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Abstract 20 

Nanomotion technology is a growth-independent approach that can be used to detect 21 

and record the vibrations of bacteria attached to microcantilevers. We have developed 22 

a nanomotion-based antibiotic susceptibility test (AST) protocol for Mycobacterium 23 
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tuberculosis (MTB). The protocol was used to predict strain phenotype towards 24 

isoniazid (INH) and rifampicin (RIF) using a leave-one-out cross-validation (LOOCV) 25 

and machine learning techniques.. This MTB-nanomotion protocol takes 21 hours, 26 

including cell suspension preparation, optimized bacterial attachment to functionalized 27 

cantilever, and nanomotion recording before and after antibiotic exposure. We applied 28 

this protocol to MTB isolates (n=40) and were able to discriminate between susceptible 29 

and resistant strains for INH and RIF with a maximum sensitivity of 97.4% and 100%, 30 

respectively, and a maximum specificity of 100% for both antibiotics when considering 31 

each nanomotion recording to be a distinct experiment. Grouping recordings as 32 

triplicates based on source isolate improved sensitivity and specificity to 100% for both 33 

antibiotics. Nanomotion technology can potentially reduce time-to-result significantly 34 

compared to the days and weeks currently needed for current phenotypic ASTs for 35 

MTB. It can further be extended to other anti-TB drugs to help guide more effective TB 36 

treatment. 37 

 38 
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1. Introduction 46 

Tuberculosis (TB) represents a major health concern. According to the World Health 47 

Organization, there were more than 10 million new infections and 1.5 million deaths 48 

caused by the bacterium in 2021. Furthermore, TB infection has become more difficult 49 

to treat in recent decades due to the emergence of drug-resistant TB (DR-TB), 50 

multidrug-resistant TB (MDR-TB), pre-extensively drug-resistant TB (pre-XDR-TB), 51 

and extensively drug-resistant TB (XDR-TB), all of which are resistant to the core 52 

currently employed antibiotics [1]. Effective TB treatment therefore requires (i) the use 53 

of a combination of antibiotics to minimise the risk of resistance development and 54 

emergence of MDR-TB, and (ii) a sufficient treatment duration to ensure cure 55 

effectiveness and avoid relapse. Antibiotic susceptibility tests (ASTs) are used to 56 

determine effective antibiotic combinations at start of treatment [2-5]. 57 

Currently, a combination of phenotypic and molecular methods are used to 58 

assess Mycobacterium tuberculosis (MTB) antibiotic susceptibility. Culture-based 59 

phenotypic assays are impaired by MTB’s slow growth, meaning that data typically 60 

only becomes available after patient treatment regimen decision-making and initiation 61 

has already taken place [6, 7]. Molecular techniques for assessing drug susceptibility 62 

and resistance such as polymerase chain reaction (PCR), probe hybridization assays, 63 

or whole genome sequencing (WGS) offer a more rapid time-to-result [8-10]. However, 64 

determining what targets to probe with genotypic AST assays depends on the 65 

presence of previously characterised resistance mechanisms, which are not always 66 

clearly defined for newer anti-TB drugs. These limitations call for new approaches for 67 

the determination of antibiotic sensitivity for MTB. 68 

Nanomotion-based AST is a novel approach using atomic force microscopy 69 

(AFM) and nanomotion technology to detect and record nanoscale movements in 70 
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biological samples [11-14]. In AFM, nanomechanical sensors (micro-cantilevers) 71 

oscillate when triggered by the organisms attached to their surface [15-17]. These 72 

oscillations are detected by an optical readout system with a sensitivity of less than 0.1 73 

Angstrom (0.01 nm) (Fig. 1a) [15, 11, 12, 14]. As such, nanomotion technology can be 74 

adapted for bacterial phenotypic AST. Bacteria on the surface of a microcantilever will 75 

generate cantilever deflections through their metabolic activity. Differences in 76 

cantilever oscillations upon drug exposure depends on antibiotic susceptibility, hence 77 

permitting the delineation of susceptible and resistant bacteria (Fig. 1) [15, 18].  78 

Nanomotion-based AST requires small sample sizes (fewer than 1,000 bacteria), is 79 

replication-independent, and can determine the presence of a resistance phenotype 80 

within a few hours [15, 18]. It has already been successfully applied for various 81 

bacterial strains, including Staphylococcus aureus, Escherichia coli, and Bordetella 82 

pertussis [15, 18, 19].  83 

MTB’s cell wall and surface charge properties differ from previously studied 84 

bacteria strains, thereby requiring a unique protocol for cantilever attachment. We 85 

therefore aimed to develop and validate a rapid nanomotion-based AST method for 86 

MTB that could overcome the limitations imposed by the strain’s slow replication rate. 87 

We herein present how nanomotion technology can drastically accelerate time-to-88 

result compared to existing phenotypic methods (Fig. 1b), representing a paradigm 89 

shift in MTB phenotypic AST. 90 

2. Materials and methods 91 

2.1. Bacterial strains, culture conditions, and antibiotic susceptibility tests 92 

Mycobacterium bovis BCG (ATCC® 35737), M. smegmatis mc2155 (ATCC® 700084), 93 

and M. tuberculosis H37Rv (ATCC® 27294) strains were used to study mycobacteria 94 
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attachment to the cantilever. Clinical strains susceptible or resistant to isoniazid (INH) 95 

and rifampicin (RIF) were obtained from the collection of the Institute of Microbiology 96 

of Lausanne University Hospital. Bacteria were cultured in mycobacteria growth 97 

indicator tubes (MGIT) incubated using an automated mycobacterial detection system 98 

(BD BACTECTM MGITTM). The MGIT method was also used to perform phenotypic AST 99 

for first-line drugs. Molecular and phenotypic susceptibility testing for all strains was 100 

conducted as previously described to determine susceptibility to INH and RIF [20, 21]. 101 

Bacterial minimal inhibitory concentrations (MICs) were determined using resazurin 102 

microtiter plate assays (REMA). Molecular resistance to INH was determined by 103 

analysing inhA, katG, and oxyR gene expression, as well as via WGS [21]. Molecular 104 

resistance to RIF was determined by analysing rpoB gene expression [20, 22].  105 

 106 

2.2. Reagents and antibiotics 107 

Chitosan, dimethyl sulfoxide (DMSO), glutaraldehyde, phosphate buffered saline 108 

(PBS), poly-diallyl-dimethylammonium chloride (pDADMAC), poly-D-lysine (PDL), 109 

resazurin sodium salt, TWEEN 80, INH, and RIF were purchased from Sigma-Aldrich 110 

(St. Louis, MO). MGITs and MGIT 960 supplement kits were purchased from Becton 111 

Dickinson (Franklin Lakes, NJ). INH and other chemical agents were dissolved in 112 

sterile water, while RIF was dissolved in DMSO. 113 

 114 

2.3. Nanomotion-AST 115 

To perform nanomotion-AST for MTB, we prepared MTB cell suspensions, attached 116 

them to a functionalized cantilever, and recorded and analysed nanomotions in the 117 

absence and presence of antibiotic agents. The overall protocol takes 21 hours, and 118 

the full, detailed protocol can be found in the supplementary materials. We confirmed 119 
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efficient bacterial adhesion via two approaches: monitoring resonance frequency and 120 

visual examination of bacterial presence on the cantilever before and after each 121 

recording. 122 

 123 

2.4. Biosafety  124 

Initial validation was performed using M. smegmatis, M. bovis strain BCG, and E. coli 125 

strains in BSL-1 and -2  laboratories. Subsequent validation using ATCC® and clinical 126 

MTB strains were all performed in our BSL-3 laboratory. The nanomotion instrument 127 

was placed under the laminar flow hood located in a BSL-3 environment, and was 128 

connected to a computer using a cable (Fig. 2). All experiments were performed by 129 

biologists or biomedical technicians with BSL-3 training and authorization to handle 130 

MTB strains. 131 

3. Results  132 

3.1. Microcantilever functionalization for M. tuberculosis attachment.  133 

Mycobacteria have waxy cell surfaces due to an abundance of mycolic acids and 134 

various other lipids. Therefore, we tested a panel of functionalizing agents with different 135 

chemical properties when examining MTB attachment to the cantilever. The cantilevers 136 

were functionalized with either 20% (v/v) pDADMAC, 0.1 mg/mL PDL, 0.1 mg/mL 137 

chitosan, or 0.5% (v/v) glutaraldehyde, after which M. smegmatis, M. bovis BCG, and 138 

M. tuberculosis H37RV were sequentially applied. Immediately post-application, 139 

bacteria were observed on the microcantilever for all four functionalizing agents. 140 

However, after several washes with MGIT media, 20% (v/v) pDADMAC yielded the 141 

best results. Although attachment with glutaraldehyde worked to some extent for M. 142 

smegmatis and M. bovis BCG, it failed to maintain MTB attachment at the micro-143 
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cantilever for which a superior attachment was obtained with pDADMAC 20% (Fig. 144 

S2). We therefore decided to continue subsequent nanomotion experiments with 20% 145 

(v/v) pDADMAC-functionalized micro-cantilevers. 146 

 147 

3.2. Development of a nanomotion-AST assay for M. tuberculosis. 148 

We developed a five-step workflow for nanomotion-based MTB AST (Fig. 1c). 149 

Nanomotion technology is highly sensitive to external sources of vibrations, but 150 

working with viable MTB strains requires a biosafety cabinet in a BSL-3 laboratory that 151 

provides laminar air flow. We therefore had to use a noise isolation device to overcome 152 

the vibrations emitted by the biosafety cabinet (Fig. 2), as well as test the reliability of 153 

the instrument under laminar air flow. These tests were performed first using E. coli in 154 

a BSL-1 laboratory before proceeding to MTB in a BSL-3 setting.  155 

Each nanomotion recording began by reading the deflections generated by an 156 

unloaded (bacteria-free) pDADMAC-functionalized cantilever for five minutes. This 157 

was referred to as the blank portion of the recording, and is necessary to ensure 158 

optimal sensor functionality and detect potential bacterial contamination within the 159 

supplemented MGIT media in the measurement chamber. After this, the sensor would 160 

be removed, loaded with bacteria, and returned to the measurement chamber. 161 

Nanomotion recordings of the attached bacteria in supplemented MGIT were first 162 

carried out for one hour in the absence of any antibiotic agent (the “bac” phase) in 163 

order to capture baseline/endogenous oscillations. After this, INH or RIF was added 164 

and bacterial oscillations were recorded for 20 hours (“drug” phase). The protocol 165 

duration therefore totalled 21 hours. 166 

Cantilever deflections were sampled at a frequency of 60 kHz. To visualize the 167 

data, deflection variance for every ten seconds of recording was calculated during data 168 
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acquisition using a custom LabVIEW code (Fig. 3). However, raw data was used later 169 

for classification model development. This workflow summarizes the first protocol for a 170 

nanomotion-based AST for MTB under BSL-3 conditions.  171 

 172 

3.3. Prediction of isoniazid resistance using nanomotion-AST 173 

In order to use nanomotion technology for AST, there must be a set of parameters 174 

within the nanomotion signal that can be used to discriminate between resistant and 175 

susceptible strains. We therefore examined the clinical applicability of our AST protocol 176 

by testing a set of forty sensitive and resistant clinical isolates from our MTB collection.  177 

To examine whether our protocol could predict INH resistance, we examined 27 178 

clinical isolates sensitive or resistant to INH. Each isolate was independently recorded 179 

in triplicate (Table S1 and Fig. 3). Each recording within a triplicate was considered a 180 

distinct experiment, which allowed us to compare separate recordings from the same 181 

isolate and determine if experimental repetition would be needed for acceptable 182 

performance. The same set-up was used for each isolate, while the raw data of 183 

variance evolution throughout the experiments were visualised using a custom 184 

LabVIEW code. In total, our INH dataset contained 39 recordings for INH-susceptible 185 

strains and 38 recordings for INH-resistant strains, upon which we applied leave-one-186 

out cross validation (LOOCV).  187 

Sensitivity assesses how well our method can predict a susceptible isolate, while 188 

specificity assesses performance for prediction of resistance. A 100% performance 189 

indicates no recordings falsely classified as a resistant strain. The correct identification 190 

of a resistant strain is the most critical factor for avoiding the administration of an 191 

ineffective antibiotic. Using seven free parameters, the algorithm was able to classify 192 

the data with an accuracy of 96.1%, a sensitivity of 92.3% and a specificity of 100%. 193 
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With eight parameters, performance reached approximately greater-or-equal to 95% 194 

for all three metrics (97.4% accuracy, 94.9% sensitivity and 100% specificity) (Fig. 3).  195 

 Similar performances were achieved when applying LOOCV at the sample level 196 

— that is, each individual test set comprised all three triplicate recordings generated 197 

from a given individual sample. Here, recording level performance was slightly lower 198 

(seven parameters: 94.7% accuracy, 89.5% sensitivity, and 100% specificity; eight 199 

parameters: 96.1% accuracy, 92.1% sensitivity, and 100% specificity) (Fig. 4). 200 

However, we achieved the best performance by using LOOCV on single replicates and 201 

subsequently combining the predictions for each triplicate using majority voting. Here, 202 

a five parameter algorithm was sufficient to attain 100% accuracy, sensitivity, and 203 

specificity (Fig. 4). 204 

 205 

3.4. Prediction of rifampicin resistance using nanomotion-AST  206 

We next applied the same approach to a dataset of 13 clinical isolates sensitive or 207 

resistant to RIF with corresponding susceptible (n=18) or resistant (n=19) recordings. 208 

A model based on a three-parameter algorithm was able to classify resistant and 209 

susceptible strains using LOOCV at the recording level with a performance of 94.6% 210 

accuracy, 94.4% sensitivity, and 94.7 % sensitivity. When the algorithm was extended 211 

to include additional parameters (from four to twelve parameters), the dataset could be 212 

perfectly delineated with 100% accuracy, 100% sensitivity, and 100 % specificity (Fig. 213 

4). Applying LOOCV at the sample level (with triplicates grouped together) yielded a 214 

performance of 97.2% accuracy, 94.4% sensitivity, and 100% specificity for four-215 

parameter algorithms and perfect delineation for five parameter algorithms (100% 216 

accuracy, 100% sensitivity, and 100% specificity) (Fig. S7). When all three replicates 217 
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were utilised through the application of majority voting, both four- and five-parameter 218 

algorithms exhibited 100 % accuracy, 100% sensitivity, and 100% specificity (Fig. S8). 219 

4. Discussion 220 

We have combined nanomotion technology and machine learning to develop a 221 

novel rapid AST approach for MTB, and validated it for INH and RIF using a set of 222 

clinical isolates with different minimum inhibitory concentrations (MICs). Though 223 

nanomotion technology has been previously applied to investigate the impact of beta-224 

lactam antibiotics on various bacteria including E. coli, B. pertussis, and S. aureus [23, 225 

24, 18, 19], this study is the first to establish a nanomotion-based AST that, in 226 

combination with machine learning, can classify MTB isolates that are resistant or 227 

susceptible to two major clinically-used antibiotics. A previous study on nanomotion 228 

using the virulence-attenuated strain M. bovis BCG showed that mycobacterial viability 229 

can be measured in response to antibiotic exposure [25]. However, this proof-of-230 

concept study did not aim to generally distinguish between sets of resistant and 231 

susceptible strains [25]. 232 

By applying LOOCV, the models we built in the one-to-twelve-dimensional 233 

parameter space were able to classify susceptible and resistant strains with high 234 

confidence (over 95% accuracy, sensitivity, and specificity) for both INH and RIF. The 235 

RIF model showed slightly better performance (incorporating fewer parameters). We 236 

believe that this is because there is a greater gap between MICs of susceptible and 237 

resistant isolates, as determined by resazurin microplate assay (REMA). 238 

Nevertheless, prediction performance for both antibiotics could be improved by 239 

applying majority voting to the three biological replicates and then combining sample-240 

level individual prediction outcomes, as well as finding parameters which can perfectly 241 
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delineate (100% accuracy) the data at the sample level. Therefore, a combination of 242 

nanomotion recordings with advanced analyses by machine learning can be applied 243 

as a highly sensitive and specific rapid AST for INH and RIF.  244 

Working with MTB is very challenging since it possesses a slow growth rate and 245 

work must be done under BSL-3 conditions. Nonetheless, we were able to include 40 246 

clinical isolates in this study. Although limited, this number is still significant as the 247 

isolates were not genetically related strains, but rather clinical isolates with different 248 

genetic backgrounds. Since nanomotion-based AST performs well with antibiotics that 249 

differ in their modes of action, this method can presumably be applied to other, more 250 

recently-developed antibiotics such as bedaquiline, linezolid, and future drug 251 

candidates [10, 21, 26].  252 

Effective treatment of TB relies on drug regimen selection, which in turn 253 

depends on reliable and timely access to AST data. As such, commonly used growth-254 

dependent assays underperform because of MTB’s slow growth. Molecular and 255 

genomic methods such as PCR and WGS are faster and show high performance for 256 

some agents such as INH and RIF [27-29, 20], but are limited by high costs, little 257 

applicability to novel drugs, and low flexibility. Nanomotion-based AST is a growth-258 

independent method, and thus circumvents the limitations of conventional phenotypic 259 

ASTs, leading to a turnaround time of less than 24 hours.  260 

There are several rapid antibiotic susceptibility tests available for more common 261 

bacteria with known mechanisms of resistance. Enzymatic tests, for instance, can be 262 

used to detect the degradation of agents such as β-lactamase or carbapenemase. 263 

These tests are also helpful for predicting resistance to specific antibiotics. Indeed, 264 

new molecular-based rapid antibiotic tests for TB such as the Xpert MTB/RIF test allow 265 

for the rapid prediction of resistance to rifampicin [30]. However, there are currently no 266 
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rapid phenotypic tests available for TB that can be used for either new drugs or drugs 267 

with poorly understood resistance mechanisms. Since phenotypic tests are particularly 268 

useful when the mechanism of resistance is unknown, there is a need for the 269 

development of new, rapid phenotypic tests that can be used to diagnose and treat TB 270 

more effectively.  271 

Another advantage of nanomotion-based AST is that it requires a specimen size 272 

of only approximately 100 bacteria [19, 17]. This allows the possibility of testing several 273 

antibiotics in parallel using the same positive culture, as well as testing antibiotic 274 

combinations. In our previous study on bacteremia, we combined nanomotion 275 

technology with a simple method for purifying and concentrating bacteria from positive 276 

blood cultures in order to develop a rapid AST against bloodstream infection agents 277 

[19]. In the long run, nanomotion technology applied to tuberculosis may reduce MGIT 278 

culture incubation times, or even permit AST to begin directly with purified bacteria 279 

obtained from a clinical sample such as bronchial aspirate sputum or bronchoalveolar 280 

lavage. It is important to ensure that bacteria remain on the cantilever throughout the 281 

experiment to avoid signal variation resulting from bacterial loss instead of response 282 

to antibiotic treatment. To ensure efficient bacterial adhesion, we validated the efficacy 283 

of pDADMAC as a linking agent and visually checked for the presence of bacteria on 284 

the cantilever before and after all recordings. Additionally, we monitored resonance 285 

frequency variations to confirm bacterial attachment to the cantilever — namely, 286 

resonance frequency should not vary if bacterial attachment remains unchanged 287 

during experimentation. Furthermore, the method is species agnostic, which makes it 288 

an interesting tool for non-TB mycobacteria, such as M. abscessus, that also often 289 

presents multi-resistance phenotypes [31]. 290 
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Nanomotion represents a new paradigm for predicting antibiotic 291 

susceptibility/resistance [32]. The antibiotic concentrations used for nanomotion AST 292 

do not correspond to the critical concentrations of antibiotics as defined by the 293 

EUCAST or recommended by the WHO when currently performing classical AST [6, 294 

7]. Due to the very limited antibiotic exposure time (under 24 hours in this study), 295 

nanomotion AST may not be fully suitable for MIC determination, even though it can 296 

discriminate between sensitive and resistant organisms. Whether nanomotion can 297 

distinguish metabolic variations or stress responses is something that would be 298 

interesting to explore in future studies. Indeed, bacterial metabolism state (growing 299 

versus latent) has been associated with resistance and tolerance mechanisms in MTB 300 

[33, 34]. Nanomotion technology enables us to measure bacterial response to 301 

antibiotic exposure without relying on bacterial growth-dependent metrics such as MIC 302 

or minimum bactericidal concentration (MBC). That said, a correlation has been 303 

demonstrated between MIC values and nanomotion signals [15]. As for MBC, it is 304 

important to note that 22 hours of incubation may not be sufficient to kill all bacteria 305 

[35]. The changes in nanomotion signal observed in this study may be attributed to 306 

metabolic changes, something that warrants further investigation in future studies. 307 

Further, this technology holds great potential for antibiotic susceptibility testing as it 308 

allows for direct measurement of bacterial response to antibiotics without the need for 309 

sub-culturing. As such, using nanomotion to test the impact of different antibiotic 310 

concentrations may provide new and complementary information on MTB resistance 311 

or tolerance to anti-tuberculosis agents. It will be important for the nanomotion 312 

technology to be available in multi-channels in the future, to allow for an efficient use 313 

in clinical settings or drug discovery. This will increase throughput and enable testing 314 

of multiple antibiotics in parallel. The ability to test multiple antibiotics in parallel using 315 
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multi-channel technology would greatly improve the speed and efficiency of antibiotic 316 

susceptibility testing, particularly in the context of drug discovery where large numbers 317 

of compounds need to be screened for potential antimicrobial activity. Furthermore, 318 

multi-channel technology could facilitate the testing of antibiotic combinations, which 319 

are essential for the treatment of both susceptible tuberculosis and MDR-XDR 320 

tuberculosis. 321 

This study presents an innovative growth-independent AST method applicable 322 

to BSL-3 conditions, developed first for fast-growing bacteria and then adapted and 323 

validated for MTB. This method needs to be further examined in a larger study, as well 324 

as tested against low-level and heterogeneous resistant strains to support further 325 

development as an in vitro diagnostic test. This approach also represents a new tool 326 

for the study of growth-independent drug responses. Our results open the door for 327 

further method development and pre-clinical studies using nanomotion technology to 328 

examine MTB isolates, working towards the ultimate goal of developing an AST 329 

possessing high performance and short time-to-result, thereby combining the 330 

advantages of broadly applicable phenotypic ASTs and rapid molecular diagnostic 331 

methods.  332 
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Tables and figures 454 

Figure Legends 455 

Figure 1. Principles of a nanomotion-based M. tuberculosis AST approach. (A) A 456 

laser is emitted on a microcantilever nanomotion sensor and reflected on a position-457 

sensitive photodetector that records its deflection (Stupar, Opota et al. 2017 Clin 458 

Microbiol Infect). Environmental background noise generates a very low level of 459 

vibrations detected on an empty microcantilever, and this is used as the blank control. 460 

Live bacteria attached to the microcantilever make nanoscale movements 461 

(nanomotion). These vibrations lead to an increased deflection of the microcantilever. 462 

Upon exposure to an inhibiting compound such as an effective anti-TB agent, bacterial 463 

vibrations from the attached TB strain decrease. The degree of the microcantilever 464 

deflection is recorded as the variance. (B) Comparison of nanomotion-based AST and 465 

conventional phenotypic AST for tuberculosis. (C) Experimental procedure and 466 

preparation of nanomotion AST: i) centrifugation of a positive mycobacteria growth 467 

indicator tube (MGIT), ii) resuspension of the bacterial pellet in fresh MGIT medium, iii) 468 

MTB strains are attached to functionalized cantilevers by immersing the cantilever in a 469 

bacterial suspension for 5 minutes, iv) transfer of the cantilever with attached cells to 470 

the nanomotion recording chamber for recording or v) recording and analysis. 471 

 472 

 473 

Figure 2. Configuration of nanomotion instrument under biosafety cabinet in a 474 

biosafety laboratory level 3. Lower panel: (a) Biosafety cabinet located in a BSL-3 475 

laboratory (b) nanomotion device; (c) compact laser module, (d) low-profile 476 

nanomotion device for easy operation in biosafety cabinet, (e) operator with personal 477 
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protective equipment for BSL-3 laboratory , (f) optical microscope with integrated 478 

screen, (g) laptop with LabVIEW control software. Upper left panel: (h) optical 479 

microscope with integrated screen. Upper right panel: nanomotion instrument (i) 480 

measurement head, (j) protective lid, (k) laser plug, (l) vibration damping unit, (m) 481 

control and acquisition unit. 482 

 483 

 484 

Figure 3. Mycobacterium tuberculosis cantilever attachment and subsequent 485 

nanomotion variance recordings. Microcantilevers from NANOSENSORSTM have 486 

the following dimensions: length 120-130 µm, width 33-37 µm, thickness 720-780 nm. 487 

Microcantilevers were washed four times with PBS and then incubated with MTB for 5 488 

minutes. Mycobacteria attachment quality was evaluated by microscopy. Images were 489 

taken using an EVOSTM XL Core Imaging System (A) before the start of and (B) after 490 

the end of nanomotion recording experiments. The pre-experiment image served as 491 

the attachment control and showed typical MTB "cords", while the post-experiment 492 

image confirmed the absence of any significant detachment or attachment of bacteria 493 

on the microcantilever. MTB linical strains obtained from our diagnostic laboratory were 494 

selected based on their susceptibility or resistance to isoniazid (INH) or rifampicin 495 

(RIF). Upon MTB attachment to the cantilever, we observed a significantly higher 496 

nanomotion variance compared to the blank phase. After the addition of INH, both 497 

susceptible (C) and resistant (D) strains responded, although they responded 498 

differently. Towards the end of the experiment, bacterial vibrational variance was 499 

greater in resistant strains than susceptible strains. (E) and (F) MIC distribution for INH 500 

(E) and RIF (F) of the MTB strain genotypes used for this validation study. 501 

 502 
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 503 

Figure 4. Classification performance evaluated with LOOCV at the recording 504 

level for the isoniazid dataset. Algorithm complexity increased from a single 505 

parameter up to 12 parameters (separation in 1-12 dimensional feature space). 506 
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