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Abstract

A new resazurin-based assay was evaluated and optimized using a microplate (384-well) format for high-throughput screen-
ing of antibacterial molecules against Klebsiella pneumoniae. Growth of the bacteria in 384-well plates was more effectively
measured and had a > sixfold higher signal-to-background ratio using the resazurin-based assay compared with absorbance
measurements at 600 nm. Determination of minimum inhibitory concentrations of the antibiotics revealed that the optimized
assay quantitatively measured antibacterial activity of various antibiotics. An edge effect observed in the initial assay was sig-
nificantly reduced using a 1-h incubation of the bacteria-containing plates at room temperature. There was an approximately
10% decrease in signal variability between the edge and the middle wells along with improvement in the assay robustness
(Z' =0.99). This optimized resazurin-based assay is an efficient, inexpensive, and robust assay that can quantitatively meas-
ure antibacterial activity using a high-throughput screening system to assess a large number of compounds for discovery of

new antibiotics against K. pneumoniae.
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Introduction

Klebsiella pneumoniae is a gram-negative bacterium. It is a
major causative agent of nosocomial infections. Manifesta-
tions of Klebsiella infection range from uncomplicated skin
and skin-structure infections to fatal bacteremia. Although
antibiotics are routinely used to treat these infectious dis-
eases, the emergence of drug-resistant K. pneumoniae
(e.g., carbapenem-resistant K. pneumoniae) has limited
the treatment options and contributed to the rapid increase
in dependency on polymyxins and tigecycline, which are
the last resort of the most cases of gram-negative bacterial
infections (Petrosillo et al. 2008; Ruzin et al. 2005). This
trend imposes a serious threat because polymyxin- and tige-
cycline-resistant K. pneumoniae cases have been reported
(Bogdanovich et al. 2011; Elemam et al. 2009; Lee et al.
2009; Marchaim et al. 2011; Ruzin et al. 2005). Currently,
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drug candidates, such as combinations of a beta-lactam and
a beta-lactamase inhibitor as well as existing classes of anti-
biotic derivatives, are in clinical development for treatment
of nosocomial infections (Livermore et al. 2008; Stachyra
et al. 2009). However, except for a new beta-lactamase inhib-
itor (Avibactam), no new classes of antibiotics have been
approved for treatment of gram-negative bacterial infections
since 2000 (Butler et al. 2016; Zetts 2016). For the discovery
of first-in-class antibiotics, especially against gram-negative
bacteria such as K. pneumoniae, it is crucial to develop an
effective and efficient screening system that is specialized
for use against a target pathogen.

High-throughput screening (HTS) is an approach widely
used in drug discovery that has been also applied to antibiotic
development. Assays for HTS need to be highly sensitive,
rapid, and relatively simple so that reliable, robust results
can be produced using automated-operation platforms. Fluo-
rescence-based assays are the most likely candidates for HT'S
because they have high sensitivity and efficiency. A target-
based fluorescence spectroscopic high-throughput screening
(FLHTS) as well as gel microdroplet —fluorescence-activated
cell sorting assay (GMD —FACS) using fluorescent dyes such
as fluorescein maleimide and SYTOX orange, respectively,
have been successfully implemented for HTS of antibacterial
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agents.(Dostal et al. 2015; Hanson et al. 2016; Nairn et al.
2017; Scanlon et al. 2014) Resazurin is a dye that detects
metabolic activity of living cells through its conversion from
the non-fluorescent form (blue, oxidized) to the fluorescent
resorufin (pink, reduced). Resorufin fluorescence signals can
be easily detected using a fluorescence spectrometer, and
they provide quantitative measurements of cell proliferation.
Resazurin has, therefore, been used extensively in cell pro-
liferation, growth, and toxicity studies of cells types ranging
from human to bacterial cells. Recent studies have revealed
various applications for resazurin in the determination of
antibiograms and detection of bacterial biofilm formation
(Franzblau et al. 1998; Kirchner et al. 2012; Palomino and
Portaels 1999; Van den Driessche et al. 2014). In this study,
aresazurin-based phenotypic assay was developed for HTS
of antibacterial molecules against K. pneumoniae. The
developed assay was evaluated by determining the associa-
tion of resazurin reduction with K. pneumoniae growth and
the linearity of fluorescence signals against the viability of
bacteria. Optimization of the assay for HTS was performed
to maximize its sensitivity and stability as an automated-
operation platform with reduced edge effects.

Materials and methods
Bacterial strains

Klebsiella pneumoniae ATCC® 13883™ was purchased
(American Type Culture Collection, Rockville, MD, USA)
as a type strain. For routine maintenance, the bacteria were
grown in Luria broth (LB) at 37 °C with a shaking. For
longer storage, the culture was supplemented with 10% (v/v)
glycerol and stored at — 70 °C. To prepare the bacterial cul-
ture, the frozen stock was thawed at room temperature, and
then 10 pl of the stock was inoculated into a 50-ml tube
containing 5 ml LB. The culture was incubated at 37 °C
with a shaking. The next day, 1 ml of the 1:10 diluted grown
bacteria was transferred to a disposable cuvette (Ratiolab,
Dreieich, Germany) for measurement of optical density
(ODgpo; ULTROSPEC10, Biochrom Ltd., Cambridge,
England).

Chemicals and materials

The LB (Difco, Detroit, MI, USA) was prepared according to
the manufacturer’s instructions. The reference antimicrobial
agents, colistin, imipenem, and tetracycline were obtained
(Sigma-Aldrich, Louis, MO, USA); the gentamicin solu-
tion (10 mg/ml) was purchased (Thermo-fisher, Waltham,
MA, USA). The colistin, imipenem, and tetracycline were
purchased in powder form, and were solubilized in the
growth media (final concentration, 5 mg/ml). The resazurin
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powder was obtained from Sigma-Aldrich. A 10X solution
(0.125 mg/ml) was prepared in water and filter-sterilized
using a 0.22-um membrane. The prepared resazurin solution
was covered to prevent exposure to light and was stored at
4 °C. Sterile dimethyl sulfoxide (DMSO) solution, was pur-
chased from Sigma-Aldrich. The Victor3 multi-label plate
reader (Perkin and Elmer, Waltham, MA, USA) was used to
measure optical density (ODg,) and fluorescence (bottom-
read) with 530 nm excitation and 590 nm emission. Black
polystyrene microplates (384 wells per plate) with clear
bottoms (Greiner-bio One, Frickenhausen, Germany) were
used for optimization and validation procedures. Before
the readings were taken, a plastic adhesive plate sealer was
applied to each plate to prevent contamination of the read-
ing equipment.

Assessment of bacterial growth kinetics

To determine the growth kinetics, the overnight bacterial
culture was diluted in fresh media to prepare inoculation
cultures with an ODg, of 0.02 and 0.0001 for a large cul-
ture in an Erlenmeyer flask and for a microplate culture,
respectively. The large culture was incubated at 37 °C with
a shaking. A 600 nm reading of a 1 ml sample of culture was
collected each hour. For the microplate culture, a total of
eight microplates were prepared, and bacteria were added to
the designated wells. At the time of measurement, one plate
was removed from the incubator, and 5 ul 10X resazurin
was added to each well, followed by a 1-h incubation at
room temperature. The fluorescence signals were measured
with 530 nm excitation and 590 nm emission using a multi-
label plate reader Victor 3 (Perkin and Elmer, Waltham,
MA, USA). After the reading, 10 pl samples were removed
from each well and were diluted in LB at 1:100, 1:1000, and
1:100,000 concentrations. Replicate 100 ul volumes were
then plated onto an LB plate for every reading time point.
The plates were incubated at 37 °C, and the colonies were
counted the next day.

Assay validation experiment

For the assay validation experiment, signal variability was
assessed using an interleaved 384-well plate and maximum
and minimum signal conditions. Each interleaved plate
was prepared by adding 5 pl 5% (v/v) DMSO or 200 pg/
ml colistin to odd-numbered and even-numbered columns,
respectively. The resazurin assay was performed by adding
45 ul bacteria to each interleaved plate (inoculation ODgy
0.0001). After incubating the assay plate at 37 °C for 6 h,
5 pl 10X resazurin solution was added to each well and the
plate was incubated for 1 h at room temperature. Duplicate
plates were prepared for the edge effect reduction test. One
plate was placed at room temperature for 1 h, before the 6-h
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incubation at 37 °C. The edge effect was analyzed using
scatter-plot and heatmap analysis. Assay quality was charac-
terized using Z' factor values (Z' =1 — [3 X (ap + an)/lup —
4,11, where the inputs were the mean (u) and standard devia-
tion (o) values for the positive (p) and negative (n) controls.

Dose-response curve and determination
of susceptibility

To generate the dose—response curve, each reference agent
(colistin, imipenem, tetracycline, gentamicin) (1 mg/ml) was
diluted using a 1:2 ratio (15 total points); 5 pl of each dilu-
tion was transferred to an assay plate. The bacterial culture
was diluted to 0.0001 ODg, 45 ul was added to each well
containing an antibiotic. After addition of the bacteria, the
assay plate was incubated at room temperature for 1 h, and
was transferred to 37 °C incubation conditions for 6 h. A
total of 5 pl 10 X resazurin was added to each well and the
plate was incubated for 1 h at room temperature, followed by
the fluorescence measurements. The values obtained from
nonlinear regression of the read-out values were analyzed
against concentration (logarithmic scale; Graphpad Prism
6.07) to determine the values for MIC.

Results and discussion

Klebsiella pneumoniae growth in 384-well
microplates and efficiency comparison

of optical density and resazurin-based viability
measurements as an assay method

Bacterial growth kinetics in a 384-well microplate were
measured to optimize the assay conditions for HTS. Expo-
nential growth phase K. pneumoniae ATCC 13883 were
diluted in fresh LB medium at a 0.0001 optical density
(OD; 3 x 10* colony forming units [CFU]/ml); 50 ul of
the diluted bacteria were transferred to each well of a 384-
well plate, followed by incubation at 37 °C without agita-
tion. The bacterial growth was measured (CFU/ml) using

Fig. 1 a Klebsiella pneumo- a
niae ATCC 13883 growth in

384-well microplates (filled

circle), b comparison of optical 8
density (ODg) (open circle)

samples collected each hour. The growth in the microplate
was exponential; the number of bacteria doubled every
22 min during the 6-h period, until the total CFU con-
centration was 4 x 108 cells per ml (Fig. 1a). This growth
kinetics were comparable to the growth kinetics seen with
a 20-ml culture in an Erlenmeyer flask incubated at 37 °C
with agitation (data not shown). Based on the results, an
ODyg, = 0.0001 (~ 1 x 10* CFU/ml) and a 6-h incubation
period were chosen as the initial bacterial concentration and
the total culture time, respectively, in the 384-well plates.
Turbidometry (ODg) is a conventional phenotypic screen-
ing method used to detect bacterial growth, but the signal-
to-background (S/B) ratio was only 2.6 + 0.04 when the
bacteria had increased from 0 to 3.3 x 10® CFU/ml. The
bacterial viability measurement of the resazurin samples
revealed a > sixfold increase in the S/B ratio (17.2 + 0.28);
this result suggested a higher sensitivity, especially during
HTS (Fig. 1b).

Optimization of a resazurin applying condition

Applying conditions of resazurin can be varied based on
experimental purposes (Franzblau et al. 1998; Palomino
and Portaels 1999; Van den Driessche et al. 2014). To
find an optimal condition of the resazurin-based assay for
automated large-scale drug screenings against K. pneumo-
niae, the effect of incubation temperature and time with
resazurin were accessed. Higher fluorescence signals were
observed after incubation at room temperature compared to
37 °C in given time (data not shown). We found that a 1-h
room-temperature incubation resulted in the best linearity
(R? = 0.99) of fluorescence signal to the amount of input
bacteria (Fig. 2). Less than 30 min of incubation resulted
in decreased signals, which indicated that resazurin had not
fully reduced and lower S/B ratios were obtained compared
with the 60-min incubation. In contrast, a prolonged (2-h)
incubation resulted in saturated signals, plateaus of medium
to high numbers of bacteria, and low linearity (R? = 0.65)
(Fig. 2). Slight signal reduction occurred with high numbers
of input bacteria (ODg,, = 1.0) and a prolonged incubation
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Fig.2 Comparison of signal (RFU) linearity at different reaction time
with resazurin. 1:2 serial dilutions (1.0-0.0004) of bacteria were pre-
pared and added to a 384-well plate. Five microliters 10X resazurin
solution was added to each well containing bacteria and media (50 pl
total volume per well). The resazurin reaction took place at room
temperature for 15 (filled triangle), 30 min (filled square), 60 min
(filled circle), and 120 min (open circle) min. Mean + SD values
(n=4)

time (Fig. 2). Therefore, 60 min of resazurin incubation at
room temperature was used for subsequent optimization
experiments.

Validation of the resazurin-based assay using signal
variability assessment

To validate the developed resazurin-based assay as a HTS
system, fluorescence signal variability was assessed in 384-
well plates. The assessment was performed by comparing
fluorescence signals from different wells containing bacteria

in 20 pg/ml colistin (inhibited signals, n = 192) or 0.5%
(v/v) DMSO (maximum signals, n = 192). The heat map
(data not shown) and dot-graph analysis results revealed the
presence of significant edge effects in the plates (Fig. 3a, b).
The maximum signal values for wells located at the edges of
the plates (columns 1, 2, 23, and 24 and rows A, B, O, and P)
were almost 14% higher than signals from the middle wells
(i.e., average signals of 123,700 & 9990 and 108,700 + 4900,
respectively). Edge effects are issues because of increased
noise and variability they contribute during HTS. Previously,
the pre-incubation approach was used to decrease an edge
effect by reducing a thermal gradient in a microplate (Lun-
dholt et al. 2003). Significant reduction of the edge effect
in our resazurin-based assay was also achieved when the
plates containing the bacteria were left at room temperature
for 1 h before the 6-h incubation at 37 °C (Fig. 3c, d). Com-
pared with plates with no room-temperature pre-incubation,
pre-incubation resulted in a 4.7% signal difference between
the edge and the middle wells (Fig. 3). Other changes in
method, such as post-incubation at room temperature after
the 6-h incubation, did not significantly decrease the edge
effect (data not shown).

Dose responses of various antibiotics against K.
pneumoniae measured using the resazurin-based
assay

To investigate whether the use of the optimized HTS assay
was valid for quantitative assessment of antibacterial activ-
ity of compounds, the MIC values for several antibiotics

Fig.3 Validation of resazurin- a b
based assay using signal vari- 150000- 150000
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Fig.4 Dose responses of gentamicin (filled circle), tetracycline (filled
triangle), imipenem (filled square), and colistin (open square) against
Klebsiella pneumoniae measured using the resazurin-based assay.
Mean =+ SD values (n = 4), Nonlinear regression curve fit

(gentamicin, colistin, imipenem, and tetracycline) were
determined for K. pneumoniae by dose—response curves. The
resulting MIC values for gentamicin, colistin, imipenem, and
tetracycline were 3.0 (+ 0.45), 5.1 (+ 0.51), 1.9 (+ 0.43),
and 1.2 (+ 0.16) pM, respectively. These results suggested
that during automated large-scale screening, the optimized
assay was able to quantitatively measure the antibacterial
activity of compounds against K. pneumoniae (Fig. 4).

Conclusion

The simple principle behind the resazurin-based assay is the
measurement of antibacterial activity of compounds through
the detection of living K. pneumoniae. Therefore, this assay
can easily be used for various large-scale screenings to dis-
cover biofilm inhibitors or drug combinations, even against
multidrug resistant K. pneumoniae. The resazurin-based
assay optimized in this study was efficient, sensitive, and
robust and can be used effectively for HTS of drugs against
K. pneumoniae. We expect that this assay will facilitate dis-
covery of new antibiotics.
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