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Direct interrogation of nanoscale chemical features on and within biological structures

remains a major frontier challenge in biophysical and biomedical research. These

nanoscale features govern molecular organization, structural dynamics, and cellular

function, yet conventional non-invasive techniques such as Fourier-transform infrared

spectroscopy (FTIR) are fundamentally limited by optical diffraction. Although hybrid

approaches, including scattering-type scanning near-field optical microscopy (s-SNOM)

and atomic force microscopy infrared spectroscopy (AFM-IR), have advanced spatial

resolution, they remain insufficient to resolve individual macromolecular assemblies.

Furthermore, precise control over the depth of analysis within biological architectures,

where critical molecular information underpinning intra- and inter-cellular

communication resides, has yet to be fully achieved. Here, we employ photo-induced

force microscopy (PiFM), an atomic force microscopy (AFM) based technique that

directly measures forces arising from light-induced polarization in the near-field region.

These forces, typically on the order of piconewtons, are localized perpendicular to the

sample surface. This localization enables a theoretical spatial resolution approaching

5 nm, with depth sensitivity spanning approximately 2–200 nm. Crucially, PiFM can

operate under ambient and environmentally controlled conditions, preserving

physiologically relevant architectures in vitro. Our findings demonstrate that aldehyde-

based fixing, including formalin treatment, causes substantial chemical modifications

and spectral overlap within the nuclear envelopes of oral mucosa lamina propria
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progenitor cells (OMLP-PCs). These effects highlight the necessity for rigorous validation

of sample-preparation protocols in nano-spectroscopy. In contrast, live-cell PiFM imaging

under controlled humidity conditions enables visualisation of native biomolecular states

and dynamic cellular processes in OMLP-PCs. Our approach captured whole-cell and

membrane-level phenomena, including extracellular vesicle (EV) biogenesis and nuclear

stress responses. PiFM mapping of isolated human bone marrow stromal cell (hBMSC)

EVs further uncovers nanoscale compositional heterogeneity at the single-EV level. This

work demonstrates the application of PiFM as a transformative nano-spectroscopic tool

for probing the structural and spatial chemical information of biological matter,

potentially down to 5 nm resolution. By bridging physical chemistry and biophysics,

PiFM enables direct visualisation of compositional heterogeneity under near-

physiological conditions, offering a non-invasive and in situ pathway for nanoscale

characterisation and mechanistic understanding of complex biological systems.
Introduction

Nanoscale infrared (IR) spectroscopy provides a unique window into the chemical
organization of biological materials by probing molecular vibrations with
nanometre-scale precision. Conventional Fourier-transform infrared (FTIR)
microscopy has long been used to characterise cells and tissues based on their
rich vibrational ngerprints, yet its spatial resolution is fundamentally limited by
diffraction to several micrometres. The advent of scattering-type scanning near-
eld optical microscopy (s-SNOM) and atomic force microscopy-infrared spec-
troscopy (AFM-IR) has enabled chemical imaging below this limit,1–4 revealing
spatially heterogeneous distributions of proteins, lipids, and nucleic acids within
single cells. In these hybrid techniques, an AFM probe tip acts as a local optical
antenna: in AFM-IR, infrared absorption induces a photothermal expansion
detected by the cantilever, while in Photoinduced Force Microscopy (PiFM), the
tip senses the gradient forces arising from infrared-induced dipole interactions.5

PiFM, however, offers enhanced spatial resolution down to ∼5 nm and operates
under ambient or controlled environmental conditions without the need for
external optical detection, making it especially promising for in situ bioanalysis.6–8

These sophisticated tools allow new insights into questions that have previ-
ously been very difficult to address. For example, most IR studies on biological
specimens rely on chemical xing, typically by using formaldehyde, para-
formaldehyde, or glutaraldehyde to immobilize whole cell and sub-cellular
structures before measurement. These aldehyde-based xatives stabilize
proteins and nucleic acids by forming methylene bridges and crosslinks between
amine, thiol, and hydroxyl groups. While xing preserves cell morphology,9 it
fundamentally alters the chemical structure and, in turn, vibrational signature of
biomolecules, the very parameters that IR spectroscopy seeks to probe. Formal-
dehyde, for instance, can shi or suppress amide I/II bands by crosslinking lysine
and arginine residues, while glutaraldehyde contributes its own strong C]O and
C–N stretching bands, complicating spectral interpretation.10 Furthermore, xing
halts enzymatic and metabolic processes, removes labile metabolites, and
disrupts lipid–protein interactions. When combined with subsequent dehydra-
tion, which changes hydrogen bonding and protein secondary structure, these
steps can dramatically distort the molecular ngerprint of the cell's chemical
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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composition. Thus, xing protocols, though convenient for stability during AFM
imaging, are incompatible with the goal of observing original in situ cell states at
the nanoscale.

Recent advances have sought to overcome these limitations by imaging
hydrated or even living cells using infrared s-SNOM. The most signicant
demonstration to date is that of Veber et al.11 who achieved nano-infrared imaging
and spectroscopy of animal cells in a liquid environment. Their approach
employed synchrotron-based broadband s-SNOM through ultrathin silicon
carbide (SiC) membranes. Mouse broblasts were cultured on 30 nm SiC
windows, allowing the near-eld probe to interrogate the cell–membrane inter-
face without direct contact. Broadband synchrotron radiation enabled collection
of IR spectra across 2100–1050 cm−1, revealing sub-micrometre chemical
heterogeneity in proteins, lipids, and DNA. While this represents a major
advance, achieving in-liquid nanoscale spectroscopy of viable cells, it also
underscores the technical and conceptual limitations of current approaches. The
requirement for a synchrotron light source, complex window engineering, and
non-standard tip–sample mechanics restricts accessibility and reproducibility.
The effective probing depth is limited by the window thickness and refractive
losses, while the water absorption cutoff (∼1050 cm−1) excludes key biochemical
bands. Moreover, although mouse broblasts were examined under buffer and
culture medium, the technique probed mainly the SiC window-adjacent region,
not the true cellular interior, and depended on xed reference conditions. The
study also conrmed that even paraformaldehyde xing, employed in part of the
experiment to circumvent broblast detachment, produced measurable spectral
distortions in amide and phosphate bands, consistent with chemical crosslinking
effects observed in traditional FTIR studies.

These ndings illustrate both the potential and the persistent challenges of
nanoscale IR imaging in biological contexts. True in situ chemical mapping of
live, unxed cells remains elusive, owing to the twin difficulties of maintaining
physiological hydration and achieving morphological and mechanical stability at
the nanometre scale. To preserve native chemical states, it is essential to maintain
a controlled humidity environment that supports cellular integrity without
introducing bulk water absorption or water–membrane interfaces. This inter-
mediate regime, between desiccation and immersion, has been largely unex-
plored in IR nano-spectroscopy.

In this study, we use a PiFM system coupled with a precision humidity control
module allowing stable operation at a dened water vapour content while mini-
mizing condensation. For the rst time, we demonstrate PiFM based nano-
vibrational spectroscopy on living stem cells and extracellular vesicles stabilised
on cleaved mica surfaces. By avoiding aldehyde xing entirely, this conguration
preserves endogenous protein, lipid, and nucleic acid signatures, enabling
authentic nanoscale chemical mapping of living cells and their sub-structures.

Methods

Oral mucosa lamina propria progenitor cells (OMLP-PCs) were cultured according
to the protocol described by Knight et al.12 Cells were maintained in serum-
containing medium (SCM) composed of Dulbecco's Modied Eagle's Medium
(DMEM) supplemented with 2 mM L-glutamine, antibiotics/antimycotics (100 U
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 1 Diagram for workflow for cell culture for fixed and live cell PiFM analysis.
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per mL penicillin G, 100 mg per mL streptomycin sulfate, and 0.25 mg per mL
amphotericin-B), and 10% fetal bovine serum (FBS). Cultures were incubated at
37 °C in a humidied atmosphere containing 5% CO2. For all experimental
procedures, OMLP-PCs were passaged using 0.05% trypsin/0.53 mM ethylene-
diaminetetraacetic acid (EDTA) and counted using a hemocytometer. Cells were
seeded onto cleaved mica discs placed in 6-well plates at a density of 5 × 104 cells
per mL in 2 mL of SCM and allowed to adhere for 24 hours. Following OMLP-PC
adhesion, half the mica disks were xed with 4% (v/v) formalin before analysis,
whilst live-cell samples were maintained in the growth medium immediately
before analysis. Mica discs with adherent living OMLP-PCs were gently washed
with deionised water and transferred to the humid environment for PiFM anal-
ysis. Fig. 1 shows the workow of OMLP-PC culture, seeding and adherence to
mica prior to PiFM analysis in either xed or live cell states.

OMLP-PCs were selected because of their widespread use in biological
research, largely due to the relative ease of isolation, preparation, and culture. In
addition to their practicality, these OMLP-PCs possess well-documented antimi-
crobial properties and have been investigated for their potential application as
therapeutic stem cells. OMLP-PCs typically exhibit a broblast-like morphology,
with characteristic dimensions ranging from approximately 20–60 mm. They are
well characterised in the literature and are known to produce extracellular vesicles
(EVs) with diameters in the range of 30–200 nm.13,14 These EVs fall within the
optimal size range for analysis in the present study, particularly if generated in
situ during imaging.
PiFM analysis

Imaging and spectral data were acquired using a Vista One nano-IR microscope
and spectrometer (Molecular Vista Inc., USA), equipped with a Bloc 1930–
780 cm−1 quantum-cascade laser (QCL) and Vistascan Version 28 soware
(Molecular Vista Inc., USA). Measurements utilized non-contact high-resolution
platinum–iridium alloy (PtIr) coated Non-Contact High resonance Reective
coating (NCHR) cantilevers (Molecular Vista Inc., USA), calibrated by the manu-
facturer to a spring constant of 45 N m−1 and a resonance frequency of 335 kHz.
Imaging and spectroscopy of live OMLP-PCs were conducted via PiFM on an anti-
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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vibrational stage within an environmental enclosure coupled to a humidier that
maintained a relative humidity (RH) of 68–72%.

PiFM can be operated in various dynamic AFM modes, with homodyne (direct
detection) and heterodyne (sideband detection) being the modes most used.5

These two modes emphasize different components of the photoinduced force:
sideband detection mode exclusively probes the gradient force, which is highly
localized and minimizes far-eld background contributions. This maximization
of the steeply decaying localized force denes the characteristic high spatial
resolution (as low as several nanometres) and restricts the measurement volume
to the immediate vicinity of the tip, thus inherently limiting the practical depth
probed to an estimated 20–30 nm. Direct detection on the other hand exhibits
a much shallower dependence on the tip–sample distance and is estimated to
sample a depth of ∼200 nm. We refer to the two different modes as “surface” and
“bulk” respectively.
Experimental setup

Live-cell PiFM imaging of OMLP-PCs was performed under controlled humidity
conditions using an Electro-Tech Systems (ETS) humidity control system, Fig. 2.
Setup included a Self-Regenerating Dehumidier (Model 5478), Humidier
(Model 5482), and Microcontroller (Model 5100), integrated via an Anfatec Envi-
ronmental & Safety Control Unit. Compressed air (80–100 PSI) was supplied to the
dehumidier and humidier to generate dry and humidied air streams, which
were mixed in the relative humidity (RH) control antechamber. This chamber,
equipped with an internal mixing fan and temperature-controlled heater, ensured
uniform humid air delivery to the specimen through the RH gate valve. The
exhaust was vented through the relief valve on the opposite side of the environ-
mental enclosure.

The target RH was set to 70± 2%, maintained by automated feedback from the
chamber humidity and temperature sensors. The antechamber temperature was
held 1 °C below the microscope enclosure temperature to prevent condensation.
The system was equilibrated for at least 15 min prior to imaging to ensure
Fig. 2 Schematic (left) and experimental photograph (right) of the humidity-regulated
PiFM system. Dry and humidified air are mixed within an antechamber to achieve
a controlled relative humidity before entering the microscope's humidity chamber. Envi-
ronmental, temperature, and flow controllers maintain stable conditions during live-cell
imaging.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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environmental stability with cantilever tuning conducted under these conditions.
Throughout the imaging, no condensation was observed on the cantilever, optical
path, or chamber walls. Following each experiment, the chamber was ushed
with dry air for 10 min to restore ambient RH conditions before removal of
samples.

Preparation of small extracellular vesicles (sEVs)

Briey, gold-patterned silicon wafers were fabricated via photoresist patterning
and electron-beam deposition to amplify PiFM signal strength.15,16 Surfaces were
functionalised with 0.1% 3-aminopropyl triethoxysilane (APTES) in de-ionised
water to immobilise the targets. Small extracellular vesicles (sEVs) from human
bone marrow stromal cells (hBMSCs) were isolated by ultracentrifugation17 and
conrmed to be sEVs using nanoparticle tracking analysis, cryo-electron
microscopy, ow cytometry and western blotting. sEVs were incubated on
modied and functionalised surfaces for 1 hour in air at room temperature before
being rinsed three times with ultrapure water before analysis.

Results and discussion
PiFM imaging and spectroscopy of live and xed cells

Fig. 3 presents the topography reported by AFM of live (le) and xed (right)
OMLP-PCs. Within the xed cell, structures which may be attributed to the cell
nucleus can be distinguished in the topography caused by the collapse of the cell
wall onto the nucleus. Similar effects are not seen in the live cell suggesting such
a collapse has not happened as is also indicated by the height difference between
the two situations.

Quantitative analysis of the AFM topography in Fig. 3 reveals distinct
morphological differences between live and xed cells. The cell wall over the
nucleus measured 18.3 mm in width for live OMLP-PC cells, whereas the corre-
sponding width in formalin-xed cells was 15.6 mm. This represents an approxi-
mate 15% reduction following xing. This is consistent with previous reports
Fig. 3 Comparison. (Left) OMLP-PCs imaged by PiFM under 70% relative humidity. (Right)
4% formalin-fixed OMLP-PCs imaged by PiFM under ambient conditions. Both images
share the same height scale (0–1000 nm).

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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showing that aldehyde xing induces compaction of intracellular components
and reduces nuclear dimensions due to covalent cross-linking of proteins and
dehydration effects.18 Formaldehyde-induced cross-linking, coupled with
enhanced water loss relative to ambient conditions, leads to stiffening of the
cytoskeletal network. This process constrains both nuclear and cytoplasmic
volume.19

Surface roughness root mean square (RMS) measurement revealed a substan-
tial decrease from 238 nm in the live OMLP-PC nucleus to 60 nm following xing,
indicating a ∼75% loss of the natural membrane topography. Similar alterations
in surface complexity have been observed in AFM studies of whole human
corneal, endometrial epithelial and rabbit corneal broblasts, where live-cell
imaging showed well-dened membrane protrusions and ruffling that di-
sappeared aer being xed.20,21 The smoother surface prole observed here post-
xing therefore reects the collapse of dynamic cytoskeletal protrusions and the
suppression of nuclear membrane undulations, as xing restricts molecular
mobility and eliminates inherent structural uctuations.19,22

Similarly, the height ranges from the mica substrate to the OMLP-PC nucleus
apex decreased markedly from ∼1110 nm (live) to ∼496 nm (xed), reecting the
combined effects of dehydration and cross-linking, attening the nuclear
roughness and form. Previous AFM analyses of living mesenchymal stem cells
have shown numerous protrusions of 20–300 nm in height that are largely absent
or collapsed aer xing, conrming that chemical processing leads to volumetric
reduction and diminished height variance in cellular substructures.22 In addition,
AFM studies of xed human endometrial cancer cells imaged in air have reported
similar apparent reductions in whole cell height, which were attributed to
dehydration and loss of turgor pressure.23 While this was addressed by capturing
replica impressions of cells using a bioimprint technique, this approach prevents
direct interrogation of cell surface and subsurface chemical features.

Collectively, these results demonstrate that xing cells with formalin induces
pronounced nanoscale and microscale morphological alterations, including
nuclear contraction, loss of membrane roughness/patterning, and overall at-
tening of the cell body. These changes arise from aldehyde-mediated cross-
linking of proteins, complete dehydration-induced collapse, and suppression of
dynamic membrane activity. Consequently, xed-cell topography measurements
are likely to underestimate the true structural complexity of living OMLP-PCs,
emphasizing the importance of live-cell AFM imaging for accurate morpholog-
ical, chemical and even mechanical characterisation.

Fig. 4 presents the corresponding bulk and surface spectra of the OMLP-PC
nucleus for formalin-xed (le) and live (right) cells together with a reference
spectrum for formalin (blue dotted line24). The xed OMLP-PC nucleus spectrum
shows a broad band near 1630–1650 cm−1 corresponding to C]O stretching
coupled with C–O and O–H deformationmodes of hydrated formaldehyde species
such as methylene glycol. Bands at 1470–1380 cm−1 correspond to CH2 bending
vibrations within polymerized and cross-linked formaldehyde structures. The
region between 1200 cm−1 and 1100 cm−1 contains C–O and C–O–H stretching
vibrations from methylene glycol and polyoxymethylene linkages, while weaker
C–O–C and CH2 rocking modes appear below 1000 cm−1. These features indicate
the presence of methylene (–CH2–) and hydroxymethyl (–CH2OH) functional
groups responsible for aldehyde crosslinking during xing. The gure shows that
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 4 PiFM spectra of OMLP progenitor cells: formalin-fixed sample (left) and live sample
(right). Red lines represent “bulk” spectra obtained using direct detection and an estimated
sampling depth of ∼200 nm; black lines represent “surface” spectra obtained using
sideband detection and an estimated sampling depth of ∼20 nm, and the blue dotted line
on the fixed sample shows the FTIR spectrum of formalin.
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in both the xed and living cell nuclei, distinct vibrational bands corresponding
to amide I (∼1650 cm−1) and amide II (∼1550 cm−1) were detected, representing
the characteristic protein backbone vibrations. However, in the formalin-xed cell
nucleus, both the surface and bulk spectra's amide I region overlaps with the C]
O of the formaldehyde resulting in a slight broadening and shi of the spectra.
There is also a shi to lower wavenumbers of the amide I, not seen in the live cell
nucleus which could be attributed to a greater contribution of formalin during
surface xing. The formalin-xed spectra also show a loss of signal in the 1500–
1200 cm−1 region. These bands are typically associated with amide II (N–H
bending and C–N stretching of proteins), CH2 and CH3 deformation vibrations
from lipids and proteins, symmetric COO− stretching of amino acid side chains,
amide III and PO2

− asymmetric stretching linked to proteins and nucleic acids.
Perhaps the most signicantly impacted region of the spectrum is where features
appearing between 1200–1100 cm−1 overlap with the formalin FTIR reference
spectrum. These are thought to originate from the methylene bridge (–CH2–)
vibrations arising from xing with formalin.24 These overlap with C–O and C–O–H
stretching vibrations of carbohydrates and the nucleic acid ribose, as well as PO2

−

symmetric and asymmetric stretching modes of DNA and RNA, making it difficult
to distinguish native cellular phosphate and carbohydrate signals from xative-
derived contributions. Table 1 summarises the spectral overlap between
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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organic samples and formalin. Further research is needed to investigate the
impact of biological xing agents commonly used in traditional imaging when
applied to spectral imaging, as preserving only topography andmorphology is not
sufficient for these emerging techniques.

The live-OMLP-PC nucleus PiFM spectra closely resemble those reported for
whole stem cells in the literature, particularly FTIR proles described by Aksoy
et al.25 The main protein (amide I and II), phosphate, and carbohydrate bands
occur at comparable positions, conrming that both techniques capture key
biochemical signatures of live cells. However, notable differences are evident in
relative band intensities, most prominently within the surface spectra, where
lipid- and carbohydrate-associated peaks (∼1735, 1465, and 1030 cm−1) appear
enhanced compared with the broader, protein-dominated FTIR prole. These
variations primarily arise from the contrasting spatial resolution and sampling
volume between the two methods: FTIR probes micrometre-scale regions, effec-
tively averaging signal from the entire cell, whereas PiFM connes its interaction
volume to a few tens of nanometres. The result is a spectrumwith sharper, higher-
contrast features that reect local surface chemistry rather than whole cell
composition. Consequently, PiFM reveals nanoscale heterogeneity that is intrin-
sically masked in conventional FTIR measurements. The surface spectra in Fig. 4
show enhanced bands at ∼1735 cm−1 (ester C]O), ∼1465 cm−1 (CH2 scissoring),
and ∼1030 cm−1 (C–O stretching), consistent with lipid- and glycoprotein-rich
plasma membrane and glycocalyx. In contrast, the bulk spectra display stronger
amide I and II bands (∼1650 cm−1, ∼1545 cm−1) and pronounced phosphate
vibrations (∼1240 cm−1, ∼1080 cm−1), reecting a greater contribution from
intracellular proteins and nucleic acids within the near-surface cytoplasm.
Comprehensive analysis of the full IR-spectrum enables detailed characterisation
of local heterogeneity and facilitates the isolation of specic wavenumbers or
characteristic peaks relevant to micro-to-nanoscale surface mapping. Overlaying
topographical maps with selected wavenumber combinations further enhances
Fig. 5 Combined spectral maps (left) showing the spatial distribution of key molecular
vibrations acquired by photoinduced force microscopy (PiFM) using sideband detection.
Individual channels correspond to amide II (1542 cm−1, red), amide I (1653 cm−1, green),
and CH2/CH3 deformation + COO− stretchingmodes (1389 cm−1, blue). Spectra recorded
in positions labelled as P1, P2, and P3 are shown in Fig. 6.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Representative PiFM spectra extracted from the locations indicated in Fig. 5 (P1–P3),
corresponding to the cell membrane (P1, grey), nuclear region (P3, red), and extracellular
vesicle (EV) (P2, blue).
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visualisation of the spatial distribution of chemical heterogeneity shown in Fig. 5
with corresponding IR spectra of areas of interest (P1–P3) shown in Fig. 6.

Prolonged PiFM imaging under QCL laser excitation proved challenging at
higher laser powers, as localised heating and photothermal stress oen led to cell
death and the loss of tip–sample interactions. The hyperspectral imaging shown
in Fig. 5, represents one of the most stable long-term live-cell acquisitions, per-
formed at 1% QCL laser intensity under controlled humidity to minimise dehy-
dration effects. Throughout hyperspectral imaging across multiple wavenumbers
of interest, the OMLP-PC nucleus exhibited little to no morphological change.

The surface initially remained consistently smooth, suggesting a metabolically
inactive or stressed state rather than active motion or proliferation. One notable
feature is the prominent protrusion denoted as P3 in the lower half of the OMLP-
PC nucleus in Fig. 5. This may be due to the cell nucleus being positioned
unusually close to the surface, which can occur during ambient air exposure
rather than under physiological liquid conditions. Such positioning can lead to
cellular attening and/or cytoskeletal reorganization, commonly associated with
reduced metabolic activity. Some evidence to support this hypothesis comes from
the spectroscopy discussed below.

As scanning progressed, several small features (∼150 nm in diameter and
∼15 nm in height) began to develop; seen here in region P2, Fig. 5. Since the cell is
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00141b


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
1 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
on

 4
/2

2/
20

26
 2

:4
6:

21
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
under considerable stress under these analysis conditions, it's possible that these
features are extracellular vesicles (EVs). The production of EV's is known to
increase under environmental and physical stress. Stress-induced EVs appear to
function as a protective cellular response, transporting molecular cargo capable
of modulating repair pathways, promoting cell survival, and inuencing signal-
ling processes in neighbouring cells.26 Typically, they contain membrane proteins
(e.g., tetraspanins like CD9, CD63, CD81), cytosolic proteins, lipids and nucleic
acids, especially small RNAs. They can also carry markers of cellular damage or
stress and reect the physiological state of the cell they originate from.

The surface-band PiFM spectra at positions P1, P2, and P3, Fig. 5, reveal distinct
biochemical variations across different cellular regions. The spectra from P1, an
area lacking distinct topographical features and spectroscopically like many other
surface sites, which we interpret as the OMLP-PCs collapsed outer cell membrane,
and P3, the OMLP-PC nucleus, are the easiest to interpret, showing pronounced
differences in the 1200–1070 cm−1 region in Fig. 6. The broad increase in intensity
observed in this range for the proposed nuclear spectrum (P3) is likely to corre-
spond to phosphate (PO2

−) stretching vibrations and carbohydrate-associated
CO–O–C modes. Specically, in Fig. 6, bands near 1244–1230 cm−1 can be
attributed to antisymmetric PO2

− stretching from nucleic acids, with minimal
phospholipid contribution, while features around 1090–1084 cm−1 arise from
symmetric PO2

− stretching in RNA and DNA backbones. Additional contributions
near 1147–1124 cm−1 are consistent with CO–O–C antisymmetric stretching
vibrations of glycogen and nucleic acid ribose units. These combined signals
reect the nucleic acid-rich environment of the nucleus (P3) compared with the
more lipid-dominated membrane region (P1), which exhibits comparatively
weaker phosphate features and stronger CH2 deformation modes.

The spectrum at P2 is very different from P1 and P3 as it is dominated by
a strong peak at 1355 cm−1. Aer subtracting the large peak at 1355 cm−1, the
resulting prole closely resembles those of P1 (OMLP-PC membrane) and P3
(nucleus), displaying the characteristic amide I (∼1650 cm−1) and amide II
(∼1550 cm−1) bands. Notably, a shoulder near 1625 cm−1 (marked by *) indicates
subtle protein secondary structure rearrangements, possibly reecting changes in
b-sheet or aggregated conformations.

In contrast, P2 in Fig. 6, shows a marked reduction in intensity between 1075–
1100 cm−1 (marked by °) compared to P1 and P3, suggesting a decreased contri-
bution from PO2

− symmetric stretching vibrations associated with nucleic acids
(RNA/DNA) and from C–O stretching of carbohydrate moieties near 1060–
1050 cm−1. The distinct peak at 1355 cm−1 corresponds to CH3 symmetric
deformation and CH2 wagging vibrations of proteins and lipids, particularly from
aliphatic side chains and membrane phospholipids. The pronounced intensity of
this peak indicates a local accumulation of lipid and protein species, consistent
with the membrane-rich composition characteristic of cell wall-derived extracel-
lular vesicles.

The band position, located marginally below the characteristic CH3 bending
maximum (1380–1370 cm−1), probably arises from overlapping C–N stretching
modes of peptide backbones or minor spectral shis due to differences in lipid
chain packing. This is consistent with the presence of biological cargo encapsu-
lated within the EVs. Closer examination of the nuclear region was carried out by
collecting PiFM spectra across both the membrane and the nucleus, in surface
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Fig. 7 PiFM chemical mapping and spectra collected over the nuclear region (P3) of a live
OMLP cell. Topographic and PiFMmaps at 1236 cm−1, 1021 cm−1, and 1101 cm−1 show the
spatial distribution of molecular signals across the nucleus. Spectra extracted from the
nuclear and membrane regions reveal the expected amide I (1655 cm−1) and amide II
(1545 cm−1) protein bands, along with features at 1395 cm−1 (CH deformation), 1245–
1080 cm−1 (PO2

− stretching from nucleic acids), and 1025–995 cm−1 (C–O stretching).
Point spectra from positions Pa, Pb & Pc highlight local chemical differences within the
nuclear region, with dominant peaks at 1105 cm−1, 1240 cm−1, and 1025 cm−1, indicating
variations in phosphate and carbohydrate-related vibrational modes. The dashed box in
the topography image identifies the area expanded in Fig. 8.
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and bulk modes, shown in Fig. 7. Surprisingly, the bulk spectra showed only
minimal differences between the two regions. This limited contrast is unex-
pected, as the biochemical composition of the nucleus, rich in nucleic acids,
nuclear proteins, and chromatin-associated phosphates, should, in principle,
produce clear spectral distinctions. The most notable bulk-level difference was
a more pronounced 1735 cm−1 shoulder over the nucleus, which is typically
associated with ester C]O stretching of lipids or lipid-bound proteins. This may
reect the presence of the nuclear envelope, which contains lipid bilayers distinct
from the surrounding plasma membrane and can contribute strongly to this
band.

In contrast, the surface-mode spectra, Fig. 7, reveal much clearer differences
between the nucleus and membrane. The nuclear region shows enhanced or
uniquely expressed bands at 1105 cm−1, 1025 cm−1, and 995 cm−1, all of which
fall within the phosphate and C–O stretching region. These can be associated with
DNA/RNA backbones, ribose vibrations, and chromatin-associated sugars. These
same features are present in the bulk spectra albeit with reduced prominence,
consistent with the smaller sampling volume of the surface mode and the fact
that chromatin is located only a few nanometres beneath the nuclear envelope.
The membrane, by comparison, exhibits a higher relative signal at 1080 cm−1,
attributable to PO2

− symmetric stretching from phospholipids and contributions
from the glycocalyx, which is rich in carbohydrate-related C–Omodes. The surface
spectra also show higher relative intensity at 1315 cm−1 and 1395 cm−1 over the
membrane compared with the nucleus. These bands correspond to CH2/CH3

deformation and C–N stretching associated with lipid chains and membrane-
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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associated proteins shown in Table 1, consistent with the dense aliphatic envi-
ronment of the plasmamembrane. Their reduced intensity over the nucleus likely
reects the lower abundance of lipid-rich material at the nuclear surface.

Fig. 7 also shows maps of the PiFM signal intensity at 1236 cm−1, 1021 cm−1,
and 1101 cm−1 in the nuclear region, revealing discrete hotspots of signal
intensity within the nucleus labelled Pa, Pb and Pc. These are likely to correspond
to areas of nuclear lobulations, containing chromocenters or highly compacted
chromatin domains, caused by stresses induced on the nucleus itself.27 Nuclear
lobulations are known to contain elevated concentrations of DNA, RNA, and DNA-
binding proteins. Spectra extracted from Pa, Pb and Pc show broadly similar
character (Fig. 7, right), supporting the interpretation that they represent
chromatin-dense regions. However, small but consistent variations occur within
Fig. 8 Topography and line-profile analysis of perinuclear membrane features. Topo-
graphical map (right) showing depressions adjacent to the nucleus, with dashed lines
indicating the locations of extracted line profiles. The corresponding height profiles (left).
The imaged region corresponds to the dotted box in Fig. 7.
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the amide II region (∼1545–1510 cm−1), suggesting local differences in protein
secondary structure or chromatin-associated histone content. The most
pronounced local variation is observed at Pb, which displays a strong peak at
1240 cm−1. This band corresponds to PO2

− antisymmetric stretching, a well-
established marker of nucleic acids, and is typically enhanced in regions
enriched in transcriptionally active chromatin, ribonucleoproteins, or nascent
RNA. Thus, the spectral prominence at 1240 cm−1 may indicate a locally elevated
nucleic-acid density or a region of increased chromatin activity within the
nucleus.

Fig. 8 is an expansion of the boxed area adjacent to the nuclear region in the
topography image in Fig. 7, and shows distinct membrane depressions. Cross
sectional line-proling shows that these are approximately 500–800 nm in width
and 20–70 nm in depth. Although it is difficult to assign these structures
unambiguously, several possibilities can be considered. One is that they could
arise from local membrane instability or deformation induced by experimental
conditions, such as mechanical loading from tapping-mode AFM and/or photo-
thermal stress from the PiFM QCL illumination. Alternatively, these depressions
bear a supercial resemblance to the pit–depression architectures described for
fusion pores (porosomes) at the plasma membrane of secretory cells.28 However,
their lateral dimensions are substantially larger than the ∼100–200 nm depres-
sions typically associated with individual fusion pores, making a direct one-to-one
correspondence unlikely. Consistent with this, PiFM spectra acquired from these
selected areas, and shown in Fig. 7, do not reveal marked chemical differences
compared with the surrounding membrane suggesting that, if these features are
related to exocytotic machinery, they may represent areas of larger-scale
Fig. 9 Combined spectral maps (left) showing the spatial distribution of key molecular
vibrations acquired by PiFM using sideband detection. Individual channels correspond to
amide II (1542 cm−1, red), amide I (1650 cm−1, green), PO2−

& C–O–C (1021 cm−1, red) and
CH2/CH3 deformation & COO− stretching modes (1343 cm−1, blue). Spectra recorded in
positions labelled as EV1, EV2, EV3 are shown in the chart on the right.
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membrane invagination or topographical perturbations rather than discrete,
compositionally distinct fusion pore complexes.

Fig. 9 focuses on the P2 region from Fig. 5 with a higher resolution scan. The
spectral data reveals clear biochemical differences between the cell membrane
and the EVs (EV1–EV3) located nearby, as well as notable variations among the EVs
themselves. The cell membrane spectrum (red) shows broad amide I (1650 cm−1)
and amide II (1550 cm−1) bands accompanied by strong intensity in the 1080–
1020 cm−1 region. These can be associated with PO2

− stretching vibrations from
nucleic acids and phospholipids, as well as C–O–C modes from carbohydrates.
This combination reects the chemically diverse composition of the plasma
membrane and its glycocalyx, where proteins, lipids, and surface polysaccharides
coexist. In contrast, PiFM spectra from all three EVs display sharper and more
localized features, highlighting their distinct biochemical makeup. The
1355 cm−1 band, assigned to CH3/CH2 deformation and C–N stretching vibrations
of lipids and protein side chains, is markedly stronger in the EV spectra than in
the membrane, conrming the lipid- and protein-rich nature of these vesicles.
The EV3 spectrum shows themost intense 1355 cm−1 peak and a dominant amide
I band, suggesting a highly ordered, protein- and lipid-dense composition with
minimal phosphate or carbohydrate contribution. EV2 exhibits a similar overall
prole but with a more pronounced shoulder near 1090 cm−1, indicative of PO2

−

symmetric stretching, suggesting partial enrichment in nucleic-acid or
glycoprotein-associated material. EV1, by contrast, shows comparatively weaker
amide I and CH deformation bands but enhanced intensity around 1020–
1000 cm−1, consistent with C–O stretching vibrations from carbohydrate or glycan
residues.

Collectively, these differences demonstrate that while all extracellular vesicles
share a common protein–lipid spectral signature, their relative compositions
Fig. 10 Imaging of small extracellular vesicles (sEVs) isolated from human bone marrow
mesenchymal stem cells (hBMSCs) deposited on APTES-modified, gold-patterned
substrates. (a) Topography image and (b) line profile of the sEVs showing apparent heights
of ∼20 nm above the substrate. Spectra were recorded at the points indicated and these
are shown in (c) with the carbonyl region expanded in (d).
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vary, with EV3 being more protein- and lipid-dominant, EV2 showing mixed
protein and phosphate/glycoprotein features, and EV1 enriched in carbohydrate-
associated vibrations. Compared with the parent membrane, the EVs as a group
display sharper spectral features and reduced nucleic-acid signatures, reecting
their chemically specialized and compositionally distinct microenvironments.
PiFM imaging and spectroscopy of single EVs

The imaging and spectroscopic characterisation of EVs developing on live cells
presents signicant challenges, owing to the dynamic nature of the cellular
environment and interference from background cellular signals. Nevertheless,
recent studies have demonstrated that nano-vibrational spectroscopy of isolated
EVs can yield substantially enhancedmolecular insights. Ramer et al. investigated
exosomes derived from colorectal cancer cells immobilised on zinc selenide
substrates,29 whereas our recent work on single small EVs (sEVs) derived from
human bone marrow mesenchymal stromal cells (hBMSCs) and DU145 prostate
cancer cells reveals30 that PiFM affords detailed analysis of protein secondary
structures within individual vesicles.

Fig. 10 presents PiFM imaging of two sEVs∼100 nm in diameter, isolated from
hBMSCs and which exhibited expression of the tetraspanin surface markers
CD81, CD63, and CD9, as conrmed by ow cytometry. The sEVs were deposited
on APTES-modied, gold-patterned substrates to amplify the PiFM signal through
the Surface-Enhanced Infrared Absorption (SEIRA) effect, achieving a PiFM signal
intensity enhancement of ∼50%. Spectra recorded from the specic locations
indicated are shown in Fig. 10(c), with the protein spectral region expanded in
Fig. 10(d).

Across all the collected spectra, characteristic bands can be attributed to lipids,
phospholipids, and triglycerides within the 1800–1700 cm−1 range, and to amide I
and II vibrations between 1700–1500 cm−1. Additional peaks between 1400–
1200 cm−1 correspond to methylene bending modes centred near 1260 cm−1,
while phosphate bending vibrations from the DNA/RNA backbone are observed at
approximately 1240 cm−1 and 1085 cm−1.

Fig. 10(d), expands the protein spectral region, revealing signicant variation
in the ratio of the amide I (1700–1600 cm−1) to amide II (1600–1500 cm−1) bands,
particularly between positions 5 and 6. Key components are listed in Table 2, and
compared with values previously reported in the literature.3 This variation indi-
cates heterogeneity in protein structure and function within individual sEVs.
Further differences in secondary structure are revealed through deconvolution of
the amide I region. For example, the spectrum at position 5 shows a dominant
Table 2 Comparison between observed bands in PiFM spectra and literature sources3,29

Secondary structure PiFM peaks/cm−1 Literature range/cm−1

b-sheet (H-bonded) 1610, 1620 1605–1640
Disordered/random coil 1640 1635–1650
a-helix 1655 1648–1662
b-turns 1665 1660–1690
b-sheet (antiparallel) 1680, 1695 1680–1700

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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feature at 1655–1650 cm−1, consistent with a-helical conformations, whereas
position 4 from the same vesicle exhibits a shoulder at 1640–1620 cm−1, char-
acteristic of b-sheet structures. These structural variations underpin functional
diversity andmay also serve as potential diagnostic or disease-related biomarkers.

Conclusions

Here we have demonstrated the capability of PiFM for nanoscale chemical
mapping of complex biological systems, bridging the gap between molecular
specicity and spatial resolution. Our ndings highlight two specic aspects:
rst, xing with aldehyde-based agents such as formalin signicantly alters
cellular chemistry, introducing spectral overlaps that compromise accurate
interpretation. This underscores the need for rigorous evaluation of xing
protocols before widespread adoption of nano-vibrational spectroscopy of xed
specimens. Second, live-cell PiFM imaging under controlled humidity enables
authentic characterisation of native biomolecular states and dynamic processes,
including EV formation. Furthermore, PiFM analysis of isolated EVs reveals
compositional heterogeneity at the single-vesicle level, offering a powerful route
to build biochemical libraries and identify disease-related biomarkers.

Looking to the future, systematic studies are needed on the chemical impact of
different xing agents to establish best practices for nanoscale vibrational
imaging. This will ensure accurate interpretation when xing biological speci-
mens is unavoidable. In addition, advancing live-cell PiFM requires improved
environmental control and low-power imaging strategies to minimize photo-
thermal stress, enabling longer acquisition times and dynamic process moni-
toring. Furthermore, expanding PiFM-based extracellular vesicle (EV) proling
into large-scale libraries has the potential to uncover compositional signatures
linked to disease states, paving the way for its use in diagnostic and therapeutic
applications. This advance is likely to benet from integration with machine
learning approaches for spectral classication and correlation with omics data.
Finally, combining PiFM with complementary techniques such as AFM-IR or tip
enhanced Raman spectroscopy would deliver multimodal insights into cellular
architecture and function, ensuring the adoption of nano-vibrational spectros-
copy as a cornerstone tool in nanobiology, biomedical research and diagnostics.
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