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Rapid antibiotic susceptibility testing is in high demand in health care fields as antimicrobial-resistant bacterial strains emerge
and spread. Here, we describe an optical screening system (oCelloScope) which, based on time-lapse imaging of 96 bacteria-anti-
biotic combinations at a time, introduces real-time detection of bacterial growth and antimicrobial susceptibility with imaging
material to support the automatically generated graphs. Automated antibiotic susceptibility tests of a monoculture showed sta-
tistically significant antibiotic effects within 6 min and within 30 min in complex samples from pigs suffering from catheter-as-
sociated urinary tract infections. The oCelloScope system provides a fast high-throughput screening method for detecting bacte-
rial susceptibility that might entail an earlier diagnosis and introduction of appropriate targeted therapy and thus combat the
threat from multidrug-resistant pathogenic bacteria. The oCelloScope system can be employed for a broad range of applications

within bacteriology and might present new vistas as a point-of-care instrument in clinical and veterinary settings.

he emergence and spread of antimicrobial-resistant bacteria

and increasingly rapid transmission across international bor-
ders are serious global health threats (1, 2). These developments
are associated with the extensive and increasing use of antimicro-
bial agents, and because of this combined with the paucity of de-
velopment of new antimicrobial agents, the treatment options for
resistant pathogens have become drastically limited (3—6). Infec-
tions with resistant pathogens are associated with higher mortality
and morbidity rates and higher health care costs, and early tar-
geted antibiotic treatment is an important prognostic factor, es-
pecially for seriously ill patients (7, 8). There is evidence that the
avoidance of inappropriate broad-spectrum antimicrobial ther-
apy can prevent antimicrobial resistance (9). There is also a de-
mand for rapid high-throughput methods that can determine an-
tibiotic susceptibility and enable targeted therapy as early in
treatment as possible. Conventional culture-based methods, such
as the disc diffusion test, the Etest (bioMérieux), and broth or agar
dilution, used to determine the MICs of antibiotics, are time-
consuming endpoint methods (10). Commercial instruments
such as the Phoenix 100 (BD Biosciences) and the Vitek 2 (bio-
Meérieux) allow automation and reduce hands-on and incubation
times (11). Both instruments operate with colorimetric or fluori-
metric indicators for bacterial identification and estimation of
growth rates (12). The efficacy of the two systems in rapid and
accurate bacterial identification and antibiotic susceptibility tests
(ASTs) has been demonstrated (11-14). The average times for
identification are 4.3 h for the Phoenix and 3 to 5.7 h for the Vitek
2, depending on the bacterial type, while the mean times for ASTs
are 12.1 h and 9.8 h, respectively (11, 15, 16). Translating these
times to results into clinical practice implies that a switch from
broad-spectrum antibiotic therapy to narrow-spectrum targeted
therapy will only be accomplished the following working day.

In order to improve sensitivity and speed, several biosensors
based on either chip calorimetry (17), electrical conductivity (18,
19), millifluidic droplet analysis (20), or surface plasmon reso-
nance (21) have been developed. Presently, these techniques are
limited by single-sample analysis and the requirement for special-
ized technical personnel. Molecular methods, such as real-time
PCR (22), mass spectrometry (23), microarrays (24), and flow
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cytometry (25), have been developed for rapid bacterial identifi-
cation and ASTs because of their high sensitivity and promptness.
A wide range of bacteria can be identified within minutes using
mass spectrometry (26), and flow cytometry predicts antimicro-
bial susceptibility within 90 to 120 min (25). These techniques
require expensive equipment, special probes, and/or skilled per-
sonnel.

The oCelloScope is a small portable platform developed to pro-
vide (i) fast and reliable susceptibility testing, (ii) high sensitivity
to allow the use of low bacterial concentrations, and (iii) internal
verification of results. This system allows real-time analysis of bac-
terial processes, including antimicrobial efficacy screening using
an automated optical detection system. Here, we demonstrate
proof of concept and show that results for automated ASTs can be
obtained within 6 min in monoculture experiments and within 30
min in complex samples such as urine specimens from catheter-
associated urinary tract infections (CAUTIs). The oCelloScope
might present new vistas as a point-of-care instrument in clinical
and veterinary settings.

MATERIALS AND METHODS

Bacterial strains were selected to represent families which differ in mor-
phology and metabolism and to represent the most frequently isolated
bacteria in clinical and veterinary infections. The Gram-negative faculta-
tive aerobe Escherichia coli 9910045-1:0149 was isolated from the intesti-
nal contents of a pig with weaning diarrhea (27). The human facultative
aerobe Staphylococcus aureus CCUG 4151 (Culture Collection, University
of Gothenburg, Sweden) was included as a Gram-positive representative.
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FIG 1 The oCelloScope detection system. (a) Picture of the detection system with a standard 96-well plate inserted. (b) Simplified engineering drawing of the
detection principle. A volume of 50 wl of a growing bacterial culture is scanned, resulting in a stack of images. Each image can be transformed to a two-
dimensional (2D) picture. (c) 2D picture of S. alactolyticus from the scanning process. The magnitude is comparable to an X200 magnification in a standard light

microscope.

The Gram-negative facultative aerobe Salmonella enterica serovar Typhi-
murium 3389-1 DT12 was isolated from a clinical case of salmonellosis in
pigs and was kindly donated by D. L. Baggesen at the Technical University
of Denmark, National Veterinary Institute (28). The common Gram-
positive pig gut bacterium Streptococcus alactolyticus (type strain DSM
20728; DSMZ, Braunschweig, Germany) was included as an anaerobe
representative. The E. coli and S. Typhimurium strains were grown aero-
bically at 37°C in Luria-Bertani (LB) medium (Merck, Darmstadt, Ger-
many). S. aureus was grown aerobically at 37°C in brain heart infusion
(BHI) broth (Merck), whereas S. alactolyticus was grown anaerobically at
37°C in broth prepared as described by Holdeman et al. (29), except that
rumen extract was replaced by porcine colon extract (CGCM broth).

In all cases, 0.1 ml of an overnight culture was inoculated in 8 ml of
medium for 2 h (37°C) to reach the exponential phase. These cell suspen-
sions were standardized by adjusting the concentration of inoculates to
approximately 2.3 X 107 organisms/ml, determined by measurements of
the optical density at 600 nm (ODg,,) (performed on a UV-3100 PC
spectrophotometer; VWR, Herlev, Denmark), and subsequently diluting
to a final bacterial cell suspension of 7.8 X 10° bacteria ml~'. Beads were
added to bacterial cell suspensions (2 X 10* 6-wm beads/ml, microsphere
standard, B-7277; Invitrogen, Naerum, Denmark) and loaded onto an
F-base microtiter plate (50 pl/well) (TPP; Sigma-Aldrich, Brondby, Den-
mark) either untreated (control samples) or treated with antibiotics (E.
coli, 2 pg/ml polymyxin B, P1004; S. aureus, 50 pg/ml penicillin G50,
P3032; S. Typhimurium, 250 pg/ml spectinomycin, S2647; and S. alacto-
Iyticus, 0.5 pg/ml rifampin, R3501; Sigma-Aldrich, Brondby, Denmark).
All experiments were done in triplicates consisting of eight iterations.

To validate the oCelloScope instrument, identical experimental setups
measuring bacterial growth were analyzed (i) manually using a UV-3100
PC spectrophotometer (VWR, Herlev, Denmark) at ODy,, with 1.5-ml
disposable cuvettes, (ii) automatically using a PowerWavey, microplate
reader (BioTek Instruments, Holm & Halby, Brondby, Denmark) at
ODygs5, and (iii) automatically by the oCelloScope instrument. F-base
microtiter plates (50 pl/well) (TPP; Sigma-Aldrich, Brondby, Denmark)
were used for the spectrophotometer and the oCelloScope.

For antibiotic susceptibility tests (ASTs) of catheter-associated urinary
tract infections (CAUTISs), three pigs (4 months old, crossbred [(Danish
Landrace X Yorkshire) X Duroc], 40 to 45 kg) were catheterized. The
animals did not show any clinical signs of infections or diarrhea. All ex-
periments followed ethical guidelines approved by the Danish National
Authority (2008/561-1493). On day 7, urine samples were centrifuged at
2,400 X g for 5 min at room temperature to discard any porcine leuko-
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cytes or epithelial cells. The supernatant was mixed 50% (vol/vol) with
Miiller-Hinton broth with N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid (TES) (MH broth) (T3462, Sensititre; Thermo Scientific,
Slangerup, Denmark) and incubated for 2 h at 37°C. According to the
manufacturer’s instructions, the cell concentration was adjusted to a 0.5
McFarland standard; 0.1-ml cell suspensions were transferred into 11 ml
MH broth and mixed before 50 wl/well was loaded onto an NF Trek plate
(Sensititre) and subsequently transferred onto an F-base microtiter plate
(50 pl/well) (TPP; Sigma-Aldrich, Brondby, Denmark).

The basic principle behind the oCelloScope detection system (Unisen-
sor Ltd.) is digital time-lapse microscopy scanning through a fluid sample,
generating series of images. The instrument is shown in Fig. 1a together
with a conceptual drawing showing the principles of the method (Fig. 1b)
and a picture from a sample containing S. alactolyticus (Fig. 1c). The
imaging system consists of an illumination unit, a lens, and a digital cam-
era unit (shown in Fig. 1b). The optical axis of the imaging system is tilted
6.25° relative to the horizontal plane of the stage to enable scanning of
volumes and extraction of phase information. The lens and digital camera
unit contain a proprietary lens system and a 5-megapixel complementary
metal oxide semiconductor (CMOS) camera chip (with length-by-height
dimensions of 5.6 mm by 4 mm) designed to have a focus depth of ap-
proximately 10 pm, an absolute magnification factor of X4, and an opti-
cal resolution of 1.3 wm, which is comparable to X200 magnification in a
standard light microscope. The images recorded by the imaging system
form an image stack, which, due to the tilted imaging plane, constitutes a
parallelepiped that covers a detection volume in the sample of V... =
Loampte X Haampte X Wampte X $in(6.25). Ly, 10 and Hy, o are the cam-
era chip dimensions downscaled with the magnification factor (i.e., 5.6
mm/4 and 4 mm/4), and W, is the scan length, n X step_length,
where 7 is the total number of longitudinal steps and step_length is the
minimum incremental step length, which is 7.5 pm for the instrument
used. In the present study, an image stack consisting of 2 images separated
by 6 steps (1 = 6) was used. The perpendicular displacement between the
object planes of the images thereby becomes z,,,,. = sin(6.25) X 6 X 7.5
pm = 4.9 pum, and the covered volume is Ve = L4 mm X I mm X 6 X
7.5 pm X sin(6.25) = 6.9 nl. Due to the higher refractive index of the
solution, the object plane is displaced deeper into the medium than in an
air sample. This has a direct impact on the scanning depth of the sample
viewed at an oblique angle (6.25°) and effectively results in a total viewing
depth that equals the free space viewing depth multiplied by the refractive
index ratio between water and air. The true observed volume, therefore, is

\% Xn = 9.1 nl, where n is the refractive index of water

true sample water water
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FIG 2 Bacterial growth of S. aureus assessed by the oCelloScope and traditional OD measurements. (a) Growth was measured by optical density in a standard
laboratory spectrophotometer with one cuvette. The absorbance was measured at 600 nm. (b) Growth was measured by optical density (absorbance, 655 nm)
using a standard laboratory plate reader with a 96-well plate. (c) Growth was measured by optical density using the oCelloScope pixel histogram summation
(PHS) algorithm. (d) Growth was measured by the oCelloScope segmentation and extraction of surface area (SESA) algorithm. (e) Pictures taken by the
oCelloScope showing bacterial growth to different time points. All experiments were done as eight replicates, and standard derivations are shown as error bars

on the curves. Scale bar, 50 pm.

(which is n,,,,., = 1.33 at 37°C for light at a wavelength of 505 nm). The
higher refractive index of the medium also affects the perpendicular dis-
tance between the object planes, which then becomes z, e pane =
sin(6.25) X 6 X 7.5 pm X 1.33 = 6.5 wm. Each well was scanned repeat-
edly every 15 min, if not stated otherwise.

Time-lapse experiments, digital analysis, and image processing were
conducted by a custom automation script in MATLAB version 8.0.0.783
(R2012b; The MathWorks, Inc., Natick, MA). Two algorithms, based on
either pixel histogram summation (PHS) or contrast segmentation and
extraction of surface area (SESA), were developed to determine bacterial
growth kinetics as a result of image stack processing. The oCelloScope was
placed within an Innova 44 incubator (New Brunswick Scientific), which
allowed precise regulation of the temperature.

All data are expressed as mean values = standard deviations (SDs).
Statistical differences were analyzed using multiple ¢ tests with the
false-discovery rate set to 1%. GraphPad Prism version 6.00 for Win-
dows (GraphPad Software, San Diego, CA) was used for statistical
analysis.

RESULTS

Method evaluation. The oCelloScope detection system was used
to detect bacterial growth and perform ASTs. A comparison of the
oCelloScope to standard optical density methods was carried out
(Fig. 2). These data demonstrated that the oCelloScope was able to
record real-time bacterial growth of S. aureus in a 3-h experiment
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with the same accuracy as that for conventional optical density
(OD) measurements but showed improved performance in the
lower range of bacterial numbers. OD measurements by a stan-
dard spectrophotometer showed irregular results in the lower
scale of bacterial concentrations (approximately <2 X 107 bacte-
riaml™") (Fig. 2a), whereas more reliable results were obtained by
an automated plate reader system (Fig. 2b). It should be noted that
the initial bacterial concentrations were at the detection limits for
these techniques. For the measurement of bacterial growth by the
oCelloScope, two algorithms were designed based on pixel histo-
gram summation (PHS) (Fig. 2¢) and segmentation and extrac-
tion of surface area (SESA) (Fig. 2d). The PHS algorithm was the
most efficient in detecting exponential growth (0 to 60 min) but
displayed a more linear detection after 60 min, which was not in
agreement with the image material. The overall detection level was
enhanced by the SESA algorithm compared to the image material
(Fig. 2d). This algorithm uses segmentation to summarize the
number of bacteria, resulting in a refined detection limit in the
lower bacterial concentrations compared to those for tradi-
tional OD measurements and a continued exponential growing
pattern compared to that for PHS measurements performed by
the oCelloScope.

Determination of bacterial growth. The SESA algorithm was
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FIG 3 Bacterial growth of aerobic and anaerobic bacteria with (green line) or without (blue line) an antibiotic measured by the oCelloScope using the SESA
algorithm. (a) S. aureus grown for 6 h with or without penicillin G; (b) E. coli grown for 6 h with or without polymyxin B; (c) S. Typhimurium grown for 6 h with
or without spectinomycin; (d) S. alactolyticus grown for 6 h with or without rifampin. All experiments were done in triplicate, each consisting of eight iterations.

Standard derivations are shown as error bars on the curves.

based on the previous finding used to detect real-time bacterial
growth of two Gram-positive and two Gram-negative bacteria
(Fig. 3). All four bacteria, the facultative aerobe S. aureus, E. coli, S.
Typhimurium, and the anaerobe S. alactolyticus, showed expo-
nential growth patterns from the start of the experiment. Each of
the four bacteria was incubated with an antibiotic with known
inhibitory effects. A movie of the real-time detection is presented
in Video S1 in the supplemental material.

Rapid determination of antibiotic susceptibility in bacterial
monocultures. To test how fast samples incubated with or with-
out antibiotics can be detected, the repetition time was changed to
scan every minute in an experiment where E. coli was treated with
or without polymyxin B (Fig. 4). The results showed that a statis-
tically significant difference can be measured after 6 min. Real-
time detection where the antibiotic is added following 65 min of
growth is presented in Video S2 in the supplemental material. The
technique was further evaluated by the application to veterinary
samples.

Determination of antibiotic susceptibility in urine samples.
Urine samples from catheterized pigs suffering from CAUTIs (Fig.
5¢) with bacterial infections as detected in a light microscope (Fig.
5a) were used with standard Trek Sensititre plates to evaluate the
technology. Urine samples were preincubated for 2 h in MH broth
in order to obtain exponential growth before measurement on the
oCelloScope. Trek Sensititre NF plates with predosed and dried
antibiotic panels were used to obtain antibiotic susceptibilities for
23 different antibiotics. The growth was followed for 6 h and
reached the stationary phase after approximately 2 h. Figure 5d
and e show the growth curves obtained for three different antibi-
otics, levofloxacin (0.125 to 4 pg/ml), tetracycline (1 to 8 pg/ml),
and a combination of ticarcillin and clavulanic acid (16/2 to 128/2
pg/ml). Bacterial growth was inhibited by levofloxacin in all tested
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FIG 4 Bacterial growth measured by the oCelloScope in short time intervals. (a)
Growth of E. coli with (green line) or without (blue line) polymyxin B. Bacteria
were grown for 3 h and scanned every minute. (b) The first 30 min from panel a are
shown close up. Results are expressed as mean values (+SD) from triplicate ex-
periments, each representing 8 iterations. Statistical differences were analyzed us-
ing multiple ¢ tests with the false-discovery rate set to 1%. The asterisk indicates
that values are significantly (P < 0.01) different from those for bacteria incubated
with polymyxin B.
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FIG 5 Bacterial growth in urine samples from pigs suffering from catheter-associated urinary tract infections (CAUTIs) measured by the oCelloScope and
analyzed by the SESA algorithm. Urine samples were collected from three pigs with CAUTIs, and bacterial growth was analyzed in samples incubated with or
without antibiotics. (a) Picture of infected urine samples taken by a light microscope. The total magnification is X 100. Erythrocytes and bacteria are visible in the
counting chamber. (b) Picture of a urine sample from a pig taken by the oCelloScope. (c) Picture of a pig with a catheter for urine collection. (d) Analysis of urine
samples, from three different pigs, diluted with Miiller-Hinton (MH) broth and incubated with levofloxacin. (e) Analysis of urine samples, from three different
pigs, diluted with MH broth and incubated with tetracycline. (f) Analysis of urine samples, from three different pigs, diluted with MH broth and incubated with
a combination of ticarcillin and clavulanic acid. Pos con, positive control. (A movie of the bacteria from pig 1 is available as Video S3 in the supplemental

material.)

concentrations compared with controls, and the susceptibility val-
ues were estimated to be 1 pg/ml for pig 1 and 2 g/ml for pigs 2
and 3. The bacteria from all three pigs were almost unaffected by
tetracycline in the tested concentrations. The susceptibility values
for the combination of ticarcillin and clavulanic acid were 32/2
pg/ml. The result was less clear when 16/2 pg/ml ticarcillin-cla-
vulanic acid was used. As shown in Video S3 in the supplemental
material, the image material reveals initial growth of bacteria with
long rod-shaped morphology followed by the growth of bacteria
with shortened rod-shaped morphology. Tentative identification
of the microbial community of the initial urine sample using ter-
minal restriction fragment length polymorphism analysis showed
that the majority of the bacteria were Escherichia spp. with a minor
representation of Enterococcus spp. (data not shown). For further
identification of the specific bacteria grown under the influence of
ticarcillin and clavulanic acid, additional experiments are neces-
sary.
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DISCUSSION

Here, we demonstrate how a small portable instrument using op-
tical detection can revolutionize the speed and efficiency of ASTs
of bacterial cultures. It records and determines bacterial growth
and antibiotic susceptibilities with supporting imaging material.
The tested bacterial strains represent three bacterial families fre-
quently isolated in clinical or veterinary infections. Four different
media were used to test the ability of the technology to process
differences in background color.

The performance of the oCelloScope was compared to that of
standard optical density methods. Turbidity measurements are
commonly used to determine bacterial concentrations. Spectro-
photometric determination has a lower limit of 0.01 ODy, which
for E. coli corresponds to approximately 8.0 X 10° bacterial cells
ml~ . To allow determinations at concentrations lower than 8.0 X
10° bacterial cells ml ™', a new algorithm was developed. The com-
bination of the detection capability of the oCelloScope and the
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SESA algorithm greatly improved low-range bacterial measure-
ments compared to those of standard spectrometric methods. The
SESA algorithm also allowed us to detect a statistically significant
antibiotic effect on E. coli within 6 min. The concentration-time
relationship shown in Fig. S1 in the supplemental material indi-
cates the lower limits of the instrument with regard to bacterial
concentration. Preparation of the inoculum is critical for obtain-
ing reliable results for all automated susceptibility methods, as
they are sensitive to the number and the purity of the starting
bacterial population. The oCelloScope generates pictures rapidly,
and it is possible to visualize the starting material. Dormant bac-
terial cells, host cells, complex cultures, and contaminants are dif-
ficult to control in all automated susceptibility systems, and they
affect the results. The oCelloScope detection system can exclude
contaminants and host cells by optimized algorithms. Further de-
velopments will focus on parameters such as, e.g., bacterial cell
swelling, changes in bacterial membrane morphology, and the
refraction index to detect bacterial transformations in dormant
bacteria. The detection of low bacterial cell concentrations can be
further improved by increasing the number of scans, thereby in-
creasing the analyzed sample volume.

Using the SESA algorithm, we detected a statistically significant
antibiotic effect on E. coli within 6 min using a starting inoculum
of 7.8 X 10° bacteria ml™' and a two-image scan. The starting
inoculum is slightly higher than the recommended starting inoc-
ulum for broth dilution of 5 X 10> CFU ml ™! (30). The concen-
tration-time relationship displayed in Fig. S1 in the supplemental
material indicates that a reduction in the concentration of the
starting inoculum will entail an increase in the time to results.
However, a simultaneous increase in the number of images per
scan leads to a decrease in the time to results; thus, a reduction in
the starting inoculum concentration can be improved further.
Flow cytometry for bacterial cell count monitoring was recently
shown to determine antimicrobial susceptibility in 90 to 120 min,
depending on the bacterium (25). The advantage of this method is
the possibility of measuring bacteria in the range of 1 to 6 X 10*
cell counts; however, compared to the oCelloScope system, an
AST can be performed for only one antibiotic at a time, and no
image material that can reveal any erroneous results is available.
The principles of several other methods of performing rapid ASTs
have been presented (17-22, 31); a common limitation of these
techniques is their inability to perform multiple-sample analysis.

A final proof of the efficiency of the technology was demon-
strated by analyses of veterinary catheter urine samples. Porcine
CAUTI samples with complex bacterial compositions were tested
with standard NF Trek Sensititre plates preincubated with a panel
of 23 antibiotics for Gram-negative bacteria. This technology can
show if the antibiotics have elicited an effect within 30 min and can
determine the inhibitory concentrations within 3 h. The nature of
the CAUTI samples does not allow sample replicates, but the ho-
mogeneity of the results derived from the three pigs shows prom-
ise for the use of this model. Interpretation of the susceptibility
data is complicated by the sample complexity. Consequently, the
SESA algorithm will be further developed to determine the mor-
phology of a pathogen. The imaging material substantiates the
results by providing visual evidence for graphical findings (see
Video S3 in the supplemental material). The short analysis time
compared with the 18 h needed for the broth susceptibility test
illustrates the potential of the instrument with regard to ASTs
(10). A biosensor platform for rapid ASTs can provide suscepti-
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bility information from a clinical urine sample within 3.5 h using
a similar experimental setup; however, this method is more labo-
rious, as samples must be taken regularly at 15-min intervals for
biosensor analysis (32).

The primary advantages of the oCelloScope over existing
methods are that it is significantly faster, is portable, and requires
low sample volumes. Another advantage is the ability to analyze
up to 96 combinations of samples and antibiotics at once. The
compact size of the instrument and the Windows-based software
facilitate incorporation into existing fully automatic high-
throughput systems. Based on its usability and size and the possi-
bility of further development, the system has the potential for
tailoring antibiotic treatment to individual patients in a point-of-
care system, thereby reducing the inappropriate use of broad-
spectrum antibiotics and improving survival rates for patients suf-
fering from postoperative infections.

In conclusion, the oCelloScope system is suited for the imaging
of fluid samples, such as bacterial cultures and urine samples. It is
user-friendly and can accommodate a broad range of applications
within bacteriology. Real-time detection of bacterial growth and
antimicrobial susceptibility is linked to supporting imaging mate-
rial. The technology can improve ASTs by reducing hands-on and
incubation times and give rapid results that can lead to early tar-
geted antibiotic therapy. A targeted narrow-spectrum antibiotic
with adequate coverage will reduce bacterial antimicrobial resis-
tance and reduce costs. The oCelloScope provides a way to carry
out high-throughput bacterial susceptibility testing, which is es-
sential for counteracting the rapid increase in antimicrobial-resis-
tant bacteria.
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