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ABSTRACT: Antimicrobial resistance poses great threats to global
health and economics. Current gold-standard antimicrobial susceptibility
testing (AST) requires extensive culture time (36−72 h) to determine
susceptibility. There is an urgent need for rapid AST methods to slow
down antimicrobial resistance. Here, we present a rapid AST method
based on wide-field mid-infrared photothermal imaging of protein
synthesis from 13C-glucose in Escherichia coli. Our wide-field approach
achieved metabolic imaging for hundreds of bacteria at the single-cell
resolution within seconds. The perturbed microbial protein synthesis can
be probed within 1 h after antibiotic treatment in E. coli cells. The
susceptibility of antibiotics with various mechanisms of action has been
probed through monitoring protein synthesis, which promises great
potential of the proposed platform toward clinical translation.

■ INTRODUCTION
Antibiotics have revolutionized the practice of modern
medicine. Nevertheless, antimicrobial resistance (AMR)
greatly threatens this progress,1 presenting significant risks to
human health2,3 and imposing huge economic burdens.4 AMR
has outpaced the development of new antimicrobial agents,5−7

reinforcing the need to preserve the currently available ones.
Therefore, it is essential to optimize the antibiotic selection
and reduce the inappropriate use of broad-spectrum anti-
biotics. However, clinical gold-standard AST methods require
extensive culture time (36−72 h) to distinguish the phenotypic
growth or inhibition of pure bacterial isolates, making it
impossible for patients to receive the optimal antimicrobial
treatment in time, especially in life-threatening conditions such
as sepsis.
Great efforts have been made to reduce the diagnostic time

down to within a working shift (<8 h) for rapid AST.8−10

Molecular-based AST methods detect known genes or protein
markers of resistance.11−16 However, non-characterized
resistance mechanisms or new mutations would remain elusive.
Additionally, the absence of resistance markers cannot reliably
predict phenotypic susceptibility. Other methods determine
bacterial growth through quantifying ATP,17,18 precursor
rRNA,19 DNA,20,21 or 16S RNA genes.22,23 However, these
methods require complicated sample processing, involving the
lysis of bacterial cells and extraction of the desired
biomaterials. In addition, the detection of heterogeneity is
clinically important, but these phenotypic methods can only
measure at the population level.24 Therefore, there is an unmet

need for rapid AST based on phenotypic changes at the single-
cell level.
Vibrational spectroscopic techniques shed new light on

phenotypic rapid AST by directly probing the metabolic
changes at the single-cell level through detecting endogenous
spectral changes25,26 or combing stable isotope probing such as
heavy water (D2O).27−32 The susceptibility can be determined
with single-cell Raman spectroscopy or stimulated Raman
scattering imaging within several hours for urine samples.29,30

However, slow data acquisition speed in single-cell Raman
spectroscopy as well as the expensive and complicated system
used in stimulated Raman scattering imaging hinder the
clinical translation of these advanced technologies. On the
other hand, infrared (IR) absorption-based AST methods
promise a higher data acquisition speed due to a much larger
cross section compared with Raman. Additionally, the IR
imaging system is compact and relatively cost-effective since
there is no need for ultrafast lasers as in stimulated Raman
scattering imaging. However, current far-field IR-based AST
methods still require pure bacterial colonies to detect the
spectral changes,33−38 while the extremely low throughput
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associated with near-field IR methods prevents translation to
clinics.39

Mid-infrared photothermal (MIP) microscopy was recently
developed to overcome the abovementioned limitations. In
MIP imaging, visible light detects the photothermal effect
induced by IR absorption.40−43 The sub-micrometer spatial
resolution and high sensitivity of MIP imaging have been
demonstrated in the detection of single viruses,44 bacteria,45−49

cells,40,45,47,50−52 and tissues.53,54 The direct imaging of lipid
metabolism in living cells has been shown by combining MIP
with isotopic labeled fatty acids.50 The majority of the
developed MIP systems are based on point-scan measurement,
where both the IR pump and visible probe are focused and an
image is created from stage-scanning. To probe small objects
such as single bacterial cells, point-scan measurements provide
a high signal-to-noise ratio (SNR). However, over 3 min is
needed to acquire a single IR wavenumber MIP image (pixel
size of 0.15 μm, 300 pixels by 300 pixels, 2 ms dwell time),
which limits the throughput. While the wide-field MIP
modalities improve the imaging speed through spatial
multiplexing,55,56 the use of the light-emitting diodes (LEDs)
limits the detection sensitivity of small objects because of the
long pulse duration (hundreds of nanoseconds). Therefore, a
new platform with improved sensitivity and throughput is
needed for rapid AST determination.
Here, we report a wide-field metabolic MIP imaging

platform for rapid AST by monitoring protein synthesis in
single bacterial cells. We selected Escherichia coli (E. coli) as our
testing bed since it is the leading pathogen in common
bacterial infections in humans.57 We systematically design and
implement a highly sensitive wide-field MIP microscope,
achieving high-throughput metabolic imaging of hundreds of
individual bacterial cells within seconds. Then, we quantify
protein synthesis from isotopically labeled glucose (13C-
glucose) in terms of the 13C-protein replacement ratio using
dual-wavenumber MIP imaging at the original (1656 cm−1)
and shifted amide I (1612 cm−1) peaks. Finally, we
demonstrate that the 13C-protein replacement ratio is a reliable
metabolic marker for the determination of susceptibility of E.
coli against various antibiotics with as short as 1 h treatment.

■ EXPERIMENTAL SECTION
Wide-Field MIP Microscope. We had previously demon-

strated wide-field MIP microscopy by pulsed IR/visible
illumination and detection via a virtual lock-in camera.55

However, the sensitivity was not sufficient for metabolic
imaging of single bacteria due to the following reasons: First,
the probe pulse duration was too long (∼1 μs) for bacterial
imaging. The thermal decay constant of a single bacterium
after absorbing IR light was found to be 280 ns, where 95% of
heat drained out within 800 ns.47 The long probe pulse takes
the average of the complete thermal decay process. In contrast,
a short probe pulse could better target at the highest
temperature, providing higher MIP contrast. Second, the
camera had a limited full well capacity (FWC). As wide-field
MIP is shot-noise limited, the SNR is proportional to the
square root of the total number of received photons. Third, the
objective was not suitable for imaging small objects. The
previously used 20×, NA 0.25 objective for cancer cells55

cannot resolve a single bacterium. Higher magnification and
higher NA are necessary to meet the Nyquist sampling
requirement and collect high-angle scattered photons. Fourth,

speckles from a short-pulse probe laser contributed to a noisy
background, which deteriorated the SNR.
To address the abovementioned limitations, we have

designed and constructed a new wide-field MIP microscope
(Figure 1). First, for the probe source, either a 532 nm

nanosecond laser (Wedge HF 532 nm, Bright Solutions) with
a pulse duration of ∼1 ns or a pulsed 520 nm nanosecond laser
(NPL52C, Thorlabs) with a pulse duration of 129 ns was used.
Second, a camera with a high FWC (2 Me−) (Q-2HFW,
Adimec) was used as the detector instead of a regular FWC
one (19 ke−) (IL-5, Fastec). Third, for detection, a high-NA
objective (MPLFLN Olympus, 100×, NA 0.9 or MPLFLN
Olympus, 50×, NA 0.8) collected the sample-reflected light.
Fourth, to minimize the speckle effect, the 520 nm laser went
through a square-cored multimode optical fiber (M97L02,
Thorlabs). To increase the collection efficiency of the scattered
and reflected photons, we coupled a polarizing beam splitter
(PBS) and a quarter-wave plate (QWP) before the objective.
The randomly polarized light emitted from the fiber becomes
s-polarized after PBS reflection, with a 50% power reduction.
The light became circularly polarized after the QWP, and the
sample-reflected/scattered photons were circularly polarized
with reverse-handedness.58 Then, the light became p-polarized
passing through the QWP again and transmitted through PBS
before reaching the imaging path. The total photon loss using
PBS and QWP is 50%, compared with 75% photon loss using a
non-polarizing beam splitter. A mid-IR laser (Firefly-LW, M
Squared Lasers) produced IR pulses with ∼20 ns pulse
duration and 20 kHz repetition rate. The IR pulses were
modulated by an optical chopper (MC2000B, Thorlabs) and
weakly focused onto the sample from the bottom using an off-
axis parabolic mirror. We synchronized the IR pulses, probe
pulses, and camera acquisition (Supplement Figure 1) using a
delay pulse generator (9254, Quantum Composers).
The performance of the new MIP microscope was evaluated

via imaging of 500 nm poly(methyl methacrylate) (PMMA)
beads. The mid-IR laser was tuned to 1728 cm−1 with a power
of ∼35 mW before the microscope. For imaging single

Figure 1. Highly sensitive wide-field mid-infrared photothermal
microscope for metabolic imaging of single bacterial cells. CMOS:
complementary metal-oxide-semiconductor; PBS: polarizing beam
splitter; QWP: quarter-wave plate; OAPM: off-axis parabolic mirror;
ns: nanosecond.
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bacterial cells, the IR powers were 30 and 34 mW for 1656 and
1612 cm−1. The IR power was monitored by a compact power
meter (PM16-401, Thorlabs) for power normalization. Probe
powers were in the range of 1−3 mW before the microscope
depending on the objective and camera used.
Bacterial 13C-Glucose Incorporation, Antibiotic Treat-

ment, and Sample Preparation. E. coli 25113 was
inoculated from a single colony and pre-cultured in the
nutrient medium (Tryptic Soy Broth or Mueller Hinton
Broth) for ∼3 h to reach the log phase. The optical destiny at
600 nm was measured to estimate the concentration. Then, the
bacteria were diluted to a concentration of around 5 × 105
CFU/mL (standard concentration used for AST) in the M9
minimal medium. The M9 minimal medium was supplemented
with either 12C-glucose or 13C-glucose at a concentration of
0.2% w/v. The 13C-glucose (D-Glucose U-13C6, 99%, Cam-
bridge Isotope Laboratories) was universally labeled where all
carbon atoms were replaced with 13C atoms. The antibiotics
(gentamicin, ampicillin, trimethoprim, and erythromycin) were
dissolved with either DMSO or PBS as the stock solutions and
added at the clinical breakpoint concentration. At the time of
collection, the bacterial cells were fixed with 10% formalin, and
multiple rounds of washing with deionized water were
performed to remove the fixative and residue medium. A 2
μL drop of the bacteria-containing solution was deposited on
the poly-L-lysine-coated silicon substrate and dried in air.
Quantifying Protein Synthesis and Determining

Susceptibility. We quantify protein synthesis at the single-
cell level by (1) identifying single bacterial cells based on the
reflection images, (2) measuring MIP intensities at the original
and shifted amide I peaks, (3) calculating the relative
concentrations of 12C-protein and 13C-protein based on the
reference spectrum, and (4) calculating the 13C-protein
replacement ratio defined as 13C-protein concentration over
the sum of 13C-protein and 12C-protein concentrations.
To determine the susceptibility, a cut-off value is chosen to

maximize the ability to differentiate between the negative
control 12C-glucose only group and the positive control 13C-

glucose only group. If the 13C-protein replacement ratio is
above the cut-off value, then bacterial protein synthesis is not
inhibited and the bacteria are resistant. Otherwise, the bacteria
are susceptible.

■ RESULTS AND DISCUSSION
Performance of the Newly Designed Wide-Field MIP

Microscope. We have evaluated the sensitivity of the new
wide-field MIP microscope (Figure 1) by imaging 500 nm
PMMA beads and E. coli cells (Figure 2). To minimize the
biological sample-related variation, we started by testing
standard PMMA particles. First, we used a nanosecond laser
with a pulse duration of ∼1 ns to probe at the highest
temperature and achieved a 10-fold improvement in SNR
compared with the LED source (Figure 2A). Second, a high-
FWC (2 Me-) camera further improved the SNR by ∼3-fold
(Figure 2B). With these two innovations, we were able to
image single bacterial cells with high SNR, and third, the
incorporation of a high magnification and high NA objective
further improved the SNR ∼1.5-fold (Figure 2C). Fourth, the
speckle reduction module (Figure 1, inset) suppressed the
speckles around the bacteria, leading to an SNR improvement
of ∼1.7-fold (Figure 2D). Together, these advanced
instrumentations synergistically boosted the sensitivity with
77 times improvement compared with previously reported
results. We achieved MIP imaging of 500 nm PMMA beads at
the speed of 635 frames/s with an SNR of 12 (Supplement
Figure 2). In contrast, wide-field MIP imaging of 1 μm PMMA
beads was limited to the speed of 2 frames/s with an SNR of
24 using the previously reported setup.55 This high sensitivity
laid the foundation for high-throughput metabolic imaging of
single bacteria.
MIP Quantification of Newly Synthesized Protein

from 13C-Glucose.We choose to probe protein synthesis as a
metabolic indicator for the following reasons: First, proteins
are responsible for nearly every task of cellular events. Thus,
perturbation in protein synthesis is a good indicator of
antibiotic effectiveness. Second, the protein amide I band has

Figure 2. Near two orders of magnitude improvement in SNR through advanced instrumentation. (A) Visible probe sources: light-emitting diode
(LED) versus nanosecond (ns) laser. (B) Camera full well capacity (FWC): 19k e− versus 2M e−. (C) Objective magnification and numeric
aperture (NA): 50× 0.8NA versus 100× 0.9NA. (D) Without or with speckle reduction. 500 nm PMMA beads were imaged in (A) and (B), and E.
coli cells were imaged in (C) and (D). The top and middle images show the reflection and MIP images. The bottom row shows the normalized
MIP line profile of particles pointed by arrows. Scale bars: 5 μm.
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one of the strongest IR absorptions among all biological
materials.59 Moreover, 13C labeling of peptide bonds induces a
significant redshift (∼40 cm−1) of the amide I band,47,48,60,61

which allows clear differentiation. Third, glucose is widely used
to synthesize various amino acids and one can track protein
synthesis by culturing with 13C-glucose as the sole carbon
source (Supplement Figure 3).62,63 Unlike D2O, 13C-glucose
has a negligible influence on cell metabolism and physiology.64

We used E. coli to demonstrate MIP probing of protein
synthesis. E. coli was cultured in M9 minimal medium with
either unlabeled glucose (12C-glucose) or uniformly labeled
glucose (13C-glucose) for 24 h. We acquired wide-field MIP
spectra and observed a clear peak shift to a lower wavenumber
by ∼40 cm−1 from the 12C-glucose group to the 13C-glucose
group (Figure 3A). By dual-wavenumber MIP imaging at the

original amide I peak (∼1656 cm−1) and the shifted amide I
peak (∼1612 cm−1) (Figure 3B−E), it was found that most
proteins (95.6% estimated based on the residual peak at 1656
cm−1 in Figure 3A) in the bacteria are 13C-labeled (defined as
13C-protein) after 24 h of incubation with 13C-glucose.
To quantify the rate of protein synthesis, we further

developed a data processing pipeline to identify single cells
and then calculate the 13C-protein replacement ratios (Figure
4A). Briefly, we generated masks for single cells based on the
reflection images and measured MIP intensities. We used wide-
field MIP spectra (Figure 3A) as the reference and extracted
four coefficients ( h12ν , h12ν′, h13ν , h13ν′). We then calculated the
relative 12C- and 13C-protein concentrations (defined as c12
and c13) and obtained the 13C-protein replacement ratio as c13/
(c12+c13). We validated our quantification by imaging E. coli
with different 13C-glucose incubation times (Figure 4B). A
clear trend of increasing 13C-protein replacement ratios over
time was found with a near 0.0 ratio at the start and a near 1.0
ratio at 24 h. The representative MIP images at the original
and shifted amide I peaks at selected incubation times were
shown in Supplement Figure 4. This result matched well the
theoretical prediction of bacterial growth.65,66 The 13C-protein
replacement ratio was ∼17% after 1 h and ∼33% after 3 3 h of
incubation, which paved the way for rapid AST.

Probing Inhibition of Protein Synthesis under Anti-
biotic Treatment. We have designed the protocol for MIP
metabolic imaging-based AST (Figure 5A). The bacteria were

diluted to mimic the clinical-relevant concentration. The
diluted bacteria were incubated with antibiotics and 13C-
glucose together for 1 or 3 h. Then, the cells were fixed for 10
min and washed two times (20 min). The cells were then air-
dried for 5 min before MIP imaging. To generate the number
of cells for statistical analysis, three fields of view MIP images
were typically acquired, which led to 20 s of total acquisition
time for each sample.
To verify protein synthesis as a susceptibility marker, we

treated E. coli with antibiotics and incubated with 13C-glucose
for 3 h. The effective antibiotic (gentamicin) led to a higher
intensity at the original amide I peak, similar to the 12C-glucose

Figure 3. Protein synthesis probed by dual-wavenumber MIP
imaging. (A) Wide-field MIP spectra for 12C-glucose- and 13C-
glucose-cultured E. coli for 24 h. The solid line represents the mean,
and the shaded area represents the standard deviation of >20 cells in
each group. The black curves represent MIP spectra from cell-free
background regions. MIP raw spectra were normalized with IR power
spectra. The spectra were offset for visualization. Dual-wavenumber
MIP images at 1612 and 1656 cm−1 for (B, C) 12C-glucose- and (D,
E) 13C-glucose-treated E. coli. Scale bars: 5 μm.

Figure 4. Quantification of protein synthesis rate. (A) Data analysis
pipeline for quantifying the 13C-protein replacement ratio. (B) 13C-
protein replacement ratios grow over time and match the theoretical
prediction (in blue).

Figure 5. Protein synthesis under antibiotic treatment probed by
dual-wavenumber MIP imaging. (A) Protocol for antibiotic treatment
with 13C-glucose for MIP imaging. (B) Representative reflection, MIP
at 1656 and 1612 cm−1 images for controls (12C-glucose and 13C-
glucose), effective antibiotic (13C-glucose + gentamicin), and
ineffective antibiotic (13C-glucose + erythromycin) groups, scale
bar: 5 μm. (C) Quantification of 13C-protein replacement ratios (n >
176). The cut-off value of 0.15 is shown in the orange dashed line.
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group, indicating inhibited protein synthesis. In contrast, the
ineffective antibiotic (erythromycin, which does not inhibit E.
coli) led to a higher intensity at the shifted amide I peak,
similar to the 13C-glucose group, indicating unaffected protein
synthesis (Figure 5B). Subsequent quantification of the 13C-
protein replacement ratios reinforced this observation.
Susceptibility to gentamicin and resistance to erythromycin
resulted in a 13C-protein replacement ratio below and above
the cut-off value, respectively (Figure 5C).
Susceptibility to Different Antibiotics Determined

with 1 h of Incubation. To expand the applicability of our
approach and further shorten the treatment time, we tested
antibiotics with different mechanisms of action. Specifically,
gentamicin inhibits protein synthesis, trimethoprim inhibits
folate synthesis, ampicillin inhibits cell wall synthesis, and
erythromycin does not inhibit E. coli.67 We incubated E. coli
with 13C-glucose for 1 h. MIP images and 13C protein
replacement ratio are shown in Figure 6. 13C-glucose alone,
ampicillin-treated, and erythromycin-treated groups showed
higher shifted peak intensities compared to other groups
(Figure 6A). Quantification of the 13C-protein replacement
ratios showed a clear difference between groups (Figure 6B).
Therefore, our imaging data show that this E. coli strain was
susceptible to 2 μg/mL gentamicin and 4 μg/mL trimethoprim
(ratios below cut-off) but resistant to 8 μg/mL ampicillin and
4 μg/mL erythromycin (ratios above cut-off). These results
were validated by the standard broth microdilution of the same
sample (Supplement Table 1) and in agreement with the
reported results.68

■ CONCLUSIONS
We developed a highly sensitive wide-field mid-infrared
photothermal microscope and achieved high-throughput MIP
imaging of protein synthesis from 13C-glucose at the single-cell
level for rapid AST. Protein inhibition in E. coli cells after
various antibiotics treatments was determined as short as 1 h of
incubation using the developed platform. We fully exploited
the high-throughput merit of wide-field MIP and developed an
automated data analysis pipeline to quantify protein synthesis
in E. coli at single-cell resolution.

The current work used E. coli as the testing bed. For future
work, more antibiotic−microorganism combinations and
clinical samples will be tested. We also noted that the current
procedure using 13C-glucose solely may pose limitations on
certain bacterial pathogens whose glucose utilization is
different from E. coli.69 To address this limitation, we will
implement a mixture of isotopically labeled carbon sources
such as glucose, fructose, lactose, and xylose.70 We will also
investigate other key steps in protein synthesis pathways such
as directly adding isotopically labeled amino acids, which may
potentially be more efficient. To further facilitate clinical
antibiotic selection, we will also integrate a pathogen
identification module, such as fluorescence imaging based on
fluorescence in situ hybridization.
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Andrasěvic, A.; Soprek, S.; Budimir, A.; Paphitou, N.; Žemlicková, H.;
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