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A new experimental platform for probing nanoscale molecular changes in

living bacteria using atomic force microscopy–infrared (AFM–IR) spec-

troscopy is demonstrated. This near-field technique is eminently suited to

the study of single bacterial cells. Here, we report its application to monitor

dynamical changes occurring in the cell wall during cell division in

Staphylococcus aureus using AFM to demonstrate the division of the cell

and AFM–IR to record spectra showing the thickening of the septum.
This work was followed by an investigation into single cells, with particular

emphasis on cell-wall signatures, in several bacterial species. Specifically,

mainly cell wall components from S. aureus and Escherichia coli containing

complex carbohydrate and phosphodiester groups, including peptido-

glycans and teichoic acid, could be identified and mapped at nanometre

spatial resolution. Principal component analysis of AFM–IR spectra of six

living bacterial species enabled the discrimination of Gram-positive from

Gram-negative bacteria based on spectral bands originating mainly

from the cell wall components. The ability to monitor in vivo molecular

changes during cellular processes in bacteria at the nanoscale opens a new

platform to study environmental influences and other factors that affect

bacterial chemistry.
1. Introduction
In recent years, there has been an emerging focus on advancing research

techniques to enable an ability to image samples with higher spatial resolution.

This is of particular importance in the field of bacterial studies, as their small

size significantly limits the use of conventional microscopic techniques. Trans-

mission electron microscopy (TEM) and scanning electron microscopy (SEM)

are commonly applied in research involving bacteria [1]. Super resolution

microscopies, such as scanning near-field optical microscopy (SNOM), are

also becoming popular for the study of a single bacterium [2]. Although

these techniques enable one to achieve nanoscale resolution, they are limited

to probing the morphology of the cell, without providing any information

about the chemical composition of the sample. In addition, both techniques

require dehydration of the sample prior to analysis. The chemical composition

of a single bacterium can be probed using confocal fluorescence microscopy

and other techniques such as fluorescent resonant energy transfer (FRET) and

fluorescence recovery after photobleaching (FRAP) [3–5]. However, these

approaches are often technically demanding (in particular, FRET and FRAP),

and require the use of fluorescence stains, thus restricting their use to probing

only a limited number of markers, usually associated with the cellular surface.

Atomic force microscopy–infrared (AFM–IR) absorption spectroscopy is a

novel technique based on the detection of the thermal expansion caused by
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Figure 1. Schematic illustration showing the composition of the cell wall from a Gram-positive (a) and Gram-negative (b) bacterium.
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infrared absorption [6–8]. It combines AFM—designed to

measure the local physical properties of a sample, such as

height or probe deflection—with IR spectroscopy enabling

spatially resolved chemical characterization. This approach

enables the acquisition of IR spectra while overcoming the

wavelength diffraction spatial resolution limit, resulting in a

lateral spatial resolution approaching 20 nm. The fundamen-

tal process occurring during the measurement is the

absorption of IR radiation [6–8], resulting in a local tempera-

ture increase. Although the lateral resolution of AFM–IR is in

the order of tens of nanometres, the penetration of the IR

beam into the sample can still be of the order of micrometres.

The local increase in the temperature, caused by IR absorp-

tion, can be measured either directly as the change in

temperature [9] or through measurement of the probe

motion [6,7,8]. The latter occurs due to a force impulse cre-

ated by the IR absorption and causes oscillation of the

AFM cantilever probe [6–8]. The oscillation amplitude is pro-

portional to the absorption coefficient [6,10]. During the

measurement, the thermal expansion increases until the

light pulse ends and subsequently decreases exponentially.

The rate of this decrease depends on the sample properties;

therefore, making the phenomenon of thermal expansion

dependent directly on the sample composition. However,

the strength of the signal depends also on the material prop-

erties, such as the thermal expansion coefficient, density, heat

capacity, among other factors [6]. The AFM–IR technique

enables the collection of single spectra and the generation

of maps of the distribution of intensity of a signal at a

chosen wavenumber, allowing one to study samples on a

nanoscale.

The multiple benefits of the combination of AFM and IR

spectroscopy have resulted in an increase in the application of

the technique for a variety of samples [3,6,11–28]. In particu-

lar, AFM–IR spectroscopy has a broad application in the

study of polymers [6,11–19] because the performance and

behaviour of polymer materials is largely dependent on

their quality at the nanoscale, which cannot be properly

studied with conventional IR microspectroscopy. In addition

to these applications, AFM–IR is finding a role in the nano-

characterization of biological samples [3,20–27]. It has been

applied to the study of plants [20], as well as to various mam-

malian tissues [21–23] and cells [24,25]. In the case of tissues,

the majority of AFM–IR applications have focused on skin

[21] and hair [22]; however, other types of tissue have also

been studied, including the distribution of minerals in bone
[23]. There is an increasing interest in applying AFM–IR to

study bacteria, below the spatial resolution achievable by

imaging with conventional IR spectroscopy [3,7,26,27].

Dazzi et al. [7] demonstrated the first successful application

of AFM–IR mapping of Escherichia coli, showing a homo-

geneous distribution of proteins (via the amide I and amide

III absorptions) and a good correspondence between AFM–

IR spectra and FT–IR spectra. Since then, there have been

several bacterial studies aimed at exploring the production

of biofuel precursors by microorganisms (Streptomyces) [26]

and the production of polyhydroxybutyrates, degradable

polyesters with mechanical properties similar to thermoplas-

tic synthetic polymers [3]. Furthermore, the high lateral

spatial resolution of AFM–IR enables observation not only

of bacteria as whole organisms, but also of minor nano-

localized changes, such as the presence of a virus infecting

a bacterium [27]. Bacterial cell walls are natural polymeric

structures and thus are a logical extension of the techniques

developed for in situ chemical analysis of synthetic polymers.

A further step, undertaken in this study, is application of the

technique in vivo and its use to monitor dynamical changes in

the cell wall of a living bacterium.

The composition of the cell wall is the basis for classifi-

cation of bacterial species into two groups. Gram-positive

bacteria have a thick cell wall consisting of peptidoglycans

and teichoic acids (TAs) that cover the cytoplasmic

membrane, while Gram-negative bacteria have an outer-

and inner-membrane with a thin layer of peptidoglycans in

between (figure 1) [28]. The outer membrane of Gram-

negative bacteria contains proteins, phospholipids and

lipopolysaccharides. It serves as a barrier to the external

environment, at the same time enabling selective diffusion

through porins, allowing nutrition uptake and waste removal

[29]. The peptidoglycan component of Gram-negative bac-

teria consists of one to two layers [29]. In the case of E. coli,
approximately 80% of the peptidoglycan is present in the

form of a monolayer [30]. Owing to this, the overall thickness

of the whole cell wall does not exceed a few nanometres for

Gram-negative bacteria (e.g. for E. coli—4 nm) [31]. By con-

trast, Gram-positive bacteria are devoid of an outer

membrane, but possess a thick peptidoglycan component

containing 10–20 layers (figure 1) [28]. Peptidoglycan is a

polymer composed of glycan strands, formed from disacchar-

ide residues cross-linked with amino acids [28,31]. Each

disaccharide contains a covalently bonded peptide that can

bind to a peptide of another strand, thus enabling the
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formation of an elastic network. The average length of

strands differs between bacteria (e.g. in E. coli—21 disacchar-

ide units, in Staphylococcus aureus aureus—six disaccharide

units) [32] and is strongly dependent on conditions, growth

phase or even strain [31]. In addition, the Gram-positive

bacterial cell walls contain TAs, absent in the cell wall of

Gram-negative bacteria (figure 1). TAs are anionic glycerol

phosphate-containing polymers attached to either the

peptidoglycan layer or to membrane lipids (and present in

the form of lipoteichoic acid, LTA). The bacterial cell wall,

particularly its peptidoglycan layer, is a dynamical structure

with many functions that ensures cell viability and is

involved in maintaining cellular shape [31].

The aim of this work was to monitor dynamical changes

in the bacterium in vivo, using AFM–IR. The high spatial res-

olution of AFM–IR enables the examination of a single live

bacterium based mainly on the chemistry of their cell walls.

However, prior to this application, aimed at real-time obser-

vation of biological processes, we focused on obtaining a

detailed spectroscopic profile of single bacterial cells. The

purpose of this was to identify the IR bands related to the

cell wall and assess their contribution to the AFM–IR

spectrum of a single, live bacterium in representative Gram-

positive (S. aureus, Bacillus subtilis, Enterococcus faecalis) and

Gram-negative (E. coli, Pseudomonas aeruginosa, Acinetobacter
baumannii) bacteria.
2. Methods
2.1. Sample preparation
The bacterial strains used in this study were S. aureus A8819 [33],

B. subtilis BS34A [34], En. faecalis ATCC 29212, En. faecalis
ATCC19433, E. coli DC10B [35], P. aeruginosa PAO1 [36] and

A. baumannii ATCC 17979. Prior to each measurement, the bac-

terial cells were plated on horse blood agar (HBA) plates

(ThermoFisher Scientific) and incubated at 378C for 24 h. Bac-

terial colonies were collected from HBA plates, washed with

saline solution and the cells were pelleted using centrifugation

at 2000 r.p.m. for 5 min. The resultant pellets were then washed

with 500 ml of ultrapure water twice to remove saline and the

remaining media. Subsequently, the pellets were re-suspended

in 100 ml of ultrapure water, mixed for 1 min, placed on a CaF2

window and air-dried. The sample was then mounted on a flat

magnetic stainless-steel substrate. For each bacterial strain, at

least three technical replicates were prepared using cells grown

on independent HBA plates. Peptidoglycan standard from

S. aureus was purchased from Sigma Aldrich.
2.2. Attenuated total reflectance – Fourier transform
infrared measurements

The ATR–FTIR measurements were performed using bacterial

colonies transferred directly from the HBA plates onto the ATR

crystal. For each bacterial strain, three replicates were measured.

Spectra were recorded using a Bruker Alpha FTIR (Ettlingen,

Germany) spectrometer with an attenuated total reflection

(ATR) sampling device containing a single bounce diamond

internal reflection element. The system is equipped with a

globar source, KBr beam splitter and a deuterated triglycine sul-

fate detector. Spectra were collected over the spectral range of

1800–900 cm21 with a spectral resolution of 6 cm21 and 128

interferograms for both, the background and sample. A spectrum

was recorded of the peptidoglycan standard by pressing the
powder directly onto the ATR crystal and using the instrumental

parameters stated above.

2.3. Atomic force microscopy – infrared measurements
The measurements were performed using a NanoIR2 system

(Anasys Instruments Inc., Santa Barbara, CA, USA). The IR

source was an optical parametric oscillator laser, generating a

10 ns pulse at a 1 kHz repetition rate. AFM–IR spectra were col-

lected in contact mode, in the spectral range of 1800–900 cm21

with a spectral resolution of 8 cm21. For data collection contact

mode, NIR2 probes were used (model: PR-EX-nIR2, Anasys

Instruments, Inc.). For each bacterial strain, at least 30 single

spectra were collected. The system was purged with N2 to control

the humidity. For S. aureus and E. coli, IR maps at fixed wave-

number values were acquired in order to investigate the

distribution of selected components. AFM height and deflection

images as well as IR maps were acquired simultaneously.

2.4. Data analysis
The ATR–FTIR spectra were smoothed using the Savitzky–

Golay (SG) algorithm with nine smoothing points. An ATR cor-

rection was performed using the Bruker Opus 7.5 Software. The

AFM–IR spectra were normalized using the standard normal

variate (SNV) method and smoothed using the SG algorithm

with 15 smoothing points. The second derivatives of AFM–IR

were calculated using the SG algorithm with 17 smoothing

points. The dataset was mean centred prior to analysis. Principal

component analysis (PCA) was computed on the set of all

acquired spectra (n ¼ 327) of different bacteria (n ¼ 6) in the

range 1400–950 cm21. MATLAB (Mathworks, Natik, USA),

PLS_toolbox (Eigenvector research, Manson, USA), Bruker

Opus 7.5, Anasys Studio and Origin Pro 9.1 were used for data

pre-processing, analysis and presentation.

2.5. Bacterial viability after the atomic force
microscopy – infrared measurements

To assess the viability of bacterial cells after the AFM–IR

measurements, 100 ml of ultrapure water was placed on the

CaF2 slide and gently mixed with a pipette tip to re-suspend

the bacterial cells. The solution was then transferred into

an Eppendorf tube, vortexed for 1 min and plated on HBA

(3 � 20 ml) plates. These were then incubated at 378C for 24 h

and photographed.
3. Results and discussion
First, we characterized bacteria on a population level using

ATR–FTIR spectroscopy (electronic supplementary material,

figure S1). This technique has been consistently applied as an

ideal tool for discriminating between different Gram-positive

and Gram-negative bacterial species since the 1980s [37–41].

To confirm previous findings, live cells were transferred

directly from colonies grown on HBA plates onto an ATR

accessory of an FTIR spectrometer. The major differences

between spectra of Gram-positive bacteria and Gram-negative

bacteria were the intensities of bands around 1057, 1085

and 1117 cm21. The spectral region 1200–900 cm21 contains

signals from several components, including DNA and phos-

pholipids, as well as strong absorbance bands from

complex sugar modes. Significant, intense bands within this

region have been reported for different bacteria and assigned

to the cell-wall components [37–40]. FTIR spectra of isolated

cell walls from Gram-positive bacteria have previously been
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Figure 2. AFM – IR results obtained from representative Gram-positive and Gram-negative bacteria. AFM images recorded of live (a) S. aureus and (b) E. coli,
showing the size of bacteria. Size of the measured areas: 2.3 � 2.4 mm (S. aureus) and 5.5 � 5.5 mm (E. coli). Colour scales are presented next to each
AFM height image. (c) The second derivatives of average AFM – IR spectra of live S. aureus (in red) (n ¼ 54) and E. coli (in blue) (n ¼ 52) together with
their standard deviations and with the most prominent bands labelled. Each single spectrum was obtained from the centre of the cell. Parentheses indicate
the spectral range where prominent differences related to vibrations of phosphodiester groups and complex carbonyl modes are observed.
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reported and show a substantially increased intensity of the

aforementioned bands compared to intact organisms [41].

Some of these bands (in particular, approx. 1060 and

approx. 1105 cm21) are attributed to complex sugar modes

of peptidoglycans based on isolation of peptidoglycan films

from various bacteria (including E. coli, S. aureus and B. sub-
tilis) [40,42,43]. It has been shown that the IR spectra of

peptidoglycans isolated from Gram-positive and Gram-

negative bacteria are very similar [40] and remain uniform

for a wide range of temperatures, independent of the

sample preparation [40]. The ATR–FTIR spectrum of the pep-

tidoglycan standard from S. aureus (electronic supplementary

material, figure S2) also exhibits bands at 1064 cm21 and

1109 cm21, among others. The consistent intensity increase

of bands around 1057, 1085, 1117 cm21 in the spectra of

Gram-positive bacteria in comparison with the spectra of

Gram-negative bacteria additionally indicates that the

bands originate from the cell wall [42,43] and reflect directly

its larger thickness in Gram-positive bacteria.

The ATR–FTIR spectra provided basic discrimination

between the bacteria, mostly due to differences in their

cell walls. However, in order to ensure a high signal to

noise (S/N) ratio, complete coverage of the crystal surface

with a layer of bacteria of minimal thickness equal to depth

of penetration of the evanescent wave, is preferred. The

depth of penetration of the evanescent wave is in the range

of a few micrometres [44], whereas the thickness of a single

bacterium falls in the range of few hundred nanometres.

Therefore, each ATR–FTIR spectrum is a result of the average

chemical composition of thousands of organisms. Thus, the

spectra are dominated by the contributions of cytoplasm

and nucleolus components and the spectral contribution
from the cell wall of an individual organism is only a fraction

of each spectrum. Although in some cases (e.g. Gram-positive

versus Gram-negative bacteria) ATR–FTIR enables obser-

vations of differences based on the cell-wall contribution to

the spectrum, it requires a significant change in the cell-wall

composition (or thickness) and therefore is not particularly

suitable for studies focused on bacterial cell walls and

aiming at observing small changes in this structure. Further-

more, spectra recorded using ATR–FTIR provide information

at the population level, without the ability to probe a single

bacterium. For this purpose, AFM–IR was applied to specifi-

cally target individual bacterial cells and characterize their

chemistry. Topographic AFM images of live S. aureus and

E. coli together with the second derivatives of AFM–IR spec-

tra of both organisms acquired in the centre of the cells are

presented in figure 2. The live states of the bacteria were con-

firmed by the regrowth of bacterial colonies from plated

samples taken after the measurements, which indicate a

very high amount of living bacteria even after air-drying. Fur-

thermore, the ability to observe bacteria dividing indicates

that the sample preparation protocol provided in vivo con-

ditions. Bacteria by nature show very high resistance to

changes in external factors such as pH, temperature and

osmotic pressure. It should be noted that bacteria can survive

dehydration and in fact it has been shown using ATR–FTIR

spectroscopy that DNA in living bacteria can undergo a con-

formational change from B-DNA (hydrated) to A-DNA

(dehydrated). That study also showed that upon rehydration

DNA reverts to the B-DNA form and reproduction occurs

[45]. In the methodology applied here, the bacteria were not

totally dehydrated and hence they could still undergo

division.
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Consistent with known morphologies, S. aureus
(figure 2a) were observed as round shaped cells of approxi-

mately 600 nm diameter, whereas E. coli cells (figure 2b)

were rod-shaped with a length of approximately 4 mm and

thickness of 400 nm. The second derivatives of AFM–IR spec-

tra of the organisms (figure 2c) showed significant

differences, particularly in the low wavenumber region

(1300–900 cm21). Clearly distinguishing features were

intense bands located at 1062 and 1096 cm21, apparent in

the spectrum from S. aureus but significantly less intense

(or entirely absent) in the spectrum of E. coli. Furthermore,

the band located at 1096 cm21 is significantly broadened

towards the higher wavenumber values. The location of

these bands correlates well with the ATR–FTIR results.

These bands were assigned to complex sugar modes from

compounds present in the cell wall (e.g. peptidoglycan

layer), as well as contributions from symmetric stretching of

phosphodiester groups, originating from phosphate-containing

cell wall compounds (e.g. phospholipids and TA) [40–43].

Phosphodiester groups (present in various chemical com-

ponents, such as DNA, phospholipids and TA/LTA) give

rise to bands located at approximately 1080 cm21 and

approximately 1220 cm21 corresponding to the symmetric

and asymmetric PO2
2 stretching vibrations, respectively.

TAs/LTAs are present in the Gram-positive cell wall provid-

ing an additional phosphate-containing compound

compared to Gram-negative cell walls. This may contribute

significantly to the increased intensity of the band at

1096 cm21 (nsPO2
2) along with increased intensities in

bands at 1216 and 1248 cm21 (nasPO2
2). These bands may

also contain contributions from phospholipids, present in

the inner (cytosol) membrane of Gram-positive bacteria

(figure 1); however, these contributions to the overall spectral

information are expected to be small given this membrane is

composed of only a bi-molecular lipid layer and associated

proteins. Furthermore, the cytosol membrane (and related

phospholipids) are present in all bacteria. In fact, the Gram-

negative bacteria contain an additional outer membrane,

rich in phospholipids (figure 1). The overall content of

phospholipids in the cell wall is, therefore, higher in Gram-

negative bacteria compared with Gram-positive bacteria,

whereas the phosphodiester-related bands (1096, 1216,

1248 cm21) are significantly more intense in the spectra of

Gram-positive bacteria. This suggests that the phosphate-

related bands in the AFM–IR spectrum of S. aureus contain

significant contributions from vibrations of phosphodiester

groups not related to phospholipids. In the case of E. coli,
the intensity of the band from complex sugar modes is sig-

nificantly smaller, nevertheless still notable (i.e. 1036 cm21).

This is consistent with the reduced thickness of the cell wall

(and peptidoglycan layer) in E. coli (approx. 4 nm) compared

with S. aureus (approx. 50 nm). However, the spectrum of a

Gram-negative bacterium can be characterized not only by

the absence (or decreased intensity) of bands originating

from carbohydrate and phosphodiester groups of cell-wall

components but also by the presence of specific chemical

moieties. The band located at 1076 cm21 indicates the pres-

ence of phosphate groups, even though the cell wall of

E. coli does not contain TAs/LTAs. The prominent vibrational

modes of the phosphate groups (1076 cm21 and 1240 cm21)

in the spectrum of E. coli can originate from DNA, as well

as contain a contribution from cell wall phospholipids. The

significant contribution of DNA to the spectrum of E. coli is
also manifested through the band from P-O-C stretching

vibrations at 968 cm21 [46]. The thinner cell wall in E. coli
results in a larger contribution of signals from components

in the cytoplasm, such as DNA. This is also apparent in the

high intensity of the amide I band (1648 cm21) compared

with the rest of the bands, suggesting a large protein contri-

bution to the spectrum. The remaining bands in both

spectra are assigned to different vibrational modes of other

components (mainly proteins) of the cell wall and cytoplasm.

Interestingly, the AFM–IR spectrum of S. aureus shows an

intense band at 1732 cm21, more prominent than in case of

E. coli. This band originates from a carbonyl stretch and is

most commonly attributed to lipids. Even though the

Gram-positive cell wall includes the cytosol membrane (con-

taining various lipids), the overall lipid content is higher in

the cell wall of Gram-negative bacteria due to the presence

of the outer cell wall membrane, which is rich in lipopolysac-

charides and phospholipids. The carbonyl band at 1744 cm21

in the AFM–IR spectrum of E. coli is typical of vibrations of

lipid ester groups and is assigned to lipoproteins and phos-

pholipids. The carbonyl mode is more intense in S. aureus
than in E. coli, despite the lower content of lipoproteins and

phospholipids in Gram-positive cell walls (lack of outer

membrane). However, this mode in S. aureus is also shifted

to 1732 cm21, indicating the presence of C¼O groups in a

different molecular environment to that in E. coli. Therefore,

the intense carbonyl mode present in spectra of S. aureus orig-

inates from carbonyl groups mainly not related to

lipoproteins and phospholipids (as in the case of E. coli). Car-

bonyl groups can be found in both peptidoglycans and TA

(especially in its lipoteichoic acidic form) and their

vibrational modes could contribute to the band at 1732 cm21.

To confirm that the differences observed between AFM–

IR spectra of S. aureus and E. coli are related mainly to the cell

wall, we investigated four other representative species of

Gram-positive (B. subtilis and En. faecalis) and Gram-negative

bacteria (P. aeruginosa and A. baumannii). PCA was performed

in the spectral range of 1400–950 cm21 to examine the differ-

ences related to the cell wall (complex sugar modes and

phosphodiester vibrations) and to avoid the influence of the

band at 1640 cm21 associated with variable water content

(present in cytoplasm and related to the different cell wall

thicknesses of the studied species) on the analysis. PCA

scores and loading plots from the second derivatives of

AFM–IR spectra of all studied bacteria are presented in

figure 3. The separation of clusters of Gram-positive and

Gram-negative bacteria occurs along PC1, which captured

32% of the spectral variance. The loadings plot depicted in

figure 3b provides information about the bands involved in

separation of the clusters. Several positive bands responsible

for the separation are correlated to the positive values of

scores for the Gram-positive bacteria; around 1092 cm21

(carbohydrate modes), 1220 cm21 (phosphodiester groups)

and 1250 cm21 (phosphodiester groups and amide III),

consistent with the differences observed between the

average spectra.

As shown above, the AFM–IR spectrum of S. aureus has a

much higher contribution from cell wall signals compared

with spectra from the Gram-negative bacterial species

used in this study. The ability to observe the cell wall with

nanoscale spatial resolution in living bacteria together with

knowledge and understanding of AFM–IR spectral charac-

teristics of this structure, provides a platform to observe
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Figure 4. S. aureus during division. (a – l) A series of AFM images of S. aureus recorded during division, demonstrating the formation of the septum. Images were
recorded every 20 min. Size of the imaged area: 2 � 2 mm. The height of the newly forming septum is 45 nm higher than the rest of the cell. The height profile is
shown in electronic supplementary material, figure S4.
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dynamical changes in living cells. We were interested to see if

the nanoscale changes in the cell wall during cell division

could be observed and monitored over time with AFM–IR.

Accordingly, a set of AFM images of S. aureus were

recorded within the time frame of 4 h over a group of

S. aureus bacteria. These images clearly showed the formation
of the cell septum in one of the cells prior to cell division

(figure 4a–l). The diameter of the newly forming cell wall

was approximately 45 nm. The AFM–IR spectrum recorded

from the forming structure (figure 5c–e, red spectrum) clearly

exhibits broadening and increased intensity of some bands

(centred at 1088 cm21 and 1228 cm21 and attributed to



(a)

(b)

1.0

0.30

0

0.05

0.10

0.15

0.20

0.25

0

0.0005

12
64

11
20

12
40

10
94

12
28

10
88

0.0002

–0.0004

–0.0003

–0.0002

–0.0001

0

0.0001

–0.0010

–0.0005

0

1800 900 9001400 1300 1200 1100 100010001100
wavenumber (cm–1) wavenumber (cm–1)

120013001400150016001700

1800 90010001100
wavenumber (cm–1)

d2 
(A

bs
)/

d 
(c

m
–1

)2

120013001400150016001700 1800 90010001100
wavenumber (cm–1)

120013001400150016001700

0.2

0.4

0.6

0.8

min

max
400 nm

400 nm

ab
so

rb
an

ce
 (

ar
b.

 u
ni

ts
)

ab
so

rb
an

ce
 (

ar
b.

 u
ni

ts
)

(c) (d)

( f )(e)

Figure 5. (a) AFM height and (b) AFM deflection image of the dividing cell collected prior to recording AFM – IR spectra at the marked points, from which spectra
were recorded (non-septum in black and forming septum in red). Size of the area imaged by AFM: 1.17 � 1.15 mm. (c,d) Comparison of AFM – IR spectra recorded
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differential spectrum obtained by subtraction of non-septum spectrum (c, black) from the septum spectrum (c, red), with prominent bands marked.
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carbohydrate and phosphodiester groups of cell-wall com-

ponents), when compared with a spectrum from an area

outside the septum (figure 5c–e, black spectrum). The areas

from which spectra were obtained are marked in the AFM

images collected directly prior to AFM–IR measurements

and presented in figure 5a–b. The second derivative of a

differential spectrum, obtained by subtraction of a non-

septum spectrum from the septum spectrum, clearly exhibits

bands centred at 1092 and 1240 cm21 (carbohydrate and

phosphodiester modes). It is worth noting that both spectra

(from septum and non-septum) exhibit an unusual amide

I/ amide II ratio. This could possibly result from high intra-

cellular water content (contributing to the intensity of

amide I band), although it is more likely artefactual (often

observed in AFM–IR spectra). The chemical characterization

of the septum structure at this spatial dimension in live bac-

teria during the division is possible due to the high lateral

resolution of AFM–IR, relative to that achievable by conven-

tional IR microspectroscopy, as well as increased density of

septum and clearly demonstrates the ability of the new tech-

nique to gain molecular insights into biological processes

in vivo at the nanoscale.

Although the plating results do not unambiguously prove

that every single bacterium analysed in this study is living,
they indicate that the majority remained alive (data not

shown). Figure 4 provides unequivocal proof that the bacter-

ium survived AFM imaging and the corresponding AFM–IR

spectra are consistent with a thickening septum providing the

first example of AFM–IR applied to a living cell.
4. Conclusion
In conclusion, our work demonstrates that AFM–IR is a

powerful technique enabling the chemical characterization

of a sample with nanometre spatial resolution and is, there-

fore, particularly suitable for the study of bacteria. We were

able to apply AFM–IR to study the dynamical nature of

the bacterial cell wall in a live organism at a nanoscale.

First, we investigated, in detail, various bacterial species to

obtain their spectroscopic characteristics and identified signals

from the cell-wall components in single live cells (approx.

1062, 1096, 1216, 1248 cm21) due to complex carbohydrate

modes (e.g. peptidoglycan) and phosphodiester-containing

compounds (e.g. LTAs/TAs). We characterized spectro-

scopically several Gram-positive and Gram-negative

representatives and demonstrated their similarity within

groups, based primarily on the bands associated with
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cell wall components. We showed that the contribution

of cell wall signals to the acquired spectra is dependent on

the cell wall thickness, specifically on the ratio of the cell

wall thickness to the overall thickness of bacteria. Therefore,

the spectral differences between Gram-positive and Gram-

negative bacteria were more distinct in the AFM–IR spectra

and remained constant between species. Finally, we were

able to observe the dynamical formation of a septum in

living S. aureus, occurring prior to its division. This constitu-

tes the first AFM–IR spectrum acquired from a newly

forming cell wall of live bacteria during division and demon-

strates the ability of the technique to monitor dynamical

changes occurring in the bacterial cell wall, using the

improved lateral resolution of this technique.
 I
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