic motivated flow. However, the high electric potential
required for these experiments can interfere with analysis and the ma-
terials are limited and/or incompatible with cell culture. More recently,
external peristaltic pumps can provide in-line flow, support cell culture,
and even create the shear forces needed for differentiation in micro-
physiological systems [21,22]. However, these pumps have traditionally
been cumbersome, highly specialized, or expensive [12]. Although ex-
amples of compact, versatile pumps can be found [21,23], there is unmet
demand for easily integrated microfluidic pump-valve systems.

Previously reported microfluidic valves operate on a variety of
actuation principles, including pneumatic, thermal, piezoelectric, mag-
netic, and mechanical [24,25]. Perhaps the most commonly used valves
are the pneumatically-actuated normally-open valves developed by
Quake and co-investigators [26] (normally-closed valves have been
developed by Mathies and co-investigators [27,28]). One appeal of these
valves is that three or four of them can operate in series as a peristaltic
pump. To use these devices as either pumps or valves, pressurized air
and multiple external solenoids and air lines are required. Additionally,
no single one of these valves can select between multiple inputs and
outputs, leading to a rapid proliferation of tubing and solenoids for any
non-trivial fluidic logic or pump. Thus, microphysiological systems can
similarly benefit from valves that can faithfully select between multiple
inputs and/or outputs within a single, compact microfluidic device.

Relatively rare or phenotypically complex diseases, which are diffi-
cult to study by traditional methods such as epidemiology and animal
models [29], are the focus of much of microphysiological systems
research [30].Tuberous sclerosis complex (TSC) is an appropriate
example: this rare genetic disease manifests itself by the appearance of
“benign” hamartomas (tubers) in the brain and other vital organs, and
seizures that adversely affect maternal and fetal outcome and as such is
ill-suited for human drug trials [31]. For many TSC patients, the most
challenging symptom is epilepsy, a neurological disorder resulting from
many different mechanisms. An emerging model of epilepsy places
excitotoxicity from overstimulated glutamate receptors at the focal
point [32]. As glutamate transporters are predominately expressed in
astrocytes, this suggests that altered astrocyte metabolic dynamics may
play a role in the pathogenesis of epilepsy.
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Here, we describe a new class of microfluidic pumps and valves that
deliver precise control of flow rate and offer high fidelity sampling with
compact, versatile, easily fabricated devices. The pump and valve were
automated for efficiency and accuracy with the support of an intuitive
user interface. This new platform was then coupled with electrochemical
detection to automate analysis [20,33]. We then used this innovative
technology for real-time microphysiometry of glutamate metabolism in
human astrocytes derived from a control subject and a TSC patient
carrying a heterozygous loss-of-function mutation in the TSC2 gene.

2. Materials & methods
2.1. Pump and valve fabrication

The pump and valve were designed and built in-house utilizing
technologies developed at the Vanderbilt Institute for Integrative Bio-
systems Research and Education (VIIBRE) (synopsis: http://cttc.co/tech
nologies/rotary-planar-peristaltic-micropump-rppm-and-rotary-planar
-valve-rpv-microfluidic-systems). Both pumps (See Pump Fabrication in
supplemental materials) and valves (See Valve Fabrication in supplemental
materials) were produced by combining a motor-driven actuator as-
sembly with a custom fluidic chip (See Microfiuidic Chip Fabrication in
supplemental materials). Custom Automated Multi-Pump Experiment
Running Environment (AMPERE) software operating on a notebook
computer and a custom microcontroller unit automated the pump speed
and valve position (see Automation: Hardware and Software Design in
supplemental materials). The combination of five reservoirs connected to
a five-port valve that was upstream of a pump comprised a micro-
formulator. One of these microformulators with five sample vials (res-
ervoirs) and an electrochemical sensor comprised a microclincal
analyzer (LCA). These pumps and valves were used for all scalar, spec-
troscopic, and electrochemical measurements.

2.2. Pump and valve operation

For operation of the rotary planar peristaltic micropump (RPPM),
AMPERE rotated the pump actuator at a given number of revolutions per
minute (rpm), so that when the inlet port on the microfluidic chip was
connected to a liquid, it created flow within the fluidic channel. For
operation of the five-port rotary planar valve (RPV), a one-time cali-
bration procedure was required to set the valve actuator position rela-
tive to the ports. First, the valve was manually positioned so that the first
port was open. Then, using AMPERE’s tare feature, the software set and
stored that position as the 0° position in the non-volatile memory of the
USB microcontroller (MCU) (Arduino Uno R3, Arduino). With the tare
value set, the software can then rotate the actuator to 72°, 144°, 216°, or
288° to open other corresponding ports.

2.3. Microformulator validation: leakage

To assess microformulator function, the pump and valve were visu-
ally inspected. The microformulator was primed with deionized water
followed by a blank (4% w/v nitric acid, 12 h) and visually inspected for
leaks. Any devices that were visually distressed or leaking were removed
from the study.

2.4. Pump validation: pressure capacity and stability

The pressure capacity and stability of the pump was determined by
connecting the pump to a pressure gauge. To do this, the pump’s input
port remained unplumbed so that the pump could draw air from the
room, and the output port was connected with Tygon tubing to a 2-inch
adaptor vessel attached to a pressure gauge (Grainger, Lake Forest, IL)
by way of a nut and ferrule connection. The pump was then set to run at
40 rpm until the air pressure no longer increased (less than 5 min). The
pump was turned off and the air pressure at capacity was recorded. One
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pump was left under pressure and pressure stability was recorded over
time.

2.5. Pump validation: flow rate

To assess pump flow rate fidelity, a pump was connected in line to a
flow sensor (Sensirion, SLI-1000, Staefa, Switzerland) and programmed
to sequentially increase actuator speed (0.1, 0.5, 1, 2, 5, 10, 15, 20, and
25 rpm for 600, 120, 60, 30, 30, 30, 30, 30, and 30 s, respectively). Real-
time flow rate was recorded and plotted with one data point per second
(each of these data points was an average of 1,000 data points). The
average and standard deviation at each actuator speed was then plotted
and linearly fit.

2.6. Valve validation: sample fidelity

Valve fidelity was quantified by assaying for sample contamination
after passage through the microformulator. For this, a barium standard
(100 ppm, 4% w/v nitric acid) was made from a concentrated metal
solution (High-Purity Standards, Charleston, SC), Optima grade nitric
acid (Fisher, Waltham, MA) and 18.2 MQ deionized water. Then, four of
the channels were filled (20 rpm) with this Ba solution and the
remaining channel was flushed with a blank solution (4% nitric acid).
The blank solution was sampled from the fifth port (288°), the farthest
port from the common channel, so that the sample path flowed past each
of the Ba-restraining ports before being collected. After flushing for 30
min, three consecutive aliquots of effluent (1 mL each) were collected
from three devices and analyzed for Ba content through inductively
coupled plasma optical emission spectroscopy (ICP-OES) on an Optima
7000 DV (Perkin Elmer, Waltham, MA) at 455.403 nm and percent valve
contamination was calculated using the following formula, where conc;
is the initial concentration and concs is the final concentration.

[(concj-concy)/conc;]x100 % 1)

2.7. Microformulator validation: mixing

To validate the microformulator’s delivery, mixtures were made and
analyzed. The valve was programmed to open each of four ports sam-
pling a metal-containing solution, thereby priming the lines with silver,
barium, yttrium, and cadmium standards (0, 20, 100 ppm metal, 4% w/
v nitric acid, 20 rpm). Then, each channel was opened (45 s, 2 s stop
during valve change) to sample the metal-containing solutions, and the
fifth channel was opened (5 min) to sample the blank (4% nitric acid).
The resulting mixture was collected (five samples/device) for ICP-OES
analysis. Each aliquot of this mixture was diluted 1/10 with 4% nitric
acid and analyzed by ICP-OES at 371.029 nm, 233.527 nm, 214.440 nm,
and 328.068 nm for Y, Ba, Cd, and Ag, respectively.

To compare port function, effluent from each of the ports was
collected and the mass of the output was quantified. First, the valve was
programmed to open each of the five ports (45 s each) and the pump was
set to run at 20 rpm. After using this program to prime the lines, the
output of each port was quantified by holding each channel open, and
collecting and measuring the mass of the effluent (45 samples/device).
These data were used to calibrate the flow rate for each port of the valve.

2.8. Electrochemical measurements: AMPERE program validation and in-
line mixing

To demonstrate application of the microformulator and validate
programming, the microformulator was integrated with an electro-
chemical detection system [14] to either create in-line mixtures or
achieve sample resolution.

First, the sensor was modified with a standard reference material and
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an enzyme, making it sensitive and selective to glutamate [34]. The
sensor consisted of a platinum screen-printed electrode array that was
designed in house and made by Pine Research (Durham, NC). This array
featured five electrodes: three platinum disk electrodes and two band
electrodes. The larger of the two band electrodes (A =19 mm?) was used
as an Ag/AgCl quasi-reference, while the other (A = 0.08 mm?) was not
used. The three platinum disk electrodes (A = 1.8 mm?) were used for
glutamate detection. The electrode was made sensitive to glutamate by
drop-casting a mixture of glutamate oxidase enzyme on the electrode
array. Glutamate oxidase from Streptomyces (CAS # 39346-34-4, Sigma
Aldrich, St. Louis, MO) was dissolved in 800 mg/mL bovine serum al-
bumin (BSA, Sigma Aldrich) in minimal buffer (2 mM PBS, pH 7) to 10
mg/mL and stored for up to one month at —18 °C until use. When
required, these glutamate oxidase solutions were thawed, glutaralde-
hyde was added to 0.25 % wt/v, and the mixture was vortexed for
approximately five seconds. After mixing, the glutamate oxidase solu-
tion was quickly drop-cast by pipetting 1.0 pL onto the platinum disk
electrode surface. This solution was allowed to dry under ambient
conditions for one hour. For the automated electrochemical glutamate
calibrations, the electrodes were used as is. For the cellular micro-
physiometry experiments, a 1.0 pL droplet of Nafion (5% v/v) was
deposited on top of the glutamate oxidase to coat the electrode surface
and exclude potential interferents. The layered device was allowed to
dry for an additional 45 min before use. If not used immediately, elec-
trodes were stored in the dark and in buffer (2 mM PBS/120 mM KCl, pH
7).

These sensors are first-generation sensors that rely on the recognition
of glutamate by the enzyme glutamate oxidase. When glutamate is
encountered, the enzyme’s oxidase function converts glutamate to
a-ketoglutarate and, as a side product, O, gets converted to HyO. This
side product, HyO, can be oxidized directly at the electrode surface,
providing a signal that can be monitored electrochemically.

To investigate in-line mixing, the microformulator was integrated
with the electrochemical detection cell, and electrochemical measure-
ments were performed at varying sampling intervals and pump speeds
programmed into AMPERE using a tabulated command sequence. The
electrochemical detection cell (26 pL)—consisting of a fluidic housing
and the hardware to seal the glutamate sensor within it—was connected
to the microformulator using Tygon tubing, creating the microclinical
analyzer (pCA). Using AMPERE, a tabulated command sequence was
created to vary pump speeds and port designations. The valve was set to
oscillate between 0 and 80 pM glutamate (port 1 and 2), with either 15,
30, or 60 s between port switches. During the time the valve was set to
oscillate, the pump was programmed to pump at either 5, 10, 20 or 40
rpm, switching off for 1 s at each valve change. The electrical contacts on
the SPE were then connected to a CHI-1440 multi-channel multi-
potentiostat (CH Instruments, Austin, TX) and it was set to hold +0.6 V
vs. Ag/AgCl and the current was monitored.

2.9. Electrochemical measurements: automated enzymatic sensor
calibration

To demonstrate the power of automation, the pCA was set up and a
calibration protocol was programmed into AMPERE and executed. To do
this, the five valve input ports were connected to five calibrant reser-
voirs (0, 20, 40, 80, and 160 pM glutamate, each in 2 mM PBS, 120 mM
KCl, and pH 7.0) and the common valve output port was connected to
the pump, whose fluidic output passed through a debubbler and then to
the electrochemical detection cell. Using AMPERE, the microformulator
was programmed to sample the five calibrants and administer them to
the downstream electrochemical glutamate sensor. Experiments were
run at flow rate of 20 pL/min (pump speed of 0.5 rpm). Before cali-
bration, buffer was run through the system for the first 5 min while the
baseline established. Then, calibrants were sampled for 240 s each with
240 s of buffer (2 mM PBS, 120 mM KCl, pH 7.0) in between each cal-
ibrant to re-establish the baseline. In between each calibration, the flow
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rate remained the same and buffer was run through the system. The
program was set to loop and run a calibration every four hours and
measured 19 glutamate calibrations over 76 h. Data presented are for
one glutamate sensor. Relative change in sensitivity was calculated by
dividing the slope of the line for a give calibration by the slope of the first
calibration and multiplied by 100. Experiments were run at ambient
conditions.

2.10. Derivation, validation, and differentiation of hiPSCs into astrocytes

Two hiPSC lines were used in this study: CC-3, a previously published
cell line derived from a control female subject [35], and TSP8—15, a cell
line derived from a female patient with TSC and epilepsy (chromosome
16 C to G mutation at position 2131735 causing a premature stop
codon). Human dermal fibroblasts were obtained by skin biopsy after
patient consent/assent granted under an approved IRB protocol (Van-
derbilt #080369) and reprogrammed by electroporation with the CXLE
plasmid vectors using the Neon Transfection System (Life Technologies,
Carlsbad, CA) following published methods [36,37]. Normal karyotypes
and lack of plasmid integration into the genomic DNA were confirmed
for both lines. Pluripotency was validated by Pluritest [38], and/or
immunostaining for pluripotency markers and their capacity to differ-
entiate into cells derived from all three germ layers as well as into
mature neural lineages [37,39-41].

Differentiation of hiPSCs into astrocytes was performed by differ-
entiating hiPSCs into cortical glutamatergic neuronal cultures, followed
by a gradual enrichment of astrocytes in these cortical cultures. In brief,
neural precursor cells (NPCs) were derived using a 11 day dual SMAD
inhibition method as described by Chambers et al. 2009, except that 0.4
pM LDN-193189 (Stemgent, Lexington, MA) was used instead of noggin
[42]. On day 11, NPCs were transferred into neural differentiation me-
dium, which corresponds to the neural maintenance medium described
by Shi, Kirwan, and Livesey [43], except no additional insulin (other
than what is already present in the N2 supplement) was included, for
further differentiation and maturation [44,45]. Between day 140-160
the medium was changed to BrainPhys Neuronal Medium (StemCell
Technologies, Cambridge, MA) and the cultures were regularly propa-
gated until pure astrocytic cultures were obtained. Cultures differenti-
ated for about 300 days were assessed for glutamate uptake.

2.11. Astrocyte culture for glutamate homeostasis experiments

To assess glutamate homeostasis of control (CC-3) and TSC-patient
(TSP8—15) astrocytes, cells were harvested and replated at equal den-
sity onto filters of 12 well Transwell plates (Corning #3462, Corning,
NY). Immunohistochemistry and glutamate uptake were quantified once
the astrocyte cultures had reached confluency.

2.12. Immunocytochemistry

Immunocytochemical analysis was performed on astrocytes plated
into 96 well pclear plates (Greiner Bio-One, Monroe, NC) or on 12 well
Transwell filters (Corning #3462, Corning, NY) as described by Neely
et al. 2012. Briefly, the cells were fixed in PBS containing 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 30 min at
room temperature, permeabilized with 0.2 % Triton-X100 for 20 min at
room temperature and then incubated in PBS containing 5% donkey
serum (Jackson ImmunoResearch, West Grove, PA) and 0.05 % Triton-
X100 for 2 h at room temperature or overnight at 4 °C. The following
primary antibodies were used: mouse anti-glial fibrillary acidic protein
(GFAP) antibody (diluted 1:1000, Cell Signaling Technology, #3670,
Danvers, MA) and rabbit anti-S100 (diluted 1:500, Dako, #Z 0311, Troy,
MI). Secondary antibodies conjugated to DyLight 488 or DyLight 549
(diluted 1:800, Jackson ImmunoResearch, Westgrove, PA) were incu-
bated either for 2 h at room temperature or overnight at 4 °C. Images
were obtained with a Zeiss ObserverZl microscope and AxioVs40
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software (version 4.7.2).
2.13. Cellular microphysiometry

Online electrochemical analysis was done as before [34], with some
modifications.

After making the electrode selective to the glutamate, it was loaded
into the pCA housing for calibration. First, glutamate oxidase modified
electrodes were sealed against the closed-cell polymethylmethacrylate
housing (external dimensions w = 43 mm, | = 43 mm, h = 23 mm, in-
ternal dimensions r = 6 mm, h = 0.23 mm) with an O-ring, aligned with
magnets, and compressed with screws. Then, calibrations were per-
formed within an incubator by monitoring the current generated by five
solutions ranging from 0 to 500 pM glutamate in BrainPhys media.
Calibrants were sampled through a valve and pulled by the pump at a
flow rate of 20 pL/min, and monitored by a CHI 1440 potentiostat held
at +0.6 V vs. Ag/AgCl until a steady state was reached (~4 min). Each
calibrant was interspersed with buffer (2 mM PBS, 120 mM KCl, pH 7.0)
to provide a baseline. All calibrations were conducted at 37 °C, and 5%
CO». Finally, a linear regression of the calibration data was used to
calculate astrocytic glutamate uptake in the experiments below.

After sensor calibration, a Transwell membrane with astrocytes
(8-12 days in culture) was removed from its ridged plastic support with
a paring knife and transferred to the pCA bioreactor. To transfer the
membrane, the electrode housing was opened and a membrane was
placed on top of the electrode with the cells facing up. A second 0.3 pm
membrane was placed on top to secure the cells in place. The two
membranes were aligned with the electrode and the O-ring by the
magnets on either side of the housing and compressed with the screws to
seal the cell chamber. During treatment, the bioreactor chamber was
amperometrically monitored by three different glutamate-sensitive
electrodes along the cell-containing membrane at 0.6 V vs. Ag/AgClL
First, the cells were allowed to equilibrate in BrainPhys without N2A
and SM1 supplements (10 min) before 50 pM glutamate in the same
medium was passed over the cells (10 min). Then, BrainPhys was passed
over the cells again (10 min) before challenging the cells with 500 pM
glutamate (10 min). Flow was stopped for two seconds in between
treatments to prevent pressure backup during the valve change, other-
wise a flow of 20 pL/min was maintained for both the treatments and
calibrations. Calibrations were performed before every one to two ex-
periments. All calibrations and treatments were done at 37 °C and 5%
CO,. Using the current generated by the sample and the slope and
intercept of the calibration curve, the glutamate concentration for a
given current response was calculated. Then, the cellular uptake was
calculated from the difference between the measured glutamate con-
centration and the glutamate concentration applied to the cells (50 pM
or 500 pM).

3. Results

3.1. Microformulator (pump and valve) design, fabrication, and
validation

The valve is an innovative bistable design in that it has two stable
resting positions—normally-open and normally-closed—depending on
the actuator position (Fig. 1B), that can maintain the valve settings for
all ports without the need for continuous electrical power, vacuum, or
pressure. The pump was designed so that rotation of the actuator peri-
staltically drives liquid flow through the microfluidic channel (Fig. 1A).
The microformulator (pump and valve assembly) weighed less than 1 kg,
occupied ~500 ecm®, and cost less than $18 in materials and labor to
fabricate [pump and valve are pictured in Fig. 2 and their design is
detailed in Supplemental Figs. 1 (pump) and 2 (valve)]. Both micro-
fluidic chip configurations were approximately the size of a credit card
(30—34 x 50 mm, Supplemental Fig. 3) and accommodated low vol-
ume requirements (pump chip = 40 pL, average valve channel = 20 pL).
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Fig. 1. Design and principle behind the rotary planar pump and the bistable rotary planar multiport valve. Drawings of A) the rotary planar pump and B) the
bistable multiport valve showing both the normally-open and normally-closed configurations that result from rotating the actuator. A) In the assembled rotary planar
pump, the motor’s drive shaft turns the rollers over the pump chip to create fluid flow. Inset, as the actuator moves the rollers, the fluidic channel goes from closed to
open, peristaltically advancing fluid along the channel. B) The valve operates by the drive shaft positioning the actuator groove over the ball and allowing the ball to
rise, thereby relieving pressure on the valve chip and opening the channel. Inset: as the actuator rotates clockwise, the groove moves to the left past valve port one and

port one closes.
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Fig. 2. Photographs of the microformulator. A) The fully assembled microformulator: pump, valve, and sample vials with the electrochemical detection system
(microclinical analyzer) with the inset showing a drawing of the electrodes and the sample chamber. B) The rotary planar peristaltic pump showing rollers positioned
against the channels in the pump chip. C) The rotary planar multiport valve showing the five balls positioned against the channels of the valve chip. The valve

actuator is mostly hidden by the black H-shaped ball fixture.
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These chips have endured over eight months of continuous use and 57
million actuator revolutions, with a single pump chip recirculating over
1,930 L of water before failure.

3.2. Microfluidic pump validation

To quantify flow characteristics, the pump was integrated with an in-
line flow sensor and flow rate was monitored at different actuator
speeds. Flow rate correlated linearly with actuator speed (R2 = 0.999)
and had predictable flow from 2.4 + 1.7 pL/min (0.1 rpm) to 890 + 77
pL/min (25 rpm, Fig. 3). At 0.5 rpm, used for biological tests, the flow
rate was 20.7 pL/min with a standard error of the mean of +0.2 pL/min.
This pump weighed less than 0.5 kg and occupied ~250 cm?®.

3.3. Pump validation: pressure capacity and stability

The maximum pressure, Ppqy, that the pump chips produced was
determined by pumping air into a pressure gauge and measuring the
maximum pressure achieved. The average value of Pp,q, for the pump
chips tested was 256 + 47 kPa, n = 3. When the pumps reached P;,qy, the
pressure gauge showed slight fluctuations (~14 kPA) at the same fre-
quency of the rollers departing the channel. In a test of one pump, when
the pump was stopped and pressure was left in the pump chip, the
pressure decreased over time (t = 0, 296 kPa; t = 30 min, 283 kPa; t = 1
h, 262 kPa; t = 2 h, 214 kPa).

3.4. Microfluidic valve validation: sample fidelity

The ability of the microformulator to deliver one sample at a time
with high purity was tested by sampling fluid from the 5th port of the
valve and assaying for barium content. Upon analysis, contamination
levels were found to be low (0.00522 + 0.00006 % or 5.22 + 0.06 ppb of
Ba, mean and standard deviation, n = 9, three devices).

3.5. Microformulator validation: mixing

The microformulator’s ability to deliver a given prescribed mixture
was tested using ICP-OES. When each metal was sampled for an equal
amount of time, concentrations in the resulting mixtures showed strong
agreement between the expected and measured values, ranging from
-0.02 + 0.02 % to 0.02 + 0.02 % relative to one another (Fig. 4A, n =5,
average deviation of all ports and devices = 0.009 + 0.019 %, n = 60)
when corrected for flow rate. Then, to test the effect of port switching on
mixture fidelity, the microformulator alternated between sampling
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barium and a blank. The microformulator was most precise operating
under port switching periods greater than ten seconds (deviation be-
tween expected and measured values = 0.01 + 0.02 % at 1.2 switches
per minute and 0.02 £ 0.03 % at six switches per minute, Fig. 4B). When
switching every second, the agreement between the expected and
measured values decreased significantly (0.12 + 0.10 %, p < 0.05).

3.6. Electrochemical measurements: program validation and in-line
mixing

Using AMPERE to control the microformulator, mixing in the elec-
trochemical detection cell was investigated at varying switching speeds
and flow rates. A current between that of the glutamate sample (~ -80
nA) and that of the buffer (~ 0 nA), was seen at lower flow rates and
faster switching speeds (Supplementary Fig. 4A, pump speed = 5 rpm,
15 s pulse [orange trace]). Decreasing switching to a 30 s interval (green
trace) showed greater current oscillations. Further decrease of the
switching speed to 60 s (blue trace) shows larger changes in current. At
this 60 s switching frequency, the peaks and valleys showed a flattening
(Supplemental Fig. 4B, blue trace). Further increase of pump speed to
20 rpm shows peak and valley flattening at both 60 s and 30 s switching
speeds (Supplementary Fig. 4C). Increasing the pump speed to 40 rpm
shows close to full current oscillations at all switching intervals tested
(Supplementary Fig. 4D).

3.7. Electrochemical measurements: cyclic voltammetry of glutamate
oxidation

Glutamate oxidase was drop cast on an external Pt working electrode
(without Nafion) in the same fashion as with the screen printed elec-
trodes. Then, the Pt working electrode, Ag/AgCl reference electrode,
and a Pt wire and mesh counter electrode were attached to a 1440
potentiostat and cyclic voltammetry scans were done in both 2 mM PBS,
120 mM KCl, and Brain Phys media with varying concentrations of
glutamate (0, 0.05 and 4 mM). CV scans were done at 0.02 V/sec as two
sweep segments with a sample interval of 0.001 V and 2 s of quiet time
before the scan (Supplemental Fig. 6). Based on the CVs, an over-
potential of +0.6 V was chosen for amperometry experiments.

3.8. Electrochemical measurements: automated enzymatic sensor
calibration

To demonstrate the utility of AMPERE automating fluid flow and
selection, electrochemical calibrations of an enzymatic glutamate sensor
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Fig. 3. Pump flow rate analysis at different actuator speeds. Flow rate vs. time plot showing an increase in flow rate with increasing actuator speed. For each
speed tested (0.1, 0.5, 1, 2, 5, 10, 15, 20, and 25 rpm), the flow rate was monitored using a flow sensor for at least one actuator revolution. Transient decreases in flow
rate are seen when the actuator roller departed from the channel. At speeds above 25 rpm (far right), the flow exceeded the dynamic range of the sensor, which was
no longer able to measure flow accurately. Inset. Plot of average flow rate vs. actuator speed showing a linear increase in flow rate with increasing pump speed. Data
are presented as means and standard deviations. All experiments were conducted under ambient conditions.
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Fig. 4. Capability of a multiport valve to formulate mixtures as determined by inductively coupled plasma - optical emission spectroscopy (ICP-OES). A)
Deviation between expected and measured metal content from ports one through four relative to port one for three microformulators. To test the capabilities of the
valve for formulation, mixtures were made from five inputs dispensing either dilute metal standards or a blank (4% nitric acid) and the composition of the resulting
formulations was compared. For analysis, ICP-OES was performed for Y (port 1), Ba (port 2), Cd (port 3), and Ag (port 4) at 371.029 nm, 233.527 nm, 214.440 nm,
and 328.068 nm, respectively, on an Optima 7000 DV. B) Deviation between expected and measured metal content at three switching frequencies. To test valve
aptitude for formulation at different switching frequencies, effluent from an input holding a Ba solution (20 ppm Ba, 4% nitric acid) was sampled and mixed with a
blank (4% nitric acid) at different valve switching frequencies (60, 10, and 1/min), collected and assayed for Ba content using ICP-OES at 455.403 nm. Data are
represented as means and standard deviations, n = 5, from three microformulators in ambient conditions.

were executed via a tabulated command sequence. Ampere successfully 3.9. Differentiation of hiPSC -derived astrocytes

executed 456 individual command delivering samples necessary to

calibrate the sensor every four hours for 76 h. During this time the hiPSCs derived from dermal fibroblasts of a control subject (CC-3)
glutamate signal decreased, going from ~ -262 nA signal for 320 pM and a TSC patient (TSP8—15) with epilepsy were differentiated along a
calibrant to ~ -227 nA for the same calibrant. A corresponding slope cortical glutamatergic neuronal lineage for 140-160 days. Astrocytes
change from 0.803 at t = 0 to 0.702 at t = 72 h was seen (Fig. 5). were purified from these cortical glutamatergic neuronal/astrocyte

cultures as described in the methods section and fixed on day 353 of
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Fig. 5. Representative automated electrochemical glutamate calibration curves. The microformulator was used to automate calibrations of an electrochemical
glutamate sensor. These calibrations were run every four hours for 76 h, resulting in a total of nineteen calibrations. Each calibration represents 16 pump commands
and eight valve commands representing a total of 456 automated commands executed in one tabulated command sequence. A. Nineteen sequential calibrations
plotted as current vs. concentration showing decrease in current magnitude over time. Darker data points represent earlier calibrations and lighter data points
represent later calibrations, showing a difference in sensitivity from the first calibration (0.80 & 0.01 nA/pM, n = 3) and nineteenth calibration (0.70 + 0.01 nA/uM,
n = 3) and therefore a decrease in sensor sensitivity with time. B. Relative change in sensitivity represented as a percent. C. Real-time data of three subsequent
calibrations showing ~20,000 data points collected over these three calibrations and highlighting the benefit of automating electrochemical analysis. Calibrants (0,
40, 80, 160, and 320 pM glutamate in buffer [2 mM PBS, 120 mM KCl, pH 7.0]) were sampled at a flow rate of 20 pL/min for 240 s/sample with 240 s of buffer in

between samples to establish baseline. Experiments were run at ambient conditions. Data are presented as the average current for one sensor at varying glutamate
concentrations over time.
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differentiation.

3.10. Cellular microphysiometry

To test glutamate homeostasis, human astrocytes differentiated from
hiPSCs obtained from both a control subject and a TSC patient with
epilepsy were transferred to the bioreactor and exposed to both 50 and
500 pM glutamate. Just before adding the cells to the bioreactor, the
glutamate sensitive electrodes were calibrated (Supplemental
Figure 7). During treatment, glutamate concentration was measured in
real time (Fig. 6A) and the average glutamate concentrations were
quantified (Fig. 6B). When challenged with 50 pM glutamate, control
(CC-3) astrocytic cultures, took up 50 % of this treatment (5.1 + 0.7
pmoles glutamate, n = 13), whereas TSC astrocyte cultures took up only
10 % from a 50 pM glutamate exposure (1.0 + 0.7 pmoles glutamate, n =
7), significantly less than the control (CC-3) cultures (P < 0.007,
Fig. 6B). When challenged with 500 M glutamate, control cells (CC-3)
took up 60 % of the glutamate (64.5 + 6.8 pmoles glutamate, n = 13),
whereas TSC astrocytes took up 40 % of the glutamate (39.0 + 4.9
pmoles glutamate, n = 7), significantly less than the control (CC-3) as-
trocytes P < 0.007 (Fig. 6B).

3.11. Immunocytochemistry

To test for astrocytic markers, both control (CC-3) and diseased
(TSP8—15) cells were imaged. The large majority of cells in these cul-
tures expressed the astrocytic markers GAFP and S100 (Supplemental
Figure 8). No obvious difference in the expression of these two markers
was observed between control and TSC astrocytes.

4. Discussion

We developed a new class of microprocessor-controlled microfluidic
pumps and valves to address the need of the organotypic culturing field
for low-volume, automated systems for selecting and delivering solu-
tions [3]. The innovative bistable multi-port valve design was created so
that all of the five valves internal to the device had two stable resting
positions—normally-open and normally-closed—depending on the
actuator position (design principle detailed in Fig. 1B and assembly
detailed in Supplemental Fig. 2). The pump design also required
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rotation of its actuator. For the pump, rotation of the actuator peri-
staltically drove liquid flow through the microfluidic channel (design
principle detailed in Fig. 1A and assembly detailed in Supplemental
Fig. 1).

The microformulator used a modular microfluidic pump (Supple-
mental Fig. 1) and valve (Supplemental Fig. 2) that were designed to
be easily fabricated, accessible, durable, and portable. The design of
both the pump and the valve was centered around low-volume PDMS-
based microfluidic chips (Supplemental Fig. 3), although a variety of
other materials could be used depending on the application [7,25,46,
47]. These chips were based on a planar format that was easily fabri-
cated using single-layer soft lithography. Additionally, both chip con-
figurations were approximately the size of a credit card (30—34 x 50
mm), accommodated low volume requirements (pump chip = 40 pL,
average valve channels = 20 pL), and cost less than $18 in materials and
labor to fabricate. The resulting pump and valve pair was light-weight
and small, weighing less than a kilogram including motors and occu-
pying ~500 cm® when fully assembled. The common mode of fabrica-
tion, low cost, small size, longevity, and low-volume requirements make
this system accessible for creating in-line flow and faithfully selecting
solutions.

The rotary planar peristaltic pump was designed to deliver precise
and predictable in-line flow at the microscale. Within the pump, flow
was generated by positioning a pump chip between an actuator and a
baseplate and applying compressive force to close the channels such that
rotation of the actuator created in-line flow (Fig. 1A and Supplemen-
tary Fig. 1). To quantify flow characteristics, the pump was instru-
mented with an in-line flow sensor and flow rate was monitored at
varying actuator speeds. Flow rate correlated linearly with actuator
speed (R? = 0.999) and had predictable flow from 2.4 + 1.7 pL/min (0.1
rpm) to 890 + 77 pL/min (25 rpm, Fig. 3). When an actuator roller
departed from the channel, the flow showed a transient decrease in rate.
For example, two momentary drop-offs in flow rate can be seen at a
speed of 0.5 revolutions per minute over a two-minute period (600—720
sec, Fig. 3), corresponding to each of the actuator rollers. Overall, these
pumps endured over 57 million actuator revolutions and eight months of
continuous use, with a single pump chip recirculating over 1,930 L of
water before failure. With these pumps, reliable in-line pressure-driven
flow is available on demand for animating microphysiological systems
and coupling them to analytic instrumentation.
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In pressure-driven flow systems, it is important to know the
maximum achievable pressure Pyq, and stability of the system and
operate within those limits. When tested by pressurizing a chamber with
air, the pump chips were able to produce and hold 256 + 47 kPa, about
2.5 atmospheres, or just above a common automobile tire pressure. At
these pressures, the gauge showed slight fluctuations in sync with the
rollers departing the channels, similar to the fluid flow rate drops seen
(Fig. 3). Because of these oscillations, the pressure limit is thought to be
determined at the moment of approach and/or departure of the rollers to
the channel. While running at Py, air may be able to escape past the
roller and through the channel. The pressure of one pump chip was
found to decrease 28 % after 2 h. It is unclear if the pressure instability in
the chips is due to air escaping around the rollers. Alternative rationales
include air escaping at the Tygon tubing-PDMS junction, the Tygon
tubing-pressure gauge junction, or through the bulk PDMS. Given that
the viscosity of air is less than 1/50th of the viscosity of water, this air
test is a good demonstration of the ability of a stationary pump to hold a
back pressure. Using this fabrication process, the pump channels are
closed by the actuator being lowered onto and depressing the pump chip
until the channels close due to the pressure at the roller-chip interface.
Therefore, depressing the rollers further may increase the pressure ca-
pacity although it may also shift the failure mode resulting in tears or
delamination of the chip layers, for example. The flow resistance, and
therefore pressure within the system, can increase by increasing the flow
rate, increasing the viscosity of the substance flowing through the
channels or changing the flow path in such a way that increases the flow
resistance (sharper angles, smaller cross-sectional area, or larger surface
area of an organotypic culture platform, for example). However, as long
as the pressure against with the pump is normally pumping is much
smaller than Py, the flow rate of the pump will be independent of back
pressure. Shkolnikov et al. describe a miniature peristaltic pump that
exhibits just such a characteristic, with a Pmax of 48 kPa [48]. The pump
described here demonstrated a Ppax that is five times higher (~250 kPA
or 2.5 atmospheres), pumping to a pressure of 25 m of water—far in
excess of pressures typically used PDMS lab-on-a-chip devices. The
relatively high Pp,, and stability of the pump in the microformulator
allows for easy integration into a range of other systems.

Leveraging the same chip-based format as the pumps, we report a
new multi-channel rotary planar valve. This valve was designed to select
the flow path by combining an actuator that compresses an array of balls
against a valve chip so that, depending on actuator positioning, the ports
were either open or closed, selecting samples with high fidelity (Fig. 1B,
and Supplemental Fig. 2). Sample fidelity, expressed here as contami-
nation levels, was tested by sampling from the last port of the valve and
assaying for barium content. In this configuration, the barium-free
sample traveled the full length of the common channel and passed
four barium-restraining ports and, thereby, was exposed to multiple
sources of potential contamination, including valve leakage, absorp-
tion/desorption, and stagnant regions. Still, contamination was low
(0.00522 + 0.00006 % or 5.22 + 0.06 ppb of Ba, mean and standard
deviation, n = 9, three devices, Fig. 4). Using this five-port rotary planar
valve, one sample at a time was delivered with high purity within a
single compact microfluidic device. Pairing in-line flow with faithful
selection between multiple inputs enables continuous differential
treatment, a powerful fluid-handling tool.

The combination of predictable flow with high-fidelity sampling is
foundational in creating accurate and precise mixtures and, therefore,
microscale systems testing [8]. To create a mixture using the micro-
formulator, four ports were loaded with different metal standards and
sampled, and the resulting mixture was collected and analyzed using
ICP-OES. When each metal was sampled for an equal amount of time,
concentrations in the resulting mixtures from all five ports showed
strong agreement between the expected and measured values, ranging
from -0.02 + 0.02 % to 0.02 + 0.02 % relative to one another (Fig. 4A, n
= 5, average deviation of all ports and devices = 0.009 + 0.019 %, n =
60) when corrected for flow rate. To investigate how mixture fidelity
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changes with port switching speed, the valve was set to oscillate be-
tween two ports at different oscillation frequencies. When switching
every second, the agreement between the expected and measured values
decreased significantly (0.12 + 0.10 %, p < 0.05). The microformulator
was most precise operating under port-switching periods greater than
ten seconds (deviation between expected and measured values = 0.01 +
0.02 % at 1.2 switches per minute and 0.02 + 0.03 % at six switches per
minute, Fig. 4B). The five-port rotary planar valve used in-line flow and
alternated between solutions to successfully create mixtures with high
fidelity. While 10 s switching is adequate for many applications, re-
finements to the valve design could provide high fidelity delivery with
sub-second switching. Such refinements might include using absolute
rather than indexing encoders on the valve to allow the valve to reverse
rather than turn in one direction only and operating the motors at
transiently higher currents to provide higher torques at high switching
speeds. For operation, the pump should be turned off (<1 s) while
switching the valve. Additionally, changes in the pump design could also
increase accuracy in fluid delivery by reducing pulsatility.

To demonstrate the power of direct coupling and analysis, rapid, in-
line switching between samples was observed in real time. For real-time
analysis, the microformulator was paired with an electrochemical
detection cell, creating the pCA, although a variety of built-in sensors
could be used [49-51]. Electrochemical analysis was chosen because the
samples do not need any pre-processing, and the sensitivity of this
technique supports microscale testing. Using the pCA, switching speed
was quantified downstream of the microformulator by an electro-
chemical sensor. In any system with continuous in-line flow and
time-varying concentrations, samples are not isolated from each other
but delivered in series and separated by sample fronts that obey Pois-
euille flow. The size of the sample front—a spatially and temporally
defined region where mixing occurs—defines the experimentally
accessible time frame and range of formulations [52]. As pulses were
administered by the valve, patterns with 15-, 30-, and 60-second peri-
odicity (corresponding to the valve switching frequency) were reported
by the electrode (Supplementary Fig. 4). Because of the geometry of the
nCA chamber (radius = 6 mm) relative to that of the sample input tubing
(r = 0.25 mm), the sample front was expected to expand significantly
upon entry into the analytical chamber (volume = 26 pL). Therefore,
oscillating the microformulator between different sample inputs can
create mixtures in real time or allow for full sample resolution
depending on pump speed and sampling time interval. By setting the
pump to run at relatively low flow rates (5 rpm) and setting the valve to
rapidly oscillate between samples (15 s switching frequency), mixing
can be achieved in the electrochemical cell (Supplementary Fig. 4A).
Decreasing switching speed to a 30 s interval (green trace), or 60 s in-
terval (blue trace) showed greater resolution between the two samples
being drawn through the system. Holding the switching frequency at 60
s and increasing the pump speed, showed flattening at the peaks and
valleys of the blue trace, indicating full resolution of the two samples
(Supplementary Fig. 4B). Further increase of pump speed showed peak
and valley flattening at more rapid switching speeds (Supplementary
Fig. 4C and D). Therefore, depending on flow rate and the rate of os-
cillations between different sample inputs, the microformulator can
either provide sample resolution or create mixtures in real time,
enabling sequential treatments, calibrations or gradients to be created
and delivered. This pCA setup is ideal for real-time monitoring but is one
example of how the microformulator can be integrated with hardware
for in-line, real-time analysis. Moving forward, the scope of analytical
instrumentation used with the microformulator can be expanded to
include biochemical, spectroscopic, and spectrometric techniques [9,49,
53].

All of the microformulator features described thus far—predictable
flow, sample selection, mixture fidelity, in-line mixing, and analytical
coupling for real-time analysis—are of limited use without automation
to ensure proper execution. Although reducing the risk of human error
and increasing reliability often provide the initial impetus for
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automating systems, enhancing productivity by freeing researchers to
perform other tasks is a welcome collateral benefit. For example, one
time-intensive requirement of accurate electrochemical detection is the
need for sensor calibration. With the support of the intuitive user
interface provided by the Automated Multi-Pump Experiment Running
Environment (AMPERE, Supplemental Fig. 5), enzymatic glutamate
calibrations were automated to execute every four hours for 76 h
(Fig. 5). AMPERE was used to design and execute efficient and repeat-
able workflows for calibration by automating pump and valve operation.
For example, the automated electrochemical glutamate calibration
(Fig. 5) included 456 different pump and valve settings that could be
reexecuted with a single AMPERE command. Pump and valve protocol
parameters (pumping speed, valve port designation, and duration) were
defined in this software as a command sequence, which was then suc-
cessfully executed. With each subsequent calibration, the lactate signal
decreased slightly, going from - 262 nA to -227 nA over the course of 19
calibrations and 76 h of continuous use. Decreases in signal strength are
typical for enzymatic electrochemical sensors, and serves as a moti-
vating force for automation, since with frequent calibration, electro-
chemical sensors can operate accurately for extended periods.
Additionally, decreasing user interactions can facilitate a broad range of
experiments, including those requiring temperature regulation, light
deprivation, and sterile conditions. Automation also grants access to
temporal ranges previously inaccessible due to either the speed (sub-
second) or duration (days to years) of the experiment. Automation
makes this system a versatile and effective tool for microscale exper-
imentation—including animating microphysiological systems.

With automated fluid flow and sample selection in place, organo-
typic culturing and experimentation can be efficiently executed to
answer complex questions about health and disease. One open question
with regard to TSC is if the aberrant glutamate homeostasis observed in
Tsc1-astrocyte specific knock-out mice translates to humans. To address
this question and demonstrate the utility of the microformulator and the
HCA, control (CC-3) and diseased (TSP8—15) astrocytes (pictured in
Supplemental Figure 8) were placed in the electrochemical detection
chamber, and the chamber was sealed and connected to the micro-
formulator pump and valve. Then using the electrochemical detection
cell as a bioreactor, astrocytic response to glutamate challenge was
measured in real time (Fig. 6A). When challenged with a high dose of
glutamate (500 pM), TSC astrocytes only took up 60 % of the glutamate
that control astrocytes removed (P < 0.007, Fig. 6B). Although more
experiments are required to identify the mechanism of glutamate uptake
responsible, this decrease in astrocytic glutamate uptake may result in
increased glutamate in patients with TSC. If this is the case, it may cause
aberrant neuronal activity, which is hypothesized to translate to epi-
lepsy. When lower concentrations of glutamate (50 pM) were used as a
challenge, TSC astrocytes removed only 20 % of the glutamate that was
removed by control astrocytes (P < 0.007, Fig. 6B). Because this aber-
rant metabolism persists under a range of glutamate concentrations,
further research into its effect on neurocognition, learning, and memory
may also prove fruitful. In future studies, the microclinical analyzer can
be used to evaluate the mechanism responsible for the difference in
glutamate uptake seen here [54]. With experiments like these, we can
not only model and assess the physiological underpinnings of rare or
phenotypically complex diseases, but also investigate their response to
drugs and toxins.

5. Conclusion

This work describes an innovative microfluidic control and mea-
surement system that is versatile and portable, delivers low volumes
with accuracy and precision, and facilitates the efficient use of personnel
at an accessible price. Using the designs presented here, new in-line
rotary planar pumps and bistable multiport valves were created that
incorporated fluidic chips with a stepper motor to drive an actuator that
either moved liquid or directed flow with precision and accuracy. The
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capabilities reported here are versatile: the microformulator can be
easily integrated with a range of analytical instrumentation and orga-
notypic cultures. This system is also accessible: it weighs less than a
kilogram, occupies around 500 cm?, can pump to pressures of 256 kPa (i.
e., ~2.5 atmospheres), and costs under $18 in materials and labor to
fabricate. To demonstrate the utility of the microformulator and to
address current questions about health and disease, we compared the
physiology of hiPSCs derived from a healthy individual and one with
TSC. To this end, automated electrochemical analysis was used to
measure, in real time, the metabolism of astrocytes that had been
derived using hiPSCs from both individuals. When challenged with
glutamate, TSC astrocytes took up significantly less glutamate than did
control cells. These differences in glutamate homeostasis may make TSC
patients more vulnerable to glutamate-induced cytotoxicity, epilepsy,
and decreased mental faculties. However, the systems presented here go
beyond the investigation of TSC, as they can be routinely incorporated
into a wide range of experimentation, including the testing of chemicals,
drugs, cosmetics, and food ingredients.
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