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Abstract  
Natural and synthetic biomaterials are part of our daily lives, from our own skeleton and teeth to 
coral reefs and carbon-capturing single-cell organisms in the oceans, to engineered ceramics and 
minerals comprising our toothpaste and bone replacements. Many natural biomaterials are 
hierarchically structured with remarkable material properties that arise from their unique 
combination of organic and inorganic components. Such structural hierarchy is often formed and 
developed through a process of biomineralization. Many fundamental questions remain regarding 
mineralization in bones, teeth, biomaterials and at biointerfaces, partly due to the challenges in 
characterizing three-dimensional (3D) structure and chemical composition simultaneously at the 
nanometer scale. Atom probe tomography (APT) is a 3D characterization technique that 
combines both sub-nanometer spatial resolution and compositional sensitivity down to parts per 
million. While APT is well-established in application to conventional engineering materials, 
advances in recent years have seen its expansion into the field of biomineralization research. 
Here, we focus our review on APT applications to biominerals, biomaterials and biointerfaces, 
providing a high-level summary of the findings unveiled in biomineralization by APT, as well as a 
primer on its theory and best practices specific to the biomineralization community. We show that 
APT is a promising characterization tool already applied to some biomaterials, where its unique 
ability to quantify 3D chemical composition is not only complementary to other microscopy 
techniques but could become an integral part of biomaterial research. With the emerging trends 
of correlative and cryogenic analysis workflows, APT has the potential to improve fundamental 
understanding of a broader range of biomaterials, while deriving novel perspectives on clinical 
applications and strategies for functional material design.  
 
 
1 Introduction 
Biominerals are formed by living organisms through selective uptake of elements from the local 
environment that are then incorporated into hierarchically structured organic-inorganic materials 
under direct biological control, also referred to as biomineralization [1]. Biominerals have a vast 
presence in the biosphere, including environments such as coral reefs and limestone caves, and 
siliceous shells of algae and diatoms [2]. Consequently, they have a major impact on ocean 
chemistry, and ultimately global climate change. Among one of the most important functions of 
biominerals is to provide sufficient mechanical strength and toughness to the skeleton of 
organisms as they progressively adapt to their evolving environment [2]. Many natural biominerals 
therefore exhibit impressive mechanical properties that are far superior to their synthetic 
counterparts, largely due to their unique compositional character and structural organization [3].  
 
In contrast to classical crystallization pathways, amorphous precursors and nanocrystals are 
commonly observed as building units during the formation and development of biominerals found 
in diverse structures (e.g., bone, teeth, coral skeletons, molluscan shells, sea urchin spines, etc.) 
[4,5]. Material scientists are engrossed by this unconventional process and captivated by the 
precise control organisms elicit over the composition, morphology, and architecture of 
biominerals. These unique properties enable their structure to fulfil multiple biological and 
mechanical functions which have propelled biomedical engineers to adapt strategies to develop 
synthetic biomaterials. Yet, the structures themselves, such as the vertebrate skeleton, often bring 
a multitude of health-related problems, such as bone fracture, mineral loss (i.e., osteolysis), dental 
caries, osteoporosis and more. Research on biominerals, thus, lies at the forefront in the 
development of new technologies relevant to all aspects of life, from fundamental material 
chemistry and environmental sciences to biomedical engineering and clinical applications. It is 
therefore evident that an in-depth understanding of the composition and structure of biominerals 
is essential to design strategies directed toward developing biomimetic and bioinspired materials 
for functional and therapeutic materials. 
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Current technologies for investigating the three-dimensional (3D) structure and composition of 
biominerals and their synthetically designed biomaterial counterparts are well-established at 
various length scales and volumes, each with distinct benefits and shortcomings, and are well 
summarized elsewhere [6–9]. With most of these techniques, a tradeoff usually exists between 
resolution and volume probed. Using a simplified model of bone’s hierarchical structure, from 
building block components up to microscale osteons, we relate the volume and resolution of 
standard 3D imaging tools (Figure 1a) to these biological features (Figure 1b). Common analyses 
range from X-ray based micro-computed tomography (micro-CT) [10] which has the advantage 
of capturing micrometer scaled features, such as osteons and osteocytes, but lacks high 
resolution or detailed elemental information, to synchrotron-radiation tomography tools (SR 
nanoCT), which provide higher resolution on the range of nanometers [11]. Electron-based tools 
for 3D analysis include focused ion beam-scanning electron microscopy (FIB-SEM) serial 
sectioning or nanotomography [12] which provides nanometer clarity over tens of micrometers 
(e.g., covering several layers of bone lamellar tissue [13,14] and fine structural features such as 
canaliculi and mineral clustering [15–17]) while larger volumes can be obtained when using a 
plasma ion source [18]. In both cases, FIB-SEM has limited opportunities for quantitative 
elemental information unless coupled with spectroscopy. Similarly, transmission electron 
microscopy (TEM) which probes at higher resolution to view components such as collagen fibrils 
and nanoparticles has been used in electron tomography to provide 3D structural [19] and indirect 
chemical information (when comprised of images from high angle annular dark field detectors for 
compositional contrast) [20,21]. Scanning TEM (STEM) can be coupled with high resolution 
spectroscopic elemental mapping such as electron energy loss spectroscopy (EELS) or energy 
dispersive spectroscopy (EDS) to provide so-called four-dimensional (4D) tomography [22]. This 
can be even achieved at the atomic-scale; however this is largely prohibitive for beam-sensitive 
organic or non-conducting materials, leaving a gap in technologies to obtain chemical information 
at the sub-nanometer scale.  
 
Atom probe tomography (APT) is an analytical microscopy technique that provides 3D mapping 
of nanoscale volumes with sub-nanometer spatial resolution and chemical sensitivity in the parts 
per million range (for a comprehensive technical review, see [23] and references therein). Placed 
in the context of other multidimensional characterization tools (Figure 1), this unique combination 
of 3D compositional data at sub-nanometer resolution fills a niche in the biomaterials 
characterization toolbox. It therefore stands to contribute greatly to the structural organization of 
biominerals and biomaterials, specifically at the level of building block components, such as 
collagen fibrils and hydroxyapatite (HA) crystals in natural tissue, or nanoparticles or trace-
element inclusions in synthetic biomaterials, or nanoscale components at functional biointerfaces.  
 
Initially, APT was developed in application to materials well suited to withstand the field 
evaporation process key to this technique. Metals and alloys could easily undergo ionization and 
desorption of atoms from their outermost surface given a sufficiently large electric field, driven by 
an applied voltage and small sample tip radius, which could be pulsed to trigger timed ionization 
events and enable time-of-flight measurements. Laser-assisted APT later emerged by coupling 
an atom probe microscope with a laser, and using a static electric field combined with laser pulses 
to produce field evaporation [7] thus expanding the envelope of suitable materials for APT to 
include semiconductors [24] and other electrically insulating materials. The application of APT to 
biominerals was first highlighted by Gordon and Joester who successfully characterized the 
chemically complex nanometer-scale interfaces in the tooth of a marine chiton [25]. This work has 
since paved the way for the broadening applications of APT to a growing range of natural 
biominerals, including bone [26,27], dental enamel [28–31], and carbonates from marine 
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organisms [26,32,33], biomaterials such as synthetic bioceramics and bioglasses [34,35], and 
biointerfaces [36].  
 
In this review tailored to the biomaterials and biomineralization community, we introduce the 
fundamental concepts of APT from the lens of biomaterials applications. We provide a focused 
review on the applications of APT to biominerals, biomaterials, biointerfaces and biological matter 
to date, highlighting the structure-property or mechanistic insights offered by APT. We place 
special consideration on challenges, sample preparation strategies, and provide future 
perspectives to broaden APT use in the biological sciences. 
 
2 APT Fundamentals  
Presented below is a brief overview of APT as a technique. However, for a more thorough 
examination of the history, underlying physics, and analytical performance of APT, readers are 
directed to some of the many excellent texts already written on this topic [37–39]. 
 
The atom probe microscope evolved from the pioneering work of E.W. Müller who successfully 
imaged and resolved individual surface atoms through field evaporation with the field ion 
microscope (FIM) [40,41]. The combination of this field evaporation with the identification of 
individual ions using time-of-flight mass spectrometry gave rise to the first atom probe-field ion 
microscope (APFIM) [42] that has subsequently evolved to yield 3D imaging capabilities [43–45] 
and into the modern Local Electrode Atom Probe (LEAP) used today [46].  
 
An APT experiment can be roughly divided into the stages of (i) data acquisition, (ii) 
reconstruction, and (iii) visualization and analysis, as shown schematically in Figure 2. Data 
acquisition is where a sample is destructively measured using the atom probe instrument. The 
reconstruction step converts the outputs of that measurement into a 3D model of the original 
material. Visualization and analysis examine that 3D model to uncover knowledge about the 
sample, while remaining aware of the influences, limitations, and potential artifacts linked to each 
of the previous stages. As the most appropriate visualization and analysis methods vary with each 
sample and scientific question, only the data acquisition and reconstruction stages are detailed in 
this section. 
 
APT data acquisition involves the successive field evaporation of surface ions from a sample.  
Field evaporation itself is induced by a strong electric field [47], on the order of 1010 V/nm [38].  
This field can be reached at the specimen surface under an applied voltage for samples shaped 
into the form of nanoscale needles (generally <100 nm radius at the apex), as the field strength 
is inversely proportional to the sample tip radius. The ability to produce specimens with tips of 
sufficient size for field evaporation is a critical step to APT analysis and is detailed further in 
Section 4.3. Ion identification depends on measuring the time-of-flight (ToF) following field 
evaporation, so the start time of such events must be controlled. To achieve this, the specimen 
surface is held close to the field required to ionize atoms from the surface and evaporation events 
are controlled by applying successive voltage or laser pulses that briefly expose the sample to 
conditions where the energy barrier for field evaporation is likely to be overcome. Evaporated ions 
are then accelerated by the electric field toward a position-sensitive (e.g., delay line) detector 
where the position (x, y) and timing of each ion impact is recorded. The data acquisition stage 
typically proceeds until a satisfactory number of ion counts (on the order of several million) have 
been registered, or successive evaporation and subsequent increase of the tip radius limits the 
applied electric field, or the sample prematurely fractures. Other requirements of data acquisition 
include an ultrahigh vacuum (order of 10-11 Torr) required to reduce background signal and an 
extremely low sample base temperature (typically 25-80 K) to limit uncontrolled atom movement 
or evaporation and improve spatial accuracy.     
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Reconstruction of the acquired data aims to both determine the chemical identity of each ion, and 
to assign to it a position in 3D space equivalent to its original position in the sample. The chemical 
identities of ions are determined by converting the ToF into a mass-to-charge ratio by equating it 
to their acquired kinetic and potential energies.  A histogram of mass-to-charge data points, 
generally called a mass spectrum, is then produced with peaks representing elemental or 
molecular species at different charge states (e.g., +1, +2, +3) that are dependent on the element, 
phase, and the intensity of the electric field [48]. The chemical identity of each ion or molecule is 
assigned manually through a process referred to as mass peak ranging.  
 
Spatial reconstruction to produce a 3D representation of the analyzed volume generally assumes 
a reverse-projection model and converts ion hit positions on the position-sensitive detector to real-
space coordinates [49]. The lateral x- and y-positions of ions on the sample surface are 
determined by tracing the ion flight paths from the detector location back to the specimen surface. 
This process must account for the instantaneous magnification of the sample at the time of 
evaporation, and typically assumes the sample surface shape as a perfect hemispherical cap on 
a truncated cone with the radius of the cap blunting itself uniformly with each successive 
evaporation throughout the experiment. The depth (z-coordinate) of each ion is determined using 
a reverse sequence model of evaporation that is adjusted in increments that are proportional to 
the volume of each individual ion and must account for the limitations in efficiency of the atom 
probe instrument in detecting every evaporated ion [49]. Spatial calibration of the reconstruction 
is often aided with information on the sample size, tip shape, or structure, which can be provided 
by complementary imaging methods (e.g., SEM, TEM). The result is a data array representing a 
point cloud with each ion having a (x, y, z) position determined to accompany its mass-to-charge 
value. In combination with the mass peak ranging information, a 3D model of the original sample 
is produced. 
 
As this review will highlight, this combination of high chemical sensitivity and spatial resolution 
makes APT well-suited for detection of trace elements or dopants within natural and synthetic 
biomaterials. This may aide in identification of clustering of atoms, as well as their clustering, e.g., 
grain boundary segregation in crystalline biomaterials, core-shell nanoparticle structures, or for 
delineating the boundaries between organic/inorganic regions in nanocomposites. Below, we give 
examples of these findings in the study of biominerals, such as bones, teeth or carbonates, 
biomaterials, biointerfaces, and other biological materials, including cells and proteins.  
 
 
3 Applications in Biominerals, Biomaterials and Biointerfaces 
 
3.1 Bones and Teeth 
Many biological tissues can be viewed as nanofibrous composites that are structured 
hierarchically across different length scales [50]. Two such examples are bone and tooth. The 
basic constituents, mainly carbonated HA nanocrystals and collagen, assemble to form a complex 
hierarchical structure, from the individual collagen fibril and mineral nanoplatelets at the 
nanometer level, to the microscopic structural units of osteons and lamellae in bone and 
peri/intertubular dentin in tooth, to the macroscopic level of a trabecular core and cortical shell in 
bone and an enamel cap encompassing a mass of dentin in tooth [51–54]. 
 
The remarkable mechanical properties (e.g., hardness and toughness) and biological functions 
(e.g., calcium homeostasis) of bone and tooth are thought to arise from the adaptation of the 
structure at all length scales of the hierarchy [50]. Therefore, a clear understanding of their 
complex structure has a major impact for elucidating the structural-mechanical function 
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relationship and mechanisms of biomineralization. In recent years, many studies, with the help of 
the advances in imaging techniques and image processing algorithms, were able to visualize 
some refined structural features at the level of mineralized collagen fibrils in 3D and shed light on 
the structural hierarchy [15,18,21,55,56]. APT has added to this information by being uniquely 
positioned to probe the composition of mineral phases and trace elements within bones and teeth 
at relevant sub-nanometer length scales.  
 
There have been, so far, only a few reports investigating mammalian bone using APT. The first 
published pilot study was conducted on rat femoral cortical bone by Gordon et al. where the 
spectra of the bone samples closely resembled that of the synthetic HA with Mg2+ and Na+ as 
substituents [57]. By combining scanning TEM (STEM) and APT, Langelier et al. examined 
human maxillary bone and showed a clear spatial correlation between inorganic mineral (Ca-rich) 
and organic matrix (C-rich) domains in mineralized collagen fibrils (Figure 3a) [58]. Further, the 
study demonstrated the capability of APT to detect trace elements (i.e., Mg and Na) and found 
co-localization of Na with organic-rich regions, and in amplified concentration at organic-inorganic 
boundaries, while Mg was confirmed within the mineral phase, suggesting the potential important 
role of Na in the structural integrity at the mineral-collagen interface. In recent work on leporine 
femoral lamellar bone, Lee et al. used APT to virtually extract individual mineralized collagen 
fibrils for analysis where the carbon isosurface visualization (Figure 2) showed a fibril-like helical 
structure, mirroring the collagen triple helix structure at the molecular level [59]. More importantly, 
the compositional and spatial sensitivity of APT enabled a clear separation of a single collagen 
fibril from the mineral (represented by Ca) and thus demonstrated that Ca (mineral) appeared 
both within and along/around the collagen fibrils (i.e., intra- and inter-fibrillar mineralization) with 
the majority of mineral concentrated in the external space between the fibrils (Figure 3b). 
Interestingly, by quantifying the atomic ratio between Ca and P (Ca/P) and their relative distance 
to collagen fibrils (C ions) via radial clustering analysis, the study found potentially greater 
quantities of amorphous calcium phosphorous (ACP) and/or poorly crystallized HA closer to 
and/or within the collagen fibril.  
 
Compared to the few APT investigations on bone tissue, more work has been done on the 
mineralized tissues of the tooth, i.e., dentin and, especially, enamel, due to its lower organic 
content and, therefore, ease at which it runs in the atom probe. Gordon and Joester first reported 
that in the magnetite cap of chiton (marine mollusk) tooth organic fibers (mainly consisting of 
semi-crystalline α-chitin) were occluded throughout the tooth and co-localized with either Na or 
Mg ions, where Mg is a well-known element that modulates mineralization processes [25,60]. 
Interestingly, individual organic fibers had different chemical compositions (i.e., selective binding 
to either Na+ or Mg2+), implying different functional roles in controlling fiber formation, mineral 
deposition, matrix-mineral interactions, and ultimately the mechanical properties of the tooth 
[25,60]. 
 
Similar to the chiton tooth, mature mammalian tooth consists of a softer core (dentin; collagen 
and HA) capped by a hard enamel layer (predominantly HA). In both rodent [28] and human 
enamel [30], APT has revealed an intergranular Mg-rich ACP phase between the HA nanowires 
that constitute the enamel structure (Figure 3c). Since Mg-rich ACP is more soluble than HA, the 
studies suggested that decay could occur via dissolution along the enamel rod boundaries and 
provided evidence for the potential strategies to strengthen (re-mineralize) enamel by introducing 
beneficial ions to the intergranular ACP. Such Mg segregation has likewise been reported in 
bovine enamel where the clustering of Mg had been associated with the changes in Ca/P ratio 
[61].  
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Gordon et al. also showed that in pigmented rodent enamel (a reddish-brown, iron-rich enamel), 
a mixture of ferrihydrite and an Fe-rich ACP phase replaced the Mg-rich ACP (Figure 3d), 
significantly improving not only its hardness (mechanical properties) but also the resistance to 
acid attack [28]. In a follow-up study on mouse enamel, Gordon et al. found elevated organic and 
carbonate content and possibly water at the ACP interphase which could further weaken the 
resistance to acid corrosion at the grain boundaries [29]. The authors also proposed that the 
mechanical behavior of the mouse enamel was attributed to the presence of the Mg-rich phase 
at the grain boundaries, rather than organic phases based on the observation of the absence of 
monolayer of organic matter surrounding individual crystallites [29]. More recent APT work 
combined with HAADF STEM on human enamel has revealed additional nanoscale pathways 
where dental decay/caries have been shown to progress including along the central dark line 
enriched with Na and Mg ions within carbonated apatite nanocrystals, in organic-rich precipitates, 
and at high-angle grain boundaries [31].  
 
In the latest work by DeRocher et al., human premolars were examined with APT and correlative 
high resolution TEM imaging and EELS spectroscopy [62]. It was shown that Mg levels were 
elevated not only in the intergranular Mg-ACP, but also in two distinct layers in the core of 
crystallites which were further enriched in Na, F, and carbonate (Figure 3e). The crystalline core 
was surrounded by a shell with lower concentration of substitutional defects. This core-shell 
architecture led to a mechanical model predicting the residual stresses arising from the chemical 
gradients might affect the mechanical resilience of enamel. Based on the observations of the 
systematic variation in the concentration of Mg and other minor ions at the crystallite surface, the 
authors further proposed a mechanism for human enamel crystallite growth during amelogenesis 
(enamel formation) [62,63].  
 
In contrast to enamel with little organic content (~ 1-2 wt%), dentin is a closer resemblance to 
bone because of its higher organic composition (~ 20 wt%). Gordon et al. first demonstrated in 
elephant tusk dentin that APT was able to reconstruct fibrous organic structures potentially 
corresponding to individual collagen microfibrils consisting of five collagen triple helices [57]. 
These fibrous structures were further found to co-localize with high Na concentrations and not 
with Mg ions, suggesting selective binding that may have impacts on collagen fibril self-assembly 
and/or functional properties of the tissue [57]. In another study on native pig dentin, Forien et al. 
discovered significant amounts of C residing within the mineralized Ca-rich domains (crystalline 
regions of the mineralized collagen fibrils) and there was a high inverse linear correlation between 
C and P [64]. Subsequently, the authors concluded that carbonate existed throughout the 
nanocrystals rather than being confined at the crystal boundaries, and it was of a B-type 
substitution where carbonate takes the place of phosphate in the HA crystal [64]. This work 
employed a common approach seen in the visualization of earlier mineralized tissues, specifically, 
separating the domains into mineral-rich and organic-rich/protein-rich regions. Mineral rich zones 
were identified as ≥ 34 at% Ca but protein-rich regions were denoted by ≥ 5.2 at% N, not as 
regions rich in C as used by other groups investigating bone [59]. Interestingly, this approach 
allowed for the interrogation of carbonate substitution, which was generally overlooked in the 
works on bone tissue. 
 
APT has also been used to build an understanding of the superiority of some biominerals under 
mechanical loading. For example, in the ant mandibular tooth, APT revealed a homogeneous 
distribution of Zn, likely associated with residual proteins in the matrix, which provided improved 
mechanical properties over alternative strategies like inclusions that may lead to fracture [65]. 
This work also highlighted the importance correlative methods play in APT interpretation, where 
time-of-flight secondary ionization mass spectrometry (ToF-SIMS) was used to assist in mass 
peak ranging to understand potential fragmentation [65]. 
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3.2 Biomaterials 
Simultaneous collection of both composition and structure with sub-nanometer resolution also 
allows a thorough understanding of structure-property relationships of synthetic biomaterials. 
Here, we highlight the applications of APT to calcium phosphate-based ceramics, bioactive 
glasses, glass ceramics and composites. Metallic biomaterials are mentioned briefly but featured 
in Section 3.3 where they interface with bone tissue.  
 
Among the various apatites and calcium phosphates, HA is closest to the mineral phase in 
mammalian hard tissues, mainly in a carbonate-substituted form [54], hence HA-based 
biomaterials are extensively studied in biomedical engineering. Owing to this interest, Gordon et 
al. used APT to examine different members of the apatite family, which due to their low Z (atomic 
number) composition and beam sensitivity, are challenging to examine with spectroscopic 
methods in STEM, i.e., EDS or EELS [57]. APT spectra of different synthetic apatites, i.e., 
fluorapatite, chlorapatite, and HA, displayed distinct spectral features attributable to each channel 
ion, thus providing a method to fingerprint the different apatites despite their highly similar 
structure and composition [57]. 
 
Nanoparticles of synthetic HA are increasingly used for other applications in medicine and 
dentistry [66,67], but thorough understating of their structure-function relationships is hindered by 
difficulties in determining their nanoscale organization. While such a task could be accomplished 
by APT, several issues remain in preparing nanoparticles into needle-shaped samples. Mosiman 
et al. demonstrated that APT samples of fluoridated HA nanoparticles can be obtained by first 
encapsulating them with Al2O3 (by atomic layer deposition) or Au (by sputter-coating) (Figure 4a). 
Interestingly, in this study, the encapsulation approach also dictated the APT operation mode, 
i.e., laser-assisted for the encapsulation with Al2O3, and voltage-pulsing for the encapsulation with 
Au [68]. The use of voltage-pulsing is particularly noteworthy, as the majority of APT studies on 
nonconductive biomaterials have been performed using laser-pulsing. However, in this case, and 
in similar analyses using laser-assisted APT, minor constituents of F were undetectable and Na 
only detectable when using Al2O3 encapsulation and laser-assisted APT. While encapsulation is 
certainly an option for obtaining APT data of HA, further coating optimization is needed to reach 
both stoichiometric values representative of the bulk and trace element detection [68].  
 
Metoki et al. first exploited the analytical capabilities of APT to study an electrodeposited calcium 
phosphate coating, a clinically available surface modification strategy for bone implants, using Au 
as a model substrate. By comparing Ca/P ratios from their APT analysis to theoretical values, and 
by correlating APT and TEM, they determined that a mixture of phases was present on the Au 
substrate (Figure 4b). This mixture was composed of ACP, dibasic calcium phosphate dihydrate, 
and octacalcium phosphate, and was postulated to act as a transient precursor to HA [69]. 
 
Recently, Ren et al. paved the way to the use of APT for the analysis of another common class 
of materials employed in the biomineralization field, bioactive glasses. Both the preparation of 
APT samples with FIB and the APT experimental conditions were optimized for Sr-containing 
bioactive glass particles. Such optimization work led to a successful experiment rate of 90% 
without premature fracture for strontium-releasing bioactive glass-based scaffolds, yielding up to 
25 million ions. This work has laid the foundation for investigating Sr release from biomaterials in 
vivo in the future.  
 
Combining the properties of glasses and ceramics, glass-ceramic composites have become 
widespread materials in dentistry thanks to their excellent mechanical and biological properties, 
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together with a good aesthetic appearance [70,71]. The use of dopants is a common practice to 
control the microstructure and properties of ceramics, impacting their use in applications beyond 
the biomedical field. In this context, understanding the dopant segregation at the grain boundaries 
is paramount but complex to accomplish. In a Y-doped ZrO2-SiO2 glass-ceramic studied by Fu et 
al., the limited concentration of the dopant posed major challenges in the determination of its 
segregation behavior, and both STEM-EDX and STEM-EELS provided inconclusive information. 
Due to its chemical sensitivity, APT was able to detect Y both at ZrO2 grain boundaries and at the 
ZrO2/SiO2 heterophase interface (Figure 4c), and also revealed the core-shell structure of the 
ZrO2 nanocrystallites, where the core of ZrO2 solid solution is surrounded by a thin Zr/Si interfacial 
layer [35].  
 
In another composite material, a Ti-6Al-4V metal matrix nanocomposite containing Ag 
nanoparticles for antibacterial applications, APT uncovered that Ag was present not only as Ag-
rich 10-20 nm particles, but also as elemental Ag forming a solid solution with the Ti-6Al-4V matrix, 
hence providing information on the synthesis method [72]. Precise assessment of the chemical 
and structural heterogeneities in a Si mesostructure for lipid-supported bioelectric interfaces was 
also accomplished with APT [73]. 
 
As biomaterials may be comprised of metals, ceramics, polymers, composites of these classes, 
or include nanomaterials, the application of APT to this field is as virtually infinite as the material 
combinations that exist. The studies reported in this section are only a few examples of the 
advantages offered by APT in examining structure-property relationships in biomaterials. For 
instance, more papers can be found in the literature where APT was used to characterize 
materials that may be employed as biomaterials, such as Ti-based materials [74–79] and self-
assembled monolayers [80–83]. Although not used for biological applications in these papers, 
these could aid the development of APT-based characterization of similar biomaterial systems. 
Nonetheless, a detailed analysis of these studies is out of the scope for this review. 
 
3.3 Biointerfaces 
Beyond probing the structure and chemistry of biomaterials themselves, APT has also been 
extensively used for the investigation biointerfaces to evaluate candidate bone-implant materials. 
Osseointegration, defined as the “direct contact between living bone and implant” was first 
identified by optical microscopy at the microscale level [84]. When electron microscopy was later 
used to investigate bone-implant interfaces, it became clear that the bone-implant bonding occurs 
at a length scale beyond that resolvable by light, introducing the concept of “nano-
osseointegration” [8,85,86]. Despite advances in the study of osseointegration at the nanoscale, 
probing the first few nanometers of the bone-implant interface remains challenging, and different 
descriptions of the ultrastructure of said interface can be found in the literature, as thoroughly 
reviewed in [87]. Having proven to be a valuable tool for the characterization of organic-inorganic 
interfaces in biominerals, including bone, APT can be an asset for researchers in the field of 
osseointegration, further extending the resolution of bone interfaces down to the atomic scale. 
 
Karlsson et al. first used APT to analyze the interface between bone and a biomedical device, a 
titanium implant with a mesoporous titanium oxide coating for local drug delivery, placed in the 
rat tibia [36]. Their work showed that osseointegration entails an atomic continuity between bone 
and implant, and, specifically, that the direct contact between the implant surface (i.e., TiO) and 
bone occurs through a Ca-enriched layer of bone mineral, without a protein interlayer (Figure 4d) 
[36]. 
 
The inorganic nature of the bone-implant interface, rich in Ca, was confirmed by Sundell et al., 
who examined the osseointegration behavior of a Ti-based dental implant with a sand-blasted 
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acid etched surface, retrieved from the human jaw [88]. A similarly surface-modified Ti-6Al-4V ELI 
(extra-low interstitials) orthodontic mini-implant exhibited an interface composed of interdispersed 
Ca and TiO, but scarce C, hence suggesting that, at the atomic level, bone bonding to the implant 
surface occurs via its mineral components, without mediation by proteins [89]. 
 
The potential of APT for osseointegration studies was furthered by implementing a correlative 
workflow, combining APT with on-axis electron tomography and EELS tomography, to 
characterize bone-implant interfaces in 4D (i.e., 3D structural information plus chemistry) [22]. 
This correlative 4D tomographic analysis showed that a transitional biointerphase was present at 
the bone- laser-machined Ti implant interface, with clear concentrations gradients of both Ca and 
Ti. Ca and C were both present in direct contact with the nano-oxide at the implant surface (Figure 
4e), and trace amounts of Mg and Na were also detected at this interface [22]. Unexpectedly, a 
small enrichment of N was noted between the Ti and the TiO surface layer of the implant, likely 
incorporated during laser ablation of the implant in ambient prior to implantation (Figure 4e). This 
was the first time that such N-rich layer was detected on the subsurface of a commercial dental 
implant, an observation made possible by the high sensitivity of APT. This exemplifies the role 
that APT can play in precisely characterizing the surface of implants for bone applications, 
assessing the presence of elements and compounds that could go undetected with other 
techniques, but may influence the performance of the implant. 
 
 
3.4 Other Biominerals  
Biogenic mineral phases encompass a diversity of single crystals, composites, and amorphous 
materials [2]. There are approximately 60 different types of biominerals that have been discovered 
across a broad phylogenetic range of life, the most common ones, including carbonates, 
phosphates, halides, sulfates, silica, iron oxides, manganese oxides, sulfides, citrates, and 
oxalates [2]. While bones and teeth were presented separately above, there are numerous other 
biominerals which have benefited from APT analysis, summarized here.  
 
Exploiting the chemical sensitivity of APT, Arola et al. showed that the ionic substitution of apatite 
in the limiting layer of elasmoid scales varies for different fish species [90]. Specifically, when 
comparing APT spectra of scales from carp, tarpon and arapaima, traces of Na and Cl were 
detected in the carp scales only, while Mg was found in the tarpon scales. While specific trace 
elements were not identified for the arapaima, this species had an attenuated mass spectrum in 
the C+ and Ca2+ regions compared to the carp and tarpon, which could be indicative of dissimilar 
energy absorption [90]. Overall, since substitutions in the apatite crystal structure alter several 
mineral properties, more work is needed to understand the origin (e.g., environmental) and 
implications of the different substitution observed in fish scales according to the species [90]. 
 
APT has also played a substantial role in the characterization of calcium carbonate-based 
biominerals. Branson et al. combined two-dimensional (2D) information from ToF-SIMS with 3D 
data from APT to probe the organic template, i.e., the primary organic sheet, embedded in the 
CaCO3 shell of the Orbulina universa, a planktic foraminifera widely used to study past climate 
[32]. APT findings alone could not confirm that the organics present corresponded to the primary 
organic sheet, but correlation with ToF-SIMS analyses helped corroborating such 
correspondence, in turn highlighting the importance of APT as a part of broader multiscale or 
correlative characterization approaches [32]. The existence of a continuous, planar interface 
between organic and inorganic regions, marked by an abrupt variation in Ca, C, and H, was clear 
from the 3D volume visualized after APT data collection and reconstruction [32]. Compositional 
profiles (proxigrams) across the organic-inorganic interface revealed that the organic phase was 
enriched in both Mg and Na (Figure 5a), unveiling the chemical heterogeneity of the intraskeletal 
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environment, and suggesting that non-Ca2+ ions could also play a part in biomineralization, for 
example by altering the surface properties and in turn the interfacial energy of the organic 
template [32]. 
 
APT analyses of the calcite portion of the shell of the common blue mussel (Mytilus edulis) 
showed an opposite trend in the distribution of Na compared to what was observed in the 
foraminifera [32], as low concentrations of Na were found in the inter-crystalline organic matrix 
[26]. As Na appeared co-localized with the mineral phase or with the intra-crystalline organic 
phase in the mussel shell (Figure 5b) [26], and not associated with the organic phase as in the 
foraminifera [32], Na might play a different role in the biomineralization of these two distinct 
organisms. In the mussel shell, areas corresponding to the inter-crystalline organic phase were 
more concentrated in O and C compared to the calcite regions, especially showing an enrichment 
of at least 1 at% in O with respect to the surrounding mineral phase [26]. Interestingly, APT 
sample preparation and data acquisition for the mussel shell indicated a potential role of the 
crystallographic orientation of the sample in the quality of the APT data obtained. Sample 
orientation (i.e., either nearly perpendicular to the c-axis of the calcite or containing the {0001} 
plane of the calcite) affected the ease/difficulty of sample preparation in the FIB, and yielded a 
dissimilar total ion count and spectra quality [26]. Curiously, the ease of sample preparation was 
inversely related to the quality of the APT results, and samples with calcite oriented nearly 
perpendicularly performed superiorly [26]. This highlights the need for optimization of sample 
orientation for a given biomineral, as other minerals, such as bone, have shown differing findings 
[59].  
 
The role of intra-crystalline organics in biominerals was investigated by Pérez-Huerta et al. by 
examining the organics occluded in individual calcite crystals synthesized in different ways, i.e., 
grown in presence of chitin hydrogel, both without and with yatalase (a chitinolytic enzyme) 
treatment at different concentrations, or in presence of chitin nanofibers [27]. By comparing APT 
mass spectra with those acquired for geological calcite in a previous study [91], 21 peaks 
characteristic of chitin were identified. Samples treated with yatalase also displayed peaks 
corresponding to S, validating the use of APT for the analysis of sulphated polysaccharides in 
biogenic biominerals [27]. APT reconstructions demonstrated that the synthesis method affected 
the morphology of the chitin-based organic occlusions in the calcite matrix. For growth in chitin 
hydrogel, these occlusions were in the form of discrete nanosized clusters, which coalesced into 
a linear structure, associated with Na, for growth in presence of chitin nanofibers [27]. In another 
study using similarly synthesized calcite crystals as in [27], APT results showed that the synthesis 
method, especially the presence and concentration of the chitinolytic enzyme (i.e., yatalase), also 
affected the distribution of chitin within the calcite crystal [92]. In absence of yatalase treatment, 
little signal corresponding to chitin was detected inside the calcium carbonate region but was 
mostly localized on the edge of the sample instead [92]. On the other hand, clusters of COH+ and 
COH2

+, representative of chitin, were incorporated within the calcite matrix both for synthesis with 
yatalase treatment, especially at higher concentration, and for growth in chitin nanofibers, 
demonstrating the potential of APT to help understanding how chitin and chitinolytic enzymes 
regulate crystal growth [92]. 
 
A polymorph of calcite, aragonite is the inorganic constituent of nacre, also known as mother of 
pearl. In nacre, aragonite grains are enclosed by organic sheets and contain nanosized organic 
inclusions. This heterogeneous nanostructure, combined with its non-conductivity, makes nacre 
a challenging material for APT analyses, with very uneven evaporation behavior due to the 
distribution of the organic and inorganic phases. Thanks to a thorough optimization of operating 
conditions, Eder et al. were able to complete several successful APT analyses of nacre [33]. In 
one dataset, part of the organic membrane surrounding the aragonite grains was visualized due 
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to the enrichment in C, H and Sr (incorporated during the pulse chase labeling) (Figure 5c). In the 
other samples examined, only organic inclusions, indicated by C and H-related peaks in the mass 
spectra, were detected [33].  
 
3.5 Other Biological Materials 
Although this review focuses predominantly on the application of APT to biomineralization, it 
would be remiss not to mention a few key advances in analyzing other biological materials, such 
as cells, proteins and bacterium. Compared to spectra from biominerals, peak ranging tends to 
be more difficult in these organic-rich materials due to overlap in the mass-to-charge ratios of 
evaporated complexes (CO+, N2

+, and C2H4
+ at 28 Da, for example). Adineh et al. investigated a 

network of fibrils present within drug-resistant Acinetobacter baumannii bacterial cells after 
fixation (Figure 6a) and noted peaks attributed to C, N, O, and H2O throughout the intracellular 
domain and organic-rich vesicles using a pulsed voltage mode of data acquisition [93]. 
Comparison of drug-resistant and drug-susceptible bacteria with APT also showed differences in 
fibril structure within the cellular envelope and the presence of a unique phosphocholine fragment 
at 58 Da in drug-susceptible strains [93]. A follow-up APT study of graphene-encapsulated 
Acinetobacter baumannii with pulsed voltage mode showed clustering of CO within the bacterial 
cell envelope and a lack of phosphocholine indicating potential lipid damage [94]. Narayan et al. 
have also investigated cellular components with APT of plunge-frozen and sputter-coated HeLa 
cells, finding that specimen orientation during FIB preparation played a large role in stability [95]. 
Heterogeneous distribution of elements was partially observed within the cell, where negative 
correlations were observed between C and Na but other complexes such as carbonyls were 
homogenously distributed [95]. 

At the sub-cellular level, assessment of ferritin protein structures has been conducted with a wide 
range of sample preparation approaches. Solidified Type 1 ferritin was prepared for APT using 
room temperature FIB techniques, and, using a laser pulse energy of 1-10 pJ, Greene et al. 
presented a list of charged ion species that can be attributed to ferritin dispersed within dried salts 
of CdCl2 and NaCl, although the core-shell structure wasn’t readily visible and Fe2+ peaks are 
likely convoluted with organic species [96]. Clear reconstruction of the core-shell model of ferritin 
was achieved by Perea et al. using a resin-embedding prior to APT in lowicryl, a resin devoid of 
any N [97]. This work highlighted the presence of radial layers of phosphate and sodium in 
between the Fe-rich core (56Fe+) (Figure 6b) and outer C-rich shell [97]. Here, resin-embedded 
nanoparticles of Fe3O4 were used as a reference material for compositional controls and selection 
of laser wavelength was thought to play a role in suppressing alkanes in the resulting data [97]. 
More recently, APT following graphene encapsulation of liquid-ferritin mixtures has also isolated 
amino acid locations within the peptide shell by using clustering techniques to separate regions 
where carboxyls (COOH3+) are in close proximity to amines (CNH2

+ or CNH3
+) using a 0.5 nm 

threshold [98].  

Other studies featuring proteins have been performed in APT. Operating parameters were 
explored and optimized, particularly laser energy, to enable APT of air-dried beta amyloid fibrils 
after deposition onto pre-sharpened aluminum posts [99]. In all samples probed, organic-rich 
longitudinal structures were visible, but mass-resolution was not sufficient to identify S within 
methionine groups [99]. In another interesting application of APT to biological materials, APT was 
shown as a tool capable of investigating protein conformation. Sundell et al. demonstrated a 
structurally accurate APT reconstruction immunoglobulin (IgG) suspended in a silica sol-gel 
matrix [100]. Single proteins of IgG (Figure 6c) were visualized by examining the spatial location 
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of amino acids and carboxyl species (using CNH2
+ and CO2

+ as markers), allowing for direct 
visualization of the Fab and Fc regions within immunoglobulin and the hinge region within the 
molecule [100]. Aggregations of IgG were also seen in the form of pentameric structures with 
outward-facing Fab domains [100]. Where the mass-to-charge ratios of many molecular fragments 
from proteins have been identified in early models of a scanning atom probe [101,102], the 
extension to local electrode APT for identifying organization and spatio-chemical behavior of 
organic phases is a burgeoning field of interest. Collectively, these studies demonstrate the 
potential APT may hold for probing biological species and signatures, and as a tool for structural 
biology.  

 
4 Technical Considerations for Biomaterials and Future Perspectives 
 
4.1 Technique Limitations  
The growing applications of APT to biomaterials (natural and synthetic) is pushing boundaries for 
the chemical and isotopic mapping that can be achieved at the 3D nanometer scale. However, 
this does not come without its challenges. APT has several limitations associated with both its 
spatial and mass resolution, well detailed in technical review papers elsewhere [23]. However, 
some of these limitations and sources of artifacts are especially applicable to biomaterials due to 
their inherent inhomogeneous and/or insulating nature. Here, we highlight a few of the limitations 
and artifacts to consider when using APT for biomineralization investigations. 
 
4.1.1 Data Yield 
Every APT experiment is dependent on yield, i.e., the number of atoms successfully field 
evaporated and detected before the end of the data acquisition, which can be used for 
reconstruction.  Low yield caused by premature sample fracture under high field and low 
temperature acquisition conditions can hinder APT analysis of a number of materials. This is 
particularly problematic for biomaterials.  The exact mechanisms for sample fracture vary, and 
are often impossible to investigate postmortem, which makes discerning a correct sample 
preparation and experimental process difficult. Nevertheless, it is known that samples which (i) 
require lower evaporation field and uniform evaporation conditions, (ii) contain few internal 
defects, and (iii) generally have stronger and more ductile properties, all tend to exhibit higher 
yield and be more resistant to fracture.  However, many biomaterials fail to satisfy these conditions 
and instead contain a variety of phases with various evaporation characteristics, a host of internal 
interfaces and defects, and are often comprised of weak or brittle phases (relying on their 
composite structure at larger length scales for optimal mechanical properties).   
 
Experimental parameters such as higher base temperature, higher laser energy, and lower target 
detection rate are generally accepted to promote greater yield but can come with trade-offs in 
spatial resolution or spectral performance. The trade-offs between data quality and yield are 
important considerations for heterogenous biomineralized tissues, such as bone [58], and 
thermally insulating biomaterials such as bioglasses [34], or even more brittle tissue such as 
ashed dentin [64] which have been reported to fracture frequently during APT analyses. A more 
detailed review of fracture and yield would need to focus on particular samples, as the root issues 
are often as varied as the samples themselves, yet the challenge of obtaining acceptable data 
yield should always be considered when contemplating any APT study on biominerals and 
biomaterials. In Table 1, we give the reported values for operating parameters of the materials 
featured in this review in hopes that they serve as a starting point for future applications in this 
field. While there are some trends present, it is clear that they are highly sample dependent. 
Sample preparation considerations which can affect yield are discussed in Section 4.2. 
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4.1.2 Sample Heterogeneity and Inhomogeneous Evaporation 
The heterogeneous composite structure of many biominerals, containing organic and inorganic 
(mineral) regions, can complicate APT analysis by causing inhomogeneous field evaporation from 
the sample surface. For example, an organic matrix and inorganic mineral or biointerface, are 
likely to require different conditions to induce field evaporation due to the different elements and 
types of bonding present in each phase. Barring rare cases where these differences are minimal, 
an APT specimen containing two phases of varying evaporation characteristics will result in 
preferential evaporation of the so-called ‘low-field’ phase relative to the ‘high-field’ constituents. 
Inhomogeneous field evaporation such as this can produce irregularities in the surface 
topography of the specimen, causing deviation from an ideal hemispherical cap. In turn, these 
irregularities affect the shape of the electric field emanating from the tip, and therefore the 
trajectories of the departing ions. Such ion trajectory aberrations, also known as “local 
magnification” effects [103], illustrated schematically in Figure 7a, can impact both the spatial and 
spectral fidelity of APT data.  Artifacts created in the 3D reconstruction from such aberrations are 
difficult to correct and represent an important limitation when reporting the spatial resolution of a 
feature of interest as well as the composition of fine features or at interfaces.  
 
Similarly, gradients in the electrostatic field or temperature at the surface of a sample may enable 
surface migration of atoms before desorption from the surface. This would result in the 
evaporation of ions from positions that are traced back to a site close to, but not exactly their 
original site in the material. An attempt to reconcile these challenges can be made via correlation 
with other high resolution imaging techniques, such as TEM or even electron tomography, which 
can be used to help guide a more accurate reconstruction (e.g., [22,64,104]).  Comparing data 
with field evaporation simulations can also help identify the impact of such aberrations. However, 
the complexity of most biominerals and biointerfaces, or similarly composed biomaterials, 
precludes such an approach.  Overall, these effects are largely accepted as tolerable sources of 
potential error in the biomaterials APT community.  
 
4.1.3 Spectral Resolution and Sensitivity 
An overwhelming majority of biominerals and biomaterials, with the obvious exception of metallic 
biomaterials, require laser pulsing to achieve yield in APT experiments due to their electrically 
insulating nature. Yet the poor thermal conductivity of these materials also adversely affects data 
quality. This is primarily due to heat retention following the applied laser pulse, as the specimen 
tip is relatively slow to cool. As the tip temperature remains elevated, with a slow decrease 
following the laser pulse, so does the probability of field evaporation. Therefore, the timing of 
evaporation for the departing ion may substantially lag behind the incidence of the pulse, causing 
an artificially lengthened ToF to be recorded. This appears in an APT mass spectrum as so-called 
‘thermal tails’, trailing from peaks to higher values of mass-to-charge. Thermal tails can lead to a 
reduction in mass resolution as smaller peaks (e.g., minor and trace elements or lower abundance 
isotopes) are obscured by the increase they cause in the local background where they are located 
(Figure 7b). Adjustments in the laser pulse energy may have a positive impact on peak tails, as 
observed in some inorganic minerals (e.g., [105,106]), while adjustments to the base temperature 
will result in maximum heat flow rates out of the sample apex, but come with a trade-off of 
specimen yield, which is limited by the mechanical strength of the specimen. 
 
The formation of molecular species during an APT experiment can also complicate the mass 
spectrum by forming a number of peak overlaps with single-ion species. Simple peak overlaps 
may be deconvoluted using natural isotopic abundances to determine the portion of each 
overlapping species [107]. 
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4.2 Sample Preparation Considerations  
As in all cases of APT sample preparation, the methods used to produce quality samples can 
have dramatic effects on data quality and yield.  For both natural and synthetic biomaterials, which 
often suffer from poor data quality and yield in most cases, proper sample preparation is even 
more vital for success. 
 
For most biominerals and some biomaterials, as well as biointerfaces, the heterogeneous 
structures and often fine-scale regions of interest targeted for analysis commonly necessitate use 
of a dual-beam FIB-SEM to produce samples. Among FIB techniques for sample preparation, the 
most common is that of the ex-situ lift-out [92–94], as outlined schematically in Figure 8a. This 
method involves localized gas ion deposition of a protective strip over the region of interest (often 
using Pt or W) which is cut out into a rectangular wedge using the FIB (most commonly a Ga 
liquid metal ion or Xe plasma source). Using a micromanipulator, the wedge is removed from the 
sample and cut into ~2 μm wide segments that are mounted on pre-sharpened posts, again using 
a gas ion deposition system.  These posts can be prefabricated on Si coupons, electropolished 
metallic wires (e.g., W), or on portions of TEM half-grids (Figure 8b), depending on the needs for 
correlative TEM analyses. Each of the segments are then milled into conical needle-shaped pillars 
using a series of annular milling patterns with decreasing inner radii, and typically lower beam 
currents. A final milling step can be performed with a low voltage FIB (e.g. 2, 5, or 10 kV), which 
acts similar to broad-beam ion milling in removing regions of material damaged by ion 
implantation [108], and providing the last step of sharpening to produce a sample with an apex 
radius of less than 100 nm, as required to achieve successive and controlled evaporation (e.g., 
[109–111]). In some cases, nano biomaterials may also be encapsulated first and then FIB milled 
to the appropriate size (Figure 8d), or in the case of very small nanoparticles or proteins, applied 
directly to a presharpened tip (Figure 8e).  
 
Biological materials may often have lower dose thresholds for beam damage than conventional 
materials. Therefore, reducing FIB-induced damage imparted by both the electron and ion beams 
is even more critical.  For example, in the case of nacre, aragonite grains were found bending 
away from electron beam during FIB milling [33]. Lower electron beam voltage, ion beam voltage 
and ion beam currents have been used to such purposes in inorganic [34] and organic [48] 
materials. These are necessary considerations for maintaining the integrity of such materials.  
 
When dealing with samples of interfaces between materials with very different field evaporation 
behavior, the relative position of the two materials and the orientation of the interface in the APT 
samples should be considered. In such cases, it is desirable that the lower field material can be 
evaporated first, rather than risk fracture by having high field material above it. For example, 
Sundell et al. concluded that samples of bone interfacing a Ti implant should be prepared such 
that the analysis runs first through the bone and then into the implant [88]. This resulted in higher 
data yields and better accounted for thermal tails, in turn eliminating artifacts such as apparent Ti 
signal in bone from mass spectra overlaps [88]. The same orientation was used successfully in 
Wang et al. [22]. 
 
In the case of biological tissues, improvements in sample preparation may lie even before the FIB 
step, such as in the preparation/collection of the ‘bulk’ tissue sample itself. For example, Kim et 
al. suggested that bone-implant interfaces can be better preserved by preparing the retrieved 
tissue-implant using cryofixation [89], as opposed to more conventional methods involving 
fixation, dehydration and resin embedding. This proved to be an effective strategy to prepare 
samples for subsequent FIB annular milling, while limiting the artifacts introduced [89]. Moreover, 
the orientation of heterogenous tissues may impact the success rate of APT experiments, where 
Lee et al. discovered that orienting the collagen fibrils (and therefore HA mineral) in bone parallel 
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to the long axis of the APT pillar [59] resulted in much lower instances of fracture and larger 
number of ions collected per experiment compared to their earlier work without preferred collagen 
orientation [58]. Based on the HAADF-STEM images presented in Forien et al. prior to APT 
analysis, their samples of dentin similarly had HA crystals oriented more closely to the axis of the 
APT pillar than transversely to it, although the effect of this on the APT success rate is not 
commented on explicitly in this work [64]. There is potential that as in the natural tissue, for 
orientations along the length of the pillar, collagen fibrils provide additional mechanical integrity 
to survive the forces experienced during APT thermal and electric pulsing.  
 
An additional consideration in the sample preparation workflow is the effect of coating the APT 
pillar following final sharpening. It has been claimed that conductive coatings have the potential 
to improve field evaporation of non-conductive specimens. For example, improved mass 
resolution and sample yield resulted when multi-layer Ag/Pd coatings were applied to conical 
pillars of SiN [112]. This methodology is not yet widely employed for biological materials and 
biointerfaces and has only explored by some. Wang et al. applied 15 nm of Ag by sputter coating 
to bone-implant APT specimens prior to APT, but due to the low sample yield, the effect of 
coatings was not studied or reported systematically [22]. The success of the coating material is 
also highly dependent on its adhesion to the underlying material. New strategies using single or 
multiple layers of graphene coatings have been demonstrated and show promise for future 
biological applications [113]. 
 
4.3 Future Directions and Opportunities Towards Biological Materials  
Since biomaterials present additional challenges for data acquisition and reconstruction, due to 
their potentially non-conductive and heterogenous nature causing the limitations outlined above, 
there are several paths forward for increasing the efficacy of this tool in the biomineralization and 
related biomaterials community.  
 
Firstly, APT holds great promise as a correlative tool, employed with other characterization 
methods that provide the necessary a priori information to improve the accuracy of APT 
reconstructions and visualizations. This has already been a hallmark of many APT studies 
included in this review where APT complements or correlates directly to other analyses by ToF-
SIMS [65], (S)TEM [64], or EELS [22,62]. Implementation of APT into correlative workflows 
therefore holds great promise for expansion in the biomineralization field.  
 
To further APT as a standalone characterization platform, improvements in mass ranging of 
complex molecular species are needed, particularly for organic phases. A better understanding 
of molecular ion fragmentation, if not possible to solve during acquisition, should be investigated 
with data processing means. 
 
Increasing the throughput of the analysis of biological materials and some biomaterials may be 
influenced at the sample preparation stage. In-place or in situ APT [111] has not been 
implemented widely for biological materials and biomaterials, yet with the prevalence of Xe-based 
plasma FIBs increasing in laboratories worldwide, this may become an option for fast bulk milling 
and APT of regions of interest (shown in Figure 8c) without lift-out. However, the studies reviewed 
herein have emphasized the necessity to continue employing low electron and ion beam 
conditions to reduce sample damage.  
 
Lastly, the future of APT of biological samples must certainly account for organic phases. This 
necessitates preserving the biological features, achievable with cryogenic freezing in vitreous ice 
to avoid the introduction of ice crystals and concomitant increase in volume. It would seem that 
the best path forward is the implementation of cryo-APT, for which several groups are working on 
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cryo-transfer platforms [114–117]. Several recent reviews comment more thoroughly on the 
advances in cryo-APT of biologics and liquids [118–120]. Implementation of cryo-APT would not 
only enable more biological materials, but a broader range of synthetic biomaterials, to be 
analyzed, though surely with increasing technical challenges.  
 
5 Conclusion 
APT combines both high spatial resolution and sensitive element detection in 3D, and therefore 
presents a characterization pairing hard to come by in the biomineralization toolbox. Although the 
inhomogeneous nature of some biological materials and biomaterials makes them inherently 
susceptible to challenges during APT analysis and interpretation, improvements in APT hardware, 
such as laser-assisted evaporation, have made it possible to analyze these materials. Herein, we 
summarized how APT has been used across a number of mineralized tissues, including dentin, 
enamel and bone, biomaterials, such as HA, bioactive glasses, and glass-ceramics, and at bone-
implant interfaces and biological materials, such as cells and proteins. These studies provide a 
strong foundation to support expanding applications in the biomineralization and biomaterials 
field. Ongoing developments towards correlative workflows and cryo-APT will certainly widen 
future applications towards more organic and biological materials in the future.  
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Figures & Figure Captions 

 
Figure 1. Hierarchy of structural entities and spatial characterization techniques in the field 
of biomineralization. a. X-ray computed tomography, focused ion beam microscopy (FIB-SEM), 
transmission electron microscopy (TEM), and atom probe tomography (APT) techniques fill 
different niches for 3D imaging of mineralized tissues and biointerfaces with respect to sample 
size and resolution. b. Matched to the hierarchically ordered structure of bone, features span from 
the microscale osteonal level to atomic features smaller than that a single collagen fibril. This 
necessitates the use of different analytical techniques for complete 3D mapping of structural 
features. 
 

 
Figure 2. Operating principles of laser-pulsed APT. Field evaporation of charged atoms or 
complexes at the apex of a needle-shaped specimen is induced by an incident laser pulse, where 
species traverse the counter-electrode and impact the detector. The impact location on the 
detector is influenced by the mass-to-charge ratio of the ion/complex and can be matched with 
the precise timing of the laser pulse to map the origin of a single ion, which can then be 
represented by different visualizations, including the iso-concentration surface of carbon in bone 
shown here (partially adapted from [59] with permission from John Wiley and Sons). 
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Figure 3. APT applications in bones and teeth. Correlative electron microscopy and APT reveal 
structural and chemical distributions in human bone, from [58] with permission from Springer 
Nature. b. Point density maps obtained from APT measurement of a collagen fibril showing 
distinct phases of C, representing collagen, and Ca, denoting mineral, predominantly exterior to 
but also infiltrating the collagen fibril, from [59] with permission from John Wiley and Sons. c. APT 
3D reconstruction of human dental enamel illustrating a Mg-rich ACP phase and organic matter 
within HA nanowires, also high in Na content, from [30] with permission from AAAS. d. APT 
reconstruction of Fe ion position (left) and isosurfaces (right) showing its segregation to grain 
boundaries in pigmented rodent enamel, from [28] with permission from AAAS. e. APT rendering 
of Mg, Na, and F gradients in fluoridated human enamel crystallites, showing not only an 
intergranular increase in Mg-rich ACP, but two layers in the core enriched, forming a core(co) – 
shell(sh) architecture, from [62] with permission from Springer Nature. 
 
 

 
Figure 4. APT applications in biomaterials and biointerfaces. a. 3D visualization (left) and 2D 
slice along a representative yz plane (right) of a HA nanoparticle (Ca signal, red) encapsulated in 
Au (yellow), from [68] with permission from John Wiley and Sons. b. APT reconstruction (left) of 
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an electrodeposited calcium phosphate coating (blue/pink) on Au (yellow) and one-dimensional 
(1D) concentration profile along the z-axis (right), from [69] with permission from The Royal 
Society of Chemistry (CC-BY license). c. 3D reconstruction (left) of a glass-ceramic showing ZrO2 
nanocrystallites (cyan) in a SiO2 matrix (red), with 2D contour plots along yz (middle) and xy (right) 
showing interfacial segregation of Y (purple), from [35] with permission from American Chemical 
Society. d. 3D reconstruction (left) of the interface between bone (grey and pink) and a Ti implant 
(green) and 1D concentration profile (right) across the interface showing a Ca-rich layer at the 
implant surface, from [36] with permission from American Chemical Society. e. 3D reconstruction 
of the the interface between bone (Ca and C, green and red, respectively) and a Ti implant (Ti, 
grey) showing a region containing N (TiN, purple) between the Ti implant and the implant surface 
oxide (TiO, cyan), from [22] with permission from John Wiley and Sons. 

 

 

Figure 5. APT applications in carbonate biominerals. a. 3D reconstruction (left) of the interface 
between calcite (Ca-rich, light blue) and an organic region (Ca-poor, green) in the planktic 
foraminifera Orbulina universa, with proxigrams (right) across the interface highlighting an 
increase in Na (red) and Mg (purple) in the organic region, from [32] with permission from PNAS. 
b. 3D visualization based on elemental isoconcentration showing an organic-rich region (O and 
C, cyan and yellow, respectively) interfacing with calcite (Ca, grey) in a mussel shell, from  [26] 
with permission from MDPI. c. 3D reconstruction (left) of the organic membrane (red) within nacre 
(Ca-rich, grey), and 2D slices (right) highlighting a depletion in Ca and an enrichment in C in 
correspondence with such membrane, from [33] with permission from John Wiley and Sons. 

 

 
Figure 6. APT applications in other biological materials. a. APT reconstruction showing ion 
species present within the cell envelope of an antibiotic-resistant A. baumannii strain, from [93] 
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with permission from the American Chemical Society. b. Reconstructed volume of Fe distribution 
within resin-embedded ferritin, from [97] with permission from Springer Nature. C. Clustering 
analysis of CNH2

+ and CO2+ species within a single immunoglobulin molecule highlight the 
structure of the protein, from [100] with permission from John Wiley and Sons. 
 
 

 
Figure 7. Common APT artifacts for biominerals and biointerfaces. a. The presence of 
uneven evaporation fields due to the inorganic (represented by hydroxyapatite, indicated as “HA”, 
in orange) and organic (represented by collagen, indicated as “Col”, in blue) phases in biominerals 
(exemplified by bone in this schematic) leads to the preferential evaporation of the low-field phase 
(no.1, faded blue region). This creates local topography on the tip which deviates from an ideal 
hemispherical shape (no. 2, red line), which in turn affects the electric field coming from the tip 
and the flight path of departing ions. These trajectory aberrations can result in so-called local 
magnification of phases, with low-field and high-field elements assuming a convergent (no. 3) and 
divergent (no. 4) evaporation trajectory with respect to the ideal trajectory in absence of 
magnification effects (no. 5, dashed red arrow).  As a result, the low-field phase will appear smaller 
than its actual size, while the high-field phase will appear bigger than its actual size, as can be 
seen from the detector view (right side of image) by comparing the extension of each phase with 
respect to the interface in absence of aberrations (no. 6, dashed red line).  b. Poor thermal 
conductivity of biominerals results in delayed cooling following laser illumination and extended ion 
departure time, which creates so-called thermal tails following the main ion peaks in the mass 
spectrum. Similar to uncertainties caused by peak overlap, such thermal tails can mask other 
peaks at slightly higher mass-to-charge ratios thereby reducing the mass sensitivity in those 
ranges. This effect hinders correct ion assignment and compositional accuracy and can produce 
compositional artifacts in multi-phase data. In the example shown in the schematic, the thermal 
tail following the peak of a certain species “A” (in green) covers the peak of species “B” (in purple). 
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Figure 8. APT sample preparation strategies for biomaterials. a. Most samples are prepared 
in a dual-beam FIB-SEM, where trenches are milled around the ROI protected with capping layer 
(i). A rectangular wedge is removed using a micromanipulator (ii), cut into smaller segments, and 
attached to an APT post (iii). A needle-shaped sample with an apex radius smaller than 100 nm 
is finally obtained by annular milling (iv). Scale bars: i) 10 µm, ii) 5 µm , iii) 2 µm, iv) 200 nm. b. 
For correlative analyses, the wedge lift-out from a(ii) can also be mounted and thinned on the end 
of a TEM half-grid. c. In situ or in place APT preparation using a Xe FIB sharpens the sample 
directly in the bulk after using high ion beam currents to mill a large (~200 µm) hole around the 
site of interest. Lastly, nanoparticles or proteins can be prepared for APT by either d. 
encapsulation methods with sputter coated, atomic-layer deposition or sol-gel coatings followed 
by FIB sharpening, or by e. directly adhering to a pre-sharpened tip.   
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Table 1. APT operating parameters of various biominerals, biomaterials and biointerfaces. 

Sample 
Base 
Temp. 

(K) 

Voltage or 
Laser [V/L-
λ (nm)] 

Pulse 
Frequency 

(kHz) 

Pulse 
Energy 

(pJ) 

Target Detection 
(Evaporation) Rate 

(% of pulses) 
Ref 

Bones 
Human maxilla* 43 L-355 160 75, 90 0.5% [58] 
Leporine femur 59.6 L-355 125 50 0.5% [59] 
Murine femur 40 L-355 200 150 0.25%, 0.5% [57] 

Teeth 
Human molar enamel 50 L-355 250 100 - [30] 
Human molar/premolar 
enamel 40 L-355 100 20 0.5 – 1% [31] 
Human premolar enamel 25 L-355 250 40 0.5% [62] 
Elephant tusk dentin 50 L-355 200 150 0.25%, 0.5% [57] 
Bovine incisor enamel 35 L 100-125 100 0.5% [61] 
Anterior porcine dentin 30 L-355 100 10 1.5% [64] 
Murine incisor enamel 40 L-355 200-250 50 -150 0.25%, 0.5% [29] 
Chiton tooth 40, 60 L-355 160-500 40 -75 0.25%, 0.5% [25] 
Ant mandibular tooth 30 L-355 100, 200 10 -100 - [65] 

Biomaterials 
Sr-bioactive glass* 30 L 200 200-250 0.3% [34] 
ZrO2/SiO2 glass ceramic 60 L-355 200 150-175 0.3% [35] 
Mesostructured silicon 30 L-355 250 30 - [73] 
Electrodeposited calcium 
phosphate 40 L-355 200 150 1% [69] 
Hydroxyapatite nanoparticles 50 V, L 200, 100 60 0.5% [68] 

Ti-5Al-5Mo-5V-3Cr alloy 40 L-355, L-
512 - 50, 200 - [75] 

Ti-5Al-5Mo-5V-3Cr alloy* 30-45 L-532, L-
355 - 10 - [78] 

Ti-1Al-8V-5Fe alloy 60 L-355 - 20 0.5% [76] 
Ti-6Al-4V and F1E alloys 40-55 L-535 200 200-400 - [79] 

Biointerfaces 
Bone-implant (human jaw) 30 L-532 100 300-500 - [88] 
Bone-implant (human 
mandible) 64.8 L-355 160 200 0.3% [89] 

Bone-implant (human maxilla) 43.4 L-355 100 120 0.5% [22] 
Bone-implant (murine tibia) 40 L-532 200 500 0.2% [36] 

Other Biominerals 
Foraminifera carbonate 44 L-355 160-200 50 - [32] 
Mussel shell calcite 40, 50 L-355 200 50, 500 0.2-0.5% [26] 
Mussel nacre 38-51 L-355 160-200 50-200 - [33] 
Chitin nanofibres 40 L-355 200 50 0.2-0.3% [27] 
Geological calcite and 
dolomite 50 L - 150-1300 2% [91] 

Other Biological Materials 
Acinetobacter baumannii cells 60 V 200 - 0.5% [93] 
Acinetobacter baumannii cells 60 V 200 - 0.5% [94] 
HeLa cells 30 L-532 200 200-500 0.5-1% [95] 
Beta amyloid fibrils 50 L 125-500 10-40 0.2% [99] 
Ferritin < 20 L-532 10, 100, 250 10-100 0.5% [96] 
Ferritin 44.1 L-355 160 0.2-400 0.2-0.3% [97] 
Ferritin 35 L 200 20 - [98] 
Immunoglobulin 30, 50 L-532 100-200 250-500 0.25-0.5% [100] 

* Optimized conditions reported here from a range presented in the article. 
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