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SUMMARY: 28 
Atomic Force Microscopy-Infrared Spectroscopy (AFM-IR) provides a powerful platform for 29 
bacterial studies, enabling to achieve nanoscale resolution. Both, mapping of subcellular changes 30 
(e.g., upon cell division) as well as comparative studies of chemical composition (e.g., arising from 31 
drug resistance) can be conducted at a single cell level in bacteria. 32 
 33 
ABSTRACT: 34 
Atomic Force Microscopy-Infrared Spectroscopy (AFM-IR) is a novel combinatory technique, 35 
enabling simultaneous characterization of physical properties and chemical composition of 36 
sample with nanoscale resolution. By combining AFM with IR, the spatial resolution limitation of 37 
conventional IR is overcome, enabling a resolution of 20–100 nm to be achieved. This opens the 38 
door for a broad array of new applications of IR toward probing samples smaller than several 39 
micrometers, previously unachievable by means of conventional IR microscopy. AFM-IR is 40 
eminently suited for bacterial research, providing both spectral and spatial information at the 41 
single cell and intracellular level. The increasing global health concerns and unfavorable future 42 
prediction regarding bacterial infections, and especially, rapid development of antimicrobial 43 
resistance, has created an urgent need for a research tool capable of phenotypic probing at the 44 

Manuscript Click here to access/download;Manuscript;61728_R2_RE.docx

https://www.editorialmanager.com/jove/download.aspx?id=1244090&guid=b219d1b8-c60d-40e6-9fcc-6dfcba916052&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1244090&guid=b219d1b8-c60d-40e6-9fcc-6dfcba916052&scheme=1


 

 
 

single cell and subcellular level. AFM-IR offers the potential to address this need, by enabling 45 
detail characterization of chemical composition of a single bacterium. Here, we provide a 46 
complete protocol for sample preparation and data acquisition of single spectra and mapping 47 
modality, for the application of AFM-IR toward bacterial studies. 48 
 49 
INTRODUCTION: 50 
Bacteria are single cell prokaryotic organisms, occurring in various shapes and sizes, typically in 51 
the range of several hundred nanometers to micrometers. They exist in a variety of habitats and 52 
are essential to the existence of life. Within the human body, the majority of bacteria present in 53 
the gut are harmless and many are in fact beneficial1. However, several bacterial species are 54 
pathogenic and cause a range of infectious diseases. Bacterial infections can lead to the 55 
development of sepsis and septic shock: a life-threatening condition, resulting from the body’s 56 
response to an infection2. Sepsis is a global major health threat, with high prevalence worldwide 57 
and severe mortality rates. In 2017 alone, an estimated 50 million cases of sepsis were recorded 58 
worldwide, with 11 million of those resulting in death (approximately 20%)2. Furthermore, a 59 
decrease in patient’s survival chances, due to delayed therapy, was shown to occur in an hourly 60 
manner3,4. 61 
 62 
Bacterial infections are treated with antibiotics. The severity of potential consequences of 63 
bacterial bloodstream infections (BSIs), together with a clear significance of quick initiation of 64 
antimicrobial therapy, prompt the need for immediate antibiotics administration. However, as 65 
the current diagnostic approaches used in clinical practice (e.g., blood culturing) require a 66 
relatively long time, antibiotics administration often occurs prior to positive BSI diagnosis5. This 67 
factor leads to extensive overuse of antibiotics, which—together with excessive antibiotic use in 68 
other sectors such as agriculture—creates a severe evolutionary pressure towards the 69 
development of antimicrobial resistance (AMR)6,7. AMR is currently one of the most pressing 70 
global health issues7,8 and, by 2050, is predicted to become the leading cause of death9. The 71 
development of resistance, together with the spread of AMR strains is occurring at an alarming 72 
pace7–9 and exceeds, by far, the rate of discovery of new antibiotics10. New resistant phenotypes 73 
are continuously emerging worldwide, while research dedicated toward understanding the AMR-74 
related changes is often slow and limited by available approaches11. In addition, the commonly 75 
used methods, such as polymerase chain reaction (PCR) and whole gene sequencing (WGS), focus 76 
only on genotypic changes. These are not sufficient to reveal the mechanisms of resistance11, 77 
prompting an urgent need for a research tool enabling to understand the chemical composition 78 
of bacteria. 79 
 80 
Infrared spectroscopy (IR) provides a molecular characterization of the sample and thus is a 81 
promising candidate for phenotypic bacterial probing. Since its early applications12, a great 82 
magnitude of examples of its use was demonstrated in the literature13,14. These include 83 
phenotypic-based identification of bacteria on genus15, species16, and strain17,18 level. However, 84 
the spatial resolution of conventional IR is restricted to several microns due to the wavelength 85 
diffraction spatial resolution limit19. Since the size of majority of bacteria lies below that limit 86 
(e.g., Staphylococcus aureus ≈ 400 nm in diameter), conventional IR is not applicable for probing 87 
at the single-cell or intracellular level. 88 



 

 
 

 89 
The spatial resolution limitation was recently overcome by combining IR spectroscopy with 90 
Atomic Force Microscopy (AFM-IR). In this instance, the IR absorption is detected indirectly, 91 
through thermal expansion of the material19–22. In brief, the absorption of IR radiation results in 92 
a local temperature increase. This can be measured either directly23 or through the measurement 93 
of oscillation of the AFM cantilever probe, resulting from force impulse created by IR 94 
absorption20,21. The combinatory AFM-IR technique enables to achieve spatial resolution 95 
approaching 20 nm, providing simultaneous information about local physical properties of a 96 
sample (AFM) and its chemical composition (AFM-IR). Collection of both, single spectra from 97 
selected spots and mapping of the intensity of selected wavenumber values within a chosen area 98 
are possible. 99 
 100 
Considering the achievable spatial resolution of AFM-IR, it is evident that the technique opens 101 
the possibility of chemical/phenotypic probing of single bacterium cell and their intracellular 102 
composition24. Hitherto, several examples of the application of AFM-IR for single bacteria were 103 
demonstrated in the literature19–22,25–28. These involve single spectral analysis19,21,22 and mapping 104 
at the subcellular level19,22,25–28. For example, the ability to detect intracellular lipid vesicles27 and 105 
viruses28 within single bacterium has been described. These results demonstrate the usefulness 106 
of AFM-IR for nanoscale studies of single bacteria and clinically relevant pathogens19. 107 
 108 
Hence, we present a sample preparation and collection method for AFM-IR data of multilayer, 109 
monolayer and single cell bacterial samples. The protocol described herein was applied to study 110 
different species of bacteria22 and the changes in their chemical composition. In particular, the 111 
in vivo development of vancomycin resistance and daptomycin non-susceptibility was 112 
investigated in clinical pairs of S. aureus19. Both, vancomycin intermittent resistance and 113 
daptomycin non-susceptibility in S. aureus (VISA and DpR) emerged relatively recently, following 114 
the increased use and introduction of these antibiotics to clinics, constituting a significant 115 
medical problem. Furthermore, in particular, the mechanism of daptomycin non-susceptibility 116 
still remains elusive, impeding alternative drug development19,29. The presented protocol focuses 117 
on provision of reliable AFM-IR spectra of single bacteria, which can further be analyzed using a 118 
variety of chemometric approaches, according to the experimental aims. It additionally includes 119 
the mapping approach, which is applicable for intra-cellular studies. 120 
 121 
PROTOCOL: 122 
All work conducted with pathogenic bacteria should be undertaken with appropriate safety 123 
measures in place. These include working in a laboratory with adequate biosafety level and in a 124 
biosafety cabin (PC2) as well as careful decontamination of work area with an appropriate 125 
disinfectant, e.g., 80% ethanol solution. Appropriate PPE must be worn all the time. 126 
 127 
1. Preparation of solvents and materials 128 
 129 
1.1. Solvents: Use ultrapure water as a solvent. Use purified water, autoclaved prior to the 130 
experiment to avoid any potential cross-contamination. 131 
 132 



 

 
 

1.2. Substrate: Use any of these substrates for AFM-IR, e.g., ZnSe, CaF2, BaF2, etc. Since AFM-133 
IR is, in principle, a non-destructive technique, one can apply a variety of other research tools to 134 
the same sample post AFM-IR analysis. For instance, correlation of the results with Raman 135 
spectroscopy can be performed if Raman grade CaF2 or BaF2 slides are used. 136 
 137 
1.3. Use glass vials instead of plastic tubes as plastic can contaminate the sample. 138 
 139 
2. Sample preparation for AFM-IR 140 
 141 
2.1. Growth/incubation of sample 142 
 143 
2.1.1. Grow bacteria in liquid media or on solid plates. Select the type of medium, growth 144 
conditions (e.g., temperature, availability of oxygen) and growth time according to the specific 145 
requirements of the species of bacteria under investigation. For example, for S. aureus Heart 146 
Infusion (HI) agar plates can be used, with growth for 16 h in 37 ˚C in aerobic conditions. 147 
 148 
NOTE: To achieve the best results, the growth/incubation should yield enough bacteria that 149 
would allow the collection of a micro-pellet of sample. The specific number of colony forming 150 
units or bacterial cells depend on the type and size of the bacterium. 151 
 152 
2.2. Sample deposition 153 
 154 
2.2.1. Using a sterile loop, carefully collect bacteria from the colonies on the agar plate and 155 
transfer them to a glass tube. Collect bacteria only from the top of the colonies. If collecting 156 
samples from a liquid culture, using a pipette, transfer approximately 1 mL of the bacterial 157 
suspension to a glass tube. The volume can be modified depending on the bacterial load. 158 
 159 
NOTE: It is important to attempt to not collect (or minimalize as much as possible the collection 160 
of) any medium from underneath the colony. The subsequent steps of sample preparation aim 161 
to remove any potential residual of media. Minimization of the potential medium residual from 162 
the beginning enables the spectral acquisition of data from purified bacterial cells. Steps 2.2.2 163 
and 2.2.3 apply to samples prepared from agar plates. For samples prepared from liquid media, 164 
move to step 2.2.4. 165 
 166 
2.2.2. Add 1 mL of ultrapure water to the tube. Vortex until the collected bacterial pellet are no 167 
longer visible at the bottom of the tube (typically 1–2 min). 168 
 169 
2.2.3. Estimate the rough turbidity of the solution using, e.g., McFarland standards by visual 170 
comparison (visual comparison30) between the prepared solution and McFarland standards. If 171 
the turbidity of bacterial suspension appears to be very low, add more bacteria from the plate 172 
using a sterile loop and vortex again. Repeat until the rough turbidity of the solution is 173 
comparable to McFarland standards 0.5 and 1. This will generally yield a good amount of bacterial 174 
pellet. 175 
 176 



 

 
 

2.2.4. Centrifuge the bacterial suspension at 3, 000 x g for 5 min to obtain a pellet. 177 
 178 
NOTE: Centrifugation parameters can be modified to obtain bacterial pellet. Caution should be 179 
taken if increasing the g-force, to not induce breakage of bacteria (especially in case of Gram-180 
negative bacteria). 181 

 182 
2.2.5. Using a pipette, gently remove the supernatant from above the pellet. Add 1 mL of 183 
ultrapure water to the tube and vortex to re-suspend the pellet. Subsequently, centrifuge the 184 
sample as was done in step 2.2.4. 185 
 186 
2.2.6. Repeat the washing procedure (steps 2.2.2 and 2.2.4) at least three times. In case of 187 
collection of the initial sample from liquid media, repeat the procedure at least four times (media 188 
removal followed by three washes). 189 

 190 
2.2.7. After the final wash, remove the supernatant, add ultrapure water and vortex for at least 191 
2 min. Subsequently, deposit 5 µL of the sample on the substrate (e.g., Raman grade CaF2). 192 

 193 
2.2.8. If the desired thickness of the sample is a multilayer of bacteria, leave the sample to air-194 
dry. 195 

 196 
2.2.9. If the desired thickness is monolayer or individual bacteria, immediately after depositing 197 
the sample (step 2.2.7) add between 20–100 µL of ultrapure water and mix gently with a pipette 198 
tip. Leave to air-dry. 199 

 200 
NOTE: The exact volume of water can vary between experiments as it is dependent on many 201 
factors (e.g., size of the organism, density of the pellet, etc.) and is, therefore, best determined 202 
empirically. Preparation of a series of samples with varying volumes of ultrapure water added 203 
enables one to select a sample with the desired thickness/density of bacteria. The 204 
thickness/density of bacteria can be easily visualized via AFM in the subsequent stages. Examples 205 
of AFM images from monolayer and single cell samples are shown in Figure 1A–H. 206 

 207 
2.2.10. Mount the substrate on an AFM metal specimen disk using double-sided adhesive tape. 208 
 209 
3. Instrument preparation 210 
 211 
NOTE: The instrumental procedures described here are for the instrument listed in the Table of 212 
Materials. The detail instrumental procedure may differ slightly from the one described here if 213 
using a newer model of the AFM-IR instrument. 214 
 215 
3.1. Switch on and initialize the instrument by pressing the Initialize button. Ensure that the 216 
laser shutter is in the Open position for the laser test. 217 
 218 
3.2. If a purging system in included, purge the instrument with N2 by turning on the flow of 219 
N2. Adjust the nitrogen purge to achieve a stable humidity level (for example, 20%). Ensure that 220 



 

 
 

the humidity does not fluctuate during measurements and between background and sample data 221 
collection. Allowing approximately 20 min for the humidity levels to stabilize is recommended. 222 
 223 
3.3. Load the sample into the sample chamber by pressing the Load button. Sample loading is 224 
conducted through the software wizard. While operating the software wizard, first focus on the 225 
tip, using arrows to move the microscope stage in the Z-direction and click on Next. Secondly, 226 
adjust the data collection spot, using arrows guiding the in-plane movement and align the AFM 227 
laser and AFM detector using the knobs on the top of the AFM head. Subsequently, focus on the 228 
sample surface by moving the microscope stage in Z-direction. 229 
 230 
NOTE: Detailed illustrations of each step of sample loading are provided in the software manual31. 231 
Focusing on the sample should be conducted with care. When approaching the sample surface 232 
in the Z-direction, use a slow motor speed. 233 
 234 
3.4. Approach the sample without engaging by clicking on the Approach button. 235 
 236 
4. Data collection 237 

 238 
4.1.  Background 239 
 240 
4.1.1. Prior to data acquisition, collect the background. For background collection, ensure that 241 
the laser shutter is in the Open position. Select the spectral range and resolution (depending on 242 
the aim of the analysis) and the number of scans and number of co-averages of background. 243 
These are generally recommended to be high (e.g., 1024 scans and 3 co-averages). 244 
 245 
NOTE: In general, spectral resolution of 4 cm-1 or 8 cm-1 and spectral ranges of 3,200 cm-1–2,800 246 
cm-1 and 1,800 cm-1–900 cm-1 are recommended. 247 
 248 
4.1.2. After acquisition of the background, save the background file. The file is not stored 249 
automatically. Change the laser shutter position to Close. 250 
 251 
4.2. Sample – single spectra 252 
 253 
4.2.1. Press the Engage button to engage to the sample. The system will begin to approach the 254 
sample surface, until direct contact is detected. 255 
 256 
NOTE: Set point used in this work ranged between 0.15–2 V and the feedback gains (I Gain and P 257 
Gain) would typically be set to 3 and 10. NIR2 contact probes are commonly used with nanoIR2 258 
system (model: PR-EX-nIR2-10, resonance frequency (kHz): 13 +/−4 kHz, spring constant (N/m): 259 
0.07−0.4 Nm-1). 260 
 261 
4.2.2. Collect an AFM image to visualize the surface. In the first instance, scan a larger area (e.g., 262 
50 x 50 µm) with lower spatial resolution (e.g., 200 x 200 points) (Figure 1I). 263 
 264 



 

 
 

NOTE: AFM-IR data is always collected in contact mode, however, the AFM data can be collected 265 
in contact or tapping mode. 266 
 267 
4.2.3. From the AFM height/deflection image, select a specific area of interest and re-image it 268 
with higher spatial resolution (Figure 1J–K). Ensure that the speed of data collection is 269 
appropriate, with slow tip movement (e.g., Scan Rate 0.2–0.4 Hz). 270 
 271 
4.2.4. Select the measurement spot (e.g., single bacterium) and move the tip to the spot. 272 
 273 
4.2.5. Align the IR laser. For this purpose, use a wavenumber at which the sample will absorb. 274 
For biological materials this can be, e.g., amide I (1655 cm-1). Make sure that the Band Pass Filter 275 
is off and click on Start IR. The right graph in the nanoIR meter (FFT of the deflection displayed 276 
as amplitude vs. frequency) should show at least one clear peak and the left graph (deflection vs. 277 
time) should have a periodic waveform. If this is not the case, proceed to optimize the IR spots. 278 
 279 
NOTE: Even if the Fast Fourier Transform (FFT) and deflection show expected profile, it is 280 
recommended to conduct the optimization of IR spots for at least several wavenumbers, where 281 
bands are expected. 282 
 283 
4.2.6. Optimize the hot spots for the IR data collection using the selected wavenumber values. 284 
It can be helpful to use a conventional IR spectrum of the bacteria (e.g., ATR spectrum of bacterial 285 
pellet) to identify the positions of the bands and use them to optimize the hot spots. Select 286 
various wavenumber values (e.g., 8–10) from various spectral regions. 287 
 288 
NOTE: If conventional IR spectrum of bacteria of interest could not be collected prior to AFM-IR 289 
data collection, bacterial spectra available in the literature can be used as a rough guidance. The 290 
outcome of the optimization of an IR spot is an image, that presents a map of the FFT magnitude 291 
signal at each x and y location. The location with largest signal is selected automatically. Examples 292 
of such images are given in software manual31. 293 
 294 
4.2.7. After optimizing the IR spots for selected wavenumber values, define the parameters of 295 
spectral data collection: spectral region, spectral resolution, number of scans, and applied power 296 
and input these into the appropriate windows in the software. The spectral resolution should 297 
match the background resolution and the spectral region should be within the spectral region for 298 
which background was collected. 299 
 300 
NOTE: A generic initial set of parameters could be: spectral range: 3200 cm-1–2800 cm-1 and 1800 301 
cm-1–900 cm-1, spectral resolution: 4 cm-1 or 8 cm-1, number of scans: 512–2048. 302 
 303 
4.2.8. If needed, adjust the laser power depending on the signal. In general, values between 304 
8%–10% of laser power should be sufficient for good quality of signal. Higher values can be used 305 
with caution, as they may result in sample damage. 306 
 307 



 

 
 

NOTE: The percent laser power can vary depending on the type of IR laser. The percent values 308 
given here are for OPO laser. 309 
 310 
4.2.9. Click on Acquire to collect AFM-IR spectrum. 311 
 312 
4.2.10. Re-collect the AFM data from the same area after collection of the AFM-IR spectrum. This 313 
is highly recommended as it will reveal any potential drift and/or destructive influence on the 314 
sample. 315 
 316 
4.2.11. If the AFM-IR spectrum is satisfactory and no destructive influence on the sample is 317 
observed, proceed with data collection. If needed, define a series of points for data collection 318 
using the Array option and collected AFM height or deflection image. This option allows to collect 319 
spectra consecutively from each point with the same spectral parameters as defined for a single 320 
spectrum. 321 
 322 
4.2.12. If the AFM image collected after collection of AFM-IR spectrum reveals destructive 323 
influence on the sample (typically a burned spot), reduce the power; select a different spot and 324 
repeat steps 4.3.8–4.3.11. 325 
 326 
4.2.13. If the signal in AFM-IR spectrum is not satisfactory, check the correctness of optimization 327 
of IR spots (step 4.3.6). If it is correct, increase the laser power slightly and repeat steps 4.3.7–328 
4.3.11. This can be repeated until satisfactory signal is achieved. 329 
 330 
4.3. Sample – imaging approach 331 
 332 
NOTE: It is highly recommended to record a single AFM-IR spectrum of the bacterium prior to 333 
collecting an intensity distribution image for a selected wavenumber value. 334 
 335 
4.3.1. Record an AFM image of the chosen sample area. To do this, first collect AFM image of a 336 
larger area with lower spatial resolution (e.g., 50 x 50 μm, 200 x 200 points), then select a region 337 
of interest and collect an AFM image with increased spatial resolution (as illustrated in Figure 1I–338 
K). 339 
 340 
4.3.2. Select the wavenumber values for AFM-IR imaging. 341 
 342 
4.3.3. Ensure that the IR spot of the laser is optimized for the selected wavenumber values (step 343 
4.3.6). If the IR spot is not optimized for some wavenumbers (no clear maximum), optimize it for 344 
them. 345 
 346 
4.3.4. Define the parameters of the imaged area: the width and height, number of data points 347 
in X and Y direction. 348 
 349 
NOTE: If the consecutive selection of spots from the previous AFM images is applied (as 350 
demonstrated in Figure 1I–K), the width and height fields will be automatically filled up, upon 351 



 

 
 

marking of the area. 352 
 353 
4.3.5. Define the parameters of spectral signal acquisition: the wavelength, number of scans, 354 
and laser power. 355 
 356 
NOTE: The number of scans needs to be kept within reason. 64 or 32 scans will typically allow a 357 
sufficient amount of signal. 358 
 359 
4.3.6. Define the parameters of AFM tip movement by clicking on the Scan Rate. Higher the 360 
number of scans in the previous step and higher the number of data points in X direction, slower 361 
will the tip movements need to be. Lack of adjustment between these parameters will result in 362 
too fast movement of the tip, preventing the actual acquisition of defined number of scans from 363 
each point. 364 
 365 
NOTE: For example, for an appropriate collection of IR signal with 64 co-additions and 200 points, 366 
set the Scan Rate as 0.07 kHz. 367 
 368 
4.3.7. Make sure that the Enable IR imaging box is ticked. 369 
 370 
4.3.8. Begin imaging. AFM-IR of the intensity of signal at the selected wavenumber will be 371 
collected simultaneously with the AFM data from that area. 372 
 373 
NOTE: When the OPO laser is used, it is possible to additionally collect simultaneously contact 374 
resonance peak frequency image. This can be used to obtain information about the relative 375 
stiffness of the sample at different locations. 376 
 377 
4.3.9. Use the Capture Sequence window to set a consecutive collection of AFM-IR data from 378 
the same area with the same parameters, but for different wavenumber values. To do that, open 379 
the Capture Sequence window, type in each wavenumber, and define the applied laser power 380 
(for each wavenumber). 381 
 382 
4.3.10. Export the collected data (AFM and AFM-IR, single spectra and imaging) into various 383 
formats and analyze it using methods adequate for specific research aims. 384 
 385 
REPRESENTATIVE RESULTS: 386 
The described protocol enables to obtain a range of types of cell distributions of bacteria on the 387 
substrate, depending on the initial concentration of sample and the amount of water added. 388 
Figure 1 illustrates the examples of AFM images (height and deflection) recorded from 389 
monolayers and single-cell samples prepared using the described protocol from Gram-positive 390 
(S. aureus) and Gram-negative (Escherichia coli) bacteria. 391 
 392 
The protocol described here can be utilized for AFM-IR imaging of intra- and extra-cellular 393 
structures of single bacteria. An example of this application is shown in Figure 2, which 394 
demonstrates the results of monitoring the spatially localized chemical changes occurring during 395 



 

 
 

division of an S. aureus cell. Although air-drying is commonly considered as a fixation approach 396 
for bacterial preparation, bacteria, by nature, show very high resistance to external factors such 397 
as temperature and were reported to survive dehydration32. The results presented here were 398 
acquired from an air-dried sample. The formation of a septum, occurring prior to cell division was 399 
observed and monitored via AFM imaging (Figure 2A–D) by collection of 12 images of the same 400 
area consecutively (collection of a single image ≈ 20 min). Figure 2A–D shows 4 selected AFM 401 
images, with time between collection of each image of approximately 40 min. The formed 402 
structure (septum) is 45 nm high. The formed septum is clearly visible in AFM height and 403 
deflection images (Figure 2E–F). The AFM-IR spectra recorded from the cell and septum area 404 
(Figure 2G, points of origin marked in Figure 2F) were normalized to the amide I band prior to 405 
comparison, to minimalize the influence of varying sample thickness between points of data 406 
collection. The AFM-IR spectrum of the septum is characterized by higher relative intensity of 407 
bands at 1240 and 1090 cm-1 compared to AFM-IR spectrum collected from cell area. These are 408 
attributed to carbohydrate and phosphodiester groups of cell wall components (including e.g., 409 
peptidoglycan and teichoic acid)22. 410 
 411 
The described protocol can also be used for comparison of a single spectra between a number of 412 
different samples. An example of this application together with the results is shown in Figures 3 413 
and Figure 4. The aim of the study is to determine the chemical changes occurring as a result of 414 
in vivo development of vancomycin intermittent resistance in S. aureus (VISA). For this purpose, 415 
clinical pairs of samples were collected from patients, with the parent strain isolated upon 416 
admission to the hospital and prior to antibiotic therapy (vancomycin susceptible S. aureus, VSSA) 417 
and the daughter strain isolated from the same patient after admission of antibiotics and clinical 418 
failure. Samples were further grown on agar medium and prepared according to the protocol 419 
(Figure 3A–B). The AFM-IR spectra were collected from multiple single bacteria (and multiple 420 
samples) for VSSA and VISA and subsequently analyzed using several chemometric approaches 421 
(Figure 3C). 422 
 423 
No morphological differences were observed between VSSA and VISA cells (Figure 4A–C). 424 
However, the AFM-IR spectra (Figure 4D,F) and their second derivatives (Figure 4E,G) 425 
demonstrated a clear difference in the chemical composition between resistant and susceptible 426 
strains. The relative intensity of the bands associated with carbohydrate and phosphodiester 427 
groups from cell wall components (in particular, the band at 1088 cm-1) clearly increased in the 428 
resistant strain, compared to the susceptible counterpart. Of note is the fact that all recoded 429 
spectra (VISA: 81, VSSA: 88) show a small standard deviation. This demonstrates good 430 
reproducibility of data recorded from various samples prepared from the same strain, as no 431 
discrimination was possible between spectra recorded from different samples of the same strain. 432 
The observed differences indicated an increased thickness of the cell wall in resistant strains, 433 
compared to the susceptible counterpart, which remains in agreement with other literature 434 
reports33,34. 435 
 436 
FIGURE AND TABLE LEGENDS: 437 
 438 
Figure 1: Representative AFM images of various bacterial samples for AFM-IR measurements. 439 



 

 
 

Depending on the dilution on substrate, the protocol allows one to obtain multilayers and 440 
monolayers of bacteria as well as single-cell samples. Representative AFM images of: (A–D) 441 
monolayer and (E–H) single-cell sample for (A,B,E,F) Gram-positive (S. aureus) and (C,D,G,H) 442 
Gram negative (E. coli) bacteria. (E,C,E,G) demonstrate height images and (B,D,F,H) show 443 
corresponding deflection images. Size of imaged areas: (A,D,G,H) 20 x 20 µm, (E,F) 50 x 50 µm. 444 
(I–K) consecutive selection of an area for AFM-IR mapping. This is achieved using AFM imaging 445 
with increasing spatial resolution in the example of a single S. aureus cell. Each image is collected 446 
by sampling 200 x 200 points, with increasing spatial resolution due to the reduction in the size 447 
of the imaged area. Size of imaged areas: (I) 40 x 40 µm, (J) 20 x 20 µm and (K) 2.24 x 2.24 µm. 448 
The black square in (I) marks the area imaged in (J). The black square in (J) marks the area imaged 449 
in (K). 450 
 451 
Figure 2: Monitoring S. aureus cell division via AFM-IR. (A–D) AFM images of S. aureus cell 452 
showing the formation of septum preceding cell division. Size of imaged area: 2 x 2 µm. The 453 
images were selected from a larger series (12 images recorded every 20 min) and represent data 454 
recorded every 40 min. (E–F) AFM height and deflection image recorded at the end of cell septum 455 
formation with marked points of collection of AFM-IR spectra. Size of the imaged area 1.17 x 1.15 456 
µm. The height of the newly formed structure is 45 nm. (G) AFM-IR spectra recorded from cell 457 
area (black) and septum area (red) (marked in (F)), in the range 1400–900 cm-1. Both spectra were 458 
normalized to the amide I band and demonstrate an increase in the relative intensity of cell wall 459 
components from the septum. This figure has been modified from K. Kochan et al.22. 460 
 461 
Figure 3: An overview of the experimental design for AFM-IR study of antimicrobial resistance. 462 
(A) Sample origin and initial preparation: susceptible parent strain was collected from a patient 463 
prior to antibiotic therapy and the daughter resistant strain was sourced from the same patient 464 
after antibiotic therapy and clinical failure (in vivo resistance development). Bacteria were 465 
isolated and cultured on Heart Infusion (HI) agar for 16 h in 37 ˚C. (B) Subsequent sample 466 
preparation for AFM-IR, including collection of the sample followed by washing of bacterial pallet 467 
(3×) and sample deposition. (C) AFM-IR data collection and analysis: AFM height and AFM-IR 468 
spectrum (1800–900 cm-1). Size of the AFM imaged area: 1.7 x 1.4 µm. The AFM-IR spectrum was 469 
collected from the middle of the cell. The data was subsequently analyzed using chemometric 470 
approaches, including hierarchical cluster analysis. This figure has been modified from K. Kochan 471 
et al.19. 472 
 473 
Figure 4: AFM and AFM-IR results of study of chemical changes in vancomycin intermediate S. 474 
aureus (VISA) compared to vancomycin susceptible S. aureus (VSSA) in clinical pairs. AFM 475 
images of (A–B) VISA and (C) VSSA single-cell samples. Size of the imaged areas: (A,C) 40 x 40 µm, 476 
(B) 2.56 x 2.45 µm. (D–E) Average AFM-IR spectra and their (F–G) second derivatives for: (D,F) 477 
VISA and (E,G) VSSA cells, in the spectral range 1800–900 cm-1. The spectra presented are an 478 
average of 81 (VISA) and 88 (VSSA) individual spectra and are presented together with standard 479 
deviation (SD). The averaging was conducted after normalization of all individual spectra 480 
together. The major bands are marked in (F–G). This figure has been modified from K. Kochan et 481 
al.19. 482 
 483 



 

 
 

Figure 5: Image drift over consecutive registration of AFM-IR maps at selected wavenumber 484 
values for the S. aureus cell. (Top row): AFM images were recorded simultaneously with the 485 
corresponding (bottom row) AFM-IR maps based on the intensity of the IR signal at selected 486 
wavenumber values. The wavenumber values (966, 1055, 1079, 1106, 1234, 1398, 1454, 1540, 487 
1656, 1740 cm-1) are annotated above the bottom row. Each set (AFM image and AFM-IR map) 488 
was recorded directly after the previous image (approximately 40 min per set). The size of the 489 
imaged/mapped area: 1.54 x 1.57 µm. A clear drift is visible between the images. 490 
 491 
DISCUSSION: 492 
The usefulness of IR spectroscopy for characterization of a broad range of biological samples in 493 
the context of their chemical composition is well established. Over the past decade, IR 494 
spectroscopy has emerged as a promising tool for bacterial studies12–17. It continues to attract 495 
substantial interest in the field of microbiology, as one of the few techniques enabling a 496 
phenotypic characterization through the chemical composition. In this context, the major 497 
drawback of conventional FTIR microscopy lies in limited spatial resolution, preventing single cell 498 
and subcellular studies of bacteria. In fact, the small size of bacteria represents an impediment 499 
not only for IR, but for the vast majority of techniques. Thus, the available research tools for 500 
single cell and subcellular studies of bacteria are significantly limited. The combination of AFM 501 
with IR enables the spatial resolution limitation of IR spectroscopy to be overcome, providing a 502 
novel tool for bacterial research, capable of nanoscale probing of the chemical composition. 503 
 504 
The technique is not limited to single cell studies and allows one to probe a variety of samples, 505 
ranging in thickness. Undoubtedly, clean, and careful sample preparation is critical to achieving 506 
high quality images. The protocol herein provides a method to prepare multilayer, monolayer, 507 
and/or single cell samples of various bacteria (Figure 1). The prepared sample depends on several 508 
factors, including the initial bacterial load, post-washing dilution as well as further dilution on the 509 
substrate. The amount of sample obtained after diluting the washed pellets and prior to 510 
deposition on the substrate typically allows the preparation of numerous samples. Therefore, to 511 
obtain the desired distribution of the sample on the substrate, it is often beneficial to prepare a 512 
series of samples, ranging in their dilution. For studies aiming at collection of AFM-IR spectra 513 
rather than subcellular imaging, modifying the amount of sample (e.g., from monolayer to 514 
multilayer) may be beneficial to increase the intensity of the signal. 515 
 516 
Another critical aspect in sample preparation is appropriate removal of medium residuals. 517 
Depending on the selected sample culturing methods, the sample is collected either from liquid 518 
medium or from an agar plate. In both cases, the medium residual is likely to be present in the 519 
sample, although to a much lesser extent upon collection from agar plates. As bacterial growth 520 
media contain an abundance of various biological components, it is critical to ensure appropriate 521 
removal of medium. We recommend three washes with ultrapure water for agar plate samples 522 
and at least four washes for samples collected from medium. The number of washes can be 523 
increased, if needed; however, for comparison between various samples, it is important to keep 524 
it consistent between samples. The demonstrated protocol utilizes water, rather than solvents 525 
such as phosphate buffer solution (PBS) or saline. Both PBS and saline lead to formation of 526 
crystals upon air-drying, which can damage the bacteria. In addition, both are a source of intense 527 



 

 
 

IR bands, with PBS, in particular, containing multiple bands in the fingerprint region. The lack of 528 
ability for the use of saline or PBS, currently represents an important limitation for the technique. 529 
Typically, the use of water for washing does not cause any destructive influence on the bacteria; 530 
however, care should be taken, and if possible, the time of water exposure should be limited. If 531 
the sample preparation protocol needs to be paused at the stage of washing, it is recommended 532 
to leave the sample in pelletized form after removing the water. This is of particular importance 533 
for Gram-negative bacteria, containing a thinner cell wall as they are more prone to rupture. 534 
 535 
To ensure proper and high-quality AFM-IR data, several aspects in data collection protocol are of 536 
critical importance. Firstly, the correct collection of background is essential for data acquisition. 537 
In particular, maintenance of stable humidity levels throughout background collection as well as 538 
between background and sample collection is necessary. To ensure this, we recommend purging 539 
the instrument with nitrogen and maintaining the humidity levels not higher than 25%. Lack of 540 
purging can impose a significant limitation, particularly in places with high humidity. Secondly, 541 
the importance of proper optimization of IR spots should be highlighted. For best results, a priori 542 
knowledge about the position of band maxima can be beneficial. For example, a conventional IR 543 
spectrum of bacterial pellet can be used to determine positions of bands expected from a sample. 544 
If that is not possible to acquire, as an alternative approach, the user can utilize IR spectra 545 
available in literature or begin the optimization using a band position that is reasonable to expect 546 
in the bacterium (e.g., amide I and amide II). Thirdly, for data collection, it is important to 547 
highlight the significance of careful power selection (allowing to achieve a good S/N ratio), as it 548 
can have a destructive effect. The advised power depends on the thickness of the sample, with 549 
rough guidance available in the instrument manual31. We recommend to empirically test the 550 
state of the sample post-measurement by collection of an AFM image, as it will reveal any 551 
destructive influence. Furthermore, the collection of AFM images from the same area before and 552 
after collection of AFM-IR spectra serves as a good confirmation that no drift has occurred and 553 
the spectra indeed originate from the selected point in the cell. The possibility of drift is 554 
particularly important when applying the imaging modality, through consecutive imaging of IR 555 
intensity at selected wavenumber values. An example of this is illustrated in Figure 5. The imaged 556 
area was defined at the beginning of the experiment and is meant to be consistent for all 557 
wavenumber values. However, a clear drift is visible between each AFM height (and the 558 
corresponding IR wavenumber intensity) image, with acquisition time of each map of 559 
approximately 40 min. Due to this, for users collecting imaging data, we recommend to always 560 
select an area slightly larger than the sample of interest, to ensure that even upon existence of 561 
drift, the sample of interest will remain within the imaged area. 562 
 563 
The potential limitations of the protocol include the lack of ability to collect data in a hydrated 564 
state in physiological solutions (e.g., saline or PBS) described above. Moreover, especially in high 565 
humidity areas, there is often a need for nitrogen purge. Furthermore, the protocol enables to 566 
probe organisms down to 100 nm in size, excluding the possibility of its use for smaller structures. 567 
Although this can be overcome using a different laser (e.g., quantum cascade laser allowing to 568 
achieve the spatial resolution of 20 nm), it is also associated with limited spectral range as well 569 
as difficulties in obtaining a good signal to noise ratio. Finally, probing of soft surfaces may 570 
present a challenge with the tip not detecting the surface properly and proceeding beyond the 571 



 

 
 

point of contact, until breakage. Although this is typically not an issue with bacterial samples, it 572 
may occur upon measurements of softer samples. In such cases, it is recommended to attempt 573 
to engage on clean surface of the substrate in proximity to the sample. 574 
 575 
The described protocol can be utilized for numerous types of bacterial research, including 576 
comparative studies between various samples as well as subcellular examination. The data can 577 
be analyzed using chemometric approaches for single spectra and imaging modalities35, 578 
depending on the aim of the research. Furthermore, the protocol can also be modified for 579 
application to other biological material (such as fungi, yeast, cells, etc.), through addition of 580 
fixation. 581 
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Name of Material/Equipment Company Catalog Number Comments/Description

AFM metal specimen disc
PST ProSciTech Pty 

Ltd
GA530-15 Recommended 15 mm

Anasys AFM-IR nanoIR2
Anaysys 

Instruments
0 model: nanoIR2

Contact mode NIR2 Probes for 

nanoIR 2

Bruker / Anasys 

Instruments
- Model: Model: PR-EX-NIR2

Heraeus Pico 17 Microcentrifuge Thermo Scientific - -

Matlab Mathworks Inc -
Multivariate data analysis 

software

Micro-centrifuge tubes, 1.5 mL 
Heathrow 

Scientific 
HEA4323

Can be replaced with any other 

micro-centrifuge tube

NanoIR 2 instrument
Bruker / Anasys 

Instruments
- -

PLS toolbox Mathworks Inc - GUI for Matlab

Selected bacterial medium (e.g. 

HBA Columbia Plates) 
Thermo Fisher PP2001

Provided type of medium is an 

example and can be replaced by 

others, depending on the type 

of experiment

Selected bacterial strain - -

The source depends on the aim 

of research (patient isolates, 

ATCC strains, etc.)

Substrate (e.g. Raman grade CaF2) Crystran CAFP13-2R
Recommended size: 13 mm Ø x 

2.0 mm

Tip pipette 1000 µl Axygen T-1000-B -

Tip pipette 200 µl Axygen T-200-C -

 Tip pipette 0.5-10 µl Axygen T-300-R -

Ultrapure water - - -
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