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An optimal antimicrobial drug regimen is the key to successful clinical outcomes of bacterial infections. To direct the choice of
antibiotic, access to fast and precise antibiotic susceptibility profiling of the infecting bacteria is critical. We have developed a
high-throughput nanowell antibiotic susceptibility testing (AST) device for direct, multiplexed analysis. By processing in real
time the optical recordings of nanoscale cultures of reference and clinical uropathogenic Escherichia coli strains with a mathe-
matical algorithm, the time point when growth shifts from lag phase to early logarithmic phase (Tlag) was identified for each of
the several hundreds of cultures tested. Based on Tlag, the MIC could be defined within 4 h. Heatmap presentation of data from
this high-throughput analysis allowed multiple resistance patterns to be differentiated at a glance. With a possibility to enhance
multiplexing capacity, this device serves as a high-throughput diagnostic tool that rapidly aids clinicians in prescribing the opti-
mal antibiotic therapy.

Antibiotics have served as essential treatment of bacterial infec-
tions for several decades. Extensive use of antibiotics, how-

ever, has promoted the selection and emergence of resistant bac-
terial strains. The increasing prevalence of antibiotic-resistant
infections accounts for at least 2 million illnesses and 23,000
deaths in the United States (1) and more than 25,000 deaths and
€1.5 billion health care costs per year in Europe (2). Besides a
general overuse of antibiotics, resistant pathogens emerge due to
the frequent prescription of broad-spectrum antibiotics. Since
such antibiotics kill a large proportion of different bacterial spe-
cies apart from the disease-causing pathogen, the balance of the
commensal flora is affected, thus favoring the emergence of pre-
viously outcompeted resistant bacteria (3). To confidently select a
narrow-spectrum rather than broad-spectrum antibiotic therapy,
the clinician requires the pathogen’s antibiotic susceptibility pro-
file. Currently, due to the relatively long time for diagnostic results
to be finalized, doctors are often left with no alternative but to
employ an empirically defined broad-spectrum antibiotic therapy
to secure a patient’s survival.

The general basis of antibiotic susceptibility testing (AST)
methods for phenotypic resistance evaluation is to monitor the
pathogen’s ability to grow in the presence of defined concentra-
tions of antibiotics as specified by the Clinical and Laboratory
Standards Institute (CLSI) (4). Currently, the disk diffusion assay
and the Etest (5, 6) are commonly used AST methods in clinical
laboratories. Since both assays require a defined inoculum size,
patient samples must be cultivated for at least 1 day prior to per-
forming the AST assay. Antimicrobial susceptibility is then deter-
mined by visual examination of growth inhibition zones around
the antibiotic-containing disk or Etest plastic strip after a mini-
mum of 16 h of incubation of the agar plates. Despite being time-
consuming, both methods are widely used in the clinic due to their
low cost and ease of use. More recently, automated systems have
been introduced. Following precultivation of a patient’s sample to
a defined inoculum size, turbidimetric monitoring of bacterial
growth combined with colorimetric measurement of substrate
metabolites enable the AST assay to be performed within 1 day for

some, but far from all, bacterial species (7–11). Automated meth-
ods, however, often require costly equipment, and thus, their use
can vary among different countries.

Molecular diagnostic techniques represent yet another cate-
gory of AST that are based on the detection of genes or single-
nucleotide polymorphisms (SNPs) associated with antibiotic re-
sistance, using nucleic acid amplification tests, microarray, and
sequencing technologies (12–15). Despite delivering results faster
than the standard phenotypic ASTs, molecular methods are re-
stricted to detection of currently known resistance-associated ge-
netic loci. Moreover, phenotypic resistance often deviates from
genotypic resistance, and therefore, molecular diagnostics are ap-
plied as a complement to currently used ASTs (16).

Positioned at the interface between nanotechnology and bio-
medical research, nanomedicine is evolving as a research area ex-
pected to provide tools for sensitive, high-throughput analysis of
biological systems. Microfluidic droplet systems have been ex-
plored as AST devices, e.g., agarose microparticles and asynchro-
nous magnetic bead rotation biosensors (17, 18). Though techni-
cally advanced, these systems are limited to testing only one
antibiotic per assay, making them less suitable for high-through-
put analysis. Miniaturization of growth chambers, such as the
nanowell slide, has been demonstrated as a novel tool for single-
cell analysis, including clonal expansion analysis of single embry-
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onic stem cells (19) and leukemic primary cells (20), as well as
PCR amplification and mutation analysis performed on cells di-
rectly in the nanowells (21).

In this study, we extended the use of the nanowell slide to
prokaryotic organisms. Taking advantage of the multitude of
miniaturized wells and real-time processing of optical data using a
mathematical algorithm, a phenotypic multiplex AST device was
developed, allowing heatmap representation of MIC determina-
tion within 4 h.

MATERIALS AND METHODS
Bacterial strains. The reference Escherichia coli strain ATCC 25922 and
uropathogenic Escherichia coli (UPEC) clinical isolates ARD144, ARD145,
and ARD146 from patients with urinary tract infections (Karolinska Uni-
versity Hospital, Sweden) were initially cultivated at 37°C on Luria-Ber-
tani (LB) agar plates, and then single colonies from the plates were trans-
ferred to cation-adjusted Mueller-Hinton II broth (M-H II broth; Becton,
Dickinson), according to CLSI instructions. After culturing overnight at
37°C, bacteria were diluted 1:100 in M-H II broth and cultivation was
continued under shaking conditions to an optical density at 600 nm
(OD600) of 0.4. From this exponential phase, dilutions in prewarmed
M-H II broth equivalent to 104, 105 (equal to 0.5 McFarland unit as sug-
gested by the CLSI), or 106 CFU/ml (5, 50, and 500 CFU/well, respec-
tively) were immediately used as inocula for both the broth microdilution
and the nanowell AST device assays. Technical replicates of the nanowell
AST device assay were performed using bacterial inocula of the same
strain, derived from liquid cultures prepared on different days. Biological
replicates were performed by testing the different strains of Escherichia
mentioned above. The number of bacteria in each inoculum was defined
using viable-count assays.

Antibiotics. Ampicillin sodium salt (A9518; Sigma-Aldrich), cipro-
floxacin hydrochloride (PHR1044-1G; Sigma-Aldrich), and cefotaxime
sodium salt (C7039; Sigma-Aldrich) were dissolved and diluted in sterile
deionized water to 50 mg/ml (ampicillin), 0.5 mg/ml (ciprofloxacin), and
10 mg/ml (cefotaxime) and stored at �80°C until use.

Broth microdilution assay. Broth microdilution assays were per-
formed in 96-well plates with ampicillin used to precoat the wells. Pre-
coating was achieved by adding �40 �l of ampicillin dissolved in sterile
water to wells in triplicates, to generate final concentrations of 0.5, 1, 2, 4,
8, 16, and 32 �g/ml in the 150-�l cultures. Subsequently, ampicillin was
dried by incubation at 35°C for 24 h. Exponential-phase bacteria culti-
vated in M-H II broth were serially diluted in order to generate inocula of
104, 105, and 106 CFU/ml. Positive (bacteria in M-H II medium with no
antibiotic) and negative (M-H II broth with no bacteria) controls were
included in each experiment. Plates were incubated at 37°C for 20 h under
aerated conditions, and absorbance (600 nm) was recorded either at the
end of the experiment or every 10 min using a SpectraMax M5 multimode
microplate reader (Molecular Devices) with SoftMax Pro 6.1. The MIC
was determined as the lowest antibiotic concentration at which no in-
crease in OD600 was measured compared to the negative control. Testing
the ATCC 25922 strain served also as the quality control of the broth
microdilution assay, since its MIC breakpoints for ampicillin are defined
by the CLSI. Average absorbance and standard deviations were calculated
for the triplicates of each concentration.

Nanowell slide design. The nanowell slide consists of a glass slide (75
by 0.175 by 25 mm) anodically bonded to a nanowell-etched silicon grid
(75 by 0.5 by 25 mm) with tapered sides (19, 21). The glass slide-to-grid
bonding creates a 14 by 48 matrix of 672 wells, each with a volume of 500
nl. The 650-�m by 650-�m surface area at the bottom of the well gradu-
ally increases to 1,360 by 1,360 �m at the top due to the outward-tilted
walls. The transparent gas-permeable membrane (74 by 1.5 by 24 mm)
was made with a Sylgard 184 silicone elastomer kit (DowCorning) accord-
ing to the manufacturer’s instructions. The membrane was autoclaved
before being applied on the nanowell slide (20).

Functionalization of the nanowell slide. Nanowells were functional-
ized by precoating the bottoms and walls of wells with defined concentra-
tions of antibiotics. Antibiotic-containing aqueous solutions were pi-
petted manually into defined areas of the slide until a flat mirror image
appeared on the surface. The ampicillin-containing AST slide was coated
with 0.5, 1, 2, 4, 8, 16, and 32 �g/ml. One area for positive control of
bacterial growth in the absence of antibiotic and one for negative control
to ensure contamination-free M-H II medium were left uncoated. Addi-
tionally, a negative-control area, to check for contamination in antibiotic
solutions, was included by coating wells with 32 �g/ml of ampicillin. To
generate a multiplex AST slide, areas were functionalized with 0.002
�g/ml and 0.03 �g/ml of ciprofloxacin, 0.015 �g/ml and 0.3 �g/ml of
cefotaxime, and 2 �g/ml and 16 �g/ml of ampicillin (see scheme in Fig. S3
in the supplemental material), which correspond to values lower and
higher than the individual MICs against strain ATCC 25922 (CLSI). Un-
coated areas were used for positive control (ATCC 25922 in M-H II
broth), whereas 4 negative-control areas were included as follows: (i)
M-H II broth, (ii) M-H II broth plus 16 �g/ml of ampicillin, (iii) M-H II
broth plus 0.03 �g/ml of ciprofloxacin, and (iv) M-H II broth plus 0.03
�g/ml of cefotaxime. When the UPEC clinical isolates were tested, the
multiplex nanowell AST slide was coated with 1, 2, 4, 8, 16, 32, and 64
�g/ml of cefotaxime and 0.25, 0.5, 1, 2, and 4 �g/ml of ciprofloxacin. A
positive-control area (no antibiotic) and 3 negative-control areas (M-H II
broth, M-H II broth plus 64 �g/ml of cefotaxime, and M-H II broth plus
4 �g/ml of ciprofloxacin) were included. After addition of antibiotics,
slides were dried at 37°C overnight and then stored in the dark for �4 days
at 4°C before use.

MIC analysis in the nanowell AST device. The membrane, attached
to the slide with a clip, was lifted at one end, and approximately 400 �l of
inoculum was added underneath. The inoculum was evenly spread into
wells by lowering the membrane onto the device. An adaptor the size of a
standard 96-well plate (designed with AutoCAD 2013 for Mac and three-
dimensionally [3D] printed at Shapeways) was manufactured to place the
nanowell device in the SpectraMax M5 multimode microplate reader
(Molecular Devices) (Fig. 1E). In addition to a position for the device, the
adaptor included a well aimed for holding 6 ml of water to prevent evap-
oration from the nanowells. The slide was secured on the adaptor using
flat-top screws. Because of an inherent limitation of the available instru-
ment to read maximally 384 points, the microplate reader was repro-
grammed (using SoftMax Pro 6.1 software) to spectrophotometrically
record each row of wells in every second column of the nanowell device.
The distance between wells was set to 3,000 �m in x direction and 1,500
�m in y direction and the bottom area set to 650 �m2. Recordings at 600
nm were performed every 5 or 10 min for 10 or 12 h at 37°C. The shorter
length of the light path in the nanowell device compared to standard 1-cm
cuvettes generated lower OD values in our device. Data from each growth
curve were internally normalized by subtracting the average of 5 baseline
recordings from all values of each growth curve. The MIC was determined
as the lowest antibiotic concentration inhibiting bacterial growth.

Heatmaps. Heatmaps were generated in RStudio (RStudio, Inc.) us-
ing the “Heatmap” package. Each line of the heatmap illustrates the
change in OD600 over time for one well where the shift from yellow to red
represents 0 to 0.500 or 0 to 0.550 absorbance unit as indicated below.
Individual time points when growth shifts from lag phase to early loga-
rithmic phase (Tlag), indicated by black dots, were added manually to the
heatmaps in Adobe Illustrator CS4. The heatmaps were generally pro-
duced by including wells 1 to 4 from each experiment for all conditions
tested. At 4 �g/ml of ampicillin, however, the variable growth patterns
among wells prompted us to select 4 specific wells out of the 12 to ensure
that the full range of growth was represented.

RESULTS
Nanowell AST device development. The nanowell slide features
672 wells holding 500 nl each (Fig. 1A) within the dimensions of a
25- by 75-mm standard microscope slide. The slide consists of an
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etched silicon grid bonded to a glass slide, enabling spectrophoto-
metric analysis and high-resolution imaging of individual wells.
The silicon walls of each well are tilted outwards to facilitate dis-
pensing of bacterium-containing samples or other liquids by
manual spreading of the appropriate volume across the slide (Fig.
1B). Moreover, each well is designated with defined x and y coor-
dinates to enable sample identification. To prepare the slide for
AST analysis, 35 wells in each defined region were functionalized
with 0 to 32 �g/ml of ampicillin by drying an antibiotic-contain-
ing solution in the wells, leaving a coating on the bottom and walls
(Fig. 1C and D). Together with regions for positive and negative
control of bacterial growth, the slide represents a high-throughput
AST device with each antibiotic concentration tested in multiple
replicates.

To validate the nanowell AST device, individual slides were
inoculated with either of three different inoculum sizes of the
reference Escherichia coli strain, ATCC 25922, in M-H II broth.
Evaporation from the wells was limited by positioning a transpar-
ent gas-permeable membrane on top of the slide. Using a custom-

designed adaptor (Fig. 1E), the nanowell device was positioned in
a temperature-controlled microplate reader, allowing absorbance
of each bacterial culture to be monitored at 600 nm every 10 min
for 10 h. Traditional growth curve visualization is far from
optimal when presenting absorbance data from the hundreds
of nanowells. Inspired by the field of transcriptomics, we intro-
duced heatmaps for this purpose. Each line in the heatmap
shows the color-coded OD600 values collected every 10 min in
individual wells for 10 h (Fig. 2A). In wells with bacterial
growth, the increase over time is visualized as a gradual shift
from yellow to red. In cases of no growth, OD600 remains low,
shown by a continuous yellow line.

The heatmap shown in Fig. 2A compiles 360 growth curves
originating from 9 independent experiments (3 experiments for
each of the inoculum sizes of 5, 50, and 500 CFU/well) performed
on separate nanowell AST devices. Data were recorded from 120
wells of each experiment (12 wells from each of the 10 conditions),
but for clarity, data from only 4 wells/experiment are presented.
The different colors in the heatmap visualize distinctly the overall
effect of ampicillin on bacterial growth, while the 360 individual
lines at the same time allow inspection of growth in each individ-
ual well (Fig. 2A). Conversely, growth curves cannot fully exploit
the multiplexity of the device, and only the average absorbance
from a group of wells for each condition can be efficiently shown
(see Fig. S1 in the supplemental material). A quick glance at the
color-coding is sufficient to identify a MIC of 8 �g/ml regardless
of inoculum size. This is identical to information given by the
CLSI (4), as well as to results from parallel experiments using
broth microdilution assays in 96-well plates (see Fig. S2) and
Etest (see Table S1). At the intermediate concentration of 4
�g/ml, bacterial growth was gradually inhibited as the MIC of 8
�g/ml was approached. The growth of strain ATCC 25922 in all
wells under drug-free conditions (positive control) revealed
that the manual spreading technique resulted in an even distri-
bution of the sample.

Algorithm-based determination of Tlag for rapid MIC test-
ing. Bacterial growth curves include distinct growth phases
termed lag, exponential, and stationary phases. The lag phase,
representing the delay before the start of exponential growth, al-
lows bacterial cells to adapt to and exploit new environmental
conditions (22). Translated to the AST situation, this means that
the point of transition from lag to the exponential phase repre-
sents the earliest time when an antibiotic-resistant strain can be
differentiated from a susceptible one. This point, representing the
duration of the lag phase, is designated Tlag. Since accurate deter-
mination of Tlag is difficult to achieve by visual inspection of heat-
maps and growth curves, we modified an algorithm previously
used for definition of Tlag (23). To calculate the change in average
OD600 (�MOD), a mathematical formula was used:

�MODt �
�t�6

t OD

7
�

�t
t�6 OD

7
(1)

�MOD is identified by subtracting the average OD600 of 7 mea-
surements preceding and including the time point (t) in question
from the average OD600 of 7 measurements including and follow-
ing this time point. Then, the difference between two �MOD val-
ues of subsequent time points is calculated:

��MOD � �MODtn�1
� �MODtn

(2)

If ��MOD is �0.001 for six subsequent time points

FIG 1 Nanowell AST device. (A) Illustration of the nanowell slide with 672
wells (500 nl/well). (B) Illustration of the tilted walls of the wells providing
large surface-to-volume ratio, fast diffusion, and gas exchange. Each well is
labeled with a unique x-y position indicator. (C) Side view illustrating a well
precoated with an antibiotic (orange). (D) Top-view illustration of a slide with
defined areas for bacterial growth in the absence or presence of an antibiotic
concentration. Each number represents a different antibiotic concentration in
�g/ml. (E) Custom-designed adaptor for placing the nanowell AST device in a
microplate reader. W, water bath.
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FIG 2 Heatmap representation and Tlag determinations for MIC analysis. (A) Heatmap representation of OD600 recordings from ATCC 25922 in M-H II broth
with 0 to 32 �g/ml of ampicillin (Amp) at different inoculum sizes (5, 50, and 500 CFU/well). The vertical axis indicates experimental conditions and inoculum
sizes (5, 50, 500 CFU/well). “Exp no.” refers to the 3 experiments for each inoculum, each including 4 rows corresponding to OD600s recorded from wells 1 to 4
every 10 min over 10 h. Increased absorbance is depicted as a change from yellow to red along the horizontal axis. Black dots indicate Tlag in each culture positive
for growth. (B) Dot plots showing Tlag calculated from the 4 wells per experiment at 0 to 32 �g/ml of Amp for 5 CFU/well (left), 50 CFU/well (middle), and 500
CFU/well (right). Shapes and colors of dots represent data collected from wells derived from the same experiment. The grand mean for each condition is depicted
as a black horizontal line.
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(tn . . . tn � 5), then tn is defined as Tlag. If no Tlag was obtained
within 12 h, bacteria were considered susceptible to that antibi-
otic.

As an alternative to the visual inspection of MIC, Tlag was ex-
ploited as a means to phenotypically discern the antibiotic suscep-
tibility profile. Tlag values at different inocula of strain ATCC
25922 were determined by applying the algorithm to the optical
recordings in the presence of ampicillin. Tlag values represented by
black dots plotted on the corresponding well of the heatmap were
obtained for all cultures grown at sub-MICs (0.5 to 4 �g/ml),
whereas no Tlag was obtained in cultures exposed to �8 �g/ml of
ampicillin due to lack of growth (Fig. 2A). Regardless of inoculum
size, Tlag calculations accurately defined a MIC of 8 �g/ml. More-
over, sub-MICs of ampicillin had no effect on bacterial growth,
since Tlag values were approximately the same as in the absence of
ampicillin among bacteria from the same inoculum (Fig. 2B). The
inoculum did, however, affect the length of the lag phase in all
cultures exposed to sub-MICs (0 to 4 �g/ml) of ampicillin. The
Tlag for 5 CFU/well ranged around 4 h (Fig. 2B, left), whereas the
Tlag values for 50 and 500 CFU/well ranged between 2 to 3 h and 1
to 2 h, respectively (Fig. 2B, middle and right). Collectively, this
illustrates the applicability of Tlag to define the MIC within 4 h.

When recording the absorbance of bacterial cultures, slight
fluctuations are common during lag phase before a steady increase
is observed. Theoretically, the algorithm is designed to cope with
such fluctuations, since 13 data points are included for Tlag deter-
mination. To empirically test the accuracy of Tlag, individual

growth curves were plotted for all wells in the heatmap and exam-
ined for growth and assignment of Tlag. False positives (cultures
assigned a Tlag although no growth occurred) were observed in
1.4%, whereas false negatives (growth although no Tlag was as-
signed) were observed in as few as 0.3% of the cultures. In the
remaining 98.3%, Tlag was accurately determined.

Multiplexed AST in nanowell devices. To test the use of the
nanowell AST device for concurrent differentiation between mul-
tiple antibiotics, separate regions were coated with two concentra-
tions each of ciprofloxacin, cefotaxime, and ampicillin, represent-
ing sub- and supra-MICs as previously reported for strain ATCC
25922 (see Fig. S3 in the supplemental material). We performed 3
independent assays (50 CFU/well) and monitored OD600 every 10
min for 12 h. Recordings from 4 wells of each of the 11 conditions
per assay were used to compile the 132 growth curves into one
heatmap (Fig. 3). The shifts from yellow to red reveal bacterial
growth in the absence of antibiotics (positive control) and in the
presence of sub-MICs. In contrast, solid yellow lines at concentra-
tions exceeding the individual MICs demonstrate lack of growth
and, accordingly, antibiotic susceptibility. Since the results for all
antibiotics are in accordance to their respective CLSI MIC break-
points, and no cross-contamination occurred between the defined
regions, we conclude that the nanowell device appears highly suit-
able for multiplexed MIC determinations. The minimum time for
susceptibility testing is 4 h 10 min. This includes time for cultures
to reach Tlag (2 h 20 min under all growth-permitting conditions)

FIG 3 Multiplex nanowell AST for MIC determination. Shown is a heatmap representation of growth curves (ATCC 25922) in the multiplex nanowell AST. The
vertical axis indicates the 11 conditions tested. Positive (ATCC 25922 in M-H II broth) and negative (MH-II broth and M-H II broth plus antibiotics: 16 �g/ml
of ampicillin [Amp], 0.03 �g/ml of ciprofloxacin [Cipro], and 0.03 �g/ml of cefotaxime [Cefo]) controls were included. “Exp no.” refers to the 3 independent
experiments, each including 4 rows corresponding to OD600s from wells 1 to 4 recorded every 5 min over 12 h. Increased absorbance is depicted as a change from
yellow to red along the horizontal axis.
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and collection of the six data points required for the �MOD algo-
rithm (equations 1 and 2).

Clinical isolates tested in the multiplexed AST. To evaluate
the nanowell AST device’s clinical performance, a test was con-
ducted blind with three unknown uropathogenic E. coli (UPEC)
isolates, ARD144, ARD145, and ARD146, from patients who pre-
sented with symptoms of urinary tract infections. We functional-
ized 6 nanowell slides with 0.25 to 4 �g/ml of ciprofloxacin and 1
to 64 �g/ml of cefotaxime, as well as regions for positive (bacteria
seeded under drug-free conditions) and negative (medium only
or medium with antibiotic) controls. We performed two indepen-
dent assays for every clinical isolate (50 CFU/well as the inocu-
lum), and data were recorded every 5 min for 12 h. Sampling the
data every 5 min allowed Tlag to be calculated with only a 30-min
delay (the time required for collecting the 6 data points for the
�MOD algorithm). This shortening required, however, that the
cutoff for statistical significance for ��MOD be set to 0.0005.
Data recorded from 128 wells (4 wells per 16 conditions per assay)
was used to compile one heatmap per strain (Fig. 4).

Strain ARD144 showed a clear-cut response (Fig. 4A). The shift
from yellow to intense red reveals bacterial growth despite expo-

sure to the full range of ciprofloxacin concentrations. With a MIC
of �4 �g/ml, the nanowell AST assay classifies this strain as resis-
tant, which corresponds to values indicated for this antibiotic
against Enterobacteriaceae in the CLSI guide (4). Being resistant to
ciprofloxacin, strain ARD144 showed an average Tlag of 2 h 23 min
when cultivated in the presence of this antibiotic, which correlates
well to the Tlag of the strain under the drug-free condition. In
contrast, the solid yellow lines for the full range of cefotaxime
concentrations represent lack of growth. With a MIC of �1 �g/
ml, well below the breakpoint of �8 �g/ml given by the CLSI,
ARD144 is characterized as susceptible to cefotaxime. No Tlag was
detected in the presence of cefotaxime, since the strain is sensitive
to all concentrations used.

When testing strain ARD145 against ciprofloxacin, no growth
occurred above 0.5 �g/ml (Fig. 4B). This characterized the strain
as susceptible, which is in accordance with the CLSI MIC break-
point (MIC � 1 �g/ml). The Tlag was 2 h 43 min in the presence of
sub-MICs, whereas no Tlag was generated at higher concentrations
due to lack of growth. In contrast, ARD145 was resistant to cefo-
taxime, and an estimated MIC of �64 �g/ml is in agreement with
the CLSI classification. Due to the resistant phenotype, a Tlag of 2

FIG 4 Clinical strains analyzed in the multiplexed nanowell AST. Shown is a heatmap representation of antibiotic susceptibility of clinical strains ARD144 (A),
ARD145 (B), and ARD146 (C) against ciprofloxacin (Cipro) and cefotaxime (Cefo) at the indicated concentrations (�g/ml). Positive (strains in M-H II broth)
and negative (M-H II broth and M-H II broth plus antibiotics [4 �g/ml of Cipro or 64 �g/ml of Cefo]) controls were included. “Exp no.” refers to the 2
independent experiments, each including 4 rows corresponding to OD600s from wells 1 to 4 recorded every 5 min over 12 h. Increased absorbance is depicted as
a change from yellow to red along the horizontal axis. Classification of strains at each condition is indicated as susceptible (S) and resistant (R) based on CLSI
guidelines.
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h 43 min was obtained in the presence of the full range of concen-
trations of this antibiotic, which is the same as under drug-free
conditions.

Yet another pattern was observed for strain ARD146, which
showed susceptibility to both ciprofloxacin (MIC � 0.25 �g/ml)
and cefotaxime (MIC � 1 �g/ml) (Fig. 4C). Growth did, however,
occur in one of eight wells at the lowest concentration (0.25 �g/
ml), due to possible heterogeneity of this clinical isolate. Interest-
ingly, MIC determination for all strains tested on the multiplexed
nanowell AST correlated precisely with results from parallel Vitek
2 and Etests of the same strains performed in the clinical labora-
tory (see Table S1 in the supplemental material). Likewise, the
susceptibility of strain ARD146 to both ciprofloxacin and cefo-
taxime was revealed by the absence of Tlag in antibiotic-containing
cultures, whereas drug-free conditions revealed an average Tlag of
2 h 1 min. Collectively, the times for determination of antibiotic
susceptibility, including the time required for collection of the six
data points required for the �MOD algorithm (equations 1 and
2), are as short as 3 h 18 min (ARD144), 3 h 38 min (ARD145), and
2 h 56 min (ARD146).

DISCUSSION

Obtaining a fast antibiotic susceptibility profile of infecting bac-
teria is of utmost importance to aid clinicians in deescalating from
broad- to narrow-spectrum antibiotic therapy, thus avoiding se-
lection for resistant bacteria. Here, we demonstrate the use of the
nanowell AST device as a high-throughput tool enabling rapid
determination of antimicrobial susceptibility phenotypes in bac-
teria. The nanowell AST device delivers precise MIC determina-
tions for clinical UPEC strains against multiple antibiotics in as
short a time as 3 h. This is 6 times faster than traditional broth
microdilution assays in 96-well plates. Key to the short time to
result is the method’s ability to define Tlag as the point in time
when a bacterial culture shifts from lag to logarithmic phase. We
demonstrate how Tlag could be applied as a very early indicator
differentiating whether bacterial cultures are resistant or suscep-
tible to an antibiotic. Sensitivity of the method is obtained by the
application of a mathematical algorithm when data from frequent
spectrophotometric recordings of multiple nanowell cultures are
processed. Detecting initiation of growth at this very early stage is
not possible by methods based on naked-eye inspections of agar
plates. The commonly used agar disk diffusion tests and Etest
require, for instance, �16 h of incubation for bacteria to reach a
density high enough for results to be accurately interpreted.

Time to result in the AST device can be modulated by perform-
ing the spectrophotometric recordings of cultures at different in-
tervals. By collecting data every 10 min, the first �MOD can the-
oretically be calculated at 120 min, since the algorithm is based on
13 sequential recordings. The minimum time for diagnostic re-
sults requires an additional 60 min, since Tlag is determined as the
point when 6 consecutive �MODs give a value of �0.001 each. By
reducing the interval between spectrophotometric recordings to 5
min, diagnostic results can be obtained in as little as 90 min. This
requires, however, an adjustment of the cutoff for significant
��MOD from 0.001 to 0.0005. Whereas a change in optical den-
sity as low as 0.0005 might be considered insignificant, specificity
of the assay is left uncompromised since �MOD for each time
point is based on 13 consecutive recordings. Indeed, bacterial
growth was clearly differentiated from random fluctuations, since
the algorithm accurately detected antibiotic susceptibility and re-

sistance in 98.3% of the total number of nanowells analyzed in the
current study.

In current methods for MIC breakpoint determination, a
trade-off must be considered between the inclusion of several
types of antibiotics, their concentration ranges, and the number of
experimental replicas. These limitations do not exist in the AST
device owing to the large number of wells, which were shown to
generously accommodate an extensive concentration range of
each of several antibiotics, thereby enabling precise definition of
MIC breakpoints. Such precise information is essential when
characterizing new antimicrobial compounds against different
bacteria or when designing the optimal antimicrobial therapy, es-
pecially in severe, complicated infections (24). Whether the pat-
tern of antimicrobial activity is concentration or time dependent,
optimal dosing of an antibiotic regimen can only be estimated by
considering the exact MIC and the pharmacodynamic and phar-
macokinetic parameters of a given antibiotic. Additionally, since
the number of nanowells can be increased to 3,243 on one device
(20), a larger number of antimicrobial compounds can be simul-
taneously accommodated if automated dispensing techniques are
applied. Another significant advantage of the plurality of wells is
the possibility to include numerous replicates of each experimen-
tal condition. Combined with an accuracy of 98.3%, the numer-
ous replicates dramatically limit the error rate in susceptibility
pattern identification.

The ability to individually study replicates of bacterial cultures
exposed to different antibiotic concentrations revealed significant
bacterial heterogeneity within the population. The mixed growth
pattern (some wells showing growth and others inhibition) ob-
served for strain ATCC 25922 among the 12 wells at the interme-
diate concentration of 4 �g/ml of ampicillin led us to set the MIC
breakpoint at 8 �g/ml, defining the strain as resistant. If it had not
been for the large number of wells on the nanowell AST device,
this heterogeneity might have been overlooked, posing a risk of
defining an inaccurately low MIC. It is highly unlikely that growth
heterogeneity appeared by virtue of unsuccessful diffusion of the
precoated antibiotic into the medium. The large surface-to-vol-
ume ratio of each well allows fast diffusion, thereby preventing
delayed growth due to adapted resistance in heterogenic environ-
ments (25).

In the present study, absorbance recordings were performed
every 5 or 10 min in 336 wells per device, a number that can be
greatly increased if desired. Generation of data sets this size calls
for novel methods of handling and presentation. For the first time
known to us, a heatmap was applied to present bacterial growth.
This was appealing from several perspectives. The color-coded
growth curves indicate intuitively the MICs of several antibiotics
simultaneously for a given strain. Additionally, the wealth of in-
formation available in the heatmap, such as the emergence of new
susceptibility patterns in heterogeneous pathogen populations,
can be exploited to identify new resistance patterns.

Before proceeding to clinical implementations, follow-up
studies are needed to extend the use of the nanowell AST device to
clinical isolates of both Gram-negative and Gram-positive origins.
This is important since the diagnostic times may vary among dif-
ferent bacterial species (10). Moreover, once the manufacturing
procedure is fully automated, the multiplexing capabilities of the
nanowell AST device will be fully exploited by enabling its coating
with a larger number of antibiotics. This may be a collection of
general antibiotics, or devices can be designed to include specific
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combinations of antibiotics relevant for given infections. Whereas
this study focused on infection of the urinary tract, which pre-
dominantly is of monomicrobial origin, future designs can be cus-
tomized to include groups of antibiotics relevant for bacterial spe-
cies found in other locales. We expect that the nanowell AST
device will be broadly applied to determine antimicrobial suscep-
tibility in a variety of bacterial infections, thereby addressing the
clinician’s need for diagnostic speed and accuracy. Given the cur-
rent efforts of both European (26, 27) and American (28) organi-
zations to combat antimicrobial resistance, we anticipate that the
nanowell AST device will also serve as a useful tool in basic re-
search laboratories devoted to putting an end to the threat of
resistant pathogens.
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