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Stable Isotope Probing-nanoFTIR for Quantitation of
Cellular Metabolism and Observation of Growth-Dependent

Spectral Features

David J. Burr, Janina Drauschke, Katerina Kanevche, Steffen Kiimmel,
Hryhoriy Stryhanyuk, Joachim Heberle, Amedea Perfumo,* and Andreas Elsaesser*

This study utilizes nanoscale Fourier transform infrared spectroscopy
(nanoFTIR) to perform stable isotope probing (SIP) on individual bacteria cells
cultured in the presence of '3C-labelled glucose. SIP-nanoFTIR simultaneously
quantifies single-cell metabolism through infrared spectroscopy and acquires
cellular morphological information via atomic force microscopy. The redshift of
the amide | peak corresponds to the isotopic enrichment of newly synthesized
proteins. These observations of single-cell translational activity are
comparable to those of conventional methods, examining bulk cell numbers.
Observing cells cultured under conditions of limited carbon, SIP- nanoFTIR is
used to identify environmentally-induced changes in metabolic heterogeneity
and cellular morphology. Individuals outcompeting their neighboring cells

will likely play a disproportionately large role in shaping population dynamics
during adverse conditions or environmental fluctuations. Additionally,
SIP-nanoFTIR enables the spectroscopic differentiation of specific cellular
growth phases. During cellular replication, subcellular isotope distribution
becomes more homogenous, which is reflected in the spectroscopic

features dependent on the extent of '>C-13C mode coupling or to specific
isotopic symmetries within protein secondary structures. As SIP-nanoFTIR
captures single-cell metabolism, environmentally-induced cellular processes,
and subcellular isotope localization, this technique offers widespread
applications across a variety of disciplines including microbial ecology,
biophysics, biopharmaceuticals, medicinal science, and cancer research.

1. Introduction

Single-cell analyses have made tremen-
dous progress in recent years, providing
new insights into fundamental aspects of
cell behavior such as differential growth,
responses to external stimuli, cell sens-
ing, intercellular communication and in-
teractions. Intercellular heterogeneity (both
phenotypic and metabolic) is a consis-
tent feature of cellular populations, rang-
ing from different individuals within clonal
populations,!t) multi-species ensembles, 2]
and of course multicellular organisms.
Even when genetically identical cells are
cultured under the same conditions, they
may display different phenotypes.[*°] Tra-
ditional population-based analyses exam-
ine a bulk number of cells, relying on
the assumption that a clonal pool of mi-
croorganisms is homogenous, and as a re-
sult, such methods fail to capture vari-
ation between single microbial cells that
may arise from mutations, spontaneous
environmental variation or a combination
of the two. Such outlier organisms have
the potential to disproportionately con-
tribute to the makeup of a developing
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population, which serves as an evolutionary strategy, playing a
functional role in many biological processes, from cellular dif-
ferentiation to bet-hedging as an environmental adaptation.[*®]
Understanding intercellular heterogeneity provides insights into
various microbial eco-physiological mechanisms and is of the
utmost relevance to explaining dynamics of cell factories, an-
tibiotic resistance, response to drugs, aging, and cancer devel-
opment. To address questions of cell-to-cell heterogeneity and
overcome the limitations of traditional population-based anal-
yses, numerous new single-cell technologies have been devel-
oped to target the underlying mechanisms of cellular hetero-
geneity. These cutting-edge techniques include single-cell multi-
omics,I”#] quantitative imaging,®! mass spectrometry,!*! and vi-
brational spectroscopy.!'!12!

Infrared (IR) spectro-microscopy is a powerful tool for single-
cell chemical studies. The lateral resolution of this technique
is however defined by both the long wavelength of IR radia-
tion and the diffraction limit, and thus is unsuitable for resolv-
ing subcellular features. In contrast, IR nanoscopy overcomes
diffraction-based spatial resolution limits by focusing IR light
onto the tip of an atomic force microscope (AFM) and record-
ing the interaction of scattered radiation with matter in the op-
tical near-field, where the object-to-tip distance is less than the
wavelength used. The optical resolution is therefore defined by
the shape and diameter of the AFM tip, and as such, molec-
ular information can be acquired at resolutions down to 20
nm,[1314] with an approximate penetration depth of 100 nm.[1>18]
As this remarkable resolution is well below subcellular limits,
IR nanoscopy lends itself particularly well to studies of cellular-
membrane associated biomolecules. By employing a broadband
IR laser in an interferometric scheme, IR absorption spectra
can be obtained through nanoscale Fourier-transformed infrared
spectroscopy (nanoFTIR). Alternatively, scattering-type scanning
near-field optical microscopy (sSNOM) scans the sample sur-
face at a single IR frequency, simultaneously acquiring AFM to-
pography and IR-based chemical information, yielding molec-
ularly specific sample imaging. Both sSSNOM and nanoFTIR
are exceptionally powerful tools for biologically relevant inves-
tigations and have been employed in label-free imaging and
spectroscopy of systems ranging from well-defined biomolecules
(141920 to whole cells.?!l Single-cell IR nanoscopy studies have
demonstrated oxidative stress of red blood cells,??! differentiated
plant cell wall components,?*] performed spectral observations
of live bacterial cells suspended in liquid media,!**] and acquired
high-resolution tomography of the internal membrane-bound or-
ganelles of microalgae.”>] These recent advancements highlight
the versatility and applicability of near-field imaging techniques
in life sciences.

Variation in atomic mass intrinsically affects molecular vi-
brations, thus it is possible to induce observable vibrational
spectroscopic shifts by altering the isotopic ratio of compos-
ite atoms of biomolecules and subcellular components. Conse-
quently, the cellular uptake of growth media labeled with sta-
ble isotopes can serve as an indicator of ongoing metabolic pro-
cesses. For instance, metabolization of *C provides valuable in-
formation on cellular protein and lipid synthesis. Although the
majority of cellular stable isotope probing (SIP) studies have
been conducted on a bulk number of cells, recent investiga-
tions have coupled SIP with techniques capable of single-cell
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measurements.?®l SIP coupled with nanoscale secondary ion

mass spectrometry (nanoSIMS) has provided insights into bac-
terial metabolic activity,[?’] phenotypic heterogeneity,?*?°! nu.-
trient cycling,?®3!l and microbial interactions and ecosystem
functioning.**33] Metabolic profiling of microorganisms has
been achieved at the single-cell level using both SIP-Raman spec-
troscopy 331 and mid-IR photothermal-SIP-fluorescence in situ
hybridization.!

To further expand the range of single-cell spectroscopic tech-
niques, here we introduce SIP-nanoFTIR as a novel technique
that combines the super-resolution and molecular specificity of
nanoFTIR with the integration of detectable stable isotopes into
metabolically active cells. High spectroscopic contrast between
sample and substrate allows for resolution at the single-cell level.
This innovative approach simultaneously acquires nm-resolution
AFM imaging in parallel to spectra, providing visualization of cel-
lular topography, phenotypic features, and intracellular protein
localization. The nanoscale resolution and molecular specificity
of this technique can be maximized to great potential by perform-
ing subcellular hyperspectral nanoFTIR measurements, allow-
ing research to be conducted on biomolecule composition and
identification of metabolic pathways with unprecedented preci-
sion. The integration of these complementary methods offers
a powerful, comprehensive, and versatile toolset for investigat-
ing cellular dynamics at the single-cell level, making it an ideal
technique for exploring complex biological systems and uncover-
ing the intricacies of single-cell behavior in health and disease.
When compared with several of the alternate single-cell tech-
niques described above, SIP-nanoFTIR provides several signif-
icant advantages;? as SIP-nanoFTIR utilizes a low-energy IR-
light source, radiation damage is minimized and cellular sam-
ples of interest remain intact throughout the analysis. The non-
destructive nature of nanoFTIR measurements preserves the in-
tegrity of delicate biological structures and enables researchers to
perform studies without perturbing the cells, thus allowing for re-
peat measurements or correlative analyses. Isotopic labeling sim-
ply alters compounds that are natively integrated by microorgan-
isms, unlike techniques that rely on foreign chemical markers
to identify cellular regions or processes (e.g., fluorescence-based
techniques). As such, stable-isotope labeling does not majorly im-
pact biochemistry and, thus, cellular replication and metabolic
activity are unimpeded.®”]

In this study, we performed stable-isotope labeling by supply-
ing the model organism Escherichia coli K12 with 13 C-glucose sup-
plemented growth media. As bacteria readily consume glucose as
an energy source, heavy carbon atoms are integrated into newly
synthesized amino acids and subsequent biomolecules. Heavy
isotope incorporation causes a redshift in IR absorption,[**3# and
as such, this can be utilized as a means of measuring single-cell
metabolic activity. Here, quantification of single-cell protein syn-
thesis was performed based on the observed redshift of the amide
I band.3*3¥] Nanometer-scale visualization of biosynthetic activ-
ity allowed us to trace the emergence of cell-to-cell metabolic het-
erogeneity. As cellular translational activity and the physiological
state of the cell can be directly influenced by environmental con-
ditions, nutrient limitation resulted in an increase in intercellu-
lar heterogeneity and induced cellular morphological changes. In
addition, unique changes to the amide region of single-cell spec-
tra were correlated with the specific cellular growth phase of the
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Figure 1. Principle of operation of the SIP-nanoFTIR technique. An illustrative diagram of a single Escherichia coli cell cultured under a 50:50 ratio of
12C and BC-labelled glucose. Spatial and topographical information is acquired via AFM imaging. IR radiation is focused on the oscillating AFM tip,
and scattered light from the sample is detected, providing molecular vibrational information. A cellular peptide molecule is specifically exemplified,
being comprised of a 50:50 mixture of 2C and 13C atoms. An increase in atomic weight reduces vibrational energy, causing an ~40 cm~" redshift in IR

absorption, which results in the distinct dual amide | peaks observed.

population. Considering that heterogeneity in protein expression
significantly contributes to cell-to-cell phenotypic variability,*!
SIP-nanoFTIR is well-suited for analyses of population dynamics
and eco-physiological mechanisms in both unicellular and mul-
ticellular systems. As a result, we envision significant interest
and diverse applications across various research areas, including
microbiology (e.g., the functioning of environmental and host-
associated microbiomes, examination of slow growing or non-
cultivable yet viable microbes, nutrient cycling, and antibiotic re-
sistance), biotechnology (e.g., bioproduction in cell factories) and
medicine (e.g., aging, cancer and cell disease-associated research,
and drug delivery systems). The capability of SIP-nanoFTIR to si-
multaneously localize, visualize and quantify translational activ-
ity greatly expands the single-cell analytical toolkit and provides
avenues for valuable advancements in understanding the molec-
ular mechanisms underlying cellular behavior and intracellular
nutrient localization.

2. Results

2.1. Principle and Function of SIP-nanoFTIR

NanoFTIR is performed by scanning the sample surface with an
AFM tip (Figure 1), providing the sample topography with nm
resolution. Simultaneously, a broadband IR laser is focused on
the tip apex, detecting optical information from amplitude and
phase of the scattered IR light. The tip oscillates at a frequency ()
that allows for signal demodulation at higher harmonics (nQ),
minimizing background contamination of the detected signal.
Thereby, far-field scattering intensities are effectively suppressed
and signals from the optical near-field are exclusively recorded.
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BC-induced spectral redshifts are only present in IR-
absorbance peaks dominated by carbon related vibrations; most
prominently, the amide I absorption band, which is primarily due
to the C=0 stretching vibrations of the peptide backbone. When
13C is integrated into cellular proteins, the increase in atomic
mass decreases the vibrational energy, and hence the amide I
band downshifts by ~30-40 cm™!. In contrast, the amide II peak
is primarily derived from the coupling of the C = O stretching
with the N-H bending vibrations and as a result, the only po-
tential SIP-induced vibrational-energy changes are due to con-
tributions from neighboring carbon atoms. Therefore, 1*C in-
clusion results in only an ~10 cm™ redshift of the amide II
peak that is far more ambiguous to interpret than that of the
amide I peak (Figure 1). Whilst the carbon-related vibrations of
other biomolecules are also affected by *C labeling, the amide
region was targeted in this study due to its comparative sig-
nal strength and distinct SIP-induced redshift, as demonstrated
in the full range SIP-nanoFTIR spectra (Figure S1, Supporting
Information).

A series of E. coli cellular standards were cultured to late-
exponential phase under specifically defined proportions of 1*C-
labelled glucose. Each cellular standard was measured using
nanoFTIR, IR-reflectance spectroscopy, and elemental analysis
isotope-ratio mass spectrometry (EA-IRMS). EA-IRMS provided
the bulk averaged *C atomic percentage content of each cellu-
lar standard (Table S1, Supporting Information), which showed
that the use of (non-isotopically labeled) chemical fixatives re-
sulted in the reintroduction of a non-negligible portion of 12C;
awell-documented phenomenon.!?”34] [R-reflectance measure-
ments of the same cellular standards allowed the 2C:*C amide
I peak ratio calculation for a bulk number of whole cells,

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Quantification of single-cell carbon uptake using the SIP-induced redshift. 25% incremental *C-labelled glucose treatments are represented
with a blue (0%) to red (100%) color gradient. a NanoFTIR absorption spectra (2nd harmonic) of individual single cells, with the mean spectrum of
each treatment (n = 20, technical replicates) shown in bold. Dashed vertical lines mark the '2C- (1655 cm~") and *C-amide | bands (1613 cm™).
b Back-to-back boxplots (displaying median, upper, and lower quartiles, and the maximum and minimum excluding outliers) of quantified single-cell
13C content. Dots represent individual data points. NanoFTIR recordings are shown on the left (darker) and IR-reflectance microscopy measurements
(lighter) on the right. Asterisks’ indicate statistical differences between treatments (p-value < 0.001 = ™, < 0.01 = ™), as determined by a one-way
ANOVA at the 95% confidence level. c A representative AFM image of the 50% '3C-labelled glucose treatment. The cellular *C-content, as detected by

nanoFTIR is overlaid, demonstrating the variance in quantified '*C content of neighboring single cells. Maximum z-distance = 250 nm.

effectively translating the observed amide I redshift into the cellu-
lar 3C atomic percentage (previously determined by EA-IRMS).
Finally, to account for nearfield induced partial cellular prob-
ing, nanoFTIR was performed on the same cellular standards,
and the resulting 12C:*C amide 1 peak ratios were compared
against the IR-reflectance peak ratios. As no observable differ-
ences were present, the 2C:13C peak intensity ratio from each
single-cell nanoFTIR spectrum could be translated via this three-
step method, providing a true single-cell *C atomic content, with
a mean dynamic accuracy of ~3% (Figure S2, Supporting Infor-
mation).

2.2. Quantification of Single-Cell Metabolism and Subcellular
Carbon Localization

In cultures supplied with increasing fractions of *C-labelled glu-
cose, the amide I absorption peak maximum was observed shift-
ing from 1655 cm™! (+1 cm™) to 1613 cm™" (+2 cm™!). Rather
than a continuous spectral redshift, a stepwise increase in sup-
plied C-labelled glucose treatments resulted in a proportional
variation of the relative intensities of the 2C- and *C-amide I
peaks. For instance, cultivation with 50% *C growth media re-
sulted in a distinct and characteristic dual amide I peak shape,
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each with similar intensities (Figure 2a). A *C-induced change
was also observed in the amide I1 peak (1535 cm™), which broad-
ened significantly with increasing 1*C fraction (Figure 2a). Inde-
pendent of the proportion of *C provided, an additional shoulder
was present ~20 cm~! lower than the amide I peak. This spectral
feature is most prominent at 1630 and 1590 cm™! in the 0% and
100% '3C treatments, respectively, and is less evident in mixed
isotope treatments as it is obscured by the double peak struc-
ture of the partially red-shifted amide I (Figure 2a). This small
shoulder can be attributed to membrane proteins in a f-barrel
conformation,I*!! which show spectral enhancement in compar-
ison to far-field spectroscopic techniques, due to the <100 nm
penetration depth of nanoFTIR spectroscopy.[*>*]

When the proportional amide I redshift was used to quan-
tify the 13C content of individual single cells from five different
13C-labelled glucose treatments (n = 20, increasing in 25% in-
crements), the mean cellular *C content of each treatment was
1.3%, 28.7%, 46.0%, 67.0%, and 79.1%, respectively, with each
differing at the 99.9% significance level (Figure 2b; Table S2,
Supporting Information). Comparing single-cell SIP-nanoFTIR
measurements against bulk cell number IR-reflectance mea-
surements, a similar *C-labeled glucose-concentration depen-
dent ~40 cm™! amide I redshift was observed. Additionally, a
10-15 cm™! redshift was observed in the C-H stretching region

© 2024 The Authors. Small published by Wiley-VCH GmbH
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(3000-2800 cm™!), which can be attributed to cellular lipid
molecules (Figure Sla, Supporting Information). Upon quantifi-
cation of IR-reflectance microscopy spectra, the mean cellular *C
content of each respective treatment (2.3%, 32.0%, 49.0%, 69.7%,
and 78.7%, respectively) all statistically differed at least at the 95%
confidence level (Table S3, Supporting Information; Figure 2b).

Although the average output of these two techniques were
highly similar, quantification at the single-cell level using SIP-
nanoFTIR revealed large-scale differences arising within treat-
ments. With a shift from bulk cell number measurements to
single-cell observations, the range of calculated cellular *C con-
tent increased across all treatments, with the most prominent dif-
ferences arising in mixed isotope treatments. Notably, the 50%
13C-labelled glucose treatment resulted in observations of single-
cell 3C content ranging from 40-52% (Figure 2b). Large devia-
tions occurred in the *C fraction of neighboring cells, as demon-
strated in Figure 2¢, where an 8% range of cellular *C content
was observed within a single 16x8 pm field of view. Single-cell
observations provided a means of verification that changes in the
provided fraction of *C were not inducing any morphological dif
ferences. Additionally, no isotopically-induced variations in cel-
lular growth occurred (doubling time: F; , = 0.062, p = 0.826;
carrying capacity: F; , = 3.400, p = 0.20; Figure S3, Supporting
Information).

To examine potential subcellular variations in carbon localiza-
tion, hyperspectral nanoFTIR mapping was performed, measur-
ing a total of 312 spectra over the surface of a single cell cultured
under a 50% fraction of *C. Subcellular spectral differences were
observed, with the highest spectral quality being measured in the
central regions of the cell (Figure 3a), corresponding to the ar-
eas of the cell surface closest to horizontal alignment (Figure 3b).
While both the unreferenced scattered amplitude (Figure 3c) and
the amide II absorption were relatively homogenous across the
entire surface of the cell, the amide I intensity decreased rapidly
toward the cell edges (Figure 3d,e). The mean *C content quan-
titated from the central region (highlighted in Figure 3d,e) of this
cell was 49.4% (standard deviation = 4.4%). This observation can
be related to the molecular orientation of C = O oscillators in
membrane proteins and the electric field direction of IR radia-
tion scattered by the tip in nanoFTIR. This hyperspectral analysis
emphasized that selectively measuring nanoFTIR spectra in the
center of each cell is a feasible method to acquire isotopic infor-
mation representative of the entire cell.

2.3. Environmentally-Induced Single-Cell Metabolic Variations

13C-induced redshifts also occurred when nanoFTIR measure-
ments were performed on cells cultured to early-exponential
phase under varying concentrations of labeled glucose (n = 50).
Specifically, intensity of the *C-amide I peak proportionally in-
creased (in comparison to the 1655 cm™! 2C-amide I peak) with
higher availability of labeled glucose (Figure 4a). When compared
against the previous stable-isotope labeling experiment, where
late-exponential phase cells of differing 1*C proportions were ex-
amined (Figure 2), several spectral features differed distinctly.
The BC-amide I peak maximum was observed at 1627 cm™ (as
opposed to 1613 cm™! as previously observed) and an additional
shoulder was developed between 1700-1750 cm™! (Figure 4a).
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Figure 3. Subcellular hyperspectral SIP-nanoFTIR mapping. a) 12 exem-
plary nanoFTIR absorption spectra (2nd harmonic) acquired from posi-
tions represented by the transect in inset (b). Vertical line represent the
12C and *C amide | peak positions, respectively. b) AFM scan of a 50%
13C-labeled E. coli cell. Maximum z-distance = 212 nm. c¢) Sample masking
generated via integrated laser power of unreferenced scattered amplitude.
Pixel size = 100 x 100 nm. d 1655 cm~ peak intensity. e 1613 cm~" peak
intensity. The 3c X 3 region shown in bold was used to quantify the mean
cellular 13C content.

This peak can be tentatively assigned to an increase in lipid [*]
or DNA concentration [**#4] in early-exponential phase cells.
Reducing the glucose concentration resulted in a reduction in
growth rate and a corresponding decrease in the mean cellular
13C content. Such differences were most prominent when cells
were provided with only 0.004 gL~ of 3C-labelled glucose, with
these cultures remaining in the lag phase for the entire duration
of this experiment (Figure 4b). The lack of cellular replication is
reflected in the dominant *2C-amide I IR absorption peak (1655
cm™1). This corresponded to a mean cellular *C content of only
4.1%, which is >9 times less than 4 gL' glucose control samples
(Qq, 95 = 30.821, p < 0.001; Figure 4c). However, individual cells
in this glucose-limited treatment were observed with *C content
as high as 19% (Figure 4c). This elevated *C content suggests
that these few specific cells are actively replicating while the re-
mainder of the culture is dormant. A glucose concentration of

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Single-cell measurements under varying concentrations of '*C-labelled glucose. Incremental *C-labelled glucose concentration treatments are
represented with a red (4 gL™") to yellow (0.004 gL=") color gradient. a) NanoFTIR absorption spectra (2nd harmonic) of individual single cells, with the
mean spectrum of each treatment (n = 50, technical replicates) shown in bold. Dashed vertical lines mark the 2C- (1655 cm™') and '*C-amide | peaks
(1627 cm~1), while the vertical gray bar marks the 1700-1750 cm~" shoulder. b) Mean E. coli growth curves (n = 4, biological replicates), with shaded
regions representing standard deviations. c) Boxplots (displaying median, upper and lower quartiles, and the maximum and minimum excluding outliers)
of quantified single-cell 3C content. Dots represent individual data points. Asterisks’ indicate statistical differences between treatments (p-value < 0.001
= *¥%), as determined by a one-way ANOVA at the 95% confidence level. d—g) Representative AFM images of each '*C-labeled glucose concentration
treatment. The cellular 3C-content, as detected by nanoFTIR is overlaid, demonstrating the variance in quantified *C content of neighboring single

cells. Maximum z-distances = 523, 425, 431, and 452 nm, (d-g) respectively.

0.04 gL' resulted in these cultures reaching carrying capacity
at ~10% cell mL~! (Figure 4b), which is greater than a 1-log re-
duction when compared to non-limited glucose cultures (Figure
S3, Supporting Information). This treatment saw the mean quan-
tified cellular "*C-content reduced to 28.2% (Q; o5, = 8.580, p
< 0.001), and a dramatic increase in cell-to-cell variance (151.0;
Figure 3c). In contrast, reducing the labeled glucose concentra-
tion to 0.4 gL~ had a minimal to no effect. When compared
to 4 gL~! control samples, cellular doubling time was not influ-
enced (Q , = 0.062, p = 0.812; Figure 4b), the spectral shape
was highly similar, the mean ¥C content quantification did not
statistically differ at the 95% confidence level (F; o5 = 3.001, p
= 0.150), and the population variances were highly similar (33.4
and 24.6, respectively; Figure 4c).

These spectroscopic observations were complemented by
AFM imaging (Figure 4d-g). Marking the *C content of indi-
vidual neighboring cells provides an easy visual assessment of
the cell-to-cell variance between treatments and with the previ-
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ous *C-labelling experiment (e.g., Figure 2c). When examining
morphological features, clear trends were present between cell
length and glucose concentration treatments. The 4 gL.~! and the
0.4 gL' treatments both contained relatively equal proportions
of cells typical in length (1-3 um) and those demonstrating mod-
erate cell elongation (3-5 um). The proportion of cells under-
going filamentation (>5 pm in length) in these two treatments
was 1.3% and 2.6%, respectively. In contrast, the 0.04 gL™! and
0.004 gL' glucose concentrations were both dominated by typi-
cal length cells, with ~77% of cells falling in this range. However,
the proportion of both cell elongation and filamentation in these
two samples did differ. Incubation with 0.04 gL' of glucose re-
sulted in 18.4% elongated cells and 4.6% being >5 ym (an ex-
ample of a heavily filamented cell can be seen in Figure 4f). The
0.004 gL' glucose limitation treatment saw the lowest propor-
tion of 3-5 um length cells of any treatment (10.7%), whereas the
proportion of filamented cells exceeded this, comprising 12.4%
of this population (Figure S4, Supporting Information).
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Figure 5. Non-metric multidimensional scaling (nMDS) plot based on
normalized nanoFTIR absorption intensities at seven key spectral posi-
tions, measured on single E. coli cells cultured under differing '*C-labelled
glucose treatments. Incremental 3C-labelled glucose concentration treat-
ments are represented with a red (4 gL™") to yellow (0.004 gL™") color gra-
dient. 13C labeling is represented by symbols (circles = 100%, triangle =
0%), and cellular growth phase at the time of harvest is represented by the
symbol fill (solid = early-exponential, outline = late-exponential). Ellipses
represent 95% groupings, with black defining distinct datasets (a—c), and
colored-dashed ellipses defining datasets that span multiple groupings.

Furthermore, the moderate positive correlation in *C amide
I peak intensity with glucose concentration (Figure 4a), and the
relatively high proportion of elongated cells present in the two ac-
tively replicating treatments of the glucose limitation experiment
(4 gL and 0.4 gL', Figure S4, Supporting Information) are in-
dicative of active cell division.[*] The control sample from the
glucose-limitation experiment (i.e., 4 gL~!*C-labeled glucose)
and the 100% '*C treatment of the previous experiment, only
differed in incubation time, with the former being sampled at
early-exponential phase and the latter in late-exponential phase.
Therefore, the observed spectral differences are a result of the
cellular growth phase at the time of sampling. The experimental
conditions employed in this study did not result in a correlation
between cellular length and cellular *C content.

Correlation of several distinct spectral features (1735, 1710,
1655, 1627, 1613, 1540, and 1525 cm-—1) with multiple envi-
ronmental factors employed as treatments across the glucose
limitation experiment and the previously discussed SIP label-
ing experiment (Figure 2), revealed three distinct subsets of
data (Figure 5); a) both early and late-exponential phase, non-
isotopically labeled cells; b) late-exponential phase, '3C-labelled
cells; c. early-exponential phase, 1*C-labelled cells. Furthermore,
cells from the two glucose-limitation treatments that were seen
to affect growth (0.04 and 0.004 gL~!) each showed spectral sim-
ilarities with both the '2C cluster and the other early-exponential
phase samples (Figure 5, orange and yellow dashed circles, re-
spectively).
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Further investigation of growth-phase dependent spectral fea-
tures was performed, comparing three different examples of cul-
tures, each composed of 50% *C-labelled proteins (Figure 6a).
These three unique conditions each resulted in different sub-
cellular isotope distributions, that subsequently effected the ex-
tent of *C-1*C mode coupling and its influence on the result-
ing amide I peak shape (Figure 6b). Specifically, the theoretical
50% spectrum (derived from a linear combination of 0% and
100% 3C-labelled, late-exponential growth phase cells) resulted
in equal contributions from non-labeled and completely stable-
isotope labeled proteins. This heterogenous protein composition
provides an example of maximal *C-3C-mode coupling, which
results in the ?C-amide I peak dominating the 2C:13C peak ra-
tio (Figure 6b, gray). This is contrasted by the experimentally de-
rived, late-exponential growth phase cells, which contained a rel-
atively homogenous isotope distribution, brought about due to
prolonged exposure to 50% '*C-labelled media. The decreased
13C —13C interaction in this sample resulted in an approximately
equal 2C:1*C amide I peak ratio (Figure 6b, light purple). Lastly,
in addition to the unique shoulder present at ~#1730 cm™! (as
described in Figure 4a), early-exponential phase samples (com-
posed of cells supplied with 100% '3C-labelled glucose and har-
vested after approximately one doubling time) had an amide I
shape with similarities to both other examples (Figure 6b, dark
purple). This suggests that these samples are comprised from
a mixed isotope distribution model, showing reduced but still
present C-13C mode coupling.

Although the amide I peak is complex in nature, being de-
rived from multiple proteins, each in various orientations and
conformations, the spectral contributions of different secondary
structures (a-helices, f-sheets, and turns) and their respective
13C-induced redshifts, are well studied.[*146#8] Second deriva-
tive analysis, a common tool to detect hidden peaks within
broad spectral features,**=!] was therefore utilized to differen-
tiate amide I secondary structure compositions (Figure 6c¢). Sec-
ond derivate analysis of unlabeled and 100% '3C-labelled cells
showed distinct and distinguishable components of the amide I
peak. As expected, a-helices (*C = 1652 cm™, 3C =1613 cm™!)
and f-sheets (2C = 1664 cm™! & 1634cm™!, 3C = 1592 cm™)
were the major contributors to the overall amide I peak shapes
(Figure S5, Supporting Information).>?) In contrast, several com-
positional differences were present in the second derivative plots
of the three different 50% labeled samples (Figure 6¢). The sec-
ond derivative plot of the theoretically calculated 50% sample
was comprised of several clear and distinct features that corre-
sponded to the above assignments (Figure 6¢, gray). The remain-
ing samples, with increased isotope homogeneity (and hence de-
creased BC-*C mode coupling) saw high levels of cell-to-cell
variation. Many previously resolved features are more ambigu-
ous in the mean second derivative plot of the late-exponential
phase sample (Figure 6¢, light purple). Despite this, several as-
signed peaks are distinct across all three samples and remain un-
affected by neighboring peaks. Specifically, the *C-g-sheet peak
shifts from 1592 cm™~! in the theoretically derived sample, to 1596
cm~! in the mean early-exponential sample, to 1605 cm™ in the
mean late-exponential phase sample. This increase in spectral po-
sition of the 3C-p-sheet is due to the decrease in *C-1*C mode
coupling of the samples examined, and is similar to previously
observed correlations in wavenumber and mode coupling.*’]
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Figure 6. Assessment of sub-cellular isotopic conformations. a An illustrative diagram of cellular replication under three different culture conditions, and
the resulting theoretical isotopic composition of protein secondary structures. Proportions of 13C are represented with a blue (0%) to red (100%) color
gradient. b NanoFTIR absorption spectra (2nd harmonic) and c second derivative plots of the amide region of three variants of 50% '3C-labelled samples;
a theoretical spectrum derived from a linear combination of mean 0% and 100% late-exponential spectra (gray), the early-exponential experimental
samples (dark purple), and the late-exponential experimental samples (light purple), with the means of the latter two treatments (n = 20, technical

replicates) shown in bold.

A similar shift was also in the *C-a-helix peak (1613-1626 cm™!),
however this assignment is less prominent due to some spectral
overlap with the 2C-g-sheet peak. Additionally, second deriva-
tive analysis also revealed that the amide I shoulder unique to
early-exponential phase cells was comprised of two peaks posi-
tioned at 1718 and 1740 cm™! (Figure 6¢, dark purple). It is pos-
sible that these peaks are arising due to specific label symme-
tries (i.e., the distance-relationship of isotopes both within and
between biomolecules) within the proteins [*°! or lipid bilayers.

3. Discussion

This study introduces and demonstrates SIP-nanoFTIR as a ro-
bust and powerful new tool capable of simultaneous quantifica-
tion of single-cell metabolism and acquisition of high-resolution
morphological information. When used to examine *C-labelled
E. coli cells the observed amide I redshift was used to deter-
mine the carbon isotopic enrichment of newly synthesized pro-
teins and hence single-cell translational activity. In general, IR-
absorption recordings are quick, cost effective and easy to per-
form, however, averaged measurements derived from a large
number of cells inherently results in a loss of fine-scale infor-
mation. Near-field IR nanoscopy overcomes this limitation, and
SIP-nanoFTIR measurements yielded comparable spectra and
similar mean cellular 1*C content to well-established IR measure-
ments of bulk cell-numbers (such as IR-reflectance microscopy)
and to Raman-based studies.>*3]

SIP-nanoFTIR is highly suited to investigations of intercellu-
lar heterogeneity, with the results of this work corresponding well
with other recent stable-isotope labeling studies, including obser-
vations of similar levels of cell-to-cell heterogeneity using a com-
bination of mid-IR photothermal microscopy and fluorescence in
situ hybridization (FISH)."! Glucose limitation emphasized in-
tercellular competition, which induced population-wide changes
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in cellular morphology and was a driver of cellular metabolic het-
erogeneity. Some outlier cells had dramatically elevated *C lev-
els while others acquired little to no additional carbon. These re-
sults are in accord with previous experimental observations us-
ing single cell SIP-nanoSIMS that also identified nutrient limita-
tion as a driver of heterogeneous substrate assimilation.>*] Vari-
ation in glucose scavenging rates at the single-cell level means
that individual outlier cells with elevated metabolic rates are sig-
nificantly outcompeting the majority of the population, and as
such may play a disproportionately large role in shaping the
structure and function of growing microbial communities. SIP-
nanoFTIR therefore provides a comprehensive means to link
single-cell metabolic processes to population-wide changes orig-
inating in response to environmental fluctuations. In a similar
fashion, other isotope-labeling based analytical techniques have
also provided insights into the ecological function of the individ-
ual cells that comprise complex microbial communities.[*3>4]
Additionally, correlations in cellular metabolism and morpho-
logical features, and the quantification of cellular heterogeneity
using SIP-nanoFTIR has applications in biopharmaceutical and
medicinal fields, complementing studies such as the characteri-
zation of high-value eukaryotic proteins,!>! the determination of
patient-specific drug effectivity,*®! in situ detection of antibiotic-
resistant bacteria or biofilms,5”%8] and the metabolic tracing of
cancer cells 5% or the human microbiota.[°!¢2]

Isotopically induced changes in the amide I peak shape arose
both in response to environmental factors and were dependent
on the cellular growth phase of harvested cultures. A higher num-
ber of cellular replication cycles resulting in a more homogenous
isotope distribution within newly synthesized proteins, which
decreased *C-3C vibrational mode coupling changes. Conse-
quently, spectral changes were observed in amide I secondary
structures, most prominently due to isotopic-label symmetries
within antiparallel beta-sheets.[*°] Analysis of subcellular isotopic
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heterogeneity provides evidence that proteins synthesized dur-
ing early-exponential growth phase consist mainly (but not ex-
clusively) of freshly metabolized carbon, rather than carbon re-
cycled from the parent cell. Identification of such *C-1*C mode
coupling induced features means SIP-nanoFTIR, in addition to
single cell metabolic quantification, has the capability to spec-
troscopically differentiate specific cellular growth phases. SIP-
nanoFTIR improves on FTIR spectroscopy, an already valuable
tool for the monitoring of microbial growth phases, alleviating
several of the constraints identified.[®]

Future SIP-nanoFTIR investigations should consider other
stable isotopes (for instance, 2H or 1°N) [34384058.6465] 3 d explore
cellular metabolism under differing experimentally manipulated
environmental stressors.[®*] The combination of spectroscopic
and phenotypic information derived from such studies could
provide links between genetic adaptations, induced changes in
morphology and molecular composition, and cellular function.
Observations of subcellular biomolecule localization and trans-
port via stable-isotope labeling would be most effective in more
complex eukaryotic organisms. Both nanoFTIR and sSNOM
have been used to image eukaryotic samples prepared via thin
sectioning.[*! Combining this method with stable-isotope label-
ing would enable the acquisition of 3D-topographic and spectro-
scopic information, dictated by localized, internal cellular isotope
distributions and the cell’s metabolic contributions to specific
membrane-bound organelles. Additionally, SIP-nanoFTIR can be
effectively combined with several complementary or correlative
single-cell techniques, including nanoSIMS,! high-resolution
Raman spectroscopy,[®®! and FISH.I*) Many of these techniques
have already been used together,*’] even examining the same
individual cell.>*] Pairing these correlative techniques with SIP-
nanoFTIR could greatly enhance our understanding of complex
cellular processes and dynamics, and may be particularly rele-
vant for analyzing complex samples such as environmental com-
munities or samples from multi-cellular organisms. The data re-
dundancy yielded through correlative techniques can be used as
a means of validation, enhancing reliability and further strength-
ening the experimental outputs of all techniques involved. Fi-
nally, an ongoing challenge for all single-cell techniques is data
acquisition time and consequently, sample size. For example,
in this study, AFM imagining and nanoFTIR spectral acquisi-
tion of a single E. coli cell was in the range of minutes, whereas
hyperspectral acquisition of the same cell required more than
10 hours. However, recent advancements in automated and Al-
supplemented sampling offer promising solutions,*” %] making
high-throughput single-cell measurements a feasible and realis-
tic goal.

This work effectively demonstrates SIP-nanoFTIR as a highly
advantageous near-field technique that effectively revealed small-
scale, cell-to-cell variations that traditional bulk cell analysis tech-
niques fail to capture. SIP-nanoFTIR offers the advantage of not
requiring a large number of cells, making it particularly suitable
for examining environmental samples containing naturally low
cell numbers or studying microorganisms with slow metabolic
activity in their native habitats. The simultaneous acquisition of
high-resolution topographic information and quantification of
single-cell biosynthesis further enhances our understanding of
environmental responses. Insights into the dynamics of single-
cell microbial competition and metabolism can be used in iden-
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tifying outlier organisms that may exert a disproportionate influ-
ence on shaping population dynamics. Given the wide range of
potential applications, SIP-nanoFTIR is expected to provide valu-
able insights in various fields, including microbial ecology, cell
biology, biophysics, and specific medical science applications. Its
ability to explore cellular heterogeneity and dynamics with high
sensitivity and resolution promises to deepen our understanding
of fundamental biological processes and pave the way for novel
discoveries in numerous scientific disciplines.

4. Experimental Section

Culture Conditions: To eliminate any trace carbon, prior to autoclave
sterilization, all glassware was heated to 500 °C for 3 h. Escherichia coli
K12 (DSM 498) were aerobically cultured at 37 °C in M9 minimal medium
composed of 10.5 gL=! M9 Broth (Merek, Germany), 1.5 mm MgSO,, and
0.1 mm CaCl, supplemented with a single carbon source; 4.0 gL™! of D-
glucose provided in specific isotopic ratios (‘ZC, Merek, Germany; '3C,
Cambridge Isotope Laboratories, USA; Table S1, Supporting Information).
10° cells were harvested at late-exponential growth phase (Figure S3, Sup-
porting Information), fixed in 2.5% (v/v) glutaraldehyde (Grade I, Merek,
Germany) at room temperature for two hours, washed and resuspended
in milliQ water.

Additional samples of E. coli were cultured under limited carbon con-
ditions; M9 minimal media (as described above) was supplemented with
13C-labeled glucose, provided at concentrations of 4.0, 0.4, 0.04, and 0.004
gL', Due to the distinct observational goals of this glucose-concentration
experiment, unlike the isotope ratio experiment, cells were harvest during
the early-exponential phase (Figure 4b). Cells were then fixed, washed, and
resuspended in the same manner described above.

Single-Cell Spectroscopy and Imaging: 2 pL cellular samples were dried
onto a template stripped gold substrate, and for each varied isotope pro-
portion treatment, single-cell nanoFTIR spectra were acquired from the
center of 20 randomly selected individual cells, using the spectroscopy
module of a neaSNOM Nearfield Microscope (Neaspec, Germany). The
nanoFTIR spectrometer was operated in tapping mode using coated AFM
probe tips (Arrow NCPt, NanoWorld, Switzerland) with a resonance fre-
quency of ~285 kHz. A 2050-1010 cm™~' broadband laser source was used,
and spectra were recorded with a resolution of 12 cm~'. Each spectrum
was derived from 100 scans with a 6 ms integration time, and was com-
pared against a spectrum of the blank gold substrate. For samples cultured
under glucose-limited conditions, spectra were acquired in the same man-
ner from 50 randomly selected cells per treatment. NanoFTIR spectra were
linearly baseline corrected, and the FTIR-absorption was calculated from
combined phase and amplitude of the near-field signal.[®*] When required,
spectra were smoothed using a Savitzky—Golay filter at window size 11,
polynomial order 2. AFM images were acquired using the nanoFTIR spec-
trometer set up as described above, operated in tapping mode. Visualiza-
tion and analysis were performed with Gwyddion (v.2.62, Czech Metrology
Institute, Czech Republic).

NanoFTIR hyperspectral mapping was performed on a single, dried E.
coli cell originating from a culture incubated with 4 gL~ of 509 '*C-labeled
glucose. A total of 312 spectra were acquired over the surface of the sam-
ple, with a spatial resolution of 100 nm per spectrum. To account for sam-
ple drift, a single unaveraged spectrum was acquired at each sample posi-
tion, then the samples was reoriented to the exact same starting position
(using AFM imaging). A total of 50 complete scans were performed, each
referenced against a new background measurement. Manual spectral av-
eraging was performed at each of the 312 positions, providing adequate
signal to noise. Spatial masking was performed based on a threshold value
of 10.5 V of the unreferenced amplitude signal of the scattered laser light.

IR-Reflectance Spectroscopy: While SIP-nanoFTIR and IR-reflectance
measurements could not be performed on the exact same cellular prepa-
rations (due to the higher cellular concentration required for IR-reflectance
microscopy resulting in overcrowding of SIP-nanoFTIR samples), great
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care was taken to ensure the only difference between samples was the cel-
lular concentration; each sample was prepared from the same clonal popu-
lation of fixed E. coli cells and deposited onto the same template-strip gold
surface. IR-reflectance microscopy was performed in triplicate for each
treatment, with spectra acquired from an average of 65 equally distributed
points (Figure S1, Supporting Information), using an IR-reflectance micro-
scope (Hyperion 2000, IR source proved by a Vertex 80v, Bruker, Germany)
fitted with a 15x Cassegrain objective (NA = 0.4, Newport, Germany),
performing 500 scans at each point, from 650-3950 cm~' at 4 cm™!
resolution.

EA-IRMS:  For EA-IRMS analysis samples were prepared in triplicate
by depositing fixed cells onto 25 mm diameter glass fiber filters (0.7 um
pore size, Whatman, UK; trace carbon sterilized at 500 °C, 3 h). Follow-
ing cellular deposition, filters were washed with an excess of milliQ water,
air dried, then exposed to 20% HCl vapor for >12 h. Five 5 mm diame-
ter subsamples were punched from each filter and wrapped in aluminum
capsules (3.5 mm x 5 mm, HEKAtech, Germany). Subsamples were com-
busted to CO, gas using an elemental analyzer (Flash 2000 CHNS/O,
Thermo Fisher Scientific, Germany), performed with a 10 mL O, pulse
added to a 1050 °C combustion chamber filled with wolfram oxide and
silver-cobalt oxide. Using helium carrier gas (gas flow = 0.08 Lmin~"),
combustion product gases were swept through a 650 °C reduction fur-
nace filled with copper. Remaining water was trapped with phosphorus
pentoxide. Gases were isothermally separated at 70 °C on a gas chro-
matography column (HE26070500, HEKAtech, Germany) and transferred
to the EA-IRMS via an open split system (ConFlolV, Thermo Fisher Scien-
tific, Germany). The carbon isotopic composition (expressed as AT%) was
normalized with a two-point calibration against '2C D-glucose (1.09 AT%)
and *C D-glucose (99 AT%) standards, yielding an analytical precision of
+0.7 AT%.

Cellular '*C Quantification: In order to utilize observed spectral differ-
ences to calculate single-cell '*C content, the isotopically-induced amide
| redshift was used to formulate a quantification algorithm. By focusing
solely on the ratio of peak intensities at two positions, the influence of
other, less relevant spectral features (such as locally elevated lipid concen-
trations or near-field enhancement of membrane protein secondary struc-
tures) was minimized. Two calibration steps were used to translate spec-
tral amide | information into '*C AT%. Firstly, IR-reflectance spectra of or-
ganisms provided with 10% incremental 3C portions (from 0% to 100%)
were measured. This far-field spectroscopy provided the mean spectral in-
formation from a large number of organisms (in the order of 107 cells),
while near-field induced peak shifts with respect to the far-field data were
accounted for by individually assigning '>C and *C amide | peak posi-
tions for each method. The amide | redshift can be enhanced by both the
number and the symmetry of isotopic labels,[7%72] and as a result pro-
portional "*C incorporation does not linearly correlate with shifting peak
intensity. The resulting peak intensity ratios at 1655 cm™' ('2C amide 1)
and 1613 cm™' (13C amide I) declined from ~3:1 (0% treatment) to ~1:2
(100% treatment) in a 3rd order polynomial curve. Second, EA-IRMS mea-
surements of cells cultured under 25% *C increments (from 0% to 100%)
were used to compare the proportion of 1>C provided with the mean cel-
lular 1¥C AT%. This curve was fitted using a second order polynomial. Us-
ing these two fit-functions allows for an automated translation from each
nanoFTIR spectrum to the single-cell metabolized 3 C (Figure S2, Support-
ing Information). To account for spectral differences in early-exponential
growth cells, a linear combination of averaged 0% and 100% nanoFTIR
spectra was used (simulating comparable 3C-'*C vibrational mode cou-
pling). Peak ratios at 1655 cm™" ("2C amide I) and 1613 cm~" ("*C amide
1) declined from ~3:1 (0% treatment) to ~1:2 (100% treatment), in a 3rd
order polynomial curve.

Statistical Analysis: The mean quantified 1>C content from cells cul-
tured under differing 1*C fractions of supplied '3C-labeled glucose was
compared using one-way analyses of variance (ANOVA) with Tukey’s post
hoc tests. This was performed using both nanoFTIR measurements (Table
S2, Supporting Information) and IR-reflectance microscopy (Table S3,
Supporting Information) as categorical variables. One-way analyses of
variance (ANOVA) with Tukey’s post-hoc tests were also used to compare
the mean quantified 1*C content of each glucose-limited treatment, as well
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as both the cellular doubling time and cell concentration at the conclusion
of the incubation period. To construct the nMDS plot, a Bray-Curtis dis-
similarity matrix was calculated based on the normalized peak intensity at
1735, 1710, 1655, 1627, 1613, 1540, and 1525 cm™', with three discrete
variables considered; 13C labeling, glucose concentration and the growth
phase at the time of cellular harvesting. Specific datasets were grouped
based on 95% confidence intervals. Visualization and statistical analyses
were performed with RStudio (v.2023.12.0+369, Postit Software, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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