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Abstract

To combat the ongoing public health threat of antibiotic-resistant infections, a technology that can
quickly identify infecting bacterial pathogens and concurrently perform antimicrobial
susceptibility testing (AST) in point-of-care settings is needed. Here we develop a technology for
point-of-care AST with a low-magnification solution scattering imaging system and a real time
video-based object scattering intensity detection method. The low magnification (1-2X) optics
provide sufficient volume for direct imaging of bacteria in urine samples, avoiding the time-
consuming process of culture-based bacterial isolation and enrichment. Scattering intensity from
moving bacteria and particles in the sample is obtained by subtracting both spatial and temporal
background from a short video. The time profile of scattering intensity is correlated with the
bacterial growth rate and bacterial response to antibiotic exposure. Compared to the image-based
bacterial tracking and counting method we previously developed, this simple image processing
algorithm accommodates a wider range of bacterial concentrations, simplifies sample preparation,
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and greatly reduces the computational cost of signal processing. Furthermore, development of this
simplified processing algorithm eases implementation of multiplexed detection and allows real-
time signal readout, which are essential for point-of-care AST applications. To establish the
method, 130 clinical urine samples were tested, and the results demonstrated an accuracy of ~92%
within 60-90 min for UTI diagnosis. Rapid AST of 55 positive clinical samples revealed 98%
categorical agreement with both the clinical culture results and the on-site parallel AST validation
results. This technology provides opportunities for prompt infection diagnosis and accurate
antibiotic prescriptions in point-of-care settings.
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A large volume solution scattering imaging (LVSi) system and a real time background removal
algorithm for object scattering intensity detection are developed for direct antimicrobial
susceptibility testing on raw clinical urine samples. The rapid determination of antibiotic
resistance helps with the precise antibiotic prescriptions and proper treatment of the patient within
a single clinic visit.
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The misuse and overuse of the broad-spectrum antibiotics has led to widespread
development of antimicrobial resistance, posing long-term threats to public health.1-3
Multidrug-resistant bacteria persist in many healthcare settings, leading to a wide range of
acute and nosocomial infections with high mortality rates. Each year, resistant infections
cause at least 2.8 million hospitalizations and 35,000 deaths in the US alone.! Urinary tract
infections (UTIs) are the most frequent bacterial infection in the outpatient setting, affecting
50% of women during their lifetime.* 5 Although many UTIs are uncomplicated,
progression into life-threatening infections, such as sepsis, can occur. The problem of
antimicrobial resistance is aggravated by the empirical prescription of the antibiotics for UTI
treatment.5: 7 Current standard methods for both identification and antimicrobial
susceptibility testing (AST) are slow, typically taking 2—4 days for results to be reported to
the patient.8-10 The standard method for UTI screening and AST are culture based, which
takes 48 h or more to produce results, while dipstick tests and manual microscopy are faster
but less reliable.11: 12 Therefore, a rapid, affordable, and highly sensitive detection platform,
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capable of significantly reducing the time needed for antibiotic susceptibility determination
and optimizing targeted therapy in point-of-care (POC) settings, is urgently needed.

Various emerging rapid AST technologies have been developed using either genotypic or
phenotypic approaches.13-17 The former detects genes responsible for conferring drug
resistance, which is powerful, but requires prior knowledge of the genes.14: 18-22 Genotypic
approaches are nucleic acid amplification testing (NAT)-based detection methods that
require a series of sample preparation steps and use of primers and enzymes.23 Phenotypic
AST technologies usually detect phenotypic features (e.g., bacterial physiology, size, length,
number, and morphology) for direct bacterial cell growth measurementsl 24-32 among
which, optical detection, including real time microscopy, live cell imaging, flow cytometry
and scattering microscopy, have been leading rapid AST assay development. However, most
of these technologies require pure cultures of isolated bacteria. Without sample isolation and
enrichment, very few bacteria can be imaged with high magnification optics. Furthermore,
single cell imaging with microfluidics is confronted with critical issues such as clogging,
bubble formation, and precise fluid management when used to directly analyze clinical
samples. Thus, a simple, faster, and affordable method is needed for direct bulk sample
analysis in POC settings to promptly avoid antibiotic usage in case of nonbacterial infections
and promote accurate antibiotic prescription for resistant pathogens.

Here, we introduce rapid AST with free-solution, forward-scattering imaging that directly
assesses clinical urine samples in a cuvette without microfluidics. The effect of antibiotics
on bacterial growth rate is quantified by a background-free, video-based Object Scattering
Intensity Detection method (referred to as OSID-AST). Similar to the light scattering-based
bacterial growth detection methods (e.g., BacterioScan33), our method simply detects the
total light intensity scattered from the sample. However, with real-time imaging capability,
we removed background noises, tracking only the scattered light from the moving bacterial
cells and particles from the clinical urine sample, thereby providing accurate information on
the responsiveness of cells to antibiotic exposure. We describe the optical setup and principle
of the OSID-AST, validate it with cultured, stationary-phase Escherichia coli and
Staphylococcus saprophyticus, and apply it to 130 clinical urine samples from patients with
suspected UTIs.

RESULTS AND DISCUSSION

Detection Principle

Measurement of optical density (OD) at 600 nm (ODggg), commonly used to monitor
relative bacterial growth in liquid suspension, is based on light scattered in random
directions by the bacteria suspended in solution. This indirect assessment of bacterial growth
and cell concentration requires pure sample inoculation and time for the cells in suspension
to reach appropriate density levels.3# With the improvement of the light source and optical
configurations, other light scattering methods were developed to increase the detection limit.
35-37 However, the methods collect total scattered light from the sample, including
background noises from vial defects, wall contamination, and surface reflection, and still
require enrichment and substantial cell growth, and thus, longer sample-to-answer time. To
minimize sample pre-processing time, we introduced a low magnification solution that
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incorporates forward-scattering imaging with dark field illumination, direct real sample
detection, and an efficient background removal algorithm, thereby employing rapid AST
based on object scattering intensity (Fig. 1).

The dual channel large volume solution scattering imaging (LVSi) system can
simultaneously measure antibiotic-exposed and control samples. The system uses a forward
scattering geometry to minimize image-intensity blinking associated with the rotation of
cells in the solution. Furthermore, a beam block prevents the incident light from directly
entering the camera, enabling high contrast and low background dark field images of the
bacterial cells (Fig. 1A). Bacterial cells and similar-sized particles from a urine sample are
imaged as individual bright spots. Due to thermal drift, the bright spots move slowly within
the image field as the basal platform heats the sample to 37 °C. We developed an automated
image processing protocol that removes all background noises in the video in four simple
steps (Fig. 1B, Supporting Information Figure S1). In step one, the raw video stacks (1 min
duration, 10 fps) are averaged for every four frames to simultaneously increase signal-to-
noise ratios and reduce data file sizes. In step two, background noises from cuvette-based
defects and interferences are removed every 10 frames via pixel-level, temporal, local
minimium subtraction. In step three, dynamic background noise, caused by thermal and
mechanical drift that induces moving reflections and scattering, is primarily removed by
subtracting the whole stack temporal median image. In step four, the remaining background
is removed by subtracting the local spatial background, which is calculated by rolling ball
average with radius of 10 pixels for all pixels in the image. The typical computational time
for processing a 1 min video is ~ 45 seconds with a desktop personal computer. After
background removal, the video intensity is dominated by the object intensity of all particles,
including both bacterial cells and particles. Since particle intensities are stable over time, the
change of the object scattering intensity is correlated with bacterial growth.

The integrated object scattering intensity quantification enables detection of bacterial
infection and AST for infection-positive samples with the algorithm graphically presented in
Fig. 1C. Two test solutions are prepared with a patient’s urine sample, one solution with
medium and antibiotics for AST and the other one with medium only as a control. To detect
bacterial infection, the integrated object scattering intensity in the control group is quantified
over time (e.g., 1 min video measure of object scattering intensity every 5 min for a total of
90 min). As shown in Fig. 1C, if the fold increase of integrated object intensity over the
initial value (Ic¢/lco) is above an infection threshold (T,) (Material and Methods and
Supporting Information S2), or Ici/lcg > T, the sample is identified as infection positive.
Otherwise, the sample is determined as infection negative. For antibiotic resistance
detection, the integrated object intensity changes over time in the control urine sample (Alc
= It -lcg) and in the antibiotic-exposed sample (Alagx = lapxt -laBxo) are calculated. If
the ratio between the two (Alagx/Alc) is above a resistance threshold (TR), Alagx/Alc > TR,
indicating insufficient bacterial inhibition by the antibiotic, the sample is identified as
resistant. If the ratio is at or below Tg, bacterial growth is inhibited by the antibiotic, and the
sample is defined as susceptible to that antibiotic.
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Testing OSID-AST with pure E. coli and S. saprophyticus cultures

To establish the method, £. coliand S. saprophyticus cultures (see Materials and Methods)
with and without antibiotics were imaged for bacterial growth measurements. £. coli is the
most predominant pathogen causing 60-80% of community-acquired UTIs, while S.
saprophyticus is the second-most common cause of community-acquired UTIs. In urine
samples, bacterial cells are likely in stationary phase due to recent release of intracellular
bacterial communities from infected epithelial cells and/or nutrient depletion.38 We worked
directly with E. coliand S. saprophyticus stationary phase cultures diluted in fresh culture
medium without additional subculturing. The individual bacterial cells were imaged as
bright spots moving dynamically in the video. The integrated object intensity of all cells was
quantified, after real-time background removal processing, with a 1 min duration video at 5
min intervals over a total of 90 min. The bacterial growth, as integrated object intensity, of
both control and antibiotic-exposed samples were plotted for antibiotic susceptibility
determination (Fig. 2 and Fig. 3).

The object intensity detection and the raw intensity detection for antibiotic susceptibility
testing with pure £. coli cultures, are compared in Fig. 2. The raw intensity detection is
equivalent to the traditional optical density light scattering measurement with spectrometry.
In the absence of antibiotics, £. co/i multiplies over time as indicated by the increase in both
the raw intensity and integrated object intensity (Fig. 2A and 2B). However, the raw video
presents obvious background noises including both static and dynamic optical background
from residual background illumination, scattering from defects and dust on the cuvette wall,
and ghost light (Fig. 2A), which interfere with the intensity increase induced by £. coli
growth. In contrast, after background removal, the intensity changes are more evident as the
bacterial cell scattered light dominates the images (Fig. 2B). To accurately track £. coli
growth, the averaged intensity of a 1 min video was quantified every 5 min. With the raw
video intensity, £. coli growth was detected in 90 min, but the growth curve does not follow
an obvious exponential increase and the intensity increase is small compared with the initial
background intensity. The growth curve plotted with the integrated object intensity shows
more evident exponential growth (Fig. 2B). Similarly, for the antibiotic-exposed sample (32
ug/mL nitrofurantoin), the raw video shows obvious background noises, while the raw
intensity shows a fluctuate curve (Fig. 2C) due to drifting background noise. Conversely, the
background-free integrated object intensity curve (Fig. 2D) shows a flat line over time,
indicating no bacterial growth in the presence of the antibiotic and revealing a clear
antibiotic susceptible result.

Similarly, the object intensity detection and the raw intensity detection for pure S.
saprophyticus cultures were performed and compared (Fig. 3). S. saprophyticus is a Gram-
positive bacterium that forms grape-like clusters of coccus-shaped cells during growth. S.
saprophyticus grows slower than E. coli and lacks flagella, so increases in scattered light
intensity often occurs without accompanying detection of increases in individual cells.
During the 90 min detection, the raw intensity of both control and antibiotic- (2 pg/mL
ciprofloxacin) exposed samples decreases with time as the background noise intensity
dominates, thereby negating raw intensity usage for bacterial growth quantification. In
contrast, obvious growth was observed with object intensity detection in the control sample
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with intensity nearly doubling (~1.7X), while the antibiotic-exposed sample intensity
increased minimally (~1.1X). As Alagx/Alc is approximately 0.14, well below the
resistance threshold of 0.5, the S. saprophyticus culture is deemed antibiotic (ciprofloxacin)
susceptible with our OSID-AST.

To further validate the robustness of the object intensity detection method, we statistically
analyzed independent culture replicates. To compare the results from independent
experiments, both raw intensity and object intensity at each time point were normalized to
the initial video intensity to generate the fold increase of cell growth. Five independent
experimental results with and without antibiotics are plotted in Fig. 4A-C (32 pg/mL
nitrofurantoin) and Fig. 4D-F (2 pg/mL ciprofloxacin) for £. coli cultures and Fig. 4G-I (2
ug/mL ciprofloxacin) for S. saprophyticus cultures. Prior to background removal, sample-to-
sample intensity detection variations between control and antibiotic-exposed samples made
it difficult to determine antibiotic susceptibility (Fig. 4A, D, G). In contrast, object intensity
detection after background removal revealed obvious and consistent growth differences
between control and antibiotic-exposed samples for both antibiotics and strains tested.
OSID-AST of E. coli cells was determined within 40 min for nitrofurantoin (Fig. 4B) and 60
min for ciprofloxacin (Fig. 4E). Due to a slower growth rate and object intensity increases in
both control and antibiotic-exposed samples, S. saprophyticus cultures require longer
incubation times for antibiotic susceptibility determination (Fig. 4H). Statistical analysis of
all the samples at different time points (0, 60, 90 min) indicates reliable AST with integrated
object intensity detection (Fig. 4C, F, 1). While raw image intensities show no significant
difference between samples with and without antibiotics, the integrated object intensities
show significant differences between the two groups after 60 min for both £. coliand S.
saprophyticus (Fig. 4C, F, I).

Compared to our previous single cell counting method,39: 40 video-based object intensity
detection does not need to identify and track individual scattering objects. Therefore, video-
based OSID can function with a higher density of particles and thus, a wider range of
bacterial concentrations (e.g., 10* — 107 cells/mL), as long as the original intensities do not
saturate during detection (Supporting Information Figure S3). The wider dynamic range of
the object intensity detection platform enables detecting bacteria in clinical urine samples
with a single unified dilution step, thereby simplifying the sample preparation process by
eliminating particle concentration premeasurement and additional dilution steps. In addition,
the total AST time decreases with increasing bacterial concentration in the working sample
(Supporting Information Figure S4). Furthermore, the background removal process, which
eliminates artifacts and dramatically reduces computational costs, does not require manual
threshold detections or complicated tracking processes. Also, object intensity detection
quantitates relative growth for both £. coliand S. saprophyticus, while single cell counting
cannot quantify S. saprophyticus, which aggregates and forms clusters during growth
(Supporting Information S5). The object intensity detection platform allows fully automated,
real time image processing and results reporting and quantifies both rod- and coccus-shaped
bacteria that are motile (£. coli) and nonmotile (S. saprophyticus).

The integrated object intensity directly correlates with changes in cell number and cell size
for bacterial growth determination. For bactericidal antibiotics, such as nitrofurantoin and
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ciprofloxacin, that Kill bacteria, the object intensity measurements provide rapid and evident
results for AST determination. However, the bactericidal mechanisms of some antibiotics,
such as ampicillin, induce cell elongation and accompanying increases in object scattering
intensity prior to killing, and thus might necessitate longer detection times for AST
determination. For antibiotics that induce elongation or morphological changes, quantifying
cell number changes or tracking division events can effectively determine antibiotic
susceptibility, but with increased computational costs.

UTI infection detection and AST with clinical urine samples

After validation of OSID-AST with pure cultures, we applied it to clinical urine samples for
both UTI infection detection and AST of the UTI-causing bacteria. Infection detection
measures the integrated object intensity increase over time in the antibiotic free (control)
sample. A positive infection is identified when the intensity increase is higher than the
infection threshold, which indicates active bacterial growth. AST compares the intensity
changes in samples incubated with and without antibiotics. One hundred and thirty de-
identified clinical urine samples collected from hospitalized patients at Mayo Clinic were
measured by OSID-AST. The results for all samples are validated with on-site initial plating
and parallel AST plating for CFU quantitation and compared with clinical lab results
measured by BD Phoenix. The workflow for the clinical sample preparation, testing and
validation is illustrated in Support Information S6, Figure S6.

UTI detection: We tested 130 clinical urine samples and identified samples with UTIs
(Fig. 5). Fifty-five clinical samples exhibited significant object intensity increases, despite
sample-to-sample variability, and were identified as infection positive (Fig. 5A, Supporting
Information S7, Table S1), while the remaining 75 samples showed minimal object intensity
changes and were classified as infection negative (Fig. 5B, Supporting Information S7, Table
S1). For cross validation, the normalized integrated object intensity of each sample at 60 min
and 90 min (Figs. 5C and 5D) were compared with the BD Phoenix gold standard method
results obtained in the Microbiology Lab at Mayo Clinic, where the samples were collected.
At 60 min, the integrated object intensity falls into two separated clusters: one cluster of
samples with normalized integrated object intensities greater than 1 and one cluster of
samples with normalized object intensities less than 1 (Fig. 5D). The two clusters were
further separated with increased incubation times, indicating increasing UTI detection
accuracy with time. By setting the infection threshold at 1.1 (Materials and Methods), 75
samples were determined to be infection negative and 55 samples were determined to be
infection positive with accuracies that increased from ~90% at 60 min to ~91.5% at 90 min.
At the 90 min time point, 11 false negative samples were determined from the 130 samples
tested. The on-site parallel plating results shows that these false negative samples have initial
bacterial concentrations between 103-10% CFU/mL (2 samples), 10%-10° CFU/mL (7
samples), and >10° CFU/mL (2 samples) (Supporting Information S8).

The present LVSi system images a volume of 5 pL, allowing for sufficient numbers of
bacterial cells from urine samples to be recorded at clinically relevant concentrations (104 —
107 CFU/mL). However, when the bacterial concentration is below 1000 cells/mL, less than
5 cells would be visible, and a longer detection time is required for AST (Supporting

Anal Chem. Author manuscript; available in PMC 2022 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

Information Figure S3). Among the 11 false negative samples, two samples yielded bacterial
concentrations below the clinical threshold of 104 CFU/mL when validated with on-site
plating. Samples are typically collected and stored at 4° C for 2 days before being received
and processed on-site; we expect such reductions in viable bacteria to be negligible when
OSID-AST is performed in POC settings with fresh urine. The remaining nine false negative
samples exhibited initial bacterial concentrations above the clinical threshold, however 7 of
the 9 had concentrations between 10~10° CFU/mL. Parallel plating validation, performed
alongside OSID-AST after sample handling, including prewarm, filtration and dilution,
revealed low concentrations of bacterial cells (below 1000 cells/mL, Supporting Information
S9). Therefore, most of these false negative results (9/11) are due to low bacterial
concentrations from sample handling. While these samples were diluted 10 to 1000 times for
both single cell counting and object scattering intensity analysis, the OSID-AST method
functions with a higher particle concentration range, thus these false negative results can
likely be avoided with an optimized dilution scheme and improved sample handling process.
In this work, we compared two analytical methods to rapidly determine infection, a single
cell counting method and the OSID method. We found that measuring bacterial cell growth
with integrated object scattering intensity to be more accurate with simpler processing
requirements. While the single cell counting method resulted in 17 false negative samples of
the 130 tested samples, the OSID method resulted in only 11 false negatives (Supporting
Information S10). While single cell counting tracks the numerical increases only, OSID
method measures both size and numerical increases during cell growth. It can be noted that
cell enlargement, and therefore intensity, typically increases before a cell divides. This could
account for some of the improved accuracy of the OSID method. Aside from accuracy, this
method also allows automated data processing in real time with lower computational cost
compared to that of the single cell counting method. Extra manual threshold selection for
cell detection and tracking processing, prevent fully automated data processing for the single
cell counting method and highlight the simplicity of sample processing for the OSID
method. Additionally, for samples with high particle densities, cell counting is not accurate
and requires an extra imaging and dilution determination steps for each sample. Increased
dilution could result in a false negative infection determination when insufficient bacteria are
present in the viewing volume. Furthermore, the counting method does not accurately
enumerate bacterial cells that aggregated after division, such as with S. saprophyticus in
UTIs, while the OSID method accounts for this type of cell enlargement and growth
morphology (Supporting information S5).

Rapid AST: We performed OSID-AST on 55 UTI positive clinical samples by comparing
integrated object intensity change in antibiotic-exposed samples (Alagx) with that of the
control samples (Al¢) following the algorithm defined in Fig. 1C. When Alagx is
consistently lower than Alc, the sample is determined to be susceptible to the antibiotic
tested (Fig. 6A). In contrast, when Al ogx and Al ¢ values are similar, the sample is
identified as resistant to the antibiotic tested (Fig. 6B). To explore AST accuracy over time,
we set the resistance threshold (Tg) at 0.5, corresponding to 50% reduction in bacterial
growth rate, and compared the results with those obtained from reference method (BD
Phoenix) (Fig. 6C-D). With the 60-min detection, six clinically determined susceptible
samples localized within the resistance zone or at the threshold, demonstrating a category
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accuracy of ~89% (Fig. 6C), while with the 90-min detection increased the category
accuracy to 98% with 17 samples identified as resistant to ciprofloxacin and the remaining
38 identified as susceptible (Fig. 6D). These results were in 98% agreement with both BD
Phoenix results from clinical microbiology testing and the on-site parallel AST plating
validation, with one susceptible sample mis-categorized as resistant (Sample # 80,
Supporting Information S11, Table S2). From clinical report, Sample #80 contains >100,000
CFU/mL Citrobacter freundii Complex, and the high magnification imaging (Insets of
Figure S10 C & D) confirmed the elongation of this bacteria under 2 ug/mL ciprofloxacin.
The elongation induced object intensity increase in OSID-AST system was similar to the
control sample within the 90 min measurement time and longer detection time is needed for
accurate AST in this case (Supporting Information S12).

The current protocol (Figure S6), from sample collection to result, occurs over several days
due to study and location constraints. Clinical samples are collected, refrigerated, and
transported on ice to the lab. To mimic a fresh and warm urine sample, each sample was
prewarmed for 30 min before testing. Next, to remove large particles, the sample was filtered
then diluted with microbiological media to supply nutrients. To avoid oversaturation, a quick
check of particle concentration is performed in LSVi after the initial dilution of the sample.
Additional dilutions of the sample will be carried out if the particle concentration is above
the detection limit. These simple steps averaged approximately 2-5 min for each sample.
Therefore, the current total assay time for OSID-AST of a clinical sample includes 30 min
sample prewarming, 2-5 min sample pre-treatment (filtration/dilution), and 60-90 min
video-based object scattering detection. Ultimately, in a POC setting, the pre-warm step
would not be necessary for fresh urine samples and the sample pre-treatment time could be
reduced with an improved sample collection device that integrates a filter. Thus, the total
time for OSID method of infection determination and AST time can be as short as ~1 hour
with real-time growth curve determination.

Due to the throughput limit of current imaging setup, we focused on £. coli infection
detection and AST with ciprofloxacin at the clinical breakpoint concentration (CLSI
regulation) for proof-of-concept demonstration. The breakpoint concentration was above the
minimum inhibitory concentration (MIC) of each antibiotic determined by OSID-AST
(Supporting Information S13) for validated growth inhibition. Our future development plan
includes improvement of detection throughput with multiplexed sample detections, and
study of additional strains of bacteria and different types of antibiotics for complete
coverage of UTI/AST diagnosis. Furthermore, the present work focuses on direct AST
without specific bacterial strain identification, which differs from the current clinical
practice. Our ongoing studies include bacterial identification using LVSi, but these
investigations are beyond the scope of this paper. Nevertheless, by improving system
throughput and integrating multiple phenotypic features (e.g. counts, intensity, and division),
we anticipate this technique can be used for bacterial cell identification and multiplexed
AST directly on the raw urine samples.
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Conclusions

OSID-AST is a low-magnification, video-based object scattering imaging detection
technique for rapid detection of bacterial infection and determination of antimicrobial
susceptibility for clinical urine samples. To quantify the growth of the bacterial cells with
high sensitivity within 60-90 min, accurate object scattering intensities of particles within
the sample were obtained by removing the video background with simple spatial and
temporal filters. The scattering intensities correlate with changes in both bacterial size and
quantity and are more sensitive than bacterial cell counting alone with an increased dynamic
range by two orders of magnitude. We first tested the method with pure cultures and
achieved direct AST in 60 min. Then, we applied the technique to 130 clinical urine samples
and accurately identified 91.5% of the clinically confirmed infection-positive samples in 90
min. We also performed AST on these patient samples with ciprofloxacin and achieved 98%
categorical agreements with the clinical lab results within 90 min. Our technique can test
clinical samples directly without overnight culturing and can detect object scattering
intensities in real time for point-of-care AST. In summary, OSID-AST simplifies sample
preparation and testing procedures, improves precision, and shortens the sample-to-result
measurement time from days to under two hours, thereby promoting more judicious use of
antibiotics, reducing the emergence of antibiotic resistance, and ultimately saving lives.

Materials and Methods

Materials.

E. coli ATCC 25922 and S. saprophyticus ATCC 15305 were purchased from American
Type Culture Collection (ATCC) and stored at —80°C in 5% glycerol. Ciprofloxacin and
nitrofurantoin were purchased from Sigma-Aldrich. The antibiotic powders were stored in
the dark at 2 to 8°C.

Bacterial preparation.

E. coliand S. saprophyticus were grown overnight (~15 h) in Luria—Bertani (LB) broth (per
liter: 10 g peptone 140, 5 g yeast extract, and 5 g sodium chloride) and Mueller Hinton
Broth (MHB, per liter: 2.0 g beef infusion solids, 1.5 g starch, and 17.5 g casein
hydrolysate) at 37°C and 150 rpm. £. coliand S. saprophyticus cultures were diluted in fresh
LB broth or MHB, respectively, to a concentration ranging from 10% to 107 cells/mL. To
mimic the real sample conditions and speed up AST, we worked directly with £. coliand S.
saprophyticus stationary phase cultures in fresh culture medium. An antibiotic at the
standard breakpoint concentration (32 pg/mL and 2 pg/mL for nitrofurantoin and
ciprofloxacin, respectively) was added to one of two preparations. Each bacterial suspension
(70 uL), one with and one without antibiotic, was transferred into a cuvette at 37 °C for
imaging.

Clinical urine samples.

De-identified excess and residual clinical urine samples were obtained from the clinical
microbiology laboratory at Mayo Clinic Hospital, Phoenix, Arizona (Approved by Mayo
Clinic Biospecimen Subcommittee BIO00015462). Clinical urine samples were stored at
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4°C and transported in an insulated box with ice packs. Prior to processing, urine samples
were pre-warmed for 30 min at 37°C to mimic the temperature of fresh obtained urine
samples in POC setting. The sample processing and testing workflow for these samples is
illustrated in figure S6 with the following steps: The warmed samples are passed through a 5
um syringe filter (MilliporeSigma, Burlington, MA) to remove large substances. Then, a 10-
fold dilution with LB broth was performed for nutrient supplementary. To avoid the
saturation of the initial scattering intensity, each sample was quick imaged and counted with
LSVi for further dilution if needed. The final concentration of the diluted clinical samples
ranges from 10 to 107 particles/mL with and without ciprofloxacin (2 pg/mL, final
concentration). After mixing, diluted samples (70 L) were transferred to cuvettes (Uvette,
Eppendorf, Germany), and subjected to OSID-AST. A total of 130 urine samples were tested
using both object intensity tracking and on-site parallel validating plating. Urine samples
were prepared and transferred to researchers in a blinded fashion. Upon completion of
weekly batches of samples, the OSID-AST and parallel plating results were compared with
clinical microbiology culture results from the Mayo Clinic Hospital Microbiology Lab.

On-site initial plating and parallel plating validation.

LVSi.

Biosafety.

Once clinical urine specimens were received on-site, aliquots were taken for serial dilution
and plating on LB agar plates for enumeration of initial CFU/mL post-storage and transport.

The parallel validation plating was performed after prewarming, preprocessing, and
supplementation with LB. Similarly, post-prepared samples were subjected to serial dilution
for estimation of CFU/mL at the start of OSID-AST and after 90 min.

The dual channel large volume scattering imaging system (Fig. 1A) consists of two 800 mW,
780 nm infrared (IR) LEDs (M780LP1, Thorlabs, Inc., USA), each with collimating and
focusing lens and a central blocking aperture to focus a ring-shaped illumination through the
sample or the reference cuvettes. Wide-view and deep field depth scattering images were
recorded by two CMOS camera (BFS-U3-16S2M-CS, Point Grey Research Inc., Canada) at
10 fps through two variable zoom lenses (NAVITAR 12X, Navitar, USA) with zoom factors
set at 2.0X for the sample and reference cuvettes. The image volume was determined by the
viewing size and focal depth of the optics. For the experiments described in this study, the
viewing volume of 2.5 mm x 1.9 mm x 1.0 mm was equivalent to 4.8 pL at 2.0X magnifying
power. The imaging system was enclosed in a thermally-isolated housing unit with a
controlled temperature (37°C).

All sample preparations and measurements were performed in biosafety level 2 (BSL2)
laboratories following an IBC-approved BSL2 protocol.

Video Processing.

The automated image processing protocol to remove all background noises in the video has
4 steps (Fig. 1B, Supporting Information Figure S1): Step one, the raw video stacks (1 min
duration, 10 fps) are averaged for every 4 frames to increase signal to noise ratio and to
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reduce data size. The size of local stack average is set to avoid cell motion induced blur. Step
two, static and slow drifting background noises from cuvette defects scattering and cuvette
wall reflection are removed with pixel level temporal local minimum subtraction for every
10 frames. Temporal local minimum is calculated by project the minimum intensity over
time for a small stack for each pixel. The stack size is set with all bacterial cells moved to
avoid signal lost. Step three, dynamic background noise caused by thermal and mechanical
drift induced moving reflection and scattering is mostly removed by subtracting the whole
stack temporal median image. Stack median is calculated by project the median intensity of
each pixel for the entire video stacks. Step four, the remaining background is removed by
subtracting the local spatial background calculated by rolling ball average with radius of 10
pixels for all pixels in the image. The radius should be set to at least the size of the largest
object that is not part of the background. The typical computational time for processing a 1
min video is only ~ 45 seconds. After background removal, the video intensity is dominated
by the object intensity of all particles including both bacterial cells and particles. The
algorithms were implemented using ImageJ software.

Setting thresholds for data interpretation.

To determine the infection threshold, the results were evaluated using the receiver operating
characteristic (ROC) curve constructed using I/l as a predictor. From the ROC curve for
first 20 clinical samples (Supporting Information S2), of which 10 were positive and 10 were
negative, we determined the best infection threshold at 1.1 with a sensitivity of 100% and a
specificity of 100% at a 90-minute testing time. Therefore, the final threshold for infection
identification (T,) was set as 1.1 for all samples. The resistance threshold (Tgr) was set to 0.5,
corresponding to 50% growth inhibition in the antibiotic-exposed samples compared to the
unexposed control preparation at 90 minutes.

Dynamic range of OSID-AST.

To determine the dynamic range of OSID-AST method, pure E. coli cultures with
concentrations ranging from 103 to 107 CFU/mL were prepared and tested. £. coli was
grown overnight (~15 h) in LB broth at 37°C and 150 rpm, and the bacterial concentration
after serial dilutions (1-10°) were calibrated and validated with overnight agar plating. The
initial bacterial concentration was determined to be about 10° CFU/mL, and the diluted
samples were calculated to be range from 104 to 10° CFU/mL with relevant dilution factors
(Supporting Information Figure S4A). When the bacterial concentration exceeds 107
CFU/mL, the initial object scattering intensity saturates with current LVSi system.
Therefore, the OSID-AST detection of samples ranging from 103 to 107 CFU/mL were
performed and positive correlation was observed between AST time and £. coli
concentration (Supporting Information S3 and S4B—C). At the low concentration of 103
CFU/mL, no obvious increase was detected within 90 min. At concentrations between 104
and 107 CFU/mL, OSID method works well with the total AST time decreasing with
increasing cell concentrations. Thus, the detection range of object intensity method is
between 10* and 107 CFU/mL, while the raw intensity detection only accurately detects
growth with concentrations above 108 CFU/mL. In contrast, the single cell counting method
needs lower concentrations, between 104 and 105 CFU/mL, to accurately enumerate
increases in bacterial cells. Therefore, OSID-AST can accept a wider dynamic range of
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bacterial loads, which simplifies the sample preparation process while providing robust
results.

Statistical analysis.

An unpaired two-sided student t-test was used to compare the group differences. A p value
of <0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principle of rapid AST with integrated object scattering intensity quantification.
Schematic illustration of the dual-channel experimental setup for video-based solution

scattering imaging of a clinical sample (A). Multi-step image processing for background
removal and integrated object intensity plotting (B). The detailed image processing flow
chart is in Supporting Information S1. Clinical decision determination based on integrated
object scattering intensity. I¢¢ is the integrated object scattering intensity of samples without
antibiotic at time t. I is the initial intensity of the same sample. Alc = It -lcg and Alagx =
IaBxt -1aBX0, represent the integrated object scattering intensity change at time t for
antibiotic-unexposed (control) and -exposed samples, respectively (C).
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Figure 2. Integrated scattering intensity detection of antibiotic-susceptible E. coli.
Snapshot images of pure £. coli culture without antibiotic at different time points and the

corresponding image intensity plot vs time before (A) and after multi-step background
removal (B). Snapshot images of pure £. coli culture with antibiotic (32 pg/mL
nitrofurantoin) at different time points and the corresponding image intensity plot vs time
before (C) and after multi-step background removal (D). Scale bar, 400 pm.
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Figure 3. Integrated scattering intensity detection of antibiotic susceptible S. saprophyticus.
Snapshot images of pure S. saprophyticus culture without antibiotic at different time points

and the corresponding image intensity plot vs time before (A) and after multi-step
background removal (B). Snapshot images of pure S. saprophyticus culture with antibiotic (2
pg/mL ciprofloxacin) at different time points and the corresponding image intensity plot vs
time before (C) and after multi-step background removal (D). Scale bar, 400 pm.
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Figure 4. Statistical analysis of the integrated object intensity detection for rapid AST with
different antibiotics and different bacterial strains.

Original image intensity results of five independent replicates of £. coli cultures exposed to
(A) nitrofurantoin (32 ug/mL) or (D) ciprofloxacin (2 pg/mL) and S. saprophyticus cultures
exposed to (G) ciprofloxacin (2 ug/mL). Image intensity results after multi-step background
removal of five independent replicates of £. coli cultures exposed to (B) nitrofurantoin (32
ug/mL) or (E) ciprofloxacin (2 ug/mL) and S. saprophyticus cultures exposed to (H)
ciprofloxacin (2 pg/mL). Comparisons of bacterial intensity results for £. coli (C, F) and S.
saprophyticus (1) from original images (red bars) and background-corrected images (blue
bars) at 0, 30, and 60 min with (hatched bars) and without (open bars) antibiotics. ns: not
significant, *: p<0.01, **: p<0.005, ***: p<0.001.
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Figure 5. Rapid infection detection with 130 clinical urine samples.
The normalized integrated object intensity processing results (90 min) of 55 infection

positive clinical samples (A) and 75 infection negative clinical samples (B). The comparison
of reference method (BD Phoenix, red triangles are infection positive and green circles are
infection negative) and OSID-AST determinations of infection at 60 min (C) and 90 min (D)
with infection threshold T, = 1.1 (black hatched line). I¢; is the integrated object scattering
intensity of samples without antibiotic at time t. g is the initial intensity of the same
sample.
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Figure 6. Direct AST with infection positive clinical samples.
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The normalized integrated object intensity change (normalized to the integrated object
intensity of control sample at 90 min) over 90 min of 38 susceptible samples (A) and 17
resistant samples (B). Open grey circles/squares are individual sample values, while filled
black dots and open red squares represent mean values. Comparison of reference method
(BD Phoenix) and direct AST for susceptibility determination at 60 min (C) and 90 min (D).
Alc = It -Icp and Alagx = lagxt -1 ABxo, represent the integrated object scattering intensity
change at time t for antibiotic-unexposed (control) and -exposed samples, respectively.
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