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Counting viable cells is a universal practice in microbiology.
The colony-forming unit (CFU) assay has remained the gold standard

to measure viability across disciplines, but it is time-intensive and
resource-consuming. Here we describe the geometric viability assay

(GVA) that replicates CFU measurements over 6 orders of magnitude while
reducing over 10-fold the time and consumables required. GVA computes
asample’s viable cell count on the basis of the distribution of embedded
colonies growing inside a pipette tip. GVA is compatible with Gram-positive

and Gram-negative planktonic bacteria (Escherichia coli, Pseudomonas
aeruginosa and Bacillus subtilis), biofilms and fungi (Saccharomyces
cerevisiae).Laborious CFU experiments such as checkerboard assays,
treatment time-courses and drug screens against slow-growing cells are
simplified by GVA. The ease and low cost of GVA evinces that it canreplace
existing viability assays and enable viability measurements at previously

impractical scales.

The colony-forming unit (CFU) assay is the gold standard for enu-
merating viable cells in microbiology labs around the world'®. The
CFU assay combines simplicity with readily available reagents to
achieve an enormous dynamic range, commonly measuring between
1and 100,000,000 viable cells in a sample. Viability measurements
are critical in numerous contexts spanning food safety’, functional
genomics®'? and drug discovery against persister cells*". However,
measuring viability across numerous conditions using the CFU assay
istime-and resource-intensive while generating a substantial amount
of plastic waste*?,

Previous approaches to increase the scale of viability measure-
mentsinclude (1) increasing the speed with robotic liquid handling and
imaging™*", (2) decreasing the amount of pipetting by using viability
stains' or microfluidics® or (3) using cell growth to estimate the initial
number of viable cells post-treatment®. The most commercially suc-
cessful alternative to the CFU assay is the spiral plater method' which
deposits the sample inan Archimedes spiral on a solid medium plate.
However, none of these approaches combines the simplicity, low cost,

dynamicrange and versatility of simply diluting cellsand then growing
drops on solid media as first proposed in ref. 17.

Here we developed aviability assay called the geometric viability
assay (GVA). GVA calculates the CFUs in a sample on the basis of the
axial position of embedded colonies that forminacone. Intuitively, the
probability of a colony forming at the tip of the cone is less than near
the base due to differencesin the cross-sectional area. Analytically, we
find this probability to be proportional to the squared perpendicular
distance of the colony to the cone tip. By measuring the position of a
few coloniesinthe cone and utilizing the derived probability function,
the total number of colonies in the entire cone can be computed with
high precision. By leveraging the latent information encoded in the
colony distribution, GVA accurately quantified the number of viable
cellsinasample, ranging from1to1,000,000 cells. This dynamic range
was accomplished using acone universal in microbiology—the pipette
tip. Insummary, GVA (1) measures viability over 6 orders of magnitude,
(2) does not depend on the cell’s growth or lag phase, (3) minimizes
consumables and (4) reduces operator time by over 30-fold compared
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with the drop CFU assay. Combined, this enabled a throughput of up
t01,200 viability measurements per researcher per day.

Results

The GVA

The most time- and resource-intensive step of the classic drop CFU
method is the dilution series that must be run to count individual
colonies across several orders of magnitude. We reasoned that the
geometry of a cone could create a dilution series in a single step as
the cross section at the tip is less than the cross section near the base.
Analytically, the probability of a colony forming at any point along
the cone’s axisis proportional to the cross-sectional areaat that point
(Fig.1a, cyancircle). This probability is defined as the probability den-
sity function (PDF) equal to

PDF (x) = %2 )

where x is the perpendicular distance from the tip along the x axis
and h is the total length of the cone (Fig. 1a and Extended Data
Fig.1a-c; see Supplementary Information for derivation). Equation (1)
isapplicable for arbitrary cones or pyramids that are axially symmetric
(Extended Data Fig. 1d). The total CFU concentration in the cone can
be estimated as

N g <x <X5)

CFUs/mL =
V. PDF (x) dx

@)

where (x,,x,) are the positions of the first and last colony in the counted
sub-volume and Vis the volume of the cone. Thus, the highest CFU
density resolvable is proportional to the dynamic range of the PDF.
In contrast to a cylinder or a wedge, the cone achieves the maximum
dynamic range in the PDF by changing shape in all 3 dimensions
(Fig. 1b). Importantly, this probability does not depend on the radial
(y,2) position of a colony within the cone, only on the perpendicular
distance from the tip along the cone’s axis (x).

We simulated colony distributionsin a cone for different CFUs mI™
(Fig.1c,d). As expected, the more CFUs in the cone, the more colonies
are found near the tip (Fig. 1d, top). The CFUs ml™ estimate quickly
converges to the correct value (grey dotted line) as more colonies’
positionsareincludedin equation (2), regardless of the colony density
(Fig. 1d, bottom). Remarkably, the CFU estimate is off by less than a
factor of 2 from the correct value in 97% of simulations based only
on the positions of the first 10 colonies, even if there are over 10,000
colonies in the cone (Fig. 1e and Extended Data Fig. 1f). This rapid
convergence to the correct value is the same regardless of the CFU
concentration. Therefore, by leveraging the information encoded
in the geometry of the cone, we can accurately calculate the colony
density without necessarily counting all the colonies. This concept is
analogousto athree-dimensional (3D) haemocytometer; by counting
asubset of colonies within a defined volume, the total concentration
can be computed using probabilities.

Microbial viability testing inside a pipette tip

To test the theory, we used a cone ubiquitous in microbiology—
the pipette tip. The first experiment was a dilution series using
stationary-phase Escherichia coli (BW25113). Stationary-phase £. coli are
known to have ~10° CFUs ml™ after overnight growth'®. Stationary-phase
cellswereserially diluted and theneach dilution was treated asasample
ofunknown concentration of viable cells. Each‘sample’ was fully mixed
with melted LB agarose (cooled to <55 °C) to a final agarose concen-
tration of 0.5%. Triphenyl tetrazolium chloride (TTC) was included in
the melted agarose to increase the colony contrast. The agarose was
allowed to solidify in the tip before the tip was ejected into an empty
tiprack (see Methods). The agarose-containing pipette tips were then

incubated overnight at 37 °C and imaged the following day using a
custom-built optical setup with a mirrorless Canon camera (Fig. 1f;
see Extended DataFig. 2 for optical configuration and Supplementary
Movielfor GVA protocol overview). See Methods for the parts list, cir-
cuitdesign and fabricationinstructions for the GVA optical system. In
agreement with our simulations, the distribution of colonies that form
in the tip was predictable based on the PDF across >6 orders of mag-
nitude (Fig. 1g, slope ~1). Remarkably, the final colony size decreased
with increasing colony density, which prevented colony overlap even
at high densities.

To compare GVA-estimated colony counts to ground-truth CFU
counts, the CFUs ml™ were measured using the drop CFU method (see
Methods and Extended Data Fig. 3a) for 24 different dilution samples of
overnightE. coli cells ranging up to a4 x 106-fold dilution. Each ‘sample’
wastested independently in technical quadruplicate usingboth drop
CFU and GVA. Comparison of the calculated CFUs mI™ using GVA and
thetraditional drop CFU assay showed that the two approaches are sig-
nificantly correlated (Fig. 1h, Pearsonr=0.98, P=4 x 107¢). We further
examined the agreement between drop CFU and GVA using Bland-
Altman analysis (Extended Data Fig. 3b). GVA had an average bias of
less than afactor of 2 (Bias =10°%? = 1.6) across 6 orders of magnitude.
The trendline slope of the method difference (A) as a function of the
CFUs ml™ was statistically indistinguishable from zero (F-statistic vs
constant model: 0.524, P= 0.477).

GVAis applicable in both model and environmental samples
GVAwas used to count other Gram-negative (Pseudomonas aeruginosa,
Salmonellaentericaserovar Typhimurium, Pseudomonas putida) and
a Gram-positive bacterial strain (Bacillus subtilis) as well as eukary-
otic yeast cells (Saccharomyces cerevisiae) (Fig. 1i and Extended Data
Fig. 4a). Enclosing the colonies in a pipette tip facilitated handling of
pathogenic strains because a bleach wash could kill all contaminating
cells on the outside of the tip without affecting colony growth inside
the tip (Extended DataFig. 4b). Viability in £. colibiofilms over time was
also tested with GVA (Fig. 1i and Extended Data Fig. 4c).

Forall cultures, samples were embedded in 0.5% agarose melted in
culture medium: LB for the bacteria and YEPD for the yeast. Low-melt
agarose cooled to 37 °C beforeembedding and thenincubated at room
temperature was used for temperature-sensitive samples (Extended
Data Fig. 4d). Embedded bacterial colonies also grew in other media
such as Mueller-Hinton broth or M9 minimal medium and were even
discernibleinblood agar despite its low transparency and red colora-
tion (Extended DataFig. 4e,f). Using 3D-printed moulds toembed the
coloniesinasquare pyramid (Extended DataFig. 5a,b), we confirmed
thatthe GVA approach applied to geometries other than circular cones,
as predicted (Extended Data Figs. 1d and 5c-j).

The potential of GVA for rapid quantitation of non-model bacterial
species was also tested. Human-associated biome viability measure-
ments were conducted using GVA (Extended Data Fig. 6). Vigorously
swabbing 24 locations (Extended DataFig. 6a) revealed a large dynamic
range of microbial concentrations capable of aerobic growth in LB
(Extended Data Fig. 6b). Growing sample replicates at different tem-
peraturesrevealed temperature-selective growth for differentbiomes
(Extended DataFig. 6¢). These experiments necessarily underestimate
the number of bacteria in these biomes as many human commensals
areunculturable. However, because GVA uses solid growth media, the
same selective culturing techniques developed over the past 100 yr for
standard Petri dish plating canbe leveraged in GVA while also enabling
high-throughput surveillance of culturable biomes.

GVA dependence on optical resolution

We next investigated how the dynamic range and accuracy of GVA
depended on the optical configuration using a low-cost camera
system—an iPhone 12 with a commercial macro lens. We designed a
pipette tip holder that positioned a single tip in front of an iPhone
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Fig.1| The GVA. a, The probability of a colony forming at a distance x from the tip
ofthe cone is proportional to the infinitesimal volume dV (cyan circle) divided
by the total volume V (purple cone). Analytically, this ratio is the probability
density function (PDF) as a function of x (see Supplementary Information for
derivation). b, The PDF for a cylinder (red), wedge (yellow) and cone (purple) as
afunction of the axial distance (x). ¢, Simulation of the colony distributionin a
cone. d, Estimating the total CFUs mI™ on the basis of the position of colonies
inthe cone. Top: distributions of colonies for 4 simulations spanning 20 to
10,000 CFUs ml™ density. The volume of each cone is the same as in ¢. Bottom:
GVA estimate of the CFUs ml™ as a function of the included colonies and their x
positions. e, The factor the GVA calculation differs from the correct value as a
function of the number of colonies in equation (1). Solid lines and shaded error
barsrepresent mean + 1s.d. of 1,000 simulations. Colours match simulations in

. S. cerevisiae

Eukaryote |

i E.T:olir

Biofilm |

d.f, Dilution series of E. coliembedded in150 ul 0.5% LB agarose in p200 pipette
tips. Red circles correspond to colonies counted using custom semi-automated
segmentation software. CFUs ml™ estimates account for the initial 100x dilution
of the sample into the agarose. g, E. coli CFUs ml™ calculated using GVA for a

4x dilution series. Points are the mean of 4 replicates, calculated after taking
thelog. Thered lineis the linear regression fit to the dilution series. A slope of
lonalog-logplotis expected if the GVA estimate scales linearly with dilution.
h, The drop CFU and GVA estimates are significantly correlated over 6 orders

of magnitude. Four technical replicates were used for each sample for both
methods. Significance assessed using Pearson r correlation. i, GVA performed
on planktonic Gram-positive and Gram-negative bacteria, eukaryotic cellsand
bacterial biofilms (see Extended Data Fig. 4a for quantification).

12 rear camera and a macro lens (Fig. 2a and Extended Data Fig. 7).
Calibrationrevealed the pixel size of the iPhone 12 to be 13.7 um com-
pared with 6.6 pm for the Canon EOS camerawith100 mm f/2.8 macro
lens (Extended Data Fig. 2). We reasoned that the larger pixel size and
lower electrondepthintheiPhone 12 camerawould reduce the smallest
possible colony detected as compared with the mirrorless camera. As
expected, comparingimages taken with the Canon camerawith those
taken with the iPhone 12 demonstrated that colonies at the highest
CFU concentrations were no longer resolvable on the iPhone (Fig. 2b).
Comparing the GVA-calculated CFUs ml ™ for the same pipette tips of an

E. colidilution series using both the iPhone 12 and the Canon camera,
wemeasuredareductioninthe dynamicrange of 64x ontheiPhone12
as compared with the Canon camera (Fig. 2c). However, GVAremained
highly linear for nearly 5orders of magnitude (greenline, slope =1.04,
R*=0.99) with the iPhone 12 configuration. The Pearson correlation
between the CFU counts for the iPhone and Canon configurations on
the same pipette tips was 0.99 (Fig. 2d).

We reasoned that we could bypass the need for acamera by encod-
ing the mathematics of GVA on a piece of paper in the form of a ruler
(Fig. 2e). Converting equation (2) to use the cumulative probability
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Fig.2| GVA dynamicrange, but not accuracy, depends on the optical
configuration. a, Picture of assembled pipette tip holder on aniPhone 12 with
aXenvo macro lens. The pipette images were taken in front of a white backdrop
(paper) with ambientillumination. b, Example images of the same 2 pipette tips
using the Canon EOS with 100 mm f2.8 macro lens (left) or the iPhone 12 with
Xenvo macro lens (right). The GVA-calculated CFUs ml™ are reported at the base
of the tips. Selected colonies for GVA calculation are boxed. ¢, Dynamic range
oftheiPhone GVA. E. coliwere diluted 4x and embedded in pipette tips. After
incubation, the same tips were imaged with the iPhone camera with a macro

lens (green) and the mirrorless camera (purple). Points are the average of 4
replicates calculated after taking the log. The green and purple lines are the linear
regression fits to the dilution series. d, Pearson correlation between iPhone GVA
and Canon camera for all pipettes where colonies could be counted using both.
The correlation coefficient was calculated inlog space. e, Top: ruler annotating
the expected position of the 10th colony from the tip of a36 mm, 150 pl cone for
different concentrations of CFUs mI™. Bottom: paper-based GVA. f,g, Dynamic
range (f) and correlation (g) of paper-based GVA measurements (green) to the
Canon camera (purple). Points are the mean of 4 technical replicates.

density function (see Supplementary Information for derivation), the
ruler annotates the expected K™ colony from the tip for a given cone
geometry and concentration of CFUs. By printing this ruler on a piece
of paper, aligning the pipette tips along the ruler and using ahandheld
x30 magnifying glass to see the smallest colonies, we achieved the same
performance as with the iPhone (Fig. 2f,g). Software for generating
theserulers for arbitrary geometriesis included in Methods.

Therefore, we found that GVAisaccurate regardless of the optical
configuration, but the dynamic range is set by the maximum colony
resolution.

Cost and time savings of GVA

The mainadvantage of GVAis the >10x reductionin time, reagent cost
and plastic waste as compared with the drop CFU and spiral plater
methods (Fig. 3). The spiral plater is the most common commercial
alternative for the CFU assay, utilizing a specialized instrument to dilute
thesample along an Archimedes spiral’. To measure the time savings of
GVA, we compared 3 steps of viability assays including: the preparation
of solid growth media (Fig. 3b), diluting/plating 96 conditions (Fig. 3c)
and imaging/counting of the colonies (Fig. 3d). The largest time sav-
ings was in the plating step. The drop CFU took 3 h to manually plate
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Fig. 3| GVA reduces the time and materials for viability measurements by
over 10-fold. a, Left: schematic of adrop CFU assay and required materials for 96
samples assuming tips are changed for each dilution step. Middle: a spiral plater
spreads asample inan Archimedes spiral on asolid media plate. The spiral results
indecreasing sample volume as a function of radial distance with areported
3-log dynamic range. One Petri dish is required per sample. Right: GVA uses a
single pipette tip to achieve a 6-order dynamic range. b—d, Time comparisons for
different techniques. b, Time required to prepare solid growth media. ¢, Sample

plating from a 96-well plate. d, Time required for quantification of 96 samples.

e, Number and cost of pipette tips as a function of sample count for the three
different techniques. See Supplementary Table 1for cost estimates. f, Amount
ofagar required as a function of sample count. g, Number of 96-well plates and
Petri dishes per condition. h, Estimated total cost in consumables per 96 samples
using the three methods. GVA cost is US$0.17 per sample. i, Instrument costs. SP,
spiral plater. j, The differences in instrumentation costs for the Canon, iPhone 12
and paper-based optical configurations.

96 conditions. Current spiral plater instruments are reported to take
30 s per plate, corresponding to 96 conditions in 48 min. GVA took
5min, corresponding toa36x and 9x savingsintime for plating over the

drop CFU and the spiral plater approaches, respectively. GVAwas also
fasterinterms of preparation time thanboth the spiral plater and drop
CFU approaches. The time for imaging and counting of the colonies
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was fastest on the spiral plater according to the manufacturer-reported
time using an automated colony counter. GVA semi-automated colony
counting took a similar amount of time to manual colony counting for
the drop CFU when including the time for image acquisition, pipette
tip segmentation and user-guided colony detection. Intotal, using the
currentinstrumentation, asingle researcher measured the viability of
1,200 conditions in a day.

We next compared the reagent savings and plastic waste reduction
ofthethree approaches. Inthe drop CFU assay, since each sample must
bediluted and then separately transferred to an agarose pad, 15 pipette
tips per sample are standard for our laboratory protocol (Fig. 3e)"”. In
GVA, asingle pipettetipisused per sample, amounting to al5x savings
in pipette tips over the drop CFU (Fig. 3e). In the spiral plater assay, a
Petri dishwithasolid growth mediumisrequired per sample (Fig. 3g).
Compared with the spiral plater method, the plasticrequiredis reduced
fromaPetridish to a pipette tip. Summing the cost of pipette tips, agar
and culture plates at the time of writing, we found the drop CFU to be
the most expensive in consumables, costing an average of US$222 per
96 samples compared with the spiral plater and GVA which cost US$87
and US$17, respectively (Fig. 3h and Supplementary Table 1for pricing
rationale). The savings in consumables of the spiral plater are offset by
the substantial instrument costs (Fig. 3i and Supplementary Table 1).
Costs were calculated from quotes for 3 spiral platers and automated
imaging systems solicited from three distributors. The instrument
costs for both the GVA and the drop CFU included a multichannel
pipette. Additional instrumentation costs for the GVA depended on
the optical configuration (Fig. 3j), which were an order of magnitude
less than the spiral plater systems.

Insummary, our analysis showed that GVA substantially reduced
operator time, instrument and reagent costs, and the carbon footprint
of viability assays.

Robustness and noise of GVA experiments
To profile the technical noise inherentin GVA, we measured the count
noise among 4 technical replicates across CFU concentrations ranging
between10*and 10’ CFUs ml™ (Fig. 4a,b). Noise was calculated using the
coefficient of variation (CV) amongreplicates. Across allmeasured CFU
concentrations, GVAnoiseis less than or equal to the noise of the drop
CFU assay for the Canon, iPhone and paper optical configurations. As
with the drop CFU assay, the GVA noise is heteroscedastic, increasing
asthe number of colonies decreases as expected for a Poisson process.

After confirming GVA’s low technical noise, we investigated the
impacts of two types of real-world errors on GVA calculations: missing
colonies and uncertainty in the position of the cone tip. These errors
were examined using both simulated and experimental data. Predict-
ably, as the number of missed colonies increases, the error increases
(Fig. 4c,e) although the fractional error is the same in all seeding den-
sities. Remarkably, eliminating 10 out of 15 counted colonies in the
simulated dataresulted in estimates within a factor of 2 of the correct
answer, regardless of the initial CFU concentration. This robustness
wasrecapitulatedinthe experimental dataandisin agreement withthe
observation that the position of only 5 colonies is sufficient to calculate
the CFUs ml™ within a factor of 2 on average (Fig. 1e). For pipette tip
position errors, the GVA calculations at high CFU concentrations are
more sensitive to misidentification of the tip position than at low cell
concentrations (Fig. 4d,f, blue versus black lines). Nevertheless, miss-
ing the tip position by 10% (4 mm for a36 mm cone) still resultedinan
estimate withinafactor of 2 from the correct valueinboth simulations
and experiments. Finally, the correlation between the drop CFU and the
GVA (Fig.1h) decreased from 0.98 to 0.97 for combinations of missing
up to 10 colonies and missing the tip position by 4 mm (Fig. 4g,h and
Extended DataFig. 8).

Intotal, our analyses find that GVA is accurate and robust, retain-
ing sensitivity over comparable ranges to the gold-standard drop CFU
while reducing the cost and time.
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Fig.4 | GVA has alow noise profile and is robust to missing colonies or

tip positionerrors. a,b, CV among 4 technical replicates for different CFU
concentrations for GVA using the Canon, iPhone or paper optical configuration
(a) and the drop CFU (b). Technical replicates were used to quantify the noise
intrinsic to the technique. c,d, The factor by which GVA calculation differs from
the correct value as a function of the number of missed colonies (c) or errorin
tip position (d) in simulated results (see Methods). Solid lines and shaded error
bars depict the mean + s.d. of 1,000 simulations. e,f, Same error calculations for
experimental data. Solid lines and shaded error bars depict the mean + s.d. of all
the pipette tips (#) included in each bin. g,h, Correlation between the GVA and
the drop CFU assay as a function of counting and position errors.

Proof of concept for high-throughput screen against
stationary E. coli

Previous studies have found that slow growth is a non-inheritable
form of antibiotic tolerance, buying time for viable cells to develop
genetic resistance’®?*, To explore the GVA technique’s potential for
high-throughputviability measurements, we screened the ICCB Enzo
Bioactivelibrary (469 compounds) against stationary and exponentially
growing cultures (Supplementary Figs. 1-3). Including controls and
removing pipette errors, 2,267 viability measurements were accom-
plished. The equivalent screen using the drop CFU or spiral plater assays
would have required 355 tip boxes or 2,267 Petri dishes, respectively.
GVArequired 24 tip boxes.
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From the screen, we identified diphenyleneiodonium (DPI), a
promiscuous NADPH oxidase (NOX) inhibitor®, to be active against
bothstationary and growing cultures; however, DPlis10x more potent
against exponentially growing cells—a difference in potency that was
recapitulated in the drop CFU assay. Previous studies have identi-
fied DPI as possessing antimicrobial characteristics**”’; however, the
mechanism of DPI bactericidal activity remains unknown. We were
intrigued by DPI's bactericidal activity as its reported activity in eukary-
otes is the reduction of reactive oxygen species (ROS) by inhibiting
NOXs?, which contrasts with the mechanism of many antibiotics
whichincrease pools of reactive oxygen species (ROS)*°. Subsequent
investigations revealed that DPlincreases intracellular superoxide in
E. coli, as measured using CellROX dye® (Supplementary Figs. 5
and 6). The intracellular ROS activated the SOS response pathway
leading to filamentation®** (Supplementary Figs. 5and 7). Using GVA
to run a functional genomics screen, we found that recA-mediated
activation of the SOS response was the key determinant of DPI bac-
tericidal activity rather than the recently identified NOX-like genes
in E. coli** (Supplementary Figs. 5 and 8). Finally, viability, but not
growth inhibition, checkerboards revealed that DPI exhibits strong
antagonism against ciprofloxacin and gentamicin as observed for other
redox-active prodrugs®>® (Supplementary Figs. 5,9 and 10).

Discussion

One of the most surprising features of GVA was how well the theory
enabled accurate viability estimates in practice regardless of the opti-
cal configuration. Insimulations and experiments, errors inthe colony
countandtip position did not substantially alter CFU estimations when
considering the experimental dynamicrange. Furthermore, pipette tips
arenot perfect cones; smallimperfections in manufacturing were vis-
ible at high magnifications. Despite these real-world variances—using
animperfect cone, selecting afew colonies and approximating the tip
location—GVA still reproducibly and accurately calculated CFU con-
centrations across 6 orders of magnitude. This robustness emerges
from utilizing the latentinformation encoded in a colony’s position.

Another unexpected feature of GVA was the observation of
self-limiting colony size depending on the CFU density. As the con-
centration of colonies increased, the commensurate decrease in
colony size preserved colony discreteness even for dense samples.
Colony size, which varied in the strains tested, plateaued after over-
nightincubation and did not change over several additional days. The
physiological basis of this phenomenon remains unknown, although
we speculate that it could be due to a combination of nutrient limita-
tion, quorum sensing and mechanically inhibited growth. However,
the self-limiting colony growth in 3D may not be universally true for
microbes, particularly for hyphae-forming fungi, which would limit
the applicability of GVA. In addition, the decreasing colony size neces-
sitated a high-resolution camera to quantify CFUs at the highest densi-
ties. These optical requirements limit the dynamic range, but not the
accuracy, of field-deployable GVA protocols such as the smartphone or
paper-based measurements. Another benefit of the density-dependent
colony size is the reduced impact of contaminating microbes. In 2D,
these contaminating species can grow unchecked, commonly resulting
in complete loss of data, but in 3D they do not spread throughout the
tip and can be identified by colony morphology.

GVA suffers from the same culturability limitations as the drop
CFU*”*% Inaddition, it is unknown how many organisms that grow in 2D
willnotgrowin 3D or vice versa. However, GVA worked for all commonly
used laboratory strains tested as well as more complex samples such
asbiofilms and samples from human-associated biomes. Because GVA
uses the same growth substrate as historic 2D culture techniques (for
example, agarose and solid media), we anticipate many of the methods
that have evolved to selectively culture different strainsin Petri dishes
will be transferable to GVA. Growth in 3D may also alter antibiotic sen-
sitivity due to mechanosensitive changes in physiology®**°; therefore,

moretestingis required to compare the minimum inhibitory concen-
tration values for 2D vs 3D plating. In addition, the size of the pipette
tipand sample volume used inthe assay dictate the limit of detection as
wellas the noise profile. However, the mathematics of GVAis applicable
to p1000 or even larger tips maintaining a cone shape that could be
readily quantified using a custom-generated paper ruler. Finally, the
transient thermal shock of the current protocol using agarose did not
impacttheviability of the tested strains, butit could be anon-trivial per-
turbation for certain species. We found that low-melt agarose could be
substituted in the GVA protocol for temperature-sensitive specimens
atthe cost of slightly longer gelling times in the pipette tip (6 svs12s;
see Methods). Another alternative could be the use of other hydrogels
that crosslink via chemical reactions, such as sodium alginate.

In both the drop CFU and spiral plater methods, the incubation
time remains arate-limiting step, commonly taking at least overnight
for visible colonies to emerge. For GVA, incubationis also a rate-limiting
step; however, we achieved colony detection across all CFU concentra-
tions within 8 hfor E. coli. Thisimprovement in time to detectionis due
tothe unique optical configuration, the presence of astaining dye and
the 3D geometry which maximizes light scattering. Decreasing the
time further could be achieved with the use of fluorescent imaging.
Although we expecttime to detection for E. colito be the experimental
floor, this proof-of-concept datasuggest that GVA could be ameans to
reduce the time of clinical antibiotic sensitivity profiling.

Intotal, we find the GVA approach to substantially reduce the time
and reagents required for measuring cell viability compared with the
established drop CFU assay while maintaining the same dynamicrange,
quantitative nature and versatility across different species that have
made the drop CFU assay the gold standard for viability measurements
inmicrobiology.

Methods

Protocols, software, hardware and example datasets

To facilitate the dissemination of GVA, we have constructed a web-
site (https://www.colorado.edu/lab/chatterjeelab/geometric-
viability-assay-gva) containing written and video protocols for sample
embedding, imaging and GVA calculations, as well as associated soft-
ware for all the methods described herein. For the Canon camera con-
figuration (Extended DataFig.2),acomplete set of build instructions,
partslistand circuit design areincluded onthe website. For the smart-
phone version, the CAD files for the 3D-printed parts are included, as
well as instructions on printing configuration. For the paper-based
version, acompiled MATLAB app (Windows only, no MATLAB license
required) and the source code (all operating systems, MATLAB license
required) for generating ruled grids for arbitrary cone geometries are
included. The MATLAB software for segmenting the pipette tipimages
takenusingeither the mirrorless cameraor the smartphone versionis
alsoavailableineither acompiled version (Windows only,no MATLAB
license required) or the source code. This software can also be used
to control the optical configuration using the Canon camera. Finally,
example datasets from both the iPhone and Canon camera configura-
tions areincluded for download.

Strains and growth conditions

E. colistrain BW25113 (Yale Coli Genetic Stock Center) was used unless
otherwise noted in the text. E. coli was grown in LB medium (Sigma
Aldrich) at37 °Cinashakingincubator. B. subtilis strain W168 was a gift
from Ethan Garner and was grownin LB at 37 °Cinashaking incubator.
P. putida strain KT2440 was a gift from Jacob Fenster and was grown
in LB at 30 °C in a shaking incubator. S. enterica strain SL1344 was a
gift from Corrie Detweiler and was grown in LB at 37 °C in a shaking
incubator. S. cerevisiae strain BY4741 was a gift from Roy Parker and
wasgrownin YEPD at30 °Cinashakingincubator. P. aeruginosastrain
PAO1 was a gift from the Zemer Gitai and was growninLBat37°Cina
shaking incubator. Knockouts were selected from the Keio collection
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(Dharmacon). The PEC promoter library* in E. coli was acquired from
Dharmacon (PEC3877).

Allbacterial and yeast strains were streaked onto an agar plate with
appropriate antibiotic selection if required (kanamycin for Keio and
PEC strains). These plates were kept for up to 1 monthin a4 °Crefrig-
erator. Individual colonies were then selected and grown overnightin
3-5mlLBwith appropriate antibiotic selectionif required. Each colony
selected was considered abiological replicate. Multiple measurements
ofthe same culture were considered technical replicates.

Antibiotic treatments

Antibiotic treatments were typically performed in 96-well plates. For
stationary-phase treatments, bacterial cells were grown overnight
(=16 h) inashakingincubator (180 r.p.m.). For P. putida only, cells were
grown for 2 d. Stationary-phase cells were distributed into 96-well
flat-bottom plates with 100 pl of cells per well. Drug treatments at
1,000x were plated into a separate 96-well round-bottom plate. A
100 nl pin transfer was used to dilute the drug plate into the cell plate
atal:1,000 ratio. This plate was then placed into a shaking incubator
for the experimental time.

To measure antibiotic treatments in the exponential phase, over-
night culture was diluted 1:1,000 into fresh LB. This culture was then
placed into the incubator for 2 h. After this incubation, the cells were
then distributed to the 96-well plate followed by drug treatment.

Drop CFU assay

Drop CFU assays were performed as previously described”. Briefly, in
a96-well plate, 90 pl was added to all wells except row A. Intorow A, a
100 plvolume of sample solution was added. Fromrow A, 10 pl of cells
were takenand added into row B, followed by 3 mixes. This process was
repeated fromBto C, until the final dilution on row H corresponding to
alx107 dilution from the original sample. Pipette tips were changed
foreachrowtoreduce sample carry over betweenrows. Fromeach well
ofthedilutionseries, 3 pl drops were transferred onto an LB-agar pad.
Onceall theliquid was absorbed into the agar (typically 15-30 min), the
agar plates were inverted and placed into a 37 °C standing incubator
overnight. The next morning, counting was performed manually. The
first dilution with individually resolvable colonies was counted and
multiplied by the corresponding dilution factor.

Embedding for GVA

The goal of embedding was to have a uniformly mixed sampleinalig-
uid hydrogel that would quickly solidify the 3D mould. We used 0.5%
agarose as a convenient hydrogel that would solidify quickly and pre-
vent cell motility once solidified. Pipette tips (200 pl, VWR universal)
were used here as a reproducible and cheap 3D geometry scaffold. A
detailed experimental protocol is available in Supplementary Infor-
mation as well as on the GVA website (https://www.colorado.edu/lab/
chatterjeelab/geometric-viability-assay-gva). Briefly, the protocol
comprised 4 steps:

(1) Preparing the agarose solution. A 0.66% agarose solution was
prepared in the cell medium of choice. We found that the colour
of LB, YEPD and blood (5% defibrinated sheep’s blood) did not
substantially reduce colony visibility in the pipette tips. The
agarose-media mixture was microwaved until completely dis-
solved. A careful watch was maintained during the heating to
ensure the agarose did not boil over. Once the agar was fully dis-
solved, the liquid was placed in a 50 °C heat bath to maintain its
liquid state until ready to use. For low-melt agarose, the liquid
was placed in a 37 °C incubator until ready to use. At this stage,
TTC (25 pg ml™ final concentration) was added to the LB-aga-
rose mixture from a1,000x stock for all bacteria experiments.
Respiring bacteria reduce tetrazolium to water-insoluble
formazan, staining the colonies red.

(2) Preparing the cells. A fresh 96-well round-bottom plate was pre-
pared by adding 50 pl of media to each well. A pin transfer tool
(hanging drop, VP409) was used to transfer 2 pl of the treated
plate into the 50 pl media plate. If conducting a time-course
experiment, the sample plate was then placed back into the
shaking incubator.

(3) Embedding. To embed, we found that a12-multichannel pipette
was the most convenient for high numbers of samples. We
found a manual pipette easier to use, allowing for more control
and reduced bubble formation during the mixing steps, but
an electronic 12-channel pipette was also used successfully.
The following items were gathered before pouring the liquid
agarose into a reservoir: the 96-well plate with 50 pl samples
(from step 2), abox of autoclaved P200 pipette tips, an empty
P200 tip box filled with ice water, an empty P200 tip box. At
this point, the liquid agarose was poured into a 100 ml reservoir
for easy use with the multichannel pipette. Of the LB-agarose
solution, 150 pl was taken from the reservoir and mixed twice
with 1 row of the sample plate (200 pl final volume, 0.5% final
agarose concentration, 1:100 final dilution of sample). After
mixing, 150 pl was aspirated into the same pipette tips avoiding
bubble formation. These tips were then placed into the ice bath
for 6 s to ensure the hydrogel was solidified to plug the tip. For
low-melt agarose, we increased the ice bath time to 12 s. Then
the tips were ejected into the empty pipette tip box. This pro-
cess was repeated for all 7 additional rows in the plate. Using the
150 pl volume and the 1:100 dilution from the original sample
gave a lower limit of detection of 667 CFUs ml™.

(4) Incubation. Upon completion of the embedding process, the
tip box with the LB-agarose-cell suspension was left at room
temperature for -5 min to ensure that the agarose was fully
solidified. The tips were then moved into a standing incubator
overnight for the colonies to grow. We found that the colonies
did not continue to grow after overnight incubation, so the
pipette could be imaged up to 4 d post embedding as long as
they were maintained in a humid environment.

Comparing cost and time of viability assays

Preparation time. The time to prepare the growth media (Fig. 3b) for
the spiral plater and drop CFU includes: (1) autoclaving the agar, (2)
cooling postautoclave, (3) plate pouring and (4) plate cooling.In GVA,
agarose was melted in amicrowave and subsequently equilibratedina
warm bath for 1 hbefore use.

Sample plating time. The sample plating time (Fig. 3¢) for the spiral
plater assay was based on the industry-reported value. Drop CFU and
GVAweretimed by an expert user using a12-channel pipette and chang-
ing tips at every dilution and plating step.

Imaging and counting time. The time for quantification of samples
(Fig. 3d) for GVA includes imaging (7 min for Canon with motorized
stage and 30 min foriPhone),image processing and tip segmentation
(5 min), and semi-automated colony counting (10 min) for 96 pipette
tips. Spiral plater time was based on the industry-reported value using
an automated colony counter. The drop CFU and paper GVA colonies
were counted and recorded manually.

Agarose requirements. Twenty-five ml of 1.5% agar per 15 cm Petri
dish was assumed for the drop CFU and spiral plater assays. GVA used
200 pl of 0.5% agarose per sample.

Instrument costs. The instrumentation costs for the spiral platers
were based on quotes for both the platinginstrument and automated
imaging system from 3 manufacturers (see Supplementary Table 1).
GVA instrument costs included the Canon camera, the 100 mm /2.8
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macrolens,and all theelectronics and hardware to assemble the opti-
cal system. An electronic multichannel pipette was assumed for the
drop CFU.

Drugscreen
Ascreenwas performed with the ICCB Enzo Bioactive hits library (Enzo,
BML-2840-0100). An overnight culture of 60 ml LB was grown to sta-
tionary phase with E. coli. The next morning, 60 pl of the overnight
culture (stationary phase) was added to afresh 60 ml of LB and grown
for 2 hin the shaking incubator (exponential phase). The cells were
then dispensedin100 pl volumes into 96-well plates.

For comparing the dose responses for mitomycin C and DPI
between the GVA and drop CFU (Supplementary Fig. 1), we fit the
4-parameter Hill equation to log-transformed viability data:

EO_Emax
14 (Ll

ECso

E=Epx+

using abounded nonlinear least-squares regression function (‘curve_
fit’) encoded in the ‘scipy’ Python package. Bounds for the no drug
effect (E,), maximal drug effect (£,,,,,), potency (ECs,) and Hill slope (h)
were [8,10],[2.5,3],[0,10][0.1,10], respectively. Complete parameter
fits for all conditions are included in Supplementary Table 2.

Biofilm growth and treatment

MGI1655E. colistrains were used for biofilms. Overnight cultures were
diluted1:10° in LB. Biofilms were seeded in a U-bottom 96-well plate and
grown for 48 hat37 °Cinastationary incubator. For temporal experi-
ments, aseparate plate was used for each timepoint and biofilms were
dispersed at theindicated times. Reported time represents the number
of hours after the initial 48 h incubation. To disperse the biofilms,
non-adhered cells were aspirated, wells were washed with PBS and fresh
PBS was added to the wells. The plate was covered with foil plate seals
(VWR, 60941-126) and put on a plate shaker at 3,000 r.p.m.for 30 min.
Dispersed cells were diluted1:10,000 and GVA was performed. A crystal
violet stain was used to confirm proper dispersal; any replicates that
were not fully dispersed were discarded.

Imaging GVA tips

Imaging took place on a custom instrument (Extended Data Fig. 2) or
aniPhone 12 (Fig. 2 and Extended Data Fig. 7). Parts list, circuit design
and fabrication instructions for the GVA optical system are available
on the GVA website (https://www.colorado.edu/lab/chatterjeelab/
geometric-viability-assay-gva). Briefly, for the custom instrument, a
mirrorless commercial camera (Canon EOS RP) with a1:1 macro lens
(Canon, /2.8 100 mm) was used to obtain high-quality images that
could resolve the smallest colonies. With this setup, we computed
a pixel size of 6.6 pm (Extended Data Fig. 2¢). To place the tips into
the lightbox, a 12-channel P200 pipette was used. The camera with a
macro lens was mounted on a V-channel linear rail opposite a linear
stepper motor (NEMA 23). The stepper motor was controlled using a
microcontroller board (Arduino Uno).

Onthe stepper motor, we mounted a custom 3D-printed lightbox
that held the LEDs and optical diffusion plate for illuminating the
pipette tipsintrans. The 3D-printed parts were printed with polylactic
acid using fused deposition modeling on a 3D printer (Lulzbot Pro).
The print bed temperature was set to 70 °C for all layers and the noz-
zle temperature was set to 225 °C. Print speed was set to 10 mm s for
initial layers and then increased to 30 mm s~ for subsequent layers.

Image acquisition was controlled using the MATLAB software
which interfaced with digiCamControl (www.digicamcontrol.com)
to access camera functions and acquire images. Typical camera set-
tings used a shutter speed of 1/1,000 s, aperture of 2.8 and I1SO of
100. The images were stored directly on the instrument computer as

high-resolution.jpg files. Using this instrument, a typical experiment
of 96 tips could be imaged in ~7 min.

For the iPhone, the 3D model files are available from the GVA
website. Printing was done using the same configuration as for the
LED lightbox. Post printing, the depth channel (greenin Extended Data
Fig. 7) was tapped with an 8-32 bit. After the holder was assembled
on the Xenvo macro lens with the wide-field lens removed, the tip
was positioned in front of a white backdrop and imaged with ambient
illumination using the iPhone’s autofocus function. Three images per
tip were taken and the tip mostin focus was selected before processing
using the MATLAB app.

Image processing

Thegoal of theimage processing was to extractindividual pipette tips
fromthe collected images and identify individual colonies. These were
brokeninto two steps performed sequentially. MATLAB (Mathworks,
R2022a) was used for all image processing analyses. The app can be
used without a MATLAB license using a compiled version (Windows
only) or on all OS using the source code.

1. Pipette tip segmentation. All images from a given field of
view were converted to a 16-bit greyscale image. The overall
orientation of the image was calculated to ensure that each tip
was oriented perpendicular to the x axis. Due to small varia-
tions in the tip loading onto the lightbox, this was necessary to
accurately calculate the colony distance from the pipette tip.
The Hessian (fibermetric.m) of the image was calculated and
convoluted with a horizontal line to locate the angle of the tips.
The image was then rotated (imrotate.m) by this angle to orient
the pipettes vertically in the image. To identify the x pixels cor-
responding to the pipette tip, the Hessian was again calculated
from the rotated image. From the middle of the image, a con-
volution of a single line at different angles was used to calculate
the left and right boundaries of the pipette tip. These lines were
then extended to the bottom of the pipette tip to locate the left
and right boundaries of the tip.

2. Semi-automated colony segmentation. Colonies were segment-
ed using a semi-automated custom scriptin MATLAB. From
the extracted image of the pipette tip, the user selected 1 of 5
different segmentation routines corresponding to the varying
sizes of colonies in the pipette tip. The first routine segmented
the entire pipette tip, while the last segmentation algorithm
zoomed into 1/20th of the full tip and segmented the first
30 colonies. Segmentation was done using MATLAB’s Image
Processing Toolbox. Subsequently, the user could curate the au-
tomated segmentation by adding missed colonies or removing
erroneous colonies.

3. Thecolony count and position of the first and last colonies were
used in equations (1) and (2) to calculate the GVA estimate of the
CFU.s ml™. For the error analysis, the factor by which the GVA
estimate differed from the correct value was calculated
according to: Factor off by = (w +1). This approach
to error calculation takes into account the large dynamic range
of possible CFUs mI™.

Microscopy measurements

For all microscopy experiments, cells from overnight cultures were
diluted 1:100 in minimal media (PMM) and shaken for 2 h at 37 °C to
ensure cells had exited the lag phase. After 2 h of growth, 2 pl of dilute
cell culture was added to the top of a cooled, 200 pl 2% low-melt aga-
rose pad with CellROX dye (5 uM). The agarose pad was moulded to
fitin 96-well square-bottom plates (Brooks Automation, MGB096-1-
2-LG-L). After 10 min of drying, the pad with affixed cells was inverted
and pressed into the bottom of animaging plate. Fields of view (FOVs)
were selected manually on the microscope. After FOVs were selected
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and before the imaging started, the drug was added on top as done
previously*, We have previously found that the drug diffuses through
the pad within minutes.

Imaging took place using a Nikon Ti2 inverted microscope run-
ning the Nikon Elements software package. Fluorescent excitation was
achieved with a laser source (488 nm and 561 nm) using a high-angle
illumination to minimize the out-of-focus background. Allimages were
acquired witha x40, NA 0.95air objective.Images were acquired onan
sCMOS camera (Hamamatsu, ORCA-Fusion).

Image processing was donein MATLAB (Mathworks, R2020a) and
followed the general scheme described in ref. 19. Briefly, the illumina-
tion profile for allimages was estimated from the average of 50 images
per FOV. Morphological opening and blurring were used to broaden
theillumination pattern before correcting the images. After illumina-
tion correction, the jitter in the movie was removed by aligning each
sequential frame using a fast 2D Fourier transform implemented in
MATLAB. The background was locally subtracted on the basis of an
estimation of the background computed using morphologicalimage
opening before segmentation.

Segmentation of cells was done using the Hessian-based ‘fibermet-
ric’routine implemented in MATLAB, which is specific for identifying
tubular structures. Segmented regions were included only if they
met minimum area and intensity thresholds, which were manually
selected onthe basis of the camera and laser settings. Toremoverare,
segmented debris, the mean Euclidean distance of each cell from all
other cells in a multidimensional feature space was calculated and
objects that were in the 95th percentile or above in average distance
wereremoved*. A cell's positioninthe feature space was defined by its
segmented area, perimeter, major/minor axis lengths and circularity,
extracted using MATLAB’s ‘regionprops’ command.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The Enzo bioactive screen viability data are published on Zenodo at
https://doi.org/10.5281/zenodo.7986816. All data needed to evaluate
the conclusions in the paper are included in the paper and/or its Sup-
plementary Information.

Code availability

The MATLAB software used to segment the pipette tips and run GVA
calculationsisavailable from the GVA website (https://www.colorado.
edu/lab/chatterjeelab/geometric-viability-assay-gva) alongside exam-
ple datasets. The code is also available from Zenodo at https://doi.
org/10.5281/zenodo0.8342460. The use of the software is governed by
the associated license.txt file in the code download.
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Extended Data Fig.1| Derivation of acone’s PDF. a) The volume of the
infinitesimal dV divided by the total volume V corresponds to the probability

of finding a colony as a function of x. The radius of the infinitesimal (r'(x)) isa
function of the radius of the cone’s base (r) divided by the height of the cone (h)
times xaccordingto trigonometry. b) The PDF of the cone as a function of x. The
overhead projection of the cone is depicted above. ¢) The cumulative density
function (CDF) as a function of x. d) The PDF is the same for axially symmetric
cones such as square (red) and triangle (turquoise) pyramids. e) Two equivalent
ways of calculating the number of CFUs in the wedge using either the CDF

(left) or PDF (right). N(x) is the number of colonies counted. f) Percentage of
simulations with the GVA calculated CFUs/mL within a factor of 2 of the correct
value as a function of the number of colonies used for the GVA calculation. 1000
simulations were used to calculate the percentage. See Fig. 1c for simulation
parameters. g) Examples of counting colonies in GVA. Red dots correspond to
colonies. Cyanx’s are counted. Open circles are not counted, but their position is
required for the integral. The left 2 panels are equivalent. The upper right panel is
also correct but uses the CDF equation. The bottom right panelisincorrect as not
all colonies were counted between x1and x2.
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2 3D printed parts for LED light box

Extended Data Fig. 2| Optical configuration. a) CAD model showing the 3D
printed optical box with lid (gray) holding pipette tips (green) attached to the
base (purple). The base holds the glass plate, diffusion plate, and the LEDs used
toilluminate the pipette tips in trans. b) Picture of optical configuration. The
camerais mounted on arail system perpendicular to a stepper motor rail with

Electronics
box

—ComETérciaI camera
(Canon EOS RP)

GVA samples

LED light
box

Stepper
Macro lens motor, stage
(Canon /2.8 100"mm)

751 pixels in 5mm = 0.00665mm pixel size

the optical box mounted. The GVA samples are positioned using a 12-channel 6.65microns.

pipetter held in position with the optical box lid and imaged using a Canon EOS
RP camerawith an f/2.8 100 mm macro lens. The electronics box houses the
circuitry required to control the LEDs and stepper motor. An Arduino Uno is used
to control both which interfaces with the MATLAB application used to segment
the pipette tip images (see Methods). c) Pixel resolution for this configuration is
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Extended Data Fig. 3| Example drop CFU plate and Bland-Altman analysis.
a) Each sample (columns) is diluted with a 10-fold serial dilution (rows) and 3 pL
are spotted onal.5% LB agar pad. Colonies are counted for the dilution row where
individual colonies are discrete. These counts are used to calculate the CFUs/mL
(bottom). b) Bland-Altman plot comparing GVA and drop CFU measurements.
CFU values were log-transformed for the comparison. The method difference (A)
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as afunction of the mean of the methods (x-axis) was fit using a linear regression
model (red line, equation) with confidence intervals depicted (dotted red lines).
Thelimits of agreement, equal to 1.96X the standard deviation in A between

the methods is depicted in the black dotted lines. The bias, equal to the mean A
across the datais annotated in the solid black line.
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4| GVA calculations for different species. a) For the six
species tested with GVA, the average number of CFUs/mL between 3 biological
replicates for different dilution series. Error bars represent the standard
deviation between replicates. b) Plates streaked with pipette tip after GVA
embedding before or after bleach wash. No change in CFUs/mL was observed
after ableach wash. c) Biofilm growth over time. Error bars correspond to the

standard deviation between 6 biological replicates and points represent the
mean. d) Mean GVA using Low Melt Agar quantifying a dilution series of E. coli
cells between 3 biological replicates. Error bars represent the standard deviation
betweenreplicates. ) GVA inblood agar (5% sheeps blood) with E. coli cells. f)
Example tips from with blood agar showing E. coli colonies. Colonies stained
withTTC.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01513-9

a 12channel GVA chip b

48channel GVA chip

¢ 9x ->dilution E. coli o/n culture ¢

€ 15 Chip GVA noise

200uL 0.5% agarose/well 108 Chip GVA h
ST R ) M
g\.. 1 "@‘: ) —_ 107
p AR S £ - 1
| A : 1 7] 5 ]
g Pt 107 I Limit of 8 05 106 Pear\.%on r:0.99
(@) Detection : p-val: 8e-10
— 0 — < 10°
3x Dilution --> x Dilution --» >
S 40
Drop CFU Drop CFU noise
1.5 10° 1:1
N L] Data
> - 102
Limit of SR 102 10% 10* 10° 10° 107
Detection ) ' Drop CFU
S /
3x Dilution --> 3x Dilution -->
i W168 (Bacillus subtilis) j BYA741(Saccharomyces cerevisiae)
© IR R o |
3 "
m | |
b | Hi
.g E { | l I
8 = EIViEY
€ | B4
5 } L.-..HJ
& ¥

Extended Data Fig. 5| Square pyramid version of GVA. a, b) 3D printed molds
for creating square pyramid for 12 (a) and 48 (b) conditions. c) Picture of a 9x
dilution series of E. coli cultures on the GVA chip. d) GVA calculated CFUs/mL
using for adilution series. Each dot is the mean of 4 technical replicates. e) The
noise is measured using the coefficient of variation (COV) for the chip GVA.f)
Matched drop CFU quantification to conditions in (d). g) Corresponding noise

analysis for drop CFU. The error bars represent the standard deviation between
4 technical replicates. h) Correlation between chip GVA and drop CFU over 5
orders of magnitude. The error bars represent the standard deviation between
4 technical replicates. Significance assessed using Pearson correlation. i, j) Chip
GVA for Gram-positive (i) and eukaryotic (j) cells.
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Extended DataFig. 6 | Biome sampling using GVA. a) Twenty-four positions
(red dots) on avolunteer were swabbed vigorously for 15 seconds before being
placed in1mL of LB medium and vortexed for 10 seconds. 50 pL of the sample
was then mixed with 150 pL of 0.66% melted LB agar to a final concentration of
0.5% agar and allowed to gelin the tips. With this protocol, the lower limit of
detection was 20 CFUs/mL (dotted line). The sample replicates were incubated
at30 °Cor25°C for 48 hours before imaging. Error bars denote the standard

deviation between 3 biological replicates and bars the mean. b) Example

pipette tips for different sample regions reveals diverse colony structure and
concentration for different biome locations. All samples were stained with TTC.
c) Samples from higher thermal regions (ear, armpit) grew at 30 °C but did not
grow at 25 °Cindicating the temperature selectivity of different species grown in
the pipette tip.
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Extended Data Fig. 7 |iPhone pipette tip holder. a) The 3D printed parts for adjusting the height by sliding the green bar in the channel. The purple extension
stereotypically positioning a pipette tip in front of an iPhone rear camerawith a bar slides into the green channel to adjust the imaging depth. b) The phone is
Xenvo macro lens (15x magnification without the widefield lens). The blue face held upright with a stand (yellow). Pieces printed with standard FDM printing
plate slides onto the Xenvo macro lens which is clipped to the iPhone. The green with PLA.

baris attached with a screw to the side channel on the blue plate. This allows for
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Data collection | Custom software for data acquisition is made available in the manuscript (Arduino 2.2.1, digiCamControl v2.1, MATLAB 2022a). This code is
available from the following DOI: https://doi.org/10.5281/zenodo.8342460. All use is governed by the associated license file included with
the download. For image aquisition NIKON ELEMENTS software was used.

Data analysis All data analysis was run in MATLAB 2022a or python 3.7 scripts.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Enzo bioactive screen viability data is published on Zenodo with the following DOI: https:
530 //doi.org/10.5281/zenodo.7986816. All data needed to evaluate the conclusions in the paper are present in the paper and/or in the Supplementary Materials.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA

Reporting on race, ethnicity, or NA
other socially relevant

groupings

Population characteristics NA
Recruitment NA
Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size pre-tests were calculated. Sample sizes were determined by experimental constraints on data acquisition. Sample size were
sufficient deemed sufficient based on the measured noise between replicates.

Data exclusions | No data excluded from the analysis.
Replication The dilution series of E. coli using GVA has been replicated by 3 different people including members of another lab group.
Randomization  No randomization required. No covariates were tested in the study and are not relevant to the proof of the GVA technique.

Blinding No blinding was done during this study. Blinding was not done as it was not required to verify the performance of the technique which was
directly compared to the gold standard Drop CFU approach.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) BY4741 (S. cerevisiae) was a gift from the Parker lab at University of Colorado Boulder.
Authentication None
Mycoplasma contamination None

Commonly misidentified lines  None
(See ICLAC register)

>
QO
L
c
)
e,
o)
=
o
=
—
@
S,
o)
=
>
Q
wv
C
3
3
QO
<




	A high-throughput and low-waste viability assay for microbes

	Results

	The GVA

	Microbial viability testing inside a pipette tip

	GVA is applicable in both model and environmental samples

	GVA dependence on optical resolution

	Cost and time savings of GVA

	Robustness and noise of GVA experiments

	Proof of concept for high-throughput screen against stationary E. coli


	Discussion

	Methods

	Protocols, software, hardware and example datasets

	Strains and growth conditions

	Antibiotic treatments

	Drop CFU assay

	Embedding for GVA

	Comparing cost and time of viability assays

	Preparation time
	Sample plating time
	Imaging and counting time
	Agarose requirements
	Instrument costs

	Drug screen

	Biofilm growth and treatment

	Imaging GVA tips

	Image processing

	Microscopy measurements

	Reporting summary


	Acknowledgements

	Fig. 1 The GVA.
	Fig. 2 GVA dynamic range, but not accuracy, depends on the optical configuration.
	Fig. 3 GVA reduces the time and materials for viability measurements by over 10-fold.
	Fig. 4 GVA has a low noise profile and is robust to missing colonies or tip position errors.
	Extended Data Fig. 1 Derivation of a cone’s PDF.
	Extended Data Fig. 2 Optical configuration.
	Extended Data Fig. 3 Example drop CFU plate and Bland-Altman analysis.
	Extended Data Fig. 4 GVA calculations for different species.
	Extended Data Fig. 5 Square pyramid version of GVA.
	Extended Data Fig. 6 Biome sampling using GVA.
	Extended Data Fig. 7 iPhone pipette tip holder.
	Extended Data Fig. 8 Sensitivity analysis of GVA calculations to error in missing colonies and location of the tip.




