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Abstract: Since conventional culture-based antibiotic susceptibility testing (AST) methods are too
time-consuming (typically 24–72 h), rapid AST is urgently needed for preventing the increasing
emergence and spread of antibiotic resistant infections. Although several phenotypic antibiotic
resistance sensing modalities are able to reduce the AST time to a few hours or less, concerning the
biological heterogeneity, their accuracy or limit of detection are limited by low throughput. Here,
we present a rapid AST method based on whole slide imaging (WSI)-enabled high-throughput
sensing antibiotic resistance at single-bacterium level. The time for determining the minimum
inhibitory concentration (MIC) was theoretically shortest, which ensures that the growth of each
individual cell present in a large population is inhibited. As a demonstration, our technique was
able to sense the growth of at least several thousand bacteria at single-cell level. Reliable MIC of
Enterobacter cloacae against gentamicin was obtained within 1 h, while the gold standard broth dilution
method required at least 16 h for the same result. In addition, the application of our method prevails
over other imaging-based AST approaches in allowing rapid and accurate determination of antibiotic
susceptibility for phenotypically heterogeneous samples, in which the number of antibiotic resistant
cells was negligible compared to that of the susceptible cells. Hence, our method shows great promise
for both rapid AST determination and point-of-care testing of complex clinical bacteria isolates.

Keywords: antibiotic resistance; whole slide imaging (WSI); antibiotic susceptibility testing (AST);
minimum inhibitory concentration (MIC); single-cell growth rate analysis

1. Introduction

Due to the overuse and misuse of antibiotics, the increasing emergence and spread of antibiotic-
resistant bacteria in human infections, such as methicillin-resistant S. aureus (MRSA), vancomycin-resistant
enterococci (VRE), extended-spectrum beta-lactamase (ESBL)- and carbapenemase-producers, has become
a global threat to public health [1–6]. Unfortunately, the lack of newly developed antimicrobial agents has
been worsening the crisis [7,8]. To reduce the inappropriate use of antibiotics, antibiotic susceptibility
testing (AST) is employed by healthcare providers to guide the prescription of antibiotics. The most
widely accepted AST methods, such as broth/agar dilution and Kirby-Bauer disk diffusion, are based on
the observation of visible bacterial growth in the presence of antibiotics [9]. These conventional methods
are routinely used and cost-effective, but they typically require at least 24–72 h for reliable readout [10].
Such delay leads to the empirical use of antibiotics and consequent increase in mortality [11,12]. Especially
for patients with septic shock, initiation of inappropriate antimicrobial treatment results in a five-fold
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decrease in survival [13]. An alternative AST approach relies on the detection of specific genes or proteins
responsible for antibiotic resistance by molecular techniques, such as polymerase chain reaction (PCR)
and mass spectrometry [14–20]. Although molecular methods are sensitive and fast, the existence of
biomarkers do not always correlate to phenotypic antibiotic resistance [21]. Furthermore, if new resistance
mechanisms arise, they are likely to result in false negatives [22]. Thus, rapid AST techniques without
compromising accuracy are urgently needed.

To date, a plethora of innovative approaches have been developed to shorten the time for
AST to a few hours or less [23,24]. Particularly, several platforms employed microfluidics, optical
imaging techniques or mass sensor arrays to determine antibiotic susceptibility by monitoring
single-cell growth [25–30]. Considering that antibiotic resistant and susceptible cells coexist in clinical
samples [31,32], apparently, detecting the rapidly multiplying individuals in a background of dying
cells would take much less time than assays monitoring population growth. Thus, single-cell AST
techniques would be more applicable for point-of-care tests. Nevertheless, since bacterial cells vary
largely in their growth rates, the ability of available single-cell AST methods in providing precise
results with statistical significance is hindered by low throughput. In a recent study, the throughput
was significantly improved by analyzing the growth rates of thousands of single cells confined in
microfluidic channels [28]. Although the concept introduced in this work is elegant, as clinical samples
are typically polymicrobial and even genetically identical cells vary in size and shape [33–35], fixed
dimensions of the channels would not be able to trap every single cell with various size and shape,
thus losing potentially useful data concerning biological heterogeneity. In addition, since cells were
confined to proliferate in only one direction and the ability of each cell to overcome the external
restriction may vary, detection of growth rate using this method might not be as accurate as the results
obtained from free-growing cells.

Here, we report a novel single-cell AST technique based on whole slide imaging (WSI) technique.
Capable of digitizing a specimen on a glass slide into a single image, WSI has been extensively
exploited to image histopathology slides for diagnostic use [36–38]. However, to our knowledge, the
applications of WSI in AST have not been reported yet. In this study, WSI was employed to expand
the imaging area, thereby allowing the visualization of a large population of cells regardless of their
biological heterogeneity. As a demonstration, we conducted time-lapse imaging of thousands of
E. cloacae cells in a WSI-compatible bacterial culturing glass slides that we previously reported [39]
to track single-cell growth. Antibiotic susceptibility profiles of E. cloacae against gentamicin was
determined by high-throughput analyzing single-cell growth rate. Moreover, to address the advantage
of the significant improvement in throughput, our technique was applied to determine antibiotic
susceptibility of an artificial phenotypically heterogeneous sample, in which the number of antibiotic
resistant cells was negligible compared to that of the susceptible cells. For validation purposes, results
obtained from our method were compared with the gold standard broth dilution method.

2. Results and Discussion

2.1. WSI-Based Monitoring Bacterial Growth at Single-Cell Level

To obtain an image encompassing a large population of single cells, “sandwich” slides with great
bacterial cultivability that we previously customized for WSI was employed [39]. This system consists
of a cover glass on the top, a supporting glass at the bottom and a 0.38 mm-thick gel pad with good
optical transparency in between. Bacterial cells are immobilized on the interface between the gel and
the supporting glass. Notably, owing to the “sandwich” structure and the refined composition of the
gel, the gel pad is robust enough and tightly adhered to the supporting glass to avoid any deformation
or sliding during WSI. Next, the phase contrast images of the entire sample area were acquired as the
sample stage moves and seamlessly stitched together into one image.

To test the performance of this system, we conducted WSI to image E. cloacae cells deposited into
the “sandwich” slides. Considering that the bacteria cells are small and might not sit on the same focal
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plane, rapid autofocus technology was applied to minimize out-of-focus issue. As a demonstration,
Figure 1A displays a composite image of a sample area (8.48 mm × 7.69 mm). Zooming in the image
enabled the visualization of individual cells, which were all in-focus. Herein, using a 40× objective
lens, the imaging took only 3.5 min. Considering that the natural doubling time of bacteria is ~20 min
and even longer during antibiotic treatment, it was assumed that there was no significant change in
cell size during such fast imaging.

To employ this system to monitor single-cell growth, the “sandwich” slides were incubated at
37 ◦C and a humidity of 90%, under which condition the dimensions of the gel pad were not changed.
Subsequently, time-lapse imaging was conducted on the same sample area at 15, 30, 45 and 60 min.
After the composite images were collected, they were processed by ImageJ software and were converted
into binary format images, in which the cells were black and the background was white. Since each
composite image was in gigabytes, we selected a small subarea containing nine cells as a demonstration
of analyzing single-cell growth (Figure 1B). To quantify the bacterial size, the area occupied by a single
cell or the corresponding microcolony developed from it was measured from the processed images in
Figure 1. Since there was no significant drifting of the x-y coordinates while the bacterial cells were
growing, the areas with matched coordinates represented a group of bacteria originated from the same
cell. For each individual cell, the normalized growth rate at time t was calculated using Equation (1),
where At and A0 are the areas originated from the same cells at time t and time 0, respectively. Depicted
in Figure 1C are the growth rate curves of nine cells. Apparently, at each time point, the variation of
the growth rates was large, emphasizing the necessities of analyzing a large population of cells for the
accurate determination of antibiotic susceptibility at single-cell level.

Normalized growth rate =
At

A0
(1)
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2.2. Determination of Minimal Inhibitory Concentration (MIC) by WSI-Based AST

To investigate the ability of our method to determine antibiotic susceptibility, we performed tests
through tracking single-cell growth of E. cloacae in response to gentamicin treatments, which is illustrated
in Scheme 1. Herein, the tested concentrations of gentamicin in gel pad were 2, 4, 8 and 16 µg/mL and
the number of cells treated at each antibiotic concentration were 3964, 4387, 5199 and 5778, respectively.
The populations were sufficiently large to show statistical significance in addressing the biological
heterogeneity. Based on the analysis, results obtained from time-lapse images of the sample area captured
at 0, 15, 30, 45 and 60 min, we found that the growth rates of the cells at each time point were highly diverse
and displayed broad distributions. To simplify the analysis, we set integral bins for the growth rates and
obtained cell count-based distributions shown in Figure 2. Assuming that the fraction of cells beyond the
threshold of two were those that had been replicated, obviously, such fractions treated with 2 and 4 µg/mL
gentamicin increased over time, suggesting that a majority of cells were continuously growing. In the
groups treated with 8 and 16 µg/mL gentamicin, even though the replication of most of cells were arrested,
a tiny portion of cells still survived and completed one replication. By specifically examining the growth
rates of these cells, we learned that all of them were in a trend to stop growing by 60 min. Regarding the
effectiveness of eventually inhibiting cell growth, as depicted in Figure 3, MIC could be determined as
8 µg/mL, which agreed with the result from conventional broth dilution method (Figure 4).Molecules 2019, 24, x 5 of 11 
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2.3. Rapid Antibiotic Susceptibility Determination of Phenotypically Heterogeneous Samples

In practice, clinical bacteria isolates are complex because antibiotic resistant and susceptible
bacteria coexist. Especially if the portion of the resistant phenotype is extremely small, accurately
assessing the antibiotic susceptibility of such sample still remains challenging. Herein, our AST
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platform was further employed to analyze an artificial sample containing a mixture of kanamycin
resistant E. coli and kanamycin susceptible E. cloacae, where the number of resistant cells was extremely
low. Cells were treated with 50 µg/mL kanamycin, which was effective enough to selectively allow
E. coli to proliferate, while killing E. cloacae. Figure 5A,B show a representative field of view selected
from an area of 7.46 mm × 7.12 mm and the corresponding plot of normalized growth rate versus
time. Apparently, only one out of five bacteria was actively growing. Depicted in Figure 5C are
single-cell growth rate distributions for a total 2189 cells in the sample area at different time points.
If a value of two is set as the threshold to separate replicated and non-replicated populations, as
illustrated in Figure 5D, the fractions of replicated cells at 15, 30, 45 and 60 min are 0, 0.05%, 0.82%
and 1.15%, respectively. In contrast, the majority remained as non-replicated and their size shrank
over time, indicating that they were sensitive to kanamycin. Further examining each cell growth rate
curve, confirmed that 25 cells (1.15% of total count) continuously multiplied while the others did
not. Therefore, our method was able to distinguish antibiotic resistant phenotype from susceptible
phenotype within 1 h, especially the portion of resistant subpopulation was as small as only about 1%.
For comparison, conventional broth dilution was performed with sample volume of tested sample.
The liquid medium turned turbid after 20 h incubation, suggesting that our approach was powerful in
saving significant time without compromising the accuracy.Molecules 2019, 24, x 7 of 11 
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Figure 5. (A) Time-lapse images of one representative area, where kanamycin resistant E. coli and
susceptible E. cloacae cells coexist in the presence of 50 µg/mL of kanamycin and corresponding
post-processing binary images. Scale bar, 10 µm. Actively growing cells are marked with purple arrows.
(B) Single-cell growth rate of bacterial cells shown in (A). (C) Number-based distribution of normalized
single-cell growth rate for several thousand mixed bacterial cells treated with 50 µg/mL of kanamycin.
(D) Normalized fraction of replicated cells versus time.

Despite the great performance in accurately determining the antibiotic susceptibility profiles for
complicated bacterial samples, acquisition of a wide-field image containing several thousand cells
takes about four minutes, testing multiple antibiotic concentrations simultaneously is still challenging.
However, recently emerged ultrafast high-resolution WSI techniques [40–42] would raise the promise
in solving this issue by completing the acquisitions of multiple wide-field images in one minute.
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3. Materials and Methods

3.1. Materials and Instruments

Mueller-Hinton (MH) broth, Luria-Bertani (LB) broth, ampicillin sodium salt and gentamicin
sulfate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Agarose was obtained from Promega
(Madison, WI, USA). Silicon wafer was purchased from University Wafer (Boston, MA, USA). Kanamycin
sulfate, polystyrene petri dishes (diameter 100 mm) and glass microscope slides were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Enterobacter cloacae (E. cloacae) (ATCC 13047) was
purchased from the American Type Culture Collection (Manassas, VA, USA). A genetically engineered
kanamycin resistant Escherichia coli (E. coli) strain was used as a model bacterium. Image acquisition was
conducted using BZ-X800 All-in-One fluorescence microscope (Keyence Corporation, Osaka, Japan).

3.2. Bacterial Cell Culture

As the bacteria used in this study are resistant to certain antibiotics, corresponding antibiotics were
added into the culture medium for the selection purpose. E. cloacae and kanamycin resistant E. coli were
cultured in LB medium supplemented with 50 µg/mL ampicillin and 50 µg/mL kanamycin, respectively.
All the antibiotics solutions were sterilized by being filtered through 0.2 µm polyvinylidene fluoride
(PVDF) membrane (EMD Millipore, Burlington, MA, USA) prior to the addition to LB medium.
After the stocked bacteria were inoculated in LB medium and pre-enriched in a 37 ◦C shaker for 3 h,
the cells were diluted with phosphate buffered saline (PBS) to the desired concentrations for testing.

3.3. Sample Preparation

First, two parallel microscope glass slides with two pieces of spacers (0.38 mm-thick silicon wafer)
in between were placed in a petri dish. Next, MH medium with 0.6% (w/v) agarose suspended in
it was sterilized by autoclaving at 121 ◦C for 15 min. After the media cooled down below 50 ◦C,
the antibiotic was added and this molten medium was subsequently poured into a petri dish and it
filled the empty chamber between the glass slides. This petri dish was placed on a horizontal benchtop
at room temperature. After the medium was sufficiently solidified, the cover glass slide was gently
removed to present a thin gel pad with a flat surface. Then, 2.5 µL bacterial suspension was carefully
loaded onto the gel pad without disrupting the surface. After the drop completely evaporated, the
glass slide and the thin gel pad together was taken out by cutting off the surrounding bulk gel and was
mounted at the side of the gel pad with the bacteria on an another glass slide for WSI.

3.4. Whole Slide Imaging

The aforementioned sandwiched glass slides were placed on the imaging stage of microscopy cell
incubator, wherein the bacteria side of the gel was in contact with the supporting glass slide. After the
horizontal plane of bacterial cells was focused by the objective lens, the boundary of sample area
was determined by the auto-searching function of the Keyence microscope. Next, cells in 10 different
field-of-views throughout the sample area were focused one by one to ensure the autofocusing during
the scanning. Subsequently, tiles of phase contrast images were continuously captured as the sample
holder stage moved along a sequential path programmed by the imager software until the entire
sample area was scanned. Herein, tiles (0.362 mm × 0.272 mm for each tile) were acquired by a 40×
objective lens (NA=0.60, S Plan Fluor ELWD Ph2, Nikon). Then, the BZ-X800 analyzer software
automatically created a composite image by seamlessly stitching all the tiles together. After the first
scanning, the temperature of the incubator was set to 37 ◦C. The scanning was repeated at 15, 30, 45
and 60 min after the temperature reached 37 ◦C.
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3.5. Image Processing and Data Analysis

The images obtained from WSI were processed by ImageJ software version 1.52i (NIH, Bethesda,
MD, USA). First, the threshold was adjusted to enhance the contrast of the bacterial cells and render
cells as black and the background as white. Next, the area of each cell or microcolony developed
from it was measured in pixels. Those below 15 pixels were filtered as they were considered as noise
from the background. Then, these values of area were grouped according to the x-y coordinates on
the image to deliver the change in size as each single cell grew over time. Finally, the normalized
single-cell growth rate was calculated from the normalized change in size.

3.6. WSI-Based AST

To evaluate the accuracy of our WSI-based AST method in the determination of MIC, E. cloacae and
gentamicin were used as a model bacterium and antibiotic, respectively. E. cloacae were treated with a
series of concentrations (2, 4, 8 and 16 µg/mL) of gentamicin, generated in the gel pad of the bacterial
culturing slides. The testing for each concentration was performed once using the aforementioned
time-lapse WSI-based method to monitor the growth of each individual bacterial cell.

In addition, to assess the ability of our method in testing a polymicrobial and phenotypically
heterogenous bacterial sample, we mixed kanamycin-sensitive E. cloacae and kanamycin-resistant
E. coli together to stimulate the expected sample. Next, a WSI-based test was performed by treating the
cells from this sample with 50 µg/mL kanamycin.

3.7. AST Using Broth Dilution Method

For comparison, AST was also performed by the gold standard broth dilution method [43]. In this
work, the antibiotic was added to MH medium and was serially diluted to the desired concentrations.
Subsequently, the same number of bacteria which was used for WSI-based test were inoculated into
test tubes containing 5 mL MH medium with antibiotics and one tube of antibiotic-free medium as a
control. After incubation at 37 ◦C for 16–24 h, the MIC was determined as the lowest concentration
at which no visible bacterial growth was observed. Here, the bacterial growth was quantified by the
measurement of OD600 using UV-Vis spectrophotometer (Nanodrop 1000, Thermo Fisher Scientific,
Waltham, MA, USA). This test was conducted in triplicate.

4. Conclusions

In this study, we demonstrated a novel rapid and accurate AST method established on WSI,
which enabled high-throughput analysis of single-cell growth rates regardless of the variations in the
size and shape of bacteria. As a demonstration of employing this new method to perform AST, the
MIC of E. cloacae against gentamicin was determined within the theoretically shortest time, which
ensures that the growth of each individual bacterium is inhibited. Notably, our technique was able
to rapidly identify antibiotic resistant cells from a large population of antibiotic susceptible cells,
in which the portion of resistant subpopulation was about 1%. In addition, microscopy imaging
shows no limitation in analyzing cells in diverse size or shape, suggesting that this method can be
generalized to most bacteria species. Therefore, our AST approach would show great potential in
determining antibiotic susceptibility of complex clinical bacteria isolates. Moreover, owing to the
feature of high-throughput quantitative analysis, our approach can be applied to timely identifying
the rising antibiotic resistance adapted to the treatment and guiding the adjustment of the treatment
strategy to prevent the aggravation of antibiotic resistance.
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