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A B S T R A C T

Research in the field of biointerfaces is currently expanding because of continuous scientific demands stemming 
from different areas of biology and biomedicine. The most challenging questions require new technological 
advancements, often emerging from apparently distant disciplines, such as vacuum science and technology 
(VST). If living systems are characterized by their molecular diversity and scaled hierarchical structure, VST 
provides a palette of bioanalytical techniques designed to disentangle emerging complex biointerface structures. 
We review crucial developments in bioanalytical systems concentrating on those based on kinetic electrons and 
ions. Developments in these techniques are closing the vacuum gap between the conditions required for a sen
sitive analysis and the natural environment of the sample (near ambient pressure analysis). The biomedical field 
has been the focus of most of the reviewed developments, with an emphasis on recent research related to 
microbiological analysis. Additional examples from environmental applications, zoology or agriculture (among 
others) are also presented.

1. Introduction

Vacuum is generally conceived as a strong antagonist to life [1,2], 
but, paradoxically, synthetic vacuum is an allied technology allowing 
not only a better understanding of living systems but also the develop
ment of diverse solutions to overcome life threats [3]. Pressure is in fact 
a critical parameter used in astrobiology to determine exoplanets with 
potential for life viability [4]. The reduction in pressure is directly linked 
to the loss of water, the dominant molecule in media hosting life (water 
vapor saturates at about 3000 Pa at room temperature). Namely, if the 
pressure is above the saturated water vapor pressure, the evaporation is 
marginal and any attempt to decrease the pressure below this natural 
limit will cause gasification of water molecules. Thus, liquid water is 

incompatible with high-vacuum conditions, which are necessary for the 
proper operation of many detectors. In fact, water starts boiling as soon 
as the pressure level decreases below the water vapor saturated pressure 
and the boiling prevents the achievement of high-vacuum conditions. In 
round numbers, 1 g of liquid water will produce roughly 1 litter of water 
vapor at atmospheric pressure (105 Pa) and as much as 10 million cubic 
meters of vapor at the pressure of 10− 5 Pa. No pump can remove such a 
huge volume of water vapor in a reasonable time. Table 1 reviews the 
defined and characteristic vacuum ranges critical for a general view of 
the topics covered in this work.

Water boils at 100 ◦C at atmospheric pressure. Decreasing the pres
sure causes a decrease in the boiling temperature. For example, water 
boils at a pressure of approximately 3000 Pa at room temperature, and 
about 600 Pa at 0 ◦C. Ice sublimates, and the vapor pressure is still as 
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large as 10− 3 Pa at − 100 ◦C. That's why cryogenic temperatures are 
needed if materials containing water are to be placed in ultra-high 
vacuum (UHV) chambers.

The saturated vapor pressure of water at the temperature of liquid 
nitrogen (approximately − 200 ◦C) is below 10− 20 Pa, that is, negligible. 
This is the general thermodynamic framework for cryopreservation, 
which is valid if the probing techniques do not harm the sample 
configuration. Thus, cryogenic methods have been successfully devel
oped and used for decades within vacuum systems to study native bio
logical structures in parallel to resin embedding or chemical staining 
methods [5–10].

Many examples of vacuum-related technological developments 
demonstrate that this is by no means a declaration of total in
compatibility between vacuum and life. There are two main reasons for 
this: a) Life is a cyclic process, so vacuum can be present in a latent state 
of life and subsequently bloom under more favorable wet conditions, 
which leaves the debate open with respect to the origin of life. b) Water 
binds to biomolecules and bioinorganic structures at extremely different 
degrees of interaction, so there is an increasing range of mild vacuum 
conditions (close to water vapor saturated pressure) in which biological 
systems can be studied in close to functional states.

Since the efforts of Castner et al. [11] and Kasemo [12] to integrate 
different methods that scientists have used for the characterization of 
biological surfaces and interfaces, many achievements have been made 
in the area of biointerface characterization. In this review, we highlight 
recent developments emerging from the application of different vacuum 
technologies to increase our knowledge of biomolecular interfaces. We 
highlight here that the object of study is rarely a whole living organism, 
but rather a section of it (a set of biomolecules for instance), which may 
require stringent sample preparation procedures to keep its natural 
structure in compatibility with measurement conditions. Most of the 
techniques discussed in this paper are used to characterize biological 
materials including biomolecules (proteins, nucleic acid, lipids, carbo
hydrates …) with increasing complexity up to cells and tissue.

The use of vacuum-related characterization techniques to decipher 
the structure of biointerfaces is described in the first section. Contribu
tions from spectroscopies relying on kinetic particles (defined as 

accelerated ions free of a hosting condensed matter phase independently 
of their elemental or molecular nature) are covered, highlighting the 
specific requirements for appropriate sample preparation. In the second 
section, we introduce new nanomechanics-based mass spectrometers, 
which increase the range of detectable masses for biological structures, 
allowing the detection of single-virus or even single-bacteria samples. 
The following section is devoted to ion beam analysis (IBA) techniques, 
and their projection in the biointerfaces field. The fourth section de
scribes advances in systems that allow spectroscopy or microscopy (or 
both) to be performed on biological systems at increasingly high pres
sures (“near ambient pressure”, “environmental” or even “atmospheric 
pressure”). In fact, the progress of biointerface analysis is taking place in 
parallel with the development of new instrumentation to make the 
classical electron and ion analytical techniques compatible with new 
environmental conditions. The approaches are reviewed in Table 2. This 
progress is essential to characterize biological structures restricting the 
loss of bio-structural water, whether by cryogenic procedures or by 
maintaining sample in a pressure range from ambient, to 100 Pa since at 
this pressure and room temperature there is still a strong bonding of 
water molecules to fundamental biological structures such as proteins. 
Loosely bound water may eventually be evacuated by the vacuum sys
tem (LV limit).

The fact that biological samples contain water with different degrees 
of cohesion implies a risk of a denaturing process because of water loss 
via vacuum exposure (especially in UHV chambers). This phenomenon 
takes place even at low cryogenic temperatures in the first vacuum cy
cles, prior to exposure to any kind of radiation. For instance, though 
cryo-X-ray photoelectron spectroscopy (Cryo-XPS, XPS is widely used in 
biomedical surface analysis [25,26]) has been employed to characterize 
several biological species such as bacteria, microalgae and viruses [27], 
there has been a latent ambition to carry out analyses at pressures closer 
to the natural environment. A lot of progress has been made, and pro
cesses to circumvent dehydration, such as the use of capsules with 
electron transparent membranes, have been developed. Although sam
ple preparation is not always fully satisfactory, the capsule pressure is 
high, as is the relative vapor pressure of water, which contributes to 
preserving the natural structure of biological matter. An alternative to 

List of Acronyms

Techniques covered by the present review
AP-MALDI Atmospheric pressure-matrix assisted laser desorption 

ionization
- APT Atom probe tomography
- ESI Electro-spray ionization
- FEL Free electron LASER
- HV high vacuum
- IBA Ion Beam Analysis
- IL ion induced luminescence
- IPEM Ion photon emission microscopy
- LV low vacuum
- MSI Mass spectroscopy imaging
- NMS Nanomechanical mass spectrometer
- PIF Proton induced Fluorescence
- PIXE Proton induced x-ray emission

- RBS Rutherford backscattering spectroscopy
- SEM Scanning electron microscopy
ESEM Environmental SEM
- SIMS Secondary ion mass spectrometry
CryoSIMS Cryogenic SIMS
OrbiSIMS Orbitrap analyzer SIMS
ToF-SIMS Time of flight SIMS
MeV-SIMS Megaelectronvolt SIMS
- STEM Scanning transmission electron microscopy
WetSTEM wet STEM
- STIM Scanning transmission ion microscopy
FSTIM Forward scattering STIM
- UHV ultra high vacuum
- XPS x-ray photoelectron spectroscopy
Cryo-XPS Cryogenic XPS
NAP-XPS Near ambient pressure XPS
APPES or APXPS Atmospheric pressure/ambient pressure XPS

Table 1 
The vacuum ranges as defined in the international union for vacuum science technique and applications.

Vacuum 
Level

Atmospheric Pressure 
(AP)

Low Vacuum 
(LV)

Medium Vacuum 
(MV)

High Vacuum 
(UHV)

Ultra High Vacuum 
(UHV)

Extreme High Vacuum 
(EHV)

Interplanetary 
Pressure

Pressure 
(Pa)

105 <105-102 <102-10− 1 <10− 1-10− 6 <10− 6-10− 9 <10− 9 <10− 8-10− 14
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those processes is the development of new instrumentation that makes 
the production and transport of electrons and ions in vacuum compat
ible with the preservation of biological samples under nearly atmo
spheric pressure conditions. Table 2 illustrates the most common ways 
available to perform electron microscopy or spectroscopy analysis of 
biological samples at nearly ambient pressure/close to atmospheric 
conditions. The table also reviews the main challenges from the point of 
view of sample preparation and required vacuum technology for the 
application of the techniques. The pressure gradient along a vacuum 
tube is governed by the ability of the vacuum pump to remove the gas, 
and by the flow with which the gas is introduced through an aperture. 
The gradient should be as large as possible to suppress scattering of 
electrons or ions on gaseous molecules. The volume flow, which is 
usually referred to as the “effective pumping speed” (i.e., the volume of 
gas removed in a unit time, the SI unit is m3/s) at a given position in the 
vacuum tube, is: 

Seff =
(
1
/
Spump + 1

/
Ctube

)− 1 

Here, Seff is the effective pumping speed at a given position along the 
vacuum tube, Spump is the pumping speed of the pump, and Ctube is the 
conductivity of the tube for the selected gas. The conductivity increases 
with increasing diameter of the tube and decreases with the length. 
When the conductivity is small compared to the pump's pumping speed 
(likely in practice), the effective pumping speed will be almost equal to 
the conductivity, so nearly independent of the pump. This means that 
the amount of gas removed from the tube (and thus the pressure 
gradient) cannot be increased by installing a more powerful pump. This 
natural limitation is overcome by differential pumping: the vacuum 
tube/circuit is segmented (differentiated) into several short portions, 
which are separated by apertures of small diameters. Each segment of 
the tube is pumped with a powerful pump, and the pump characteristics 
are selected according to the pressure level inside each segment. The 
vacuum tube between the chamber where a sample is positioned and the 
UHV chamber where the electron (or any other) detector is positioned is 
thus pumped with different pumps, so the gas removal is not governed 
by the properties of the pump used for pumping the detector, but rather 
by the properties of the pumps used for pumping each segment of the 
tube between the sample and the detector. Typically, the first segment 
from the sample is pumped by a rotary pump with the ultimate pressure 
below 1 Pa. The second segment is pumped with a high-vacuum pump, 
such as a turbomolecular pump, which ensures a tolerable gas flow into 
the chamber where the detector is located, typically within an ultra- 
high-vacuum chamber. Describing the engineering of these vacuum 
segments, sometimes in compatibility with enclosing systems to pre
serve the biological sample, is one of the main objectives of this review.

Pure water is rarely placed in a vacuum chamber. The boiling point 
of azeotropes (liquid mixtures that maintain equal molecular rates in gas 
and liquid phase) is generally different from that of a pure liquid, but not 
significantly, as compared to pure water.

Furthermore, water in biological tissues is encapsulated within cells, 

so matter such as seeds or even fruit can be kept in vacuum chambers 
where the pressure is well below the water vapor saturation pressure.

Some almost centenary techniques, such as transmission electron 
microscopy (TEM), have been used to characterize biological matter, 
having given rise to a whole set of sample preparation protocols and 
derived scientific results. The relevant structural information obtained is 
not in the scope of this review and readers may consider visiting reviews 
on the topic, which include recent research in-liquid cells or 3D structure 
analyses [7]. In the same way, the contributions from some emerging 
instruments, such as free electron lasers (FEL) and synchrotron sources 
are not considered as long as the means for the analyses are photons 
(photoelectrons derived from interactions from X-ray photons are 
considered). FELs working in the terahertz frequency range are opening 
new exciting opportunities in structural biology and biointerfaces via 
the “diffraction-before-destruction” effect [28,29]. This means that 
despite the highly energetic radiation used, the dosing in femtosecond 
pulses allows providing doses of giga Grays, essential for giving rise to 
identifiable diffraction patterns before the sample is pulverized. X-ray 
microscopies in synchrotron facilities (such as scanning transmission 
X-ray microscopy [30]) can analyze biological samples with unprece
dented resolution in both 2D and 3D [31–38]. The deep penetration of 
X-rays and the recent developments in synchrotron radiation 
micro-X-ray fluorescence spectrometry, microtomography and dynamic 
micro-computed tomography allow studying the temporal evolution of 
samples [39,40]. To date, high-absorption contrast tomograms have 
been obtained for mineralized materials. However, it remains to be seen 
whether high-contrast images of organic materials can be obtained 
without the use of metal impregnation of tissues as contrast enhancers 
[41]. These breakthroughs remain also out of the scope of this work in 
view of the photonic nature of the analytical system.

The palette of techniques/processes described in this work to char
acterize biointerfaces should be complemented by the reader with other 
nonvacuum techniques working in environmental or even wet condi
tions. The properties determined through these techniques provide 
additional information on the specific biointerface system. Importantly, 
the functional inspection of such a biointerface system eventually re
quires contact with a wet medium. This may be as straightforward as 
immersion in a biomolecular buffer or as complex as implantation 
within a tissue/organ. For these tests, it is advised to consult a meth
odological bibliography related to molecular biology, microbiology, cell 
biology or tissue engineering [42–45].

For advanced in-line monitoring of biointerface functionality/per
formance, an active system of electrical, optical or miscellaneous nature 
should be used. The number of works related to in situ monitoring of 
biointerfaces is vast, but the basics of quartz crystal microbalance [46], 
surface plasmon resonance [47], vibrational sum frequency generation 
[48] and electrochemical analysis of biointerfaces are essential [49]. 
Notably, these techniques, which are not reviewed in this work, involve 
key structures engineered through vacuum processes. This instrumen
tation is considered a second-order contribution of VST to the field of 

Table 2 
Alternatives for the microscopic and spectroscopic analysis using kinetic ions or electrons for biological samples with caution for preservation of natural structure by 
cryogenic or sample environment approaches.

Pumping Conventional Conventional Differential Not required for sample 
stage

Sample holder With cryo cooling Electron/ion transparent graphene or SiN 
membrane capsule

Conventional (with or 
without cooling)

Conventional, mildly 
cooled, vented

Sample pressure 
(Pa)

~10− 5 ~10− 5 ~102-103 105

Techniques & 
Operation mode

XPS [13,14], SIMS [15], SEM [16], STEM 
[17],

SIMS [18], SEM [19], STEM [20] NAP-XPS [21], ESEM [2], 
wetSTEM [22]

μPIXE [23], IPEM [24]

Challenges/ 
limitations

Sample preparation should avoid phase 
separation. Direct/indirect sample damage.

Sample exposure limited to potential capsule 
perforation. System damage by pressure jump.

Caution, direct/indirect 
sample damage.

Potential sample 
activation. Dosimetry. 
Limited spatial 
resolution.
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biointerfaces.

2. Biointerface analysis via mass spectroscopies and related 
bioimaging

The use of surface analysis for the assessment of the chemistry of 
biointerfaces started more than 40 years ago and was related mainly to 
the investigation of the surface properties of biomaterials [50–52]. In 
particular, much attention has been given to the characterization of 
surface modifications obtained with different techniques, such as 
low-temperature plasma processes [53–55], self-assembled monolayers 
[56], chemical reactions and biomimetic patterning [57], to improve 
and control medical device performance [58]. Furthermore, for the 
development of advanced biosensors, which require careful control of 
surface functionalities at the micron and submicron scales, the use of 
surface analysis techniques has been of paramount importance. In 
particular, time of flight secondary ion mass spectroscopy (ToF-SIMS) 
[59,60] has been extensively used to characterize protein and 
peptide-surface interactions at both the micro [61–64] and nano scale 
[65,66]. For example, ToF-SIMS has been used to address different 
challenges in biology and medicine with particular emphasis in imaging 
of cells and tissues [67]. Therefore, over the past two decades, progress 
in mass spectrometry and mass spectrometry imaging (MSI) has been 
driven by many biological applications [68]. Recent technical de
velopments, such as cluster ion beams and DC beam technologies, have 
opened great opportunities in the use of ToF-SIMS in the biomedical 
field, increasing the possibility of performing 2D and 3D analyses 
beyond the static limit and reducing the image and spectral acquisition 
times [69–71]. The static limit is the maximum ion primary dose at 
which the integrity of the surface layer under analysis is maintained 
(static analysis conditions). Usually, a dose of 1013 cm− 2 is considered as 
static limit. However, in case of samples sensitive to radiation damage a 
value of 1012 cm− 2 is considered more appropriate. Typically, the mass 
range of a ToF-SIMS analyzer is from 0 to 10,000 amu (m/z) with a mass 
resolving power (mass resolution, M/DM) above 10,000 m/z. Some 
modern instruments can provide mass resolution above 15,000 m/z (e.g. 
J105 IonOptika, PHI NanoToF3+) or even up to 30,000 m/z (ionTOF 
M6).

Moreover, the introduction of atmospheric pressure matrix-assisted 
Laser desorption/ionization (AP-MALDI) [72] and the orbitrap 
analyzer SIMS (3D OrbiSIMS) [73,74] have led to new achievements. 
This analyzer provides ultimate spatial resolution of 50 nm (ionTOF 
hybridM6, https://www.iontof.com/) and very high mass resolving 
power (>240,000 @ m/z 200) resulting in a significantly improved 
confidence. The key advancement stems from the hybrid detection of the 
MS signal provided by an orthogonal ToF analyzer, with high in-depth 
and lateral resolution, and an orbitrap analyzer, with high mass reso
lution. The 3D imaging capabilities can be added by using primary ions 
from the liquid metal ion gun or gas cluster ion beam for profiling, as 
sketched in Fig. 1. The choice of optimal technology must be driven by a 
previous choice of the main scientific and technological interest, where 
high mass resolution in the spectra may prevent high spatial imaging 
resolution and vice versa. This may simply imply sequential acquisitions 
of data with particular equipment, but simultaneous high mass and high 
spatial resolution can be obtained with the J instruments from IonOptika 
[75], which is a significant advancement when demand of users for a 
system increases.

SIMS methods can provide label-free analysis in 3D. However, one of 
the major challenges in the application of SIMS to biological samples is 
the preservation of the sample's native, hydrated structure. As high- 
vacuum conditions (<10− 8 Pa) are necessary to obtain high-quality 
SIMS data, biological samples must always be carefully dried before 
SIMS measurements. One of the first attempts to protect biointerfaces 
from dehydration was produced by using a trehalose (glucose disac
charide) protecting layer on proteins, which could be described in a 
closer to conformational state by ToF-SIMS when compared to 

unprotected proteins [76]. This motivated MSI analysis of eukaryotic 
cells by using trehalose [77]. To quantitatively estimate the hydration 
protection capacity of trehalose, binding studies with streptavidin 
demonstrated more than 90% preservation of the original binding 
ability of a trehalose protected form after drying and rehydration [10]. 
The development and optimization of sample preparation protocols has 
been one of the major debate challenges in the SIMS community since 
early this century [78].

Several sample preparation protocols for in vacuo analysis, such as 
freeze-drying, resin embedding or histological fixation, are well estab
lished. However, these factors are known to influence sample 
morphology and can lead to delocalization of molecular signals and 
changes in chemical composition within samples, as well as loss of ul
trastructural information and the appearance of artifacts [79–82]. These 
issues can be particularly severe in cases of high-spatial-resolution 
analysis, which is routine for NanoSIMS ion microprobes, where 
elemental imaging can be performed with a spatial resolution down to 
50 nm, as can be achieved using advanced molecular imaging by 
time-of-flight ToF-SIMS instruments. Fig. 2 depicts the main functional 
components of the NanoSIMS and the working principle allowing both 
high mass and lateral resolution.

Cryo-SIMS has emerged as a solution to overcome sample degrada
tion and derived analytical artifacts. Analysis of frozen-hydrated sam
ples allows immobilization of water and prevents ultrastructural 
reorganization and the loss or translocation of water-soluble molecules, 
with the added advantage of samples being preserved in the closest form 
to the native state. The cryo-SIMS concept is not entirely new and has 
been demonstrated by early reports, where a cryogenic sample holder 
was used for the analysis of frozen-hydrated samples, prepared by cryo- 
fixation followed either by fracturing in vacuum or by direct transfer to 
the instrument [78,83,84]. Examples of identification of characteristic 
compounds, imaging modes and generation of 3D images from cells can 
be viewed in Fig. 3. These are nontrivial procedures, and it is difficult to 
control the conditions and products of the freeze-fracture process. With 
the advent of new high-spatial-resolution instruments, cryogenic pres
ervation of high-finesse samples has become increasingly important, and 
novel solutions are starting to emerge. There are two equally important 
aspects to the progression of cryo-SIMS: the development of instru
mentation and the development of advanced methods compatible with 
chemical imaging, cryo-preparation and handling [85,86]. All these 

Fig. 1. Schematic representation of a commercially available orbiSIMS [73] 
system incorporating an orbitrap analyzer. Primary ions (whether from a gas 
cluster ion beam (GCIB) or from a liquid metal ion gun (LMIG)) impinge the 
sample and generate the secondary ions (SI), which can be analyzed twofold; by 
using a time of flight (ToF) analyzer for high surface-spatial resolution imaging 
or by using an orbitrap analyzer for high mass resolution. In this second mode, 
molecular fragments can be further analyzed in a higher energy collisional 
dissociation cell (HCD). Adapted from Ref. [73].
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contribute to validate the application of sample cryo-preservation pro
tocols on new biological systems and, in case of frustrated validation, to 
the proposition of alternative protocols.

Cryogenic methods have been successfully developed and used for 
decades by the electron microscopy community to study native biolog
ical structures, and methods with no additives for embedding or staining 
(i.e. resins or osmium salts, respectively) have been adopted by other 
areas of analytical vacuum sciences [5–9]. A good example is the 
recently developed 3D OrbiSIMS instrument with cryo-capability, which 

allows seamless and straightforward transfer of cryogenically prepared 
samples without their exposure to atmospheric conditions into the 
vacuum and cryogenic temperatures of the SIMS instrument [15]. The 
instrument is equipped with a cold stage and a docking station 
compatible with a cryogenic sample transfer shuttle commonly used in 
electron microscopy.

Several other cryo-SIMS workflows for the introduction of cryogenic 
samples to SIMS instruments have been developed, including in-house- 
built and commercial solutions [88,89]. These factors provide better 
control over the cryogenic conditions of sample handling and analysis. 
However, cryo-SIMS is still far from a routine technique. Considerable 
effort is also needed to develop adequate sample preparation methods 
[90–92]. For example, plunge freezing is normally used for freezing cell 
samples for cryo-SIMS. However, it is not suitable for thicker biological 
samples, such as tissues or bacterial biofilms, as it can yield crystalline 
ice formation in samples thicker than 10 μm and cause sample damage 
because of insufficient cooling rates. High-pressure freezing works well 
for samples up to 200 μm thick. However, this technique often requires 
the addition of a cryoprotectant to the sample, a substance used to fill 
residual gaps between the sample and the sample carrier to prevent 
damage to the sample during freezing. There are tens of types of 
different cryoprotectants [93], and while they may be well suited for 
electron microscopy studies and generally for elemental NanoSIMS 
mapping, their chemistry can have detrimental effects on chemical and 
molecular SIMS analysis, leading to severe matrix effects and signal 
suppression, enhanced fragmentation or the presence of adducts.

Zhang et al. [15] surveyed different cryoprotectants for 
high-pressure freezing followed by cryo-SIMS analysis of mature bac
terial biofilms. Among the tested cryoprotectants, the 150 mM ammo
nium formate solution was the most suitable. Each cryoprotectant could 
affect the chemistry of a high-pressure frozen sample. Therefore, this 
method should be chosen carefully, case by case, depending on the type 
of studied samples, analysis and desired results. Cryoprotectant ap
proaches cannot be considered general and have consequently become 
an active field of research for bio sample analysis. However, with all the 
described methods the possibility of introducing artifacts that can lead 
to mistakes in data interpretation is quite easy.

Moreover, all these methods provide dead cells and tissue samples, 
while the possibility of using mass spectrometry imaging (MSI) tech
niques [94] on living biological systems has always been considered a 

Fig. 2. Schematic representations of commercially available NanoSIMS system. 
Primary ions (O− or Cs+) are prepared (energy, current, collimation) in a ver
tical column and deflected to impinge the sample in the normal direction (in 
blue). Generated secondary ions are sent back using the same optics, along with 
secondary electrons, which are used for high resolution imaging. Secondary 
ions are driven to a magnetic sector, analyzed for high mass resolution and 
correlated with imaging data. Adapted from Ref. [73]. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 3. Chemical imaging with samples prepared with optimized cryogenic processes. a) 100-μm-wide overlaid ToF-SIMS images of a phosphocholine/cholesterol 
liposome on a silicon wafer. See color intensity scales on the left; water channel in blue, silicon in red and C3 hydrocarbon in green [78]. b) 116 × 116 μm ToF SIMS 
image showing the distribution of the phosphocholine headgroup at m/z 184 in PC12 cells [83]. c and d) ToF SIMS images from Freeze fractured-frozen hydrated 
HeLa-M cells. The images are sections at identical stage revealing two different masses characteristic of the cytosol (adenine m/z 136.1, c) and the membrane 
(phosphocholine head group, m/z 184.1, d). Images are 250 μm wide. 3D mass spectral images available in Ref. [84]. e) Topographic imaging constructed from 
principal component analysis of the ToF-SIMS signatures of a neuronal cell network upon depth profiling and a scaling based on interferometry (see vertical scale) 
[87]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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‘real’ breakthrough. Contributions in this direction are discussed in 
section 5.

Synthetic interfaces, such as those prepared by plasma polymeriza
tion/modification processes, are additional objects of analysis by ToF- 
SIMS. Changes in surface properties shortly after plasma treatment 
can be detected by simple water contact angle measurements, where a 
decrease in wettability is usually observed (plasma can be employed to 
increase surface hydrophilicity via proton donor or proton acceptor 
groups [95] or to render surfaces superhydrophobic [96]). This method 
quickly provides information about surface changes and reveals the time 
scale in which the influence of plasma modification is the highest and in 
which further processing procedures should be conducted. Interestingly, 
these first signs of plasma aging are hardly detected by the change in 
chemical composition via XPS. The main reason is that the depth of XPS 
analysis is approximately 5–10 nm, and in this stage, functional groups 
are still present in the top surface layer. A more powerful tool for the 
detection of chemical aging is ToF SIMS, which can detect changes in the 
chemical composition of the first atomic layer [95,97,98].

Together with the growing popularity and advancements in SIMS 
and MSI techniques, a new branch of metrology will need to be 
approached before truly reliable measurements and analyses are 
created. It will soon become beneficial to establish a metrology frame
work aimed at interlaboratory comparisons, such as the Versailles 
Project on Advanced Materials and Standards (VAMAS), to guide 
fundamental studies and areas for further development. Furthermore, 
data storage, processing and analysis present additional emerging issues 
that can surely be approached by current emerging artificial intelligence 
tools. In fact, MSI can produce a large amount of data. Therefore, an 
increase in the storage capabilities of computers and further develop
ment of principal component analysis (PCA) and multivariate analysis 
(MVA) techniques, which are already routinely employed [87,99–103], 
should be made. An example providing global topographic imaging from 
interconnected neurons by using principal component analysis is 
available in Fig. 3e. The 101th IUVSTA workshop recently reviewed the 
current state of the art in the use of machine learning/artificial intelli
gence in the interpretation of SIMS data [104].

In addition to new developments in mass spectrometry, other related 
advanced techniques, such as atom probe tomography (APT), have 
yielded promising results when applied to studies of biointerfaces and 
organic materials. The sample preparation consists of a conical tip 
prepared with the sample material to provide a final radius of circa 50 
nm. For inspection a high electric field induced under UHV (~10− 8 Pa) 
is used to evaporate the atoms present on the conical tip structure. MS is 
used to analyze the sputtered atoms and the x-y coordinates of the 
sample, and with the time of detection one can detect depth of inspec
tion, thus reproducing a 3D elemental map of the sample tip. For 
example, APT has been successfully employed to characterize bone 
mineralized tissue [105], proteins [106], and cells [107].

3. Nanomechanical mass spectrometry

As explained in the previous section, conventional mass spectrom
etry can identify biological molecules by measuring the mass‒charge 
ratio with high sensitivity but is limited to light analytes [108,109].

In recent years, nanomechanical resonators have emerged as 
powerful tools for measuring the mass of intact biological entities with 
outstanding mass sensitivity [110] and a high dynamic range 
[110–113]. A nanomechanical resonator (like microcantilevers or 
double-clamped beams) holds natural frequencies that strongly depend 
on its mass and stiffness with given mode shapes [114]. The working 
principle is that its vibration is highly sensitive to its mass in such a way 
that when a particle is adsorbed on the resonator surface, its frequency 
decreases. Neglecting stiffness effects, the relative frequency downshift 
is proportional to the analyte mass and is given by Ref. [115]: 

Δfn

fn
= −

1
2

Δm
m

ψn(x0)
2 

where Δfn is the nth-mode instantaneous downshift frequency upon 
particle adsorption, fn is the nth-mode frequency before the jump, m is the 
resonator mass, Δm is the particle mass, x0 is the landing position and ψn 

is the nth-mode shape. However, its behavior highly degrades when the 
resonator is immersed in a fluid (such as air or liquid) because of the 
decrease in the mechanical resonance quality factor, Q, which is defined 
as the ratio between the stored vibrational energy and the energy lost 
per cycle of oscillation. One way to overcome this limitation is to embed 
a microchannel inside a nanomechanical resonator, known as a sus
pended microchannel resonator (SMR) [116–118]. In these novel de
vices, biological entities flow in liquid through a microfluidic channel 
while the nanomechanical sensor is placed in HV, reducing the viscous 
drag, increasing its quality factor, and thereby increasing its mass 
sensitivity. Another method is the use of nanomechanical spectrometer 
systems (NMSs), where the analytes are transported from the liquid to 
the gas phase by means of soft ionization techniques and sent to the 
nanomechanical resonator surface, which is placed in a vacuum. In this 
section, we focus on nanomechanical spectrometry.

The first work related to NMS described above was published in 2002 
by A. K. Naik et al. [119]. After this first publication, a series of new 
advancements were incorporated, such as the characterization of pro
teins by measuring two resonant modes [120] in real-time, the mea
surement of not only the mass but also the stiffness of bacterial cells 
[121], or even the possibility of accessing information about the particle 
shape (inertial imaging) [122]. Additionally, NMS is insensitive to the 
charge state of the particles [123], which substantially reduces the 
complexity of the system as well as the data analysis. Recently, high 
capture area membrane resonators have been used to satisfy the 
compromise between achieving high mass resolution and 
high-throughput determination of the dry mass of intact bacterial cells 
(with mean dry masses around 150 fg and 470 fg, or 9.107 and 3.108 

kDa, respectively) [124].
Fig. 4. (a) shows a schematic depiction of an NMS prototype system 

that comprises four differential vacuum stages similar to those used in 
Ref. [121], with a pressure gap from the atmosphere to 0.1 Pa. The 
analytes under study were in the liquid phase in a solution compatible 
with the electrospray ionization (ESI) technique (Fig. 4 (b)) at ambient 
pressure. Nebulization can also be produced by MALDI [119,120] or 
surface acoustic wave nebulization-SWAN [125], among other methods. 
The charged species are attracted to the desolvation stage, where the 
high temperature helps complete liquid evaporation from the nebuli
zation stage. The transfer stage (which can contain an aerodynamic lens 
[125], ion guides or hexapoles [119], among others) guides the particles 
along the vacuum chamber at a pressure of ∼ 10 Pa. The particles flow 
toward the nanomechanical resonator at a pressure of ∼ 0.1 Pa. (Fig. 4 
(c)). The micromechanical resonator shown in this example is a silicon 
nitride microcantilever. There are different transduction methods used 
to measure the vibration of nanomechanical resonators, ranging from 
electrical to optical methods [113].

Fig. 4a shows a beam deflection technique [126]. Fig. 4c shows a 
scanning electron microscope (SEM) image of a commercial micro
cantilever (Bruker, MLCT-O10) after nebulization of Escherichia coli 
bacterial cells. The microcantilever has a nominal length of 200 μm, a 
width of 20 μm and a thickness of 600 nm. As shown in the figure inset, 
acquired with tilt, the deposited bacteria show the characteristic 
rod-like morphology expected for E. coli, although vacuum conditions 
may introduce some degree of dehydration induced collapse. The 
combination of soft ionization techniques and the micromechanical 
resonator may be less susceptible to the fragmentation of supramolec
ular analytes, such as bacterial cells, viral particles or proteins, which 
still maintain their structural composition in a low vacuum (LV) 
environment.
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Furthermore, the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic highlights the need for new sampling tech
niques with high sensitivity and low time consumption. In this context, 
one of the greatest challenges is controlling microbiological air quality 
[127]. NMS has been demonstrated to measure the mass of viruses [125,
128] and the mass and stiffness of bacterial cells [121,129]. Recently, a 
self-focusing NMS operated in the air was used to measure the 
SARS-CoV-2 mass using nanomechanical resonators [130]. Further
more, a novel optomechanical disk resonator has demonstrated its 
capability to measure the mass of nanoparticles and viruses [131] and 
the detection of vibration modes of a single bacterium [129]. The next 
step should be the measurement of analytes through direct air sampling, 
where NMS could play an important role due to its high-dynamic range 
and outstanding mass resolution.

4. Ion probe techniques and analytical tools

Recently, we have welcome outstanding technological advances in 
ion probe microscopy techniques towards nanometer resolution [132]. 
These ion probes operate under a HV (better than 10− 3 Pa) and make use 

of charged particles with a large kinetic energy, usually hydrogen (H+) 
and helium (He+) ions. The beams are focused via magnetic quadrupoles 
to diameters ranging from a few tens of nanometers to a few microme
ters, depending on the working characteristics of the beam line and the 
required beam energy and intensity. Unlike electrons, the lateral reso
lution of MeV ions is maintained within a few nanometers through 
relatively thick samples (tens of μm) [133,134], paving the way for 
biological materials and whole-cell (3D) structural high-resolution im
aging. Furthermore, several analytical techniques can be used 
simultaneously.

An ion microprobe, often referred to in literature as a nuclear 
microprobe, is therefore used in nuclear microscopy (see Fig. 5). In 
customary set-ups, by scanning the beam over a region of interest of the 
sample, two-dimensional (2D) images of the morphological details (e.g., 
STIM - scanning transmission ion microscopy) and elemental distribu
tion (PIXE – proton-induced X-ray emission) can be delivered 
simultaneously.

Additional depth profiling information can be extracted from the 
calculated beam energy loss with Rutherford backscattering spectrom
etry (RBS) [134,135]. Other imaging and analytical methods include 

Fig. 4. Nanomechanical mass spectrometer system. a. Schematic depiction of NMS with differential vacuum stages. The analytes are nebulized at atmospheric 
pressure and guided to the detection stage where the sensor is placed at 0.1 Pa. The beam deflection technique is used to measure the resonator vibrations, where a 
laser is focused in its free-end and the reflected light is collected by a photodetector (PD). b. Electrospray ionization technique used in this prototype. c. Micro
cantilever sensor after nebulization with E. coli. The inset shows a zoomed image of the microcantilever surface.

Fig. 5. Schematic of controls of a scanning transmission ion microscope from the object slit (OS) of the ion microscope to the beam extraction. The current and 
divergence of incident MeV ions with M mass and energy E0 are controlled with the OS and collimator slits (CS), respectively. The sample is positioned in the 
irradiation chamber under vacuum at the image plane (focal plane of beam) and the beam scanned over a region of interest. The beam can be extracted to air though 
a thin membrane enabling microanalysis of specimens at ambient pressure. SC - scanning coils, electrostatic x,y scan module. Q-lenses - quadrupole lenses for 
beam focusing.
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ion-induced luminescence (IL) or proton-induced fluorescence (PIF), 
which is not diffraction limited (the resolution achieved is only depen
dent on the ion beam size) [134], and MeV secondary ion mass spec
trometry (MeV-SIMS) (Fig. 6) [136–138].

These techniques may be used alone or in combination with STIM or 
PIXE, depending on the setup. In the last decade, transnational initia
tives under the scope of the European Union as part of Horizon Europe 
(e.g. EURO-LABS, CLEAR, ReMade@ARI/RADIATE) and the Interna
tional Atomic Energy Agency (i.e., Accelerator Knowledge Portal) have 
opened ion probe facilities to the scientific community worldwide, 
which has significantly contributed to their recognition and added value 
in many fields of science, from biomedicine to nanotoxicology [139].

4.1. Morphological, elemental and molecular 2D analysis

One of the advantages of nuclear microscopy is that it enables the 
simultaneous use of different techniques to quantify the micro distri
butions of elements and molecules in biological materials and single 
cells in conditions close to pristine or in vivo (i.e., without the need for 
stains or contrast agents). These possibilities were applied in a variety of 
biomedical/environmental studies where the preservation of the orig
inal physiological conditions in vacuum assured realistic 2D micro
analysis of biological samples. To ensure optimal preservation of live 
cells and fresh tissue structures, and to instantly halt the movement of 
labile elements within the typical beam range and spatial resolution of 
nuclear microscopy, cryo-preservation is essential. This can be achieved 
by using liquid nitrogen (LN) together with a cryoprotectant, such as 2- 
methylbutane, to quench freezing at very low temperatures, and shift 
water crystallization to a lower temperature range, forming vitreous ice. 
The cells and tissues can be stored at − 80 ◦C until processing and further 
vacuum-based analysis. The subsequent procedure requires dehydra
tion, as described below, and the method used depends on the sample 
type.

Several studies encompass morphological features using STIM and 
quantitative elemental analysis by combining PIXE and RBS (for Z ≥ 11). 

The state-of-the-art spatial resolution for quantitative elemental analysis 
at the μg.g− 1 dry weight level (even for tiny mass quantities corre
sponding to the sample volume under the micron beam resolution) is 
currently approximately 300 nm, whereas for STIM, it is < 30 nm. 
Consequently, nuclear microscopy techniques have significant advan
tages over SEM/TEM EDX for elemental analysis. They enable quanti
tative trace element mapping at part-per-million (ppm) levels in 
relatively thick tissue sections or whole cells, while maintaining lateral 
resolution. In contrast, EDX is limited by strong matrix effects and a 
higher bremsstrahlung background. It only provides semi-quantitative 
or qualitative results in the percentage range and rapidly loses depth 
resolution beyond a few hundred nanometers. Nevertheless, EDX re
mains the preferred method for routine, near-surface elemental analysis.

Therefore, quantitative elemental microdistribution helps establish 
relationships between compartmentalization in cells and detoxification 
capacity or susceptibility to pollutants in the natural environment [140,
141]. Additionally, correlating endogenous biological elements with 
cell/tissue structures could help identify new biomarkers of disease. For 
example, physiological changes at the cellular level are understood in 
detrimental retina disorders [142,143] and Alzheimer's disease [142,
143]. These findings provide insights into human pathological condi
tions, such as the increase in iron (Fe) concentration in specific tissue 
regions in skin inflammation diseases [142,143] and in atherosclerosis 
[144], as well as the correlation between the Zn concentration and in
sulin secretion in metabolic diseases [145]. In all these studies, cryo
protocols were used to guarantee that elements (electrolytes, covalently 
bound essential elements, or nanosized metallic complexes) and/or 
molecular constituents remained in their original compartments. These 
protocols could also ensure, to a certain extent, that the structural vol
ume of the biological material is preserved. The usual procedure consists 
of quench-freezing the biological material in LN, sectioning it in a 
cryostat with the appropriate thickness (~10− 20 μm), whenever 
needed, and drying it by lyophilization at ~0.1 Pa, T ~ -60 ◦C or 
dehydration in a cryostat at − 25 ◦C under atmospheric pressure [146,
147].

Although the use of chemicals or stains dramatically changes the 
elemental distribution in cells [148], the detection of cellular details 
tagged with appropriate fluorophores via IL/PIF can be used to detect 
fluorescence (beam currents of ~50-100 pA). Simultaneous STIM 
structural information with lateral resolutions of ~150 nm (using low 
beam currents below ~5 pA) can be useful for studying specific cellular 
processes associated with endo/lysosomal vesicles (200 to 400 nm in 
size) and their cargoes. These structures are thought to be involved in 
cancer metastasis and virus infection. Malaria parasites that infect 
human red blood cells can be detected when parasite DNA-specific flu
orophores are used [134]. Major difficulties are the rapid iono-bleaching 
of organic dyes and the similarity between the fluorescence signal of the 
fluorophore and the autofluorescence of cells from endogenous fluo
rophores. Advances in light collection systems and in the development of 
stable fluorescent probes have enabled luminescence imaging and 
simultaneous mapping of cellular structures with a spatial resolution of 
sub 30 nm in whole-cell volume [134]. Recent developments in correl
ative ion-beam-induced and structural microscopy have brought nuclear 
microscopy close to the spatial resolution of STED/4Pi super-resolution 
microscopy (<50 nm). While IL/PIF lacks molecular specificity and is 
not suitable for live-cell imaging, both approaches rely on bright, pho
tostable probes. Optimized probes will enhance imaging efficiency and 
expand the complementary use of these microscopy modalities in bio
logical samples.

During the last decade, significant advances in the exploitation of 
focused high-energy, heavy ions (e.g., oxygen and chlorine) have 
opened the possibility of obtaining higher yields of non-fragmented, 
large molecular secondary ions (>10 kDa) suitable for the molecular 
imaging of biological materials with much higher spatial resolution than 
is currently possible with laser techniques such as MALDI [136]. The 
submicrometer focusing of the low-current primary ion beam allows 

Fig. 6. Interaction of MeV ions with a biological specimen and nuclear mi
croscopy associated techniques. PIXE - particle induced X-ray emission 
(detection of characteristic X-rays resulting from the recombination of outer 
shell atomic electrons with inner shell vacancies created by the impact of MeV 
protons). RBS - Rutherford backscattering spectrometry (detection of large 
angle backscattered ions from elastic collision of primary ions with atomic 
nuclei). IL/PIF - ion beam induced luminescence, such as proton induced 
fluorescence. STIM - scanning transmission ion microscopy (detection of the 
energy loss of direct transmitted ions). FSTIM - forward scattering TIM 
(detection of forward scattered transmitted ions that have been deflected off the 
beam axis by small angle nuclear collisions). ToF MeV-SIMS - Time-of-flight 
MeV SIMS (secondary molecular ions (2i) are desorbed from the sample sur
face after interaction with the MeV primary ions, accelerated toward the 
spectrometer and detected by the microchannel plate – MCP; time elapsed 
depends on the mass and charge of the molecular ion).
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simultaneous molecular and structural (STIM) mapping of the biological 
tissue on a subcellular scale (500–800 nm) when operating in a vacuum 
[136,149]. The 2D chemical imaging capabilities of the MeV-SIMS 
method have been demonstrated in freeze-dried cultured cells and 
plant materials. Biologically relevant ionic species, e.g., Na+ and K+, and 
lipid fragments have been mapped in CaCo-2 cells [150], whereas in 
cannabis leaves, medically valuable cannabinoids can be imaged and 
discriminated (e.g., anti-inflammatory/neuroprotective effect molecules 
versus psychoactive molecules) [150]. MeV-SIMS can also be performed 
simultaneously with heavy ion PIXE measurements, which may help 
eliminate some of the ambiguity of matrix interferences in the mass 
spectra. Recent developments have enabled the detection and imaging 
of organic molecules under atmospheric pressure, without the 
high-vacuum chamber (~10− 5 Pa) required in conventional MeV-SIMS 
systems [150,151]. In this setup, the primary ion beam is extracted 
into air to sputter secondary ions from the sample, which are then car
ried by a helium gas flow into the mass spectrometer [152]. However, 
the ability to identify organometallic molecules in biological materials 
via MeV-SIMS along with the quantitation of metallic atoms via PIXE 
remains to be verified.

4.2. Advances in nanotoxicology using nuclear microscopy toward 3D 
resolution measurements

One of the most interesting current possibilities of 3D approaches in 
nuclear microscopy resides in the field of nanotoxicology. Nuclear mi
croscopy offers unique analytical potential for examining the subsurface 
layers of relatively thick samples, retrieving the depth-dependent profile 
of the elements detected and reconstructing three-dimensional (3D) 
images of that sample. 3D reconstruction can be achieved by exploring 
RBS data [151,152] or by performing tomography via STIM and PIXE 
[153]. This approach is particularly attractive for detecting the distri
bution of metallic nanosized particles or molecules in tissues and whole 
cells and studying biointerfaces.

Early studies demonstrated the safety of the use of nanosized TiO2 
and ZnO particles as physical agents in sunscreens by establishing 
permeation profiles in the skin [154,155]. However, more recent ap
proaches involving cellular and organism models have shown how 
different geometries and metal contents of nanosized TiO2 nanoparticles 
influence their internalization in epithelial and endothelial cells, with an 
impact on the essential element contents and metabolism of cells [156]. 
Additionally, nanosized Ti in ecosystems could be toxic to zooplankton, 
which plays an important role in aquatic food chains, and influences the 
expression of specific proteins involved in reproduction [157]. Addi
tionally, monitoring the dynamics of the biodispersion of SiC nano
aerosols in rat lungs could aid in understanding clearance dynamics, 
which is highly important for assessing the safety of nanosized materials 
in the context of occupational and environmental health [158].

The visualization of individual gold (Au) nanoparticles of 100 nm in 
diameter in whole cells via STIM at low ion currents and at a probe 
lateral resolution of 25–30 nm represented a breakthrough for high- 
resolution nuclear microscopy [151]. The analysis of the ion beam en
ergy loss through the RBS spectra enabled the resolution of the Au 
nanoparticles at the cell surface and those inside the cell. These results 
paved the way to improve depth profiling capabilities, translating 
backscattered data into a true 3D display of the elemental distributions 
in the whole-cell volume, even for routine analysis conditions with 
relatively high ion currents (~100 pA) and lateral submicrometer res
olution. The 3D model of the concentration of one element of interest 
can be constructed by correcting the number of events for each depth 
layer defined for the RBS spectra with the stopping power (beam energy 
loss in the ion path across the cell) and the variation in the scattering 
cross section through the cell [152].

This approach is particularly useful in toxicity studies of nanosized 
entities (metallic particles and complexes) in vitro, as both their amount 
and location can be resolved in freeze-dried whole cells plated onto a 

100 nm thick silicon nitride window. By using 2.0 MeV helium ion 
beam, a fully 3D cell volume reconstruction with 50 nm depth resolution 
was obtained, confirming the assimilation of CuO nanoparticles (with a 
mean diameter of ~20 nm) into Saccharomyces cerevisiae (Fig. 7) [152]. 
In most biological matrices, only elements with Z > 20 can be securely 
used to reconstruct 3D models with RBS spectra. The mass of the pro
jectile influences the depth resolution achieved, as it depends on the 
energy loss of the ion in its path through the sample. Protons (1H ions) 
can probe further in a sample at a cost of lower depth resolution than can 
heavier ions, such as 4He ions. The latter enables an increase in depth 
resolution and consequently in the number of depth layers describing 
the biological sample. The concentration of the element of interest may 
also influence the quality of the depth profile model, as it depends on 
spectral statistics.

This methodology is attractive for identifying the localization of 
metallic nanosized complexes in cells, which are not easily differenti
ated by density. This is the case for metallic nanoparticles, which are 
usually analyzed via TEM, SEM or STIM approaches. For example, the 
cellular localization of new potential anticancer drugs constructed with 
bioactive ligands and a coordinated transition metal is being studied.

The rationale behind this is the development of drugs with high 
specificity and toxicity for tumor cells while preserving healthy coun
terparts. Therefore, by studying the distribution of the metal (present in 
the organometallic complex) in the whole-cell volume (i.e., PIXE map
ping and RBS depth profile), the complex uptake and preferential targets 
(e.g., membrane, cytoplasm, and nucleus) can be characterized, as 
illustrated in Fig. 8 [159,160].

Tomographic reconstruction on the basis of ion energy loss (STIM) 
and the number of detected X-rays for each chemical element (PIXE) 
could be an alternative to evaluate the interaction of nanosized dense 
particles with unicellular organisms as good quality density images 
[161,162], and satisfactory quantitative results for metals can be ach
ieved [153,162,163]. Recent advances in STIM and PIXE tomography 
have provided adequate quantitative results for essential elements and 
discrete metal inclusions corresponding to metallic nanoparticles 
internalized by the Caenorhabditis elegans nematode [153]. Therefore, 
the application of STIM and PIXE tomography in nanotoxicology studies 
involving more realistic models, such as 3D bioengineered tissues or 
organs, has become highly appealing.

5. Toward nearly atmospheric/environmental electron 
techniques

The principle of operation of electron techniques working with 
samples standing in mild vacuum is the creation of sharp pressure gra
dients through tiny diameter-controlled nozzles/pinholes (fourth col
umn, Table 2). The vacuum chambers are divided into several regions 
separating the one with low pressure where the sample stands and the 
HV/UHV ones where the electrons travel. Differential pumping systems 
are responsible for ensuring the necessary pressure gradients, and the 
reduced volume between the sample and the excitation/scape pinhole 
prevents the total decay/absorption of electron populations. These dif
ferences apply to electron microscopy systems, where high-energy 
electrons impinge the sample for excitation, and photoelectron spec
troscopy systems, where X-ray-induced photoelectrons are collected and 
analyzed. A view of the instrumentation is shown in Fig. 9 for the 
environmental scanning electron microscope (ESEM) and wet scanning 
transmission electron microscope (wetSTEM), and in Fig. 10 for the near 
ambient pressure X-ray photoelectron spectrometer (NAP-XPS). The 
typical working pressure at the sample region of these systems is 
100–1000 Pa, which can be reached, for the characterization of bio
logical samples, with a water partial pressure. Imaging in these micro
scopes is granted by secondary ionization cascade electrons produced 
when low-energy secondary electrons impact water vapor molecules 
(Fig. 9). An additional general advantage is that the atmospheric con
ditions at the sample side act as a discharging environment so that 
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typical image saturation (for electron microscopes) or spectral shifts (for 
photoelectron spectrometers) due to charging are avoided in these 
configurations. The consequence is that sample preparation is much 
more straightforward. Despite these advantages, caution should be 
taken when considering artifacts since the observed/analyzed matter is 
exposed to radiation, and biomolecules may overpass their radiation 
damage threshold. The presence of water increases the probability of 
indirect radiation damage due to interactions with water-derived 
radicals.

In ESEM and wetSTEM (Fig. 9), the critical chamber from the point of 
view of vacuum is at the generation of the electrons (electron gun 
chamber). On their way to the sample chamber, the electrons pass 
through several pressure-limiting apertures, saving a pressure gap from 
~10− 5 to ~103 Pa. Further details on the instrumentation can be found 
in the specialized bibliography, which also emphasizes detector tech
nology depending on the operation mode, gas/water vapor control and 
holder temperature regulation [164]. On the other hand, for the 
NAP-XPS system (Fig. 10), the critical point is the extraction of the X-ray 
ejected photoelectrons, which travel from the sample chamber to the 
electron energy analyzer through an inverse and even more acute 
pressure gap from ~103 to ~10− 7 Pa. For this technique, the process is 
efficient as long as the path of the probed electrons in the sample 
chamber is minimal (<0.5 mm), which justifies the proximity of the 
nozzle/pinhole to the sample.

Further comments on critical developments, such as the 

incorporation of specialized electron transfer optics, differential vacuum 
stages and gas pressure control at the sample chamber, can be found in 
previous reviews (note that the technique is also referred to as atmo
spheric pressure photoelectron spectroscopy, APPES or APXPS) [21,
165].

5.1. Applications of ESEM/wetSEM to biointerfaces

Electron microscopes operating under wet conditions are essentially 
applied to the moisture conditions of environmental scanning electron 
microscopes (ESEMs). These studies opened the use of electron micro
scopes at 10–100 Pa and cooling at 2–8 ◦C, which lead to approximately 
50% relative humidity, that is, to environments closer to natural con
ditions in terms of potential to preserve structural water. The application 
of different modes of SEM operation to plants has been reviewed, 
highlighting operation modes to optimize the acquisition of images from 
structures of different nature (cellulosic, wax, and cell) [166]. In fact, in 
these systems sample preparation may be as simple as directly exposing 
on an appropriate support. Examples of imaging possibilities with the 
ESEM are shown in Fig. 11.

The imaging capabilities have even increased with nanomechanical 
measurements combined with microcantilever probes, which have been 
used to characterize yeast elastic properties [167]. The most relevant 
aspect is, however, the possibility of studying functional dynamic pro
cesses, such as swelling of hydrogel adhesive pads in algae [168] or 

Fig. 7. a) - RBS spectra obtained in a 26 × 26μm2 scan of a Saccharomyces cerevisiae cell using 2.0 MeV helium ions. The section used in the 3D analysis is in blue, and 
is defined by the surface barrier of the chosen limit elements, i.e., potassium as the relevant matrix element with highest Z, and Cu. b) - The 3D model of the yeast cell 
with 50 nm depth resolution highlights a significant Cu uptake by the cell. The amount of Cu (nanoparticles) is expressed as n◦ of events (corrected for beam energy 
loss at different depths) and represented by a color gradient: low–blue to high–red. The cells were incubated with CuO nanoparticles in a concentration of 40 mg Cu/L 
of culture medium. The 3D model was created using MORIA software. Model parameters: cell density 1.2 g/cm3; energy depth calibration = 0.404 keV/nm; 
maximum depth probed = 496 nm; 11 layers. Data was compressed to 128x128 pixels/layer. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 8. a) Nuclear microscopy images of P and Au distribution obtained from the PIXE and RBS spectra of a cell (human prostate cancer cell line, PC3) incubated with 
Auranofin, a Au complex already used as a medication. The dotted line indicates the cell contour and the central nucleus rich in P. Au is evenly distributed in the cell. 
The amount is represented by a color gradient with a dynamic scale: low–blue to high–red. Scale bar, 5 μm. b) 3D representation plot of the model distribution of Au 
in the cell depicted in a), obtained with a 2.0 MeV proton beam. A four-layer model with a depth resolution of 300 nm/layer shows that Au was internalized by the 
PC3 cell. The amount of Au does not differ significantly through cell depth, suggesting that Au is mainly located in the cell cytoplasm and cell core. Data in layers 
were compressed to 64 x 64 pixels to better visualize the Au distribution inside the cell. The box represented in the plot sets the point of view and the perspective of 
the cell in (A) where zero indicates the surface of the cell. The relative amount of Au in the cell in number of counts is represented by a color gradient. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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opening of stomatal pores in leaf tissue [169]. These studies extend 
further to the characterization of mammalian cells, revealing, for 
example, microtopographic features of organelles in osteoblast cells 
with no fixation, drying or metallic coating and no sacrifice of the me
chanical integrity of the cells [170].

The parallel use of energy dispersive X-ray spectroscopy can be 
exploited to determine the effects of different biocement formulations 
on the induction of bone growth in the medullar cavity for different Ca/ 
Si ratios of the cement [171]. However, the cells are not alive after 
measurement, which limits the potential applications of ESEM with 
respect to other optical methods, especially for dynamic studies, such as 
for the determination of cell viability in different chem
ical/biochemical/pharmacological environments [172].

The scanning transmission configuration of the electron microscope 
has also evolved to work at high pressures and is mostly known as 
wetSTEM, owing to its most generalized working conditions using 
water. The first bioanalytical studies using wetSTEM were devoted to 

observing carbon storage in bacteria [173]. Other prokaryotes (tobacco 
mosaic virus) have been studied in alternative wetting liquids [174]. 
This study leaves the path open for the study of the SARS-CoV-2 virus 
under analogous conditions, which has already been observed at low 
magnification via standard SEM [175]. The layering of vesicular struc
tures has been studied in synovial fluids by following an electron mi
croscopy multitechnique approach, including wetSTEM [22]. Further 
developments have allowed correlation experiments with fluorescence 
microscopy to localize the receptors of a marker related to the aggres
siveness of breast cancer. This requires special labeling with 
QD-antimarker conjugates, ensuring fluorescence activity after electron 
irradiation and good atomic mass contrast [176]. It has been recently 
shown that wetSTEM allows the characterization of hydro
philic/hydrophobic samples at very different ranges of water con
tent/interaction. This possibility has been exploited to analyze in a pore 
by pore approach the water adsorption and desorption processes of 
organosilane biofunctionalized columnar porous silicon [177], which 
suggest that this system could be used to validate reusability/aging of 
bioanalytical systems. Possible uses for these porous systems may 
consider the possibility to transfer through controlled permeability tiny 
amounts of hydrated molecules (i.e. wet proteins) to an ion/electron 
analysis surface, which could be a complementary approach to mem
brane capsules described in section 5.3 in which transfer of ions/elec
trons through the membrane is possible, meanwhile the membrane 
remains impermeable to molecules.

5.2. NAP-XPS applications to biointerface analysis

The advances in photoelectron spectroscopy under nearly atmo
spheric conditions are more recent than those in electron microscopy 
because of the UHV operation conditions of a photoelectron analyzer. 
The pressure difference with respect to the typical analysis conditions is 
greater, as is the increasing technological challenge of the required 
differential pumping system. The technological gap has been filled with 
new equipment during the last decade, and new applications of NAP- 
XPS are increasing. Several applications are illustrated in Fig. 12. As a 
proof of interest for the field of biointerfaces, this technique has been 
used to characterize diverse solid‒water interfaces, revealing the O 1 s 

Fig. 9. Schematic representation of an environmental scanning electron microscope allowing the observation of samples at pressures on the order of 103 Pa, while 
primary electrons are produced at 10− 5 Pa. The column and chamber apertures are responsible for sustaining the differential pressure, allowing the transport of high- 
energy electrons (keV). Secondary electrons create an ionization cascade and derived electrons can be collected and analyzed to produce SEM images. For thin 
samples, a scanning transmission electron microscopy configuration is also possible under quasi-environmental conditions.

Fig. 10. Schematic representation of a nearly atmospheric pressure X-ray 
photoelectron spectrometer (NAP-XPS) allowing the analysis of surfaces at 
pressures of the order of 102 Pa, while photoelectrons are analyzed at 10− 7 Pa. 
The chamber pinhole and the differential pressure along the photoelectron 
transfer optics are responsible for sustaining the pressure gap, allowing the 
transit of low–mid-energy electrons (0–1000 eV).
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spectrum of water vapor [178]. The advantages of operating at 
103–20.103 Pa water vapor pressure are threefold: a) the sample stands 
in a conducting environment so that charge shifts in binding energy are 
strongly minimized (if present), b) the sample is much closer to its 
natural hydrated state, which helps preserve its biomolecular structure, 
and c) the preserved water shells in the biomolecules help protect its 
structure from direct radiation damage [179]. This latter effect is 
favored by the efficient radiation energy dissipation that may however 
increase locally the presence of derived free radicals as secondary effect. 
Bearing all these aspects in mind, one would expect to see studies on 
dynamical‒operando processes, analogous to those performed on inor
ganic catalytic systems, but with enzymatic reactions. Currently, the use 
of NAP-XPS has reached the barriers of biointerfaces in relatively simple 
problems, such as the characterization of bacterial membranes [180], 
biopolymers such as cellulose and hydrogel biomaterials [179], natu
rally biomineralized tissues [181] or the study of the bio
functionalization cascade of a dual biosensor incorporating gold 
nanoparticles [182]. Recently, a systematic study has analyzed the ef
fects of the water partial pressure on the analysis of adsorbed fibrinogen 
on hydrophilic and hydrophobic surfaces. The analysis protocols 
establish how to minimize derived sample damage. Furthermore, 
different x-ray excitation energies give rise to photoelectrons with 
different kinetic energies that can emerge from deeper areas of the 
sample. Thus, by comparing the core level spectrum of one element at 

different excitation energies, an in-depth analysis can be carried out 
with depth inspection ranges from a few nm (soft x-rays) to several tens 
of nm (hard x-rays). By following the intensity of hydrophilic and hy
drophobic related queues in the C 1 s core level spectrum of the proteins, 
it could be confirmed that, on hydrophilic supports, the fibrinogen ex
poses hydrophobic queues to the outer surface, which agrees with the 
expected conformation to minimize surface free energy at the 
support-protein biointerface [183].

5.3. Analysis of biointerfaces by encapsulation

An alternative to differential pumping instrumentation exists in the 
form of enclosing sample capsules with specific electron-transparent 
membranes. The general scheme of the working principle of these 
membrane capsules is presented in Fig. 13. Wet analytes can be her
metically closed in microporous cavities, which are subsequently sealed 
with an ultrathin Si3N4 slab or a few layers of graphene (or other 2D 
materials) [184,185]. The thickness of the Si3N4 ranges from a few tens 
of nanometers until hundreds of microns depending on the energy and 
nature of the probing particle. Si3N4 withstands better than graphene the 
sputtering induced by ions but graphene is thinner and more transparent 
to electrons, increasing the signal for electron-based systems. Examples 
of imaging in different modes (backscattering, low energy) are available 
in Fig. 14a–b.

Fig. 11. ESEM imaging of biological units from different species. a) Yeast cell imaged at 11 ◦C, 400 Pa and 60% relative humidity in a system allowing mechanical 
testing. The scale bar is 2 μm. b) ESEM image of an Enteromorpha spore in its natural hydrated state at vapor pressure 600 Pa and 2 ◦C. Note natural enveloping layer. 
Inset shows the image in standard SEM conditions with striated adhesive layer and overall volume reduction. Common scale bar is 20 μm. c-e) Sequence of ESEM 
images showing the closure of a stomatal pore (relative humidity from 97% to 91% at 7-8 ◦C). f-g) Correlative fluorescence (f) and ESEM (g) images of a breast cancer 
cell with edge ruffles (scale bar represents 10 μm).

O. Malvar et al.                                                                                                                                                                                                                                 Surface Science Reports 81 (2026) 100678 

12 



This promising approach has proven to be efficient in the operando 
characterization of catalytic systems. Additionally, tissues have been 
observed by SEM in fully wet conditions, although contrast in the tissue 
had to be enhanced by heavy element staining and observation in 
backscattered electron mode [19]. The images distinguished the nuclei 

and organelles in the cells of the kidney sections from their membranes 
and surrounding red blood cells. A comparison of the advantages of 
different microscopic techniques and different staining methods has also 
been conducted on the basis of observations of Trypanosoma Brucei 
[186]. This type of cell is also compatible with STEM, which allows the 
use of gold nanoparticles as contrast elements to target Escherichia coli 
membranes or fibroblasts (COS7) at the receptor level [20]. Other ex
amples include observation with enhanced contrast by using 
gold-labeled selective cell sites. In fact, epidermal growth factor receptor 

Fig. 12. a) C 1s XPS spectra from Escherichia Coli acquired in different condi
tions. Significant relative intensity changes with respect to aliphatic CC peak 
are observed for carbonyl (CO), amide (CNO) and carboxyl groups (COO). Note 
inset image denoting induced damage. b) C 1 s core-level region and corre
sponding peak components of wet (blue) and dehydrated (red) hydrogel contact 
lens measured in ambient air at 100 Pa (BG-background). c) Cumulative C 1 s 
core level spectra acquired in NAP-XPS mode at 200 Pa H2O partial pressure 
from fibrinogen adsorbed on a perfluorosilane. The spectra evidence progres
sive direct and indirect beam damage (follow arrow and peak widening with 
loss of CC-CO resolution. Note CC reference centered at 284 eV in this latter 
case). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 13. Scheme of the working principle for the biointerface analyses working with encapsulating membranes. Electron/ion transparent membranes are required on 
a single side for XPS analyses since the excitation X-rays and probed electrons travel through the UHV chamber (a). Identical scheme corresponds to SEM systems. For 
TEM and STEM, transmitted electrons require two electron transparent membranes to isolate the wet sample from the vacuum chamber at the incident and 
transmitted electron chamber (b). Similarly, two ion-transparent membranes are required for STIM (c) Secondary ions and emitted X-rays allow supplementary 
analysis in backscattering configuration.

Fig. 14. a) SEM imaging through encapsulating membranes in backscattering 
detection mode. Untreated Chinese hamster ovary (CHO) cell grown on a 
fibronectin-coated polyimide partition membrane in normal growth medium 
and no staining. b) Low energy SEM image showing Actin fibers from CHO cells 
stained in uranyl acetate. Asterisk denotes the nucleus. c) Wet cell STEM im
aging of gold-labeled epidermal growth factor receptors in monkey kidney 
fibroblast-like cells within a Si3N4 capsule. d) ToF-SIMS images of graphene- 
covered untreated human lung carcinoma cells cultured on a wet support. 
Scale bars represent 100 μm. e) Qualitative elemental maps of Porcellio scaber 
internal gland cross section with visible cells and internal structure. Sample in 
frozen-hydrated state between two polymer foils. Scan area 500 × 500 μm2. 
Top: S and bottom: Fe signals. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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could be immune-recognized in monkey kidney fibroblast-like cells, 
which were then encapsulated within 50 nm thick Si3N4 windows 
(Fig. 14c) [20]. Some progress made by observation in TEM could 
further bring progress to observation in SEM, STEM and STIM micros
copies. Examples of visualized biological objects using encapsulation are 
shown in Fig. 14d-e. For instance, the wet compartment has evolved to 
the limit of allowing observation through a flowing liquid, which has 
been applied to the holographic reconstruction of magnetotactic bac
teria [187]. More relevantly, organelles and the dynamic evolution of 
vesicles have been observed in prostate cancer cells with no embedding, 
dehydration or staining [188]. A critical point in this liquid cell for TEM 
operation is working at extremely low electron doses of approximately 
2–5 electrons per nm2 to avoid electron beam damage to the biomole
cular structures. At nanomolecular level, it has allowed to characterize 
DNA‒Au nanoparticle conjugates, whose 3D motion could be monitored 
in a graphene liquid cell [189].

The encapsulation approach has been also used for analysis with ion 
probes of different energies. For example, Hua et al. [190] used an ion 
beam to drill a microcavity in a microfluidic system based on a silicon 
nitride membrane with a system disposed very much like as depicted in 
Fig. 13c (but with limited volume in the cell chamber controlled by 
microfluidics) so that they could interrogate directly the cell, detecting 
Zn ions from the cytosol, which was related to previous internalization 
of ZnO nanoparticles. Recently, the innovative protocol based on the use 
of a single-layer graphene to prepare biological samples has been 
applied to ion systems [18] as previously done for TEM and SEM ex
periments [191]. It allowed to successfully observe the distribution of 
cell membrane lipids (i.e., cholesterol) and fatty acids (i.e., palmitic 
acid) through a microhole in the graphene layer. The authors also 
demonstrated that cell viability is maintained both after the capping of 
the graphene layer and under vacuum, allowing both affinity 
purification-MS and ToF-SIMS imaging with submicron lateral resolu
tions [18]. As underlined by H. Heeren, this approach opens a wide 
range of possibilities for the use of MSI techniques to further investigate 
the chemical dynamics and wet catalytic reactions of the cell membrane 
[192].

For ion probe techniques, the approach is typically based on the use 
of an external beam extracted directly from a high-vacuum system 
through a silicon nitride window, as illustrated in Fig. 13 (c). ToF-SIMS 
has, for example, been used to characterize water clusters while running 
water through a microfluidic device [193]. From this technical success 
applications to biological systems include differentiation of lipid dis
tributions in human carcinoma cells (Fig. 14d). Other procedures, 
stemming from electron microscopy, enable microanalysis of tissues in a 
frozen-hydrated state in conditions near to atmospheric pressure inside 
the measuring chamber under vacuum by tightly encapsulating the tis
sue with two precooled polymer foils [194,195]. A relevant example is 
illustrated in Fig. 14e. This method is particularly attractive for studying 
elemental distributions in vacuole compartments of plant cells, which 
become void after water removal by freeze-drying or cryo-dehydration, 
and in labile organisms, such as planktonic species [146,195].

6. Conclusions and perspectives

The use of electron and ion techniques for the analysis of biological 
structures and the exploration of the interfaces between different mo
lecular structures can be considered a classical topic. However, the 
current state of the art underlines the need for converging to analyses in 
conditions closer to the native environment of the biological samples. 
From samples analyzed in HV or UHV, technology has moved on to 
different alternatives to avoid sample denaturing, which takes place 
mainly by loss of structural water. Although the analysis in pure natural 
conditions is only attainable in particular cases with ion probing, current 
developments in the control of vacuum systems converge to the analysis 
of biological matter in its natural state.

A first alternative concerns cryogenic sample preparation and 

observation. Both steps are critical to ensure that no drastic phase sep
aration takes place during sample preparation and that little radiation 
damage occurs during analysis (as far as it can be identified). With the 
required precautions during operation, we have shown that remarkable 
results can be extracted from cryo microscopies and spectroscopies 
based on both electrons and ions.

Secondly, we have shown that differential vacuum control is key for 
several biointerfaces challenges. In combination with nebulization and 
ionization systems, we have shown how nanomechanical mass spec
troscopy allows us to identify full single organisms in an unprecedented 
manner, providing additional data regarding the single cells detected, 
such as density and mechanical properties.

We have also shown that recent instrumentation allows creating 
vacuum gradients through differential pumping and nozzle inter
connected chambers in microscopes and spectrometers to make 
compatible the short travelling distance of ionized matter at mild vac
uum with the analysis of biomolecular samples at water partial pressures 
of 10000-1000 Pa. Under these conditions, retention of the less strongly 
bound water molecules cannot be ensured and special protocols to 
minimize radiation damage (especially indirect effects) should be 
applied since free radicals out of cryogenic conditions present a high 
mobility within the specimen. As a third strategy, we have shown that 
appropriate electron/ion transparent materials can be used to encap
sulate the biointerfaces of interest (even in microfluidic flow conditions) 
and provide imaging and spectroscopic relevant information. Pre
cautions in this approach regard the stability of the membrane, whose 
degradation could derive in system damage by sudden increase of 
pressure. The above-mentioned cautions regarding sample degradation 
due to exposure to radiation also apply.

By the incorporation of this instrumentation advances, scientists 
have induced unprecedented outbreaks such as reliable chemical im
aging of cells and tissues with potential for identification of foreign 
bodies, new records in the mass limit detection of single units in mass 
spectrometers, structural 3D mapping and biodistribution of drugs, 
water porosimetry in biofunctionalized materials and protein confor
mation details upon adsorption to hydrophilic vs hydrophobic surfaces. 
The potential for transformation of spectral information into images 
and, reciprocally, the transformation of images into quantitative data, 
reinforce the idea of the relevance of the described instrumentation for 
biointerface characterization.
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L. Duraffourg, C. Masselon, S. Hentz, Neutral particle mass spectrometry with 
nanomechanical systems, Nat. Commun. 6 (2015) 6482.
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