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In this paper, we demonstrate that a functional, portable device for the growth of bacteria or
amplification of bacteriophage can be created using simple materials. These devices are comprised of
packing tape, sheets of paper patterned by hydrophobic printer ink, and a polydimethyl siloxane
(PDMS) membrane, which is selectively permeable to oxygen but non-permeable to water. These
devices supply bacteria with oxygen and prevent the evaporation of media for a period over 48 h. The
division time of E. coli and the amplification of the phage M13 in this device are similar to the rates
measured on agar plates and in shaking cultures. The growth of bacteria with a fluorescent mCherry
reporter can be quantified using a flatbed scanner or a cell phone camera. Permeating devices with
commercial viability dye (PrestoBlue) can be used to detect low copy number of E. coli (1-10 CFU in
100 L) and visualize microorganisms in environmental samples. The platform, equipped with
bacteria that carry inducible mCherry reporter could also be used to quantify the concentration of the
inducer (here, arabinose). Identical culture platforms can, potentially, be used to quantify the
induction of gene expression by an engineered phage or by synthetic transcriptional regulators that
respond to clinically relevant molecules. The majority of measurement and fabrication procedures
presented in this report have been replicated by low-skilled personnel (high-school students) in a low-
resource environment (high-school classroom). The fabrication and performance of the device have
also been tested in a low-resource laboratory setting by researchers in Nairobi, Kenya. Accordingly,
this platform can be used as both an educational tool and as a diagnostic tool in low-resource
environments worldwide.

Introduction constructs have been shown to be promising ‘“‘sensor compo-
nents” for the detection of arsenic,®® and heavy metals.”'° The
use of bacteria-based sensors and culture-based diagnostic
assays, however, requires simple and low-cost methods to culture
microorganisms. This manuscript demonstrates the design and

Point-of-care (POC) diagnostic devices are critical for testing
infectious diseases in resource-limited settings worldwide.'> POC
diagnostics can be divided into two categories: (1) devices that
probe for presence of molecular biomarkers using biochemical application of such a method.

assays, such as ELISA and PCR, and (2) devices that probe for In the design of point-of-care assays, one often follows the

presence of living organisms, most commonly bacteria, using ASSURED criteria. The tests must be Affordable, Sensitive,
culture-based assays. The growth of microorganisms in culture is Specific, User-friendly, Rapid and robust, Equipment-free and
the basis of many assays in clinical diagnosis, detection of Delivered to those in need.!? Other requirements, which are less
antibiotic resistance, food protection, water safety, and basic often emphasized in the design of POC devices, are inexpensive
research. Growth-based assays can be used to detect not only .~ production on-site by low-skilled personnel and simple
bacteria, but also important biomarkers or environmental quality control (QC).!"'2 Many modern point-of-care devices
contaminants. To this end, the tools of genetic engineering can were not designed to satisfy these requirements. For example,
be usedgitso convert bacteria or pacterlophage mto .blOIOglcgl lateral-flow tests and microfluidic platforms must be produced in
sensors.”” For example, bacteria carrying synthetic genetic an industrial process that requires expensive infrastructure (e.g.,
2Department of Chemistry, University of Alberta, Edmonton, AB, T6G microfabricatiop, rapid injectiog mold.ing, roll-to-roll proces-
2G2, Canada sing). Such devices could be delivered in the final form to the
®Harry Ainlay High School, Edmonton, AB, Canada. point-of-care, but they are not amenable to on-site production in
ler?sftti\ﬁireeoEnlg;?r;ee\rfeLg:sSa?‘tc%S’ l?frénurl]\llt:i?‘osbtiatliz nya low-resource settings. We believe that it is important to develop

' y Y devices amenable for autonomous point-of-care production.

1 Electronic Supplementary Information (ESI) available. See DOI:
10.1039/c21c40391a Such production could provide additional socio-economic
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sterile dry devices. To this end, we used the following steps: load the
device with water, autoclave the device, open it and allow the water
to evaporate in an aseptic environment (€.g., laminar flow hood)
and reseal the device. Sealed dry devices remain sterile until opened.
Alternatively, we observed that water evaporates from sealed
devices in ~60 h at room temperature and ~24 h at 60 °C (low
humidity). Such drying does not require an aseptic environment
because devices remain sealed at all steps of the production process.

Growth of bacteria or phage in standard conditions vs. a portable
device

We compared the growth of bacteria in three conditions: (1)
Suspension of bacteria in LB (15 i, 10-10° CFU mL?") were
permeated into a piece of paper (W114, 10 x 10 mm), which was
dropped into a shaking culture. (2) The piece of paper from (1)
was placed on top of agar (1.5% agarose). (3) The same
suspension of bacteria as described in (1) was inoculated into a
portable culture device. For sterile culture device inoculation, a
device was opened and a suspension of bacteria in LB was
spotted onto the growth zone. Bacteria in culture conditions (1)
(3) were incubated in the humidity-controlled incubator at 37 °C.
At a specific time, we determined the number of bacteria in each
condition. In the liquid culture control, we vortexed the paper
and culture media to extract the bacteria or phage that could be
stuck to paper. The number of CFU or PFU in the media was
then determined by the plaque- or colony forming assays. In the
agar plate control and in the culture device, we removed the
paper, placed it in 5 mL of LB media, and vortexed for 30 s. The
number of bacteria in each solution was determined using a
colony forming assay.

Quantification of the growth of phage was performed
similarly, with two key differences. Specifically, devices (1)—(3)
were inoculated with suspension of M13 phage and F(+) E. coli
(strain K12 ER2738) in LB. In addition, the number of phage
was determined using a plaque forming assay in agar overlay
containing excess of F(+) E. coli.

Culture of mCherry E. coli in culture device

The sterile dry device was loaded with 0.5 mL of sterile LB
media supplemented with arabinose (0.02%) and ampicillin
(100 mg mL2"), and the device was sealed until inoculation time.
For inoculation, the device was opened and 10 nlL of the LB
media containing a defined number of log-scale growing bacteria
were spotted onto the growth zone of the sterile culture device.
The device was sealed and incubated at 37 °C. At the specified
time, we scanned the device using a flatbed scanner (Laser jet
M1212 MFP, HP), and incubation at 37 °C was resumed after
scanning, if necessary.

In the experiments that involved induction of gene expression
by arabinose, the device was loaded with LB medium and
inoculated with a suspension of bacteria in LB medium. The
device was incubated for the specified time at 37 °C, opened,
supplemented with 50 niL of solution of arabinose (0.2%) and re-
sealed. The device was cultured, and at specific points was
scanned on a flatbed scanner or fluorescent scanner (Fluoro
Image Analyzer FLA-5000, Fuji Photo Film). Analysis of the
color intensity was performed using Adobe Photoshop CS5™
using the magenta channel of the CMYK-mode images.

Detection of E. coli and other microorganisms from environmental
samples in culture devices

Below is a typical sequence of steps for visualization of E. coli
and other microorganisms in culture devices using PrestoBlue™.
The device was loaded with 0.4 mL of LB media, autoclaved, and
kept closed until inoculation time. For inoculation, the growth
zone of the sterile culture device was loaded with 100 ni of
sample containing a defined number of log-scale growing
bacteria. If necessary, the device was sealed and incubated
overnight at 37 °C to culture the bacteria and promote formation
of colonies. To visualize the bacteria, the culture devices were
opened and PrestoBlue™ was sprayed into the bacterial growth
zone using a recycled, sterilized perfume bottle (e.g., Chanel #5,
10 mL). We repeatedly measured the mass of the sprayed liquid
from a representative spray cycle to determine that three cycles
of spraying deposited 90 j 5.7 nL. This amount was sufficient to
cover the entire growth area with an excess of PrestoBlue™.
Non-adsorbed solution of dye was shaken off; the devices were
then sealed and placed in a 37 °C incubator. At a specific time,
the devices were removed from the incubator and the intensity of
blue/red color was measured using a flatbed scanner. If
necessary, the devices were placed back in the incubator for
further development of color.

Microorganisms for environmental samples were collected from
soil and shoes using a swab, which were rinsed in 5 mL of sterile
water. 100 nlL of this solution was deposited onto the culture
device. Washroom door and elevator surfaces were wiped directly
by a sterile bacterial growth zone. All samples were cultured for
24 h, opened, sprayed with PrestoBlue™, and incubated for an
additional five hours to allow for the development of color.

Results

Performance of paper and gas-permeable membranes in bacteria
cultures

Our portable culture hinges on three main components: Simple
assembly platform based on adhesive tape, sheets of wax-
patterned paper that shaped the cultures and stored nutrients,
and sheets of PDMS that retained humidity in the device while
allowing gaseous exchange (Fig. 1A-C).

Adhesive tape has proven to be the simplest platform for
assembly of functionally complex, multilayer diagnostic
devices.?**! Adhesion between tape and paper substrate, however,
fails if the paper is permeated with water. Maintaining separate
dry and wet zones in the cultures device was essential for assembly
because printer wax (“solid ink’’) blocked permeation of water
into the paper; dry paper, in turn, maintained a strong seal to the
tape.2%?! Although wax is non-toxic to cells,!” bacteria did not
colonize dry wax-patterned areas. In contrast the wax-free
hydrophilic paper absorbed the culture media and served as
reservoir for the growth bacteria. To validate that paper does not
interfere with growth of bacteria, we permeated the suspension of
bacteria in LB media (10* CFU mL?") into a 2 x 2 cm sheet of
Whatman 114 paper (W114, 20 mm porosity, 190 mm thickness),
and placed it atop an agar slab and monitored the number of
bacteria in each sheet as a function of time (Fig. 2A). The rate of
growth of bacteria on the paper was similar to the growth rate in
the liquid culture (Fig. 2B).
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Fig. 2 (A) The PDMS acts as a lid in a Petri dish: it suppresses evaporation of water while allowing gaseous exchange. The scheme describes the
culture of bacteria in a sheet of paper permeated with LB and placed atop agar media, versus a culture sealed by PDMS. (B) The growth of bacteria in
both conditions is similar. (C) Evaporation of water from portable culture devices through PDMS. The presence of the dialysis membrane attenuates
evaporation. (D) Sealing the PDMS window with Scotch tape prevents evaporation and allows for the long-term storage of the device. The plot reveals
a 5.4% loss of water after 24 h of storage and 47% loss of water after 14 days of storage (for long-term storage, devices were sealed with Scotch tape).

To test the ability of PDMS to retain humidity, we permeated
a sheet of W114 paper with ~ 10 i of suspension of bacteria in
LB media and covered it with a PDMS sheet (Fig. 2A). The sheet
remained moist for several hours when it was covered by the
PDMS; the liquid evaporated entirely only after ~12 h of
culture. Bacteria amplified exponentially in this sheet (Fig. 2B);
the growth rate was similar to that observed in the sheet of paper
atop a slab of agar. The growth ceased once the sheet dried out
(not shown). These results confirmed that PDMS could be used
as a “lid” for portable bacterial cultures; however, the thin layer
of the nutritious solution stored in 200-mm-thick sheets of paper
was not sufficient to sustain bacterial growth for several days.
For a prolonged culture, we thus employed 1-2 mm thick pads
made of blotting paper. A pad measuring 1 x 1 cm and encased
in PDMS retained its humidity for several days at room
temperature (Fig. 2D).

We tested low-cost alternatives to expensive wet-strengthened
W114 paper, but it was not trivial because most cheap household
papers (e.g. paper towels) failed during fabrication or processing.
Most common problems were: (1) paper was too soft or too
porous for printing; (2) the paper deteriorated after autoclaving
in wet conditions; (3) Paper tore after cycles of opening and re-
sealing of the device. We did not perform an exhaustive search of
alternative matrices, nor did we try to modify the existing low-
cost paper matrices. But it is possible that paper with properties
analogous to those of W114 paper could be created by treating
much less expensive paper with a polymeric wet-strengthening
agent.

Fabrication of the device

The assembly of the device was optimized by a team of high-
school students, and tested by over 15 middle-school and high-
school students to date. The following steps assemble a device in
under a minute:

(1) Measure out 12 cm of packing tape.

(2) Bore a hole in the middle of the left half of tape using a
15 mm cork borer (Fig. 1D).

(3) Affix a 25 x 25 mm sheet of PDMS atop the hole (Fig. 1E,
top).

(4) Place one 40 x 40 mm sheet of patterned paper atop; align
the culture area and hole in the tape and seal the hydrophobic
part of the paper to the tape (Fig. 1H, top).

(5) Place a 15 mm paper pad atop the culture area, and fold
the tape in half to capture the pad in the middle of the right half
of the device (Fig. 1F, bottom).

(6) Open the device, then cover the pad on the right half with
dialysis membrane (Fig. 1F, bottom) and another piece of W114
patterned paper, aligning the hydrophilic area of the paper with
the pad (Fig. 1F, bottom).

(7) Fold the ends of the tape to create non-sticky ends for
simple handling (Fig. 1I). Close the device and apply pressure
throughout the device to seal the parts (Fig. 1J). The device is
ready.

We used two quality control (QC) tests to ensure proper
functionality: (1) The half of the device, which contains the pad,
should be able to absorb ~0.5 mL of water and not leak. (2) The
sealed device should be able to retain over 80% of water weight
over a period of 24 h (i.e. the mass of the device should not
change by - 100 mg over 24 h (Fig. 2C). The second QC can be
combined with the sterilization step: devices can be filled with
0.5 mL of non-sterile LB media, autoclaved, and stored for 24 h
to ensure a lack of evaporation.

Sterile devices with media inside could be stored for prolonged
periods of time if evaporation of liquid from the devices is
suppressed. The components of the device (LB media) are known
to be stable at room temperature for several months, but even
partial evaporation of the liquid from the device is detrimental to
the performance of the device (Fig. S7, ESIT). The main source
for evaporation is the PDMS window; if PDMS is covered with
Scotch tape, the evaporation rate diminishes, but slow evapora-
tion of water still occurs through the Scotch tape. Thus, for long-
term storage, the devices should be kept in a container, which is
entirely impermeable to humidity (e.g. typically we store 30-50
devices in a 100 mL glass jar or a polyethylene bag for a few days
prior to use). We are currently testing long-term storage of the

This journal is © The Royal Society of Chemistry 2012

Lab Chip, 2012, 12, 4269-4278 | 4273


http://dx.doi.org/10.1039/c2lc40391a

Published on 15 August 2012. Downloaded by University of Alberta on 02/09/2014 19:50:02.

View Article Online

devices (e.g. several months storage in laminated, commercially
available “Moisture Barrier Bags™). The results of this test will
be described in our subsequent manuscripts.

Culture of bacteria and phage in the portable culture platform

To assess the growth of bacteria in the device, we compared the
rate of growth of bacteria in the device with growth under
standard conditions. We inoculated devices with suspension of
E. coli in LB; in the control experiments, we inoculated sheets of
paper with the same suspension and placed them in a tube with
LB medium or atop a slab of agar (Fig. 3A). At a specific time,
we stopped the experiment, extracted bacteria from the paper,
and counted them using a CFU assay (Fig. 3A). We observed
that the rate of growth of bacteria in the device was similar to
that in shaking cultures and in Petri dishes (Fig. 3B).

To confirm that the bacteria remained phenotypically
unchanged in the culture, we inoculated the device with E. coli
and the bacteriophage M13. An infection by M13 requires the
bacteria to be F(+) and be in the log-phase of growth; bacteria in
the stationary phase might lose the F plasmid and fail to
propagate the phage.”” We observed that the rate of proliferation
of the phage in the device was similar to that in shaking cultures
and in Petri dishes (Fig. 3C). Access to oxygen through the
PDMS membrane was critical for growth. Sealing the PDMS
window with gas-impermeable Scotch tape induced a rapid death
of bacteria (Fig. S2, ESI¥).

The above assays were the preferred choice for initial
validation of the performance of platform because they
measured the number of viable bacteria or phage in devices
with high accuracy. These assays, however, are destructive, they
cannot be used to monitor growth of bacteria in real time and
they require a secondary platform for the detection of CFU or
PFU. In the subsequent sections, we used either reporter assays
or colorimetric viability assays to eliminate the need for a
secondary detection platform and measure growth of bacteria
continuously.

Assessing growth rate of bacteria with reporter genes

E.coli, expressing fluorescent protein mCherry, was a great
model system for testing the performance of the device in real

time because mCherry-expressing bacteria are clearly visible in
paper. By seeding devices with pre-calculated amounts of
bacteria, we demonstrated that the number of bacteria could
be extrapolated simply by measuring the intensity of the color
(Fig. 4A). The calibration curve could be attached to each device
to allow for the instantaneous assessment of the concentration of
bacteria (Fig. 4B). Although fluorescence could provide a
broader dynamic range (red curve, Fig. 4A), is more
challenging to measure and calibrate. Fluorescent measurement
would not be amenable to low-resource labs.

In shaking cultures of the mCherry bacteria, the color intensity
peaks after 15 h of culture (Fig. S3, ESIT). Fig. 4 describes the
color intensity developed in the device inoculated by 4 x 10%,
4 x 10% and 4 CFU of bacteria. The rate of color development is
similar to that of shaking cultures. The maximum intensity of
color was reached at 20-30 h and decreased steadily over three
days of growth due to a progressive depletion of nutrients and
the eventual evaporation of the media. At inoculation with low
number of bacteria ,4 CFU, the integrated color intensity never
reached its maximum because the bacteria grew in patches
(Fig. 4C (inset)). The average number of patches correlated with
the average number of viable bacteria seeded into the device (see
Fig. 6 below). These experiments suggest that portable devices
could potentially be used to conduct clonal assays.

The growth of bacteria with a fluorescent mCherry reporter
could be quantified with a flatbed scanner or camera. In devices
equipped with a “calibration strip”, even an unskilled user could
determine the concentration of bacteria in the device. Color
recognition could also be built into a phone application to permit
an instantaneous quantification of the results using a cell phone.
We wrote a model application, which can be used on any phone
running the Android operating system. The application is user-
assisted: the user takes the image of the device and uses the touch
screen to point out the location of the test zone and calibration
zone. The software then measures the color intensity (RGB
values) for these zones (Fig. 6D-F). Currently, the user manually
compares the measured color values against those of the
calibration curve in order to quantify color intensity.
Ultimately, the software will automatically fit the sample values
to appropriate model curves (as constructed from the calibration
strip data). For illustration purposes, a pre-alpha version of the
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Fig. 3 (A) A comparison between bacteria and phage growth in portable devices and the growth found in standard cultures. A sheet of paper with an
area of equal size to the hydrophilic portion of the device (10 mm diameter) was permeated with bacteria + LB or phage + bacteria + LB and placed in a
shaking culture or atop a slab of agar. At a specified time, the paper was vortexed with LB media to extract the bacteria (and phage); their number was
quantified using CFU (of PFU) assays. Growth rates of E. coli (B) and M13 phage (C) in the three conditions were found to be similar.
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Fig. 4 (A) The concentration of bacteria with mCherry reporter can be estimated using a fluorescent or colorimetric readout. (B) The color is visible to
the naked eye and its intensity can be compared to a “standard curve” attached to the device. (C) Growth of mCherry E. coli inoculated at different
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which represent individual colonies of bacteria. In patched cultures, the integrated magenta channel intensity is lower. (D) A smartphone and custom
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phone application (derdagroup.colordetector.apk) with one
built-in image is available as part of the ESI.¥ The application
can be downloaded to and tested on any phone running an
Android operating system.

Induction of mCherry by arabinose

The induction of reporter gene expression is the cornerstone of
cell molecular biology research; this induction by external
molecules is increasingly used for the detection of analytes in
environmental samples.® Such research is empowered by
molecular evolution and synthetic biology tools, which permit
generation of transcriptional regulators that respond to a variety
of chemicals, or to combinations of chemicals and even to
sequential addition of chemicals.>®> We demonstrated that the
portable culture platform could accommodate detection systems
based on bacteria with engineered transcriptional regulators;
specifically, it could use the induction of mCherry expression to
quantify the concentration of the inducer in the sample. As an
example, we used standard arabinose-sensitive promoter and
arabinose as the inducer.

A standard experiment involved adding an inducer to the
bacteria culture in a stationary phase of growth (Fig. 5A). The
time for induction and maturation of mCherry protein in liquid
culture is ~8 h (Fig. S3, ESIYT). In the device, appearance of
mCherry color was dependent on the time at which the inducer
was added (Fig. 5B). Color development was slower when
arabinose was introduced ,5 h after seeding or -20 h after
seeding bacteria into the device. In an optimal assay, the device
was seeded with bacteria, and exposed to the inducer 12 h later.
Color in these devices could be observed in 8-15 h. This response
was dependent on the concentration of arabinose added to the

sample. The response was also time dependent (Fig. 5C). High
concentrations of arabinose (1%) could be detected even after 7 h
(Fig. 5D) and as low as 0.002% of arabinose could be detected
after 24 h of growth.

The devices we generated thus were versatile “arabinose
detectors” with a broad dynamic range. They were made entirely
of components that can be produced (or amplified) in low-
resource settings and could quantify the concentration of
arabinose in a complex sample in the time period of a few
hours. Replacing the arabinose promoter with synthetic ribos-
witches?* and synthetic promoters®® could allow generation of
analogous low-cost detection platforms that can detect many
cell-permeable analytes.

Detection of reporter-free E. coli and microorganisms from
environmental samples

The results in previous sections highlighted the use of devices to
quantify the growth and gene expression dynamics in bacteria
that carry reporter genes (e.g., mCherry, Fig. 3, 4 and other
fluorescent proteins Fig. S5, ESIT). These devices could also be
used to visualize bacteria that do not possess any reporters if the
devices are permeated with a common dye used for colorimetric
detection of bacteria. Specifically, we have tested a well-known
viability dye resazurin, which is the main component of the
commercial PrestoBlue™ reagent. This cell-permeable dye is
processed by reductases in viable microorganisms and it turns
from blue to red over the course of 1-4 h. We tested several ways
for depositing the dye into the devices including spotting by
pipette, overlay of PrestoBlue™-soaked layers, and spray-
coating. The simplest and potentially the most aseptic method
was based on simple spraying of the devices by PrestoBlue™

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Quantification of E. coli using PrestoBlue™ (PB) reagent. (A) Bacteria were loaded in the device, sprayed by PB and incubated at 37 °C for
indicated time. At each time point, we scanned the devices on a flatbed scanner and measured the intensity of the cyan channel (y-axis). (B) Bacteria
were loaded in the device and incubated overnight at 37 °C, then sprayed with PB and incubated further to develop the color. Devices seeded with a low
number of bacteria contained red dots (colonies). (C) The number of red colonies is proportional to the number of CFU of E. coli in the original
sample; (D) the number of colonies in the device is ~50-70% of the colonies formed by the same sample on agar dishes. Lower clonogenic growth
suggests that some bacteria are trapped in the areas of the device that do not support growth. (E) Devices can be used to culture microorganisms from
environmental samples (identity is unknown). In this experiment, devices were loaded with LB media, sterilized, loaded with environmental samples,

and incubated for 24 h at 37 °C and developed with PB.

Conclusions, future directions

We describe functional culture devices designed to be amenable
to production in low-resource settings. These devices have all the
characteristics of Petri dishes, and have many qualities that Petri
dishes do not possess. For example, these portable devices are
based on a flexible platform: they can be mis-handled without
compromising their integrity or sterility. Devices that were
placed inside E. coli-filled Petri dishes remained sterile; no
bacteria entered the device (Fig. S8, ESIT). One of the most
severe mis-handlings we tested was dropping devices on the floor
and stepping on them. Regular Petri dishes, tubes, and other
culture vessels simply shatter during this treatment but these
devices remained intact; we detected ~5-10 units of contam-
inating microorganisms in the dish, which possibly entered
through one of the tape-sealed seams when the device was
stepped on (Fig. S8, ESI+). It is possible that improving the seam
quality can minimize this contamination. Devices are stable for
~3-4 days outside of a humidified incubator, and they present
an interesting platform for transportation of bacteria. For
example, in a hypothetical clinical assay, devices could be
inoculated by user’s sample, sealed, and safely carried away by
the user (e.g. in a pocket). Although most culture assays require
incubation at the temperature optimal for growth, the aseptic
nature and small thickness of the device suggest an interesting

mode for a temperature controlled incubation: placing the device
next to one’s body could maintain the entire device (and cultures
within) at body temperature. Despite simplicity, the paper/tape-
based platform could serve as foundation for many culture-
based assays. For example simple growth/no growth assays on
selective media could be used for detection of antibiotic resistant
bacteria.”’*® Other more complex assays, based on engineered
bacteria, could be used to detect disease biomarkers in clinical
samples or environmental contaminants. A standard smart-
phone, equipped with custom image-analysis software, enables
quantitative evaluation of the result of such cultures, even by an
unskilled user.

Development of point-of-care devices is a rapidly growing
topic of research; the concept of point-of-care production is a
different problem which has not been widely explored. One of
the requirements for on-site production is the identification of
simplified alternatives to well-engineered techniques: liquid
transport,” liquid measurement and dilutions,*® micro-pattern-
ing,?! weighing and densitometry,** centrifugation,®* etc. We
found that the other requirement towards achieving this goal was
participation of high-school students in optimization of produc-
tion and testing of all steps described in this manuscript (quality
control, culture, quantification of growth). To allow participa-
tion of students, production had to be limited to a handful of
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trivial and safe techniques; even relatively simple techniques,
such as laser cutting and soft lithography were eliminated.
Finally, in point-of-care production, both the cost of devices and
the cost of infrastructure for production must be low. Based on
the retail price of materials, each device costs ~ 10 cents and a
production facility can be established for as little as $1000-$2000
(printer, sterilizer, bundle of raw materials). At the time of
submission, such a production facility has been established in the
partner high school. These devices were evaluated at the partner
institution in Nairobi, Kenya. Their on-site production was
demonstrated during the 1st annual Diagnostic Workshop in
Nairobi, Kenya (June 25-29, 2012). The first small-scale pilot
production plant could be potentially established in one of the
labs in Nairobi. The venue could employ low-skilled personnel
who could produce over 500 devices per person per day. We
envision that small local production facilities for such devices
could be established in the vicinity of the users (hospitals,
research institutions, farms, etc).
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