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ABSTRACT

Introduction. Atomic force microscopy (AFM) and graphene-based nanomechanical resonators show that bacterial
cells generate detectable nanoscale mechanical oscillations (“nanomotion”) linked to flagellar rotation, pilus activity,
and metabolism. These signals have been proposed for rapid antimicrobial susceptibility testing (AST), but are often
discussed together with mechanistically unrelated phenomena, including ultrasound imaging of gas-vesicle reporter
bacteria, quorum sensing, and the effects of external sound or electromagnetic fields on bacterial growth.

Aim. To critically review the evidence for bacterial nanomechanical vibrations as a diagnostic tool, with an emphasis
on rapid AST, and to clarify the terminological and mechanistic boundaries between nanomotion detection and
related but distinct acoustic phenomena.

Materials and methods. A narrative review was conducted using PubMed, supplemented by Google Scholar, with
combinations of the search terms “bacterial nanomotion”, “AFM bacteria’, “graphene resonator bacteria’, “bacterial
vibration antibiotic susceptibility”, and “acoustic reporter genes’, restricted to English-language studies. Titles and
abstracts were screened for relevance to mechanical, acoustic, or ultrasound-based detection of bacterial activity;
unrelated sources were excluded.

Results. AFM- and graphene-drum-based nanomotion assays can distinguish metabolically active from antibiotic-
killed bacteria within hours in single-species proof-of-concept studies, but large-scale validation across multiple
bacterial species and antibiotics against reference MIC testing remains limited. Ultrasound imaging of acoustic
reporter genes, quorum-sensing regulation of biofilm formation and virulence, and the effects of external sound or
electromagnetic exposure are supported by separate, non-overlapping evidence. Proposed industrial, environmental,
and space microbiology applications remain largely hypothetical, with no clinical, regulatory, or industrial validation
identified.

Conclusions. Nanomechanical vibration detection is a promising but early-stage diagnostic approach, supported
mainly by proof-of-concept studies. Multicenter validation, standardized terminology, and clear separation from
mechanistically distinct phenomena are needed before broader translational claims can be justified.

Keywords: bacterial nanomotion; atomic force microscopy; antimicrobial susceptibility testing; graphene resonator;
acoustic reporter genes
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INTRODUCTION

Bacterial cells are not passive with respect to
mechanical energy: their flagellar rotation, pilus
activity, and metabolic processes generate nanoscale
mechanical oscillations that can be detected with
sufficiently sensitive instrumentation [1, 2]. These
oscillations, commonly termed “nanomotion” or
“nanomechanical vibrations,” are distinct from
audible sound and require dedicated transducers -
most notably atomic force microscopy (AFM)
cantilevers and graphene nanomechanical drums -
for detection and quantification.
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Graphene-drum resonators loaded with single
bacterial cells convert cellular nanomotion into
a measurable mechanical signal, as illustrated
in Figure 1 [3]. This approach has been used to
distinguish metabolically active bacteria from bacteria
killed by antibiotic exposure, since motion amplitude
decreases markedly once cells lose viability [3].

It is important to distinguish this phenomenon
from several related but mechanistically different
areas of research that are sometimes discussed under
the same umbrella term of “bacterial sounds™ (i)
nanomechanical vibrations of individual cells detected
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Fig. 1. Schematic illustration of a graphene-drum resonator detecting nanomotion of a single bacterium.
(A) A metabolically active bacterium generates continuous nanomechanical vibration. (B) Vibration
amplitude decreases markedly following antibiotic exposure, consistent with loss of viability. Adapted
from the graphene-drum nanomotion assay described by Roéln et al. [3]; original source and reproduction
permission to be confirmed by the corresponding author prior to submission

by AFM or graphene resonators; (ii) ultrasound
imaging of genetically engineered bacteria expressing
gasvesicles (“acoustic reporter genes”), used for in vivo
visualisation rather than single-cell diagnostics; (iii)
chemical quorum-sensing communication, which
is not itself an acoustic or mechanical phenomenon
but is occasionally conflated with it in the popular
literature; and (iv) studies of how external audible
sound or electromagnetic fields affect bacterial
growth and antibiotic susceptibility, which examine
bacteria as a target of external stimuli rather than as
a source of a diagnostic signal. These four bodies of
work differ in mechanism, instrumentation, and level
of supporting evidence, and are treated separately
throughout this review.

Interestin nanomotion detection stemslargely from
its potential to accelerate antimicrobial susceptibility
testing, a task of direct relevance to the global
challenge of antimicrobial resistance [4, 5]. Related,
more speculative interest concerns environmental
and industrial monitoring of microbial activity [6, 7]
(Figure 1).

AIM

The aim of this review is to critically evaluate the
evidence for bacterial nanomechanical vibrations,
principally as detected by AFM- and graphene-
resonator-based methods, as a tool for rapid
antimicrobial susceptibility testing, and to clarify
how this phenomenon differs mechanistically and
in evidentiary strength from ultrasound-based
bacterial imaging, quorum-sensing communication,
and bacterial responses to external sound or
electromagnetic exposure. Environmental and
industrial applications are discussed only to the extent
that they are directly supported by the reviewed
sources, and are explicitly flagged where evidence is
currently limited to hypothesis or extrapolation.
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MATERIALS AND METHODS

This is a narrative review. The literature search
was performed in PubMed, with cross-checking in
Google Scholar, and covered publications up to 2024.
Search terms included combinations of “bacterial
nanomotion”, “atomic force microscopy bacteria’,
“graphene resonator bacteria’, “bacterial vibration
antibiotic susceptibility”, “acoustic reporter genes’,
“sonogenetics’, and “sound electromagnetic bacterial
growth”

Inclusion criteria were: (1) direct measurement
or manipulation of bacterial mechanical, acoustic,
or ultrasound signals; (2) bacterial species as the
object of study rather than incidental mention; and
(3) availability of a verifiable digital object identifier
(DOI) or indexed record. Exclusion criteria were:
studies concerning non-bacterial organisms unless
directly comparative; general acoustic-engineering
studies without a bacterial component; and sources
that could not be verified against PubMed or Crossref
at the time of writing. Reference verification against
PubMed and Crossref led to the removal of several
sources present in an earlier draft that were found
to concern unrelated topics, including sound-
absorbing building materials, shore-crab behaviour,
and urban aerobiome stratification. These exclusions
are noted where relevant to ensure transparency. No
formal quality-assessment instrument was applied,
consistent with the narrative (non-systematic) design
of this review; this is acknowledged as a limitation
below.

RESULTS

Terminology and Definitions

For clarity, the following terms are used consistently
throughout  this  review. = “Nanomechanical
vibration” or “nanomotion” refers specifically to
sub-nanometre- to nanometre-scale mechanical
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oscillations of individual bacterial cells detected by
AFM cantilevers or graphene-based nanomechanical
drums. “Acoustic reporter genes” refers to genetically
encoded gas vesicles that scatter ultrasound and
enable in vivo imaging of bacterial populations; this
is an ultrasound imaging method, not a measurement
of intrinsic bacterial vibration. “Quorum sensing”
refers to chemical signaling between bacteria and
is not an acoustic phenomenon. “External sound/
electromagnetic exposure” refers to studies in which
bacteria are the targets, rather than the sources, of
an applied acoustic or electromagnetic stimulus.
Where the literature uses the informal term “bacterial
sounds,” this review treats it as an umbrella term
requiring further specification rather than as a
defined technical category.

Biophysical Mechanisms of Nanomechanical

Vibrations

Nanomechanical vibrations of bacterial cells are
attributed to flagellar rotation, pilus retraction/

ISSN 2786-6661

extension, and metabolically driven cytoplasmic and
membrane fluctuations [1, 2]. When a bacterium
is mechanically coupled to a sufficiently sensitive
resonator — an AFM cantilever tip or a suspended
graphene membrane - these sub-cellular movements
produce a measurable change in resonance
frequency or deflection amplitude [3]. Because the
signal reflects ongoing cellular activity, it decreases
when metabolism is arrested, which is the basis
for its proposed use in viability and antimicrobial-
susceptibility assessment [3, 8].

Detection Methods

Table 1 summarises the principal methods used to
detect bacterial nanomechanical or acoustic signals,
together with their measured parameter, approximate
operating ranges, and current level of practical
implementation, based on the sources reviewed.
Several of these methods (ultrasound imaging,
optical tweezers) do not measure intrinsic bacterial
“sound” directly but rather force, displacement, or an

— WA

Table 1. Methods used to detect bacterial nanomechanical or acoustic signals, with measured parameter,
approximate range, level of implementation, and key limitation

Method

Physical Principle /
Measured Parameter

Approximate
Range / Resolution

Level of
Implementation

Key Limitation

Atomic Force
Microscopy (AFM)

Cantilever deflection
from nanomechanical

Sub-nm to nm
amplitude; Hz-kHz

Single-cell,
research-

Low throughput;
requires trained

cell motion; sub-nm frequency laboratory stage operators and
displacement (3, 9] controlled sample
mounting

Graphene Resonance-frequency nm-scale Proof-of-concept, | Not yet validated

nanomechanical drums | shift of a suspended displacement; single/few-species | across broad panels
graphene membrane kHz-MHz studies [3] of species/antibiotics
loaded with a single resonance
bacterium

Piezoelectric sensors Conversion of Sensor-dependent; | Laboratory Limited specificity to
mechanical vibration into | typically kHz range | prototypes individual-cell signal

an electrical signal

versus bulk noise

Ultrasound imaging
(acoustic reporter
genes)

Ultrasound scattering
from genetically
expressed gas vesicles;
an imaging contrast
method, not intrinsic
vibration

MHz ultrasound
frequencies;
population-level,
not single-cell

In vivo animal-
model studies [10]

Requires genetic
modification;

not applicable to
unmodified clinical
isolates

Optical tweezers Laser-trap force pN-scale force Specialised Low throughput; high
measurement used resolution biophysics equipment cost
to infer mechanical laboratories
properties, not direct
sound detection
Laser Doppler Non-contact optical nm-scale Experimental Requires stable, non-

vibrometry (LDV)

measurement of
velocity/displacement

displacement

/ early-stage
for bacterial
applications

contact optical access
to the sample

Microelectromechanical
systems (MEMS)

Integrated mechanical-
electrical transducers

Device-dependent

Early-stage
portable
prototypes

Lower resolution
than AFM; limited
published validation
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engineered acoustic contrast agent; this distinction is
indicated in the table.

Antimicrobial Susceptibility Testing: Evidence

and Limitations

The strongest evidence for a diagnostic application
of nanomechanical vibrations concerns antimicrobial
susceptibility testing. In graphene-drum- and
AFM-based assays, cessation or marked reduction
of nanomotion following antibiotic exposure
has been used as an indicator of bacterial killing,
whereas continued vibration has been associated
with survival or resistance in the specific strains
and antibiotics tested [3, 8]. However, the sources
reviewed do not establish that this relationship
holds universally across bacterial species, antibiotic
classes, or resistance mechanisms; nor do they
report large-scale, multicentre comparisons against
reference broth microdilution MIC testing with
defined sensitivity and specificity values. The number
of clinical isolates evaluated in the available proof-
of-concept studies is small, and turnaround-time
claims (typically minutes to a few hours) have not
been independently reproduced across multiple
laboratories in the identified literature. Continued
bacterial vibration should therefore not be equated
with resistance, nor should cessation of vibration be

ornaaosl PoEOTY GG

interpreted as confirmed clinical treatment efficacy
without additional validation. These findings remain
correlational and derive from early-stage studies
rather than established diagnostic criteria.

Bacterial Communication and Collective

Behaviour: Distinguishing from Nanomotion

Separately from nanomechanical vibration, quorum
sensing — a chemical, not acoustic, signalling process —
is well established as a regulator of biofilm formation
and virulence-factor expression [11, 12]. Some sources
additionally report that bacterial growth, metabolism,
or biofilm formation can be affected by externally
applied sound frequencies or electromagnetic fields
[13-16]. These findings describe bacteria as recipients
of an external physical stimulus, and do not, on their
own, demonstrate a universal acoustic channel of
bacterial-to-bacterial communication analogous to
quorum sensing. Causal claims linking nanomecha-
nical vibration itself to intercellular communication
are not directly supported by the sources reviewed
and are presented here as a hypothesis rather than an
established mechanism.

Proposed Environmental, Industrial,

and Medical Applications

Table 2 lists proposed applications identified in
the literature, together with an explicit evidence-

Table 2. Proposed applications of bacterial nanomechanical or acoustic phenomena, by domain,

representative source(s), and evidence level

Proposed Application Domain

Representative

Evidence Level Notes / Limitations

Sourcel(s)

Rapid antimicrobial Medical 3, 8] Early-stage Single/few-species proof-of-
susceptibility testing experimental concept; not validated against

reference MIC testing at scale
In vivo imaging of Medical / [10] Established (in Requires genetic engineering
engineered bacteria via research animal models) of the bacterial strain; not
gas-vesicle ultrasound applicable to native clinical
reporters isolates
Biofilm and virulence Medical / [11,12] Established Frequently miscategorised as
regulation via quorum microbiology (chemical signalling, | an “acoustic” phenomenon in
sensing not acoustic] secondary literature
Effect of external sound/ | Basic research | [13-16] Experimental, Effect sizes and mechanisms

electromagnetic fields
on bacterial growth or
antibiotic susceptibility

strain-specific vary by study; not yet a validated

clinical or industrial tool

Industrial / —
environmental

Industrial fermentation,
wastewater, and food-
quality monitoring via
bacterial vibration

Hypothetical /
extrapolated

No industrial implementation,
regulatory approval, or peer-
reviewed validation identified

Environmental | —
/ aerospace

Space-microbiology
monitoring (e.g., aboard
the 1SS)

Hypothetical /
extrapolated

No specific primary source
identified for bacterial-nano-
motion monitoring in this context

Al-assisted analysis of
vibrational/acoustic data

Cross-cutting | —

Emerging concept Proposed direction for future
research rather than a

demonstrated application
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level rating. Applications rated “established” are
supported by peer-reviewed experimental data
specific to the stated use; those rated “hypothetical/
extrapolated” are scenarios discussed in the
literature or by extension from related findings,
without direct experimental, clinical, or industrial
validation identified in the sources reviewed. These
relationships between mechanisms, detection
methods, and application domains, and the
evidence-level distinctions summarised in Table 2,
are illustrated in Figure 2.

Limitations of the Current Evidence Base

Several limitations constrain the strength of the
conclusions that can be drawn from the current
literature. High-sensitivity instrumentation
(AFM, graphene resonators, and MEMS) remains
costly and requires specialised operator training.
Environmental mechanical noise can complicate
signal acquisition and interpretation. Vibrational
patterns vary across bacterial species and strains,
making standardisation challenging. Interpretation
of complex vibrational datasets requires dedicated
computational and, increasingly, machine-learning
tools, whose validation remains at an early stage.
The use of genetically engineered acoustic reporter
bacteria raises regulatory and biosafety questions that
require case-by-case evaluation. Finally, translation
from single-centre proof-of-concept studies to
reproducible and scalable clinical or industrial
applications has not yet been demonstrated in the
sources reviewed.

DISCUSSION

The evidence reviewed here supports a cautiously
optimistic but clearly bounded view of bacterial
nanomechanical vibration as a diagnostic signal. The
clearest and most direct evidence concerns single-
cell AFM- and graphene-resonator-based detection
of viability loss after antibiotic exposure, which
offers a plausible route toward faster antimicrobial
susceptibility testing than conventional culture-based
methods. This evidence, however, currently rests on
a small number of proof-of-concept studies with
limited species and antibiotic coverage, and has not
been compared systematically against reference MIC
methodology across multiple centres.
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By contrast, ultrasound imaging of acoustic reporter
genes, quorum-sensing-mediated communication,
and bacterial responses to external sound or
electromagnetic exposure are each supported by
their own, distinct bodies of literature, but should
not be treated as evidence for a single unified field of
“bacterial bioacoustics” Conflating these phenomena
risks overstating the maturity of any one of them and
obscures the specific validation still required for each.
Industrial, environmental, and space-microbiology
applications discussed in secondary or promotional
sources are, on the basis of the sources identified here,
hypothetical extensions rather than demonstrated
technologies, and should be labelled as such in future
work.

Future research would benefit from standardised
terminology distinguishing these phenomena; multi-
centre studies directly comparing nanomotion-based
AST against reference MIC testing, with reported
sensitivity, specificity, and turnaround time; and
transparent reporting of the technology readiness
level of any proposed industrial or environmental
application.

CONCLUSIONS

Bacterial nanomechanical vibration detection,
principally via AFM and graphene-based
nanomechanical resonators, is supported by proof-
of-concept evidence as a marker of bacterial
viability and a candidate tool for rapid antimicrobial
susceptibility testing, although large-scale clinical
validation against reference methods remains lacking.
Ultrasound-based imaging of acoustic reporter genes
and quorum-sensing-mediated communication are
separately well-supported phenomena that should
not be conflated with nanomechanical vibration.
Proposed industrial, environmental, and space
microbiology applications remain at a hypothetical
or exploratory stage and require dedicated primary
studies, technology-readiness assessment, and, where
relevant, regulatory evaluation before they can be
considered validated technologies. Priority directions
for further research include multispecies, multi-
antibiotic clinical validation studies; standardised
terminology; and transparent grading of the evidence
supporting proposed applications.

Article Declarations

Prospects for further research. Further studies should prioritise multi-centre, multi-species clinical validation of
nanomotion-based antimicrobial susceptibility testing against reference MIC methodology, with reported sensitivity
and specificity; development of standardised terminology distinguishing nanomechanical vibration, ultrasound-
based imaging, quorum sensing, and external sound/electromagnetic exposure studies; and technology-readiness
assessment of proposed environmental and industrial applications.

Study limitations. This is a narrative, non-systematic review. Its limitations relate to the predefined scope of the
topic, the search period and study types included, and the availability of relevant sources. The literature search
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BAKTEPIAJIbHI HAHOMEXAHIYHI KOJINBAHHA
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PE3IOME

BcTyn. AromHo-cnoBa mikpockorisi (AFM) ta rpadeHoOBi HaHOMeXaHI4HI pe30HATOPU HEMOHCTPYIOTD, 110 OaK-
TepiaNbHi KIiTMHM I€HEepYIOTb JeTeKTOBaHI HaHOMaclITaOHi MeXaHiYHiI KOMMBaHHA («HAaHOPYX»), NOB’s3aHi 3
00epTaHHAM [DKTYTHKIB, aKTUBHICTIO MiNiB Ta MeTaboniuHuMy npouecamu. Ll curHamm posI/safaoTbes AK HO-
TEHUiTHNIT IHCTPYMEHT LIBYU/KOTO BU3HaYeHH: 9y TIMBOCTI O aHTUMIKpoOHuUX npemnapartiB (AST), ogHak ix yacTo
06roBOPIOIOTH Pa3oM i3 MeXaHICTMYHO He IIOB sI3aHNMMMU SIBUILAMM, 30KpeMa yIbTPa3ByKOBOIO Bi3yasisalieio 6ak-
Tepiii-pernopTepiB i3 ra30BUMM Be3MKyIaMM, KBOPYM-CEHCUHIOM Ta BIUIMBOM 30BHILIHBOTO 3BYKY ab0 e1eKTpo-
MarHiTHUX HOJIB Ha picT 6akTepill.

MeTta. KputnuHo mpoaHanisyBaTy BOKasy LIOfI0 BUKOPYUCTaHHsA OakTepia/IbHUX HaHOMEXaHiYHMX KOJIMBaHb fK
IiarHOCTMYHOTO iHCTPYMEHTY, 3 0COOIMBUM aKIIEHTOM Ha IIBUAKOMY BU3HAYEeHHI Yy TIMBOCTI JO aHTUMIKPOOHIX
Ipenaparis, a TAKOXX YTOYHNUTY TEPMiHOIOTiIYHI Ta MeXaHICTMYHI MeXi MiX JeTeKIli€l0 HAHOPYXY Ta II0B’ A3aHUM,
ajie BiIMiHHMMM aKyCTMYHVMMU SBUIIAMMU.

Matepianu Ta Mmetoau. IIpoBesieHO HapaTUBHUII OITLAL JIITEPATYpU 3 BUKOPUCTaHHAM 6asu gaHux PubMed i3 fo-
IaTKoBOM0 nepeBipkoo B Google Scholar. ITomryk spijicHioBanu 3a KoMOiHaIisIMY TONIYKOBMX TepMiHiB «bacterial
nanomotion», «<AFM bacteria», «graphene resonator bacteria», «bacterial vibration antibiotic susceptibility» Ta
«acoustic reporter genes» 3 00MeXeHHIM O aHITIOMOBHMX IIyO/IiKalliil. 3aro/0BKM Ta aHOTALlil OI[iHIOBa/IM Ha Bifi-
MOBIJHICTb TEMATHUII MEXaHiYHOI, aKyCTUIHOL a6o YIBTPa3BYKOBOI JeTekIlii 6akTepia/lbHOI aKTMBHOCTI; Hepere-
BAHTHI JDKEPena BUK/TIOYaIn.

Pesynbratn. HanoMexanivHi focrimpkenns i3 3actocyBannaM AFM Ta rpadeHoBux 6apabaHHMX pe30HATOPIB fja-
F0Tb 3MOTY IPOTATOM KilTbKOX TOAVH BifpisHUTM MeTabo/mivHO aKTUBHI 6akTepil Bif 6akTepiit, 3arnbmux mif BIm-
BOM aHTHUOIOTMKIB, y MeXXaX JOKa30BUX JOCTIIKeHb HAa OKpeMIUX BuAax OakTepiil. BogHowac mupoxomaciutabua
BaJlifjallis Ha pisHMX BMAax 6aKTepiil Ta 3a pisHMX KIaciB aHTUOIOTHKIB i3 BUKOPUCTAHHAM pedepeHTHOTO BU3HA-
JeHHsA MiHiMasnbHOI iHribyBanbHOI KoHneHTpanii (MIC) 3anuimaerbcss o6MexeHow. YIbTpa3sByKoBa Bisyamisaris
aKyCTHYHMX TeHiB-pernopTepiB, KBOPyM-CEHCUHIOBA pery/aLis ¢popMyBaHHs 610MTIBOK i BIpyIeHTHOCTI, @ TAKOX
BIUIMB 30BHIIIHBOTO 3BYKY a0 €/IeKTPOMArHiTHOTO BUIIPOMIHIOBAaHHS Ha OakTepil MaloTh OKpeMi, He3asiexHi fo-
Ka30Bi 0a3y. 3aIpOIIOHOBaHI IPOMUC/IOB, €KOIOTiYHi Ta KOCMiuHI MiKp0O6ioIOriuHi 3aCTOCYBaHHA 3a/IMIIAIOTHC
HepeBaKHO MiNOTeTMYHNMY; KITiHIYHOI, pery/ATOpHOi a00 IIpOMMCIOBOI Balifallil TAKMX TEXHOJIOTil He BUAB/ICHO.
BucHoBku. [leTek1lis HaHOMeXaHIYHUX KO/IMBAaHb € MEPCIEeKTUBHNUM, ajie paHHIM 3a piBHEM PO3BMUTKY AiarHOC-
TUYHVM IIJXO[I0M, JOKa3oBa 0a3a sKOTO IepeBaXKHO IIpefiCTaBIeHa JOCIiPKEHHAMM IiATBEpIKeHHA KOHIIeIIi
(proof-of-concept). [lyis1 0OIpyHTYBaHHA MMPLINX TPAHC/ALIHUX BUCHOBKIB HeoOXifHi 6araToleHTpoBa Baifa-
1jisl, CTaH/japTU30BaHa TePMIiHOJIOTIA Ta YiTKe PO3MEXXYBaHHS IIbOTO SABUILA 3 MEXaHICTUYHO BifMiHHUMM peHOMe-
HaMI.

KntovoBi cnioBa: 6akTepiaIbHMII HAHOPYX; AaTOMHO-CIJIOBA MiKPOCKOIIisl; BU3HAYEHHS Yy T/IMBOCTI 1O aHTUMIKPOO-
HUX IIpenaparis; rpad)eHOBUIT pe30HATOP; aKYCTUYHI reHI-PeNOpTEPH.
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