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Abstract

Over the last two decades, the development and production of innovative, customer-tailored food products
with enhanced health benefits have seen major advances. However, the manufacture of edible materials
with tuned physical and organoleptic properties requires a good knowledge of food microstructure and its
relationship to the macroscopic properties of the final food product. Food products are complex materials,
often consisting of multiple phases. Furthermore, each phase usually contains a variety of biological
macromolecules, such as carbohydrates, proteins and lipids, as well as water droplets and gas bubbles.
Micronutrients, such as vitamins and minerals, might also play an important role in determining and
engineering food microstructure. Considering this complexity, highly advanced physio-chemical techniques
are required for characterizing the microstructure of food systems prior to, during and after processing. Fast,
in situ techniques are also essential for industrial applications. Due to the wide variety of instruments and
methods, the scope of this paper is focused only on the latest advances of selected food characterization

techniques, with emphasis on soft, multi-phasic food materials.
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Introduction

In the last few decades, demands arising from both governmental institutions and consumer associations set
specific goals for food science and technology, seeking to improve the nutritional quality of food products.
Obesity, lactose intolerance and celiac diseases are examples of diet-related conditions that require
addressing (Agha & Agha, 2017; Belc et al., 2018; Corgneau et al., 2017; Meijer et al., 2015). Moreover,
vegan, vegetarian, and religion-based diets (Eliasi & Dwyer, 2002) represent a significant share of consumers’

I”

preferences. There is also an increasing trend in developing “clean label” products. Broadly speaking, there

III

is an increasing trend in developing “clean label” products (Asioli et al., 2017) and introducing functional
foods (e.g., antioxidants, probiotics) to the market (Huang et al., 2010; Shahidi, 2000). Lastly, enhancement

of food shelf-life is necessary to reduce food waste and to improve products’ quality during storage.

Food manufacturers and researchers are tackling these challenges through 1) New Product Development
(NPD), 2) Existing Product Development (EPD) and 3) monitoring quality attributes online during
manufacturing, using robust, rapid and reliable technologies. Food scientists manipulate micron-sized
structures, such as biological macromolecules and colloidal assemblies, because these structures critically
participate in transport properties, physical and rheological behaviour, as well as textural and sensorial traits
in edible systems (Aguilera, 2005). Generally, the vast majority of food materials can be described as soft
condensed matter, where basic building blocks self-organize into larger, more complex structures with

intricate phase diagrams (Ubbink et al., 2008)
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Specific food structures and properties can be generated at the microscale in a variety of ways: health
sensitive ingredients in foods can be replaced with alternative substances that mimic organoleptic and
textural properties of the original ingredients (Palzer, 2017); digestion and absorption profiles of the main
food biopolymers can be modified with the aid of single or multiple emulsions, through encapsulation or gel
formation (Norton et al., 2015). Additionally, in the last decade, nanotechnology has been applied to
manipulate and design food structures. In fact, the effectiveness of nutrients and antioxidants delivery can

be improved by organizing the assembly of food components on the nanoscale (He & Hwang, 2016).

Despite significant work in food science research, further efforts are required to understand the relationship
between processing, microstructure and macroscopic properties, such as sensorial attributes (taste and
texture) and nutritional aspects (calorific density and delivery profiles). Investigating food microstructure is,
however, a challenging task: foods are complex multicomponent and multiphase systems, and the
microstructural elements are difficult to distinguish in both their natural and processed states (Aguilera,
2005), not to mention their reciprocal interaction in the final product. Simulative technologies represent an
additional tool for researchers to investigate the physiochemical properties of single molecules or larger
assemblies. With the increasing accessibility of computational tool packages, simulations are becoming a
common addition to research (Feng et al., 2016; Bellissent-Funel et al., 2016; Euston, 2017). The behaviour
of proteins, carbohydrates, lipids and colloidal particles can be predicted by computational efforts and used
to complement results from experimental techniques (Euston, 2013). Complex, multi-phasic systems such as
chocolate during the conching process have been modelled using molecular dynamics (Greiner et al., 2014).
The authors successfully simulated the interactions between lecithin molecules and sucrose crystals in a non-
aqueous matrix (cocoa butter). In addition, computational power can be invested in high-throughput, image-
analysis algorithms to study dynamic processes with microscopic techniques image (Gao et al., 2018; Stapley

et al., 2009).

Typically, the spatial distribution of phases and localization of particles in multiphasic materials is determined

via specific imaging techniques that exploit a broad range of electromagnetic radiation, from X-Rays through
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visible to infrared waves. Spatial resolution, together with sample preparation, are key factors in determining

which technique is most suitable for a specific material.

Some of the latest advances in characterisation techniques applied to food microstructure over the past five

years are presented here. A particular emphasis is put on the analysis of soft, multiphasic systems. The

advantages and limitations of each technique are discussed here, together with consideration of their use in

tackling specific challenges in the food industry, including nutraceutical delivery, shelf-life improvement,

calorific reduction and the incorporation of “clean label” ingredients. Table 1 summarizes the techniques

considered in this review paper, along with the main advantages and limitations of each technique.

Table 1. Summary of the characterization techniques presented in this Review.

Technique Approximate Advantages Limitations
resolution
Optical and Polarized 200 nm Full colour information Limited depth of focus
Microscopy (PLM) laterally and Customizable with polarized Requires flat, thin samples
600 nm light,
axially temperature/pressure/shear-
controlled stages
Confocal Scanning 200 nm 3D reconstruction of images Requires sample staining,
Laser Microscopy with potential artefacts
(CSLm) Issues with fast-flowing
samples during long image
acquisition
Super Resolution 40 nm Full colour information As for CLSM and currently
Optical laterally and Customizable with polarized further limited by the need
Microscopy/Stimulated 500-600 nm light, to halt diffusion of imaged
emission depletion axially temperature/pressure/shear- objects
microscopy (STED) controlled stages
Scanning Electron 1nm Ease of image interpretation Requires vacuum in the
Microscopy (SEM) and Large depth of focus (mm to nm) sample chamber
CryoSEM Elemental analysis available with Sample coating and
EDS detectors chemical fixation (or
cryogenic conditions)
required
Cannot probe internal
structure
Transmission Electron 0.1 nm Highest resolution available in Sample coating and slicing
Microscopy (TEM) and microscopy (100 nm thickness)
CryoTEM Can probe internal structure of Complex image
samples interpretation
Environmental/Low-  10to 100 nm Enables the presence of gas (1.3  Artefacts due gas-scattered

Vacuum Scanning
Electron Microscopy
(ESEM/LV-SEM)

— 13 kPa) and relatively higher
temperatures (5°C) in the

electrons
Potential damage to the
sample
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sample chamber compared to

SEM
Atomic Force 1nm Can probe specific Reduced scan size, slow
Microscopy (AFM) intermolecular forces on scanning speeds
surfaces Cannot probe internal
Minimal sample preparation structure
FT-IR 10-1 pum Enables chemical and physical Challenging data analysis
microspectroscopy, mapping of ingredients in Fluorescence affects
Confocal Raman samples vibrational spectra quality
Microscopy (CRM) No sample preparation required
Scanning Acoustic 0.3 um Non-invasive, non-destructive =~ Complex data interpretation
Microscopy (SAM) Can investigate opaque Limited application to food
materials analysis
X-Ray computed 0.1to 100 Non-invasive, non-destructive Small sample size (1 mm?3)
tomography (XCT) pum 3D reconstruction of samples Lengthy data analysis
Phase-contrast available for soft Limited access to
materials synchrotron facilities
Magnetic Resonance 100s um Wide range of contrast methods Lengthy acquisition times
Imaging (MRI) available 3D reconstruction are
Can probe opaque samples computationally demanding
Neutron Tomography 50— 100 um Interactions complementary to Limited access to neutron

(NT)

X-Rays, non-destructive and
non-invasive analysis of opaque
samples

Optical and Polarized Microscopy

source facilities

Optical microscopy is one of the most common characterization techniques for complex soft materials.
Compared to more modern and advanced microscopies, such as electron-based ones, optical images
preserve full colour information, which leads to the possibility of using dyes to differentiate phases in
samples. More importantly, light microscopy can be operated at room temperature and pressure, allowing

study of samples in their native, hydrated state (Gunning, 2013).

The main drawbacks of the technique are its diffraction-limited resolution power and poor depth of focus,
confining light microscopy to the study of flattened, thin objects in the micron to millimetre range. However,
some of these disadvantages can, in principle, be overcome or mitigated by enhancing image quality (e.g.
contrast and brightness, removing background noise) with computer processing software (Russ, 2015).

Moreover, the development of several ultrafast optical imaging methods — such as Serial Time-Encoded

6
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Amplified Microscopy (STEAM) or Compressed Ultrafast Photography (CUP) - allow microscopy to study fast-
occurring phenomena at the microscale with high temporal resolution (up to 108 frames per second) (Mikami
et al., 2016). Hence, a variety of dynamic conditions can be applied to observe changes in the appearance of
the specimen by coupling the microscope with a stage that controls temperature, pressure, or can apply
shear. Examples of these include Hot-Stage Microscopy (HSM) (Harrison et al., 2016; Stapley et al., 2009;
Stewart et al., 2017) and Freeze-Drying Microscopy (FDM) (Ray et al., 2017). Resolution, and thereby image
quality of light microscopes can be improved using suitable contrast enhancement methods. A popular
approach in food characterization consists of using Polarized Light Microscopy (PLM). Polarized light is
generated using a polarizing sheet mounted below the sub-stage condenser lens; a second sheet is placed
above the objective lenses, filtering the incoming light from the specimen. All the light radiating from the
object that is not subject to a change in polarization angle is extinguished, while birefringent objects remain

visible.

Birefringence occurs commonly in lipids (Den Engelsen, 1976), proteins (Oriel & Schellman, 1966) and
carbohydrates (Liu et al., 1991), when they are present either as solid crystals or as ordered liquid crystalline
phases, making this technique ideal for food systems. Rapid detection and phase behaviour of these

compounds can therefore be investigated with this imaging method.

Crystallization of lipids from the melt constitutes a relevant example of multi-phasic systems, as solid is
formed from a liquid phase during cooling. The solid crystalline particles exhibit birefringence and thus are
distinguishable from the continuous phase, which appears dark under polarized light. Thus, PLM reveals
microstructural features of the crystals such as shape, size and state of agglomeration. The crystallization of
cocoa butter, which is the main lipid for confectionery production, has been thoroughly investigated via PLM,
as well the effect of additional ingredients on the crystallization behaviour (Marangoni & McGauley, 2003;

Ray et al., 2012)

With suitable image analysis algorithms, optical microscopy enables the quantitative analysis of crystal

nucleation and growth rates. Experimental results can be related to macroscopic properties of the lipid
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structures under examination, such as rheological behaviour, texture, oil retention and stability (Wright et
al., 2000). The potential of such a technique has been repeatedly demonstrated (Harrison et al., 2016; Stapley
et al., 2009; Stewart et al., 2017), where model fat systems were crystallized and characterized using HSM. It
should be noted, however, that the HSM crystallization environment is confined to few millimetres, and

therefore not representative of large-scale processes.

More recently, a more straight-forward use of PLM allowed the investigation of the crystallization behaviour
of pure triacylglycerides (Da Silva et al., 2016), natural wax oleogels (as shown in Figure 1) (Doan et al., 2016;
Doan et al., 2015), sucrose ester and lecithin oleogels (Bin Sintang et al., 2017; Godoy et al., 2015) and oil-in-

water emulsions (Ishibashi et al., 2016).

Figure 1. PLM image of a rice bran wax oleogel, where the fat crystals are highlighted (adapted from Doan 2015, with permission
from John Wiley and Sons).

Aside from fat crystallization, PLM can be employed to visualize and assess the crystallinity of carbohydrate
particles such as starch and cellulose in multi-component systems. Recent examples include oil-in-water
emulsions stabilized by mixed cellulose and xanthan gum microgels (Meng et al., 2018), where the interfacial
morphology is best highlighted under polarized light — as compared to conventional bright field microscopy.
Moreover, the effect of processes such as thermal annealing (Sittipod & Shi, 2016), gelatinisation (Diaz-
Calderodn et al., 2018) and pulsed electric field (PEF) (Li et al., 2019) on the crystallinity of starch particles can

be monitored as well, by comparing the birefringence intensity of starch samples prior to and after
8
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treatment. A further example of food processing characterization can be found in (Ray et al., 2017), where
the lyophilisation of a lactose solution was investigated by coupling an optical microscope with a temperature
and vacuum stage. In this work, the effect of different processing conditions (e.g. freezing rate, lactose
concentration, lyophilisation temperature) on the resulting dried lactose powder was studied. Despite its
wide applicability, optical microscopy cannot provide information about the chemical and internal structure
of materials, especially for multi-component systems. Structural details below the micron range are
complemented with either confocal scanning laser microscopy (CSLM) or electron microscopy, and the crystal

structures are best investigated with X-Ray techniques.

The use of high speed cameras coupled with suitable optical lenses allow researchers to visualize and study
samples under dynamic conditions. Generally speaking, the term high-speed photography covers any device
able to capture more than 250 frames per second (fps). Several techniques have been developed in the last
decade that can increase the frame rate up to a billion fps — although by sacrificing spatial resolution in some
instances (Mikami et al., 2016). In food science research, high speed photography has been used in the study
of droplet morphology under stimuli, such as drying or impact with a surface. A recent example can be found
in Sadek et al. (2015), where the authors compared the drying kinetics of an aqueous solution of whey protein
with sodium caseinate, the main protein constituting milk. The diameter of a single droplet was measured by
combining high speed photography and image analysis, revealing different drying behaviour between the
two protein solutions. Relevant physical phenomena such as gelation were also investigated with a similar
methodology in Haldar & Chakraborty, (2018); in this paper a sodium alginate solution was added dropwise
to a calcium chloride solution, triggering chemical gelation upon impact with the surface. The phase transition
to liquid to gel was captured with a frame rate of 14,760 fps, and the diameter of the gelled droplet was
determined via an image analysis algorithm. In both studies the optical images were compared and

supported by electron microscopy.

Similarly, the shockwave-stimulated gelation of agueous methylcellulose solution (AMCS) was studied in a
recent publication from Parvari et al. (2018). The gelation kinetics in the droplet was assessed by measuring

the variation of pixel brightness from the micrograph dataset, as the solution became opaque after being

9
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stimulated by a mechanical shockwave. High speed photography can also be implemented into industrial
lines, as reported in the work of Zoheidi et al. (2017); in this publication the flow of a casein-stabilized foam
in a transparent pipeline was studied with a high speed camera setup, which allowed the monitoring of the
bubble size distribution as a function of the flow pressure. As with the previous examples, the images were

processed and analysed with a dedicated computer software.

In summary, optical microscopy and its subset of techniques constitutes a reliable tool for the imaging of
food samples. Considering the ease and rapidity of use, this technique occupies an important position in the
array of techniques for the investigation of food systems, such as visualizing the morphology, size and spatial
distribution (e.g. agglomeration) of crystals. A limitation of optical microscopy is that it only provides 2D
images of samples, meaning that the characterization of complex 3D materials is not achievable with this
techniques. More sophisticated tools and techniques are required for 3D spatial characterization of complex

materials as outlined in the following sections.

Confocal Scanning Laser Microscopy

Confocal scanning laser microscopy (CSLM) greatly enhances the performance of traditional light
microscopes, with increased resolution — down to 200 nm — and improved depth of focus. The term

III

“confocal” describes the operational mode of CSLM, in which illumination and collection of light is controlled
through pinholes, focusing the light beam only on small volumes, rather than the entire sample, as used in

conventional wide-field illumination. A step motor embedded in the microscope allows scanning all sections

of the sample, in order to obtain a final 3D image (Auty, 2013).

While light microscopy uses a white light beam, a typical confocal microscope contains four laser lines,
covering the range from UV to infrared. This feature is exploited in combination with fluorescent probes to
optically section food samples in its main components (e.g., lipids, proteins and carbohydrates). High-
contrast images of different phases and interfaces are used to investigate the microstructure and
morphology of multi-component systems by using specific combinations of probes that have different affinity

to the different phases (Auty, 2013). Commonly employed dyes for food samples are Nile Blue and Nile Red

10
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for lipids; Fluorescein, Aniline Blue and Congo Red for carbohydrates (in particular starch) and Rhodamine-
based fluorophores, isothiocyanate and Texas Red for proteins. Guidelines for selecting fluorophores include
a matching sample excitation wavelength with respect to the laser source, high emission intensity and a
relatively small shift between excitation and emission (Stokes shift). When performing multi-labelling
experiments, minimal spectral overlap is desirable. Finally, the photon flux should be fine-tuned to achieve
better contrast, and at the same time to prevent chemical deterioration of the fluorescent probe by

photobleaching (Ferrando & Spiess, 2000).

3D rendering of the investigated specimen can be obtained, provided the sample’s surface is sufficiently
smooth and displaying an even illumination throughout the surface. It should be noted that rapidly flowing
or diffusing samples create a challenge for long-lasting image acquisition. The typical z-axis resolution of

confocal microscopes is limited to 750 nm due to Abbe’s equation:

A

- Eqg. (1
SN A . (1)

where d represents resolution (in m), A is the wavelength of the radiation, and NA the numerical aperture of
the microscope, which is a technical parameter of the adopted lenses. Due to this technical limit, the probing
depth of CSLM in the z direction is restricted to just below the micron regime. Technological advances (Hell,
2009) have improved the resolution for fluorescent samples, as demonstrated by Stimulated Emission
Depletion microscopy (STED). This technique, closely related to CSLM, is based on depleting the excited
electronic state of the fluorophore with a second laser pulse, in order to “sharpen” the emitted signal’s spatial
distribution. Therefore the resolution of the technique increases to around 40 nm, as demonstrated in Willig

et al. (2006).

CSLM is used extensively in studying the microstructure and interfacial morphology of a range of multiphasic
systems, such as single and double emulsions and edible foams. In emulsions, successful dispersion of the oil
phase as droplets is easily visualized through staining the sample with a suitable lipophilic label, yielding a
sufficient contrast to discriminate the oil droplets from the continuous water phase, which then appears dark

under the microscope. In edible foams the air phase appears darker than the liquid, which can be stained
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with an appropriate dye. For Pickering stabilized systems CSLM has been used to study the arrangement of
Pickering particles at the interface of bubbles or droplets. Examples of imaged particles include proteins (Wu
etal., 2015; Abbas et al., 2015), protein microgels (Torres et al., 2017; Sarkar et al., 2016), and carbohydrates
such as cellulose (Guo et al., 2018; Hu et al., 2016; Hu et al., 2015; Wang et al., 2016). Autofluorescence of
the Pickering particles can be exploited as well; Zembyla et al., 2018 imaged polyphenol crystals (quercetin
and curcumin) arranged around water droplets in a water-in-oil emulsion without adding any fluorophores.
Furthermore, a dual-staining approach is recommended for mixed Pickering particles systems, where images
overlain with different colours are exploited to visualize interactions between the different components
(Feng & Lee, 2016). This method was employed also for a whipped cream system, with the aim of monitoring

its microstructural evolution during aeration (as shown in Figure 2) (Han et al., 2018).

Figure 2. Confocal image of a whipped cream sample. An air bubble (black) is displayed in the centre of the image, stabilized by
protein particles (green) and surrounded by a continuous phase containing both protein and fat particles (red) (adapted from Han et
al., 2018, with permission from Elsevier).

The same approach can be extended to complex double emulsions systems, as presented in Xiao et al, 2017,
Zhu et al., 2017 and Estrada-Ferndndez et al., 2018. Further applications of CSLM in the characterization of
food materials includes elucidating the lipid organization in milk fat globule membranes (MFGMs) (Lopez et
al., 2015). In this study the MFGMs were analysed with a systematic choice of multiple fluorophores, confocal

imaging, supported by atomic force microscopy (AFM) and electron transmission microscopy (TEM). The
12
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research was extended further to infant formulas, dairy products (Lopez et al., 2015) and other mammalian
milks, which were studied at different temperatures (Et-Thakafyet al. 2017; Huang et al. 2017). In Xing et al.
(2019), the complexation of oleic acid with annealed starch was investigated using molecular dynamics (MD)
simulation combined with confocal microscopy. The thermal treatment increased the porosity of starch
granules to the oil phase, as observed from CSLM images where the lipid fluorescence (stained with Nile Red)
was stronger inside the granules. Untreated starch granules, instead displayed fluorescence around the
surface rather than from the internal channels and pores. Molecular dynamics was applied to the
complexation mechanism of a single amylopectin molecule (representative of a starch unit) with oleic acid,

revealing that van der Waals forces were the predominant driving force for complexation.

Confocal microscopy can also provide quantitative measurements of specific macromolecules’ concentration
and their spatial distribution in a sample, as described in the work of Ako et al. (2009). With a suitable
calibration curve, the fluorophores’ signal intensity is related to the concentration of the macromolecule of
interest; in turn, spatial fluctuations of said concentration are described by a pair correlation function. The
outcome of this function is a “coarseness” parameter, which is used to describe the microstructure of
biopolymeric networks and how it is affected by pH, ionic force, or the presence of additional ingredients.
This methodology has been employed in several recent publications, including gelled whey protein mixtures
(Ainis et al, 2018; Jose et al., 2016; Kharlamova et al., 2018), carrageenan mixtures (Bui et al., 2019) and
cellulose nanoparticles (Moud et al., 2018). When the system of interest approaches the resolution limit of
conventional confocal microscopy, such as for a casein micellar network (average diameter 150-200 nm),
STED microscopy can be used to image and subsequently quantify the correlation length of casein gel

microstructure, as demonstrated in Glover et al., (2019a) and Glover et al. (2019b).

Determining droplet size distributions through image analysis of confocal micrographs is possible, although
other techniques, such as static light scattering, are routinely used instead. This choice could be ascribed
partly to the limited sample quantity present in microscopy glass slides - therefore not being representative
—as well as the ease of use of light scattering instruments. Nevertheless, microscopy allows validation of light

scattering results in complex mixed systems. Moreover, the interfacial morphology and properties of droplets
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has been studied with more powerful, higher resolution electron microscopy techniques, which will be

discussed in the following section.

Confocal microscopes in inverted configuration can be coupled to a rheometer to provide simultaneous
microstructural and viscoelastic characterization of soft matter systems; this technique has been termed
confocal rheology (Besseling et al., 2009). With the advance of image acquisition systems in confocal
microscopy, it is possible to obtain 3D stacks of a single particle in motion, within certain shear velocities. By
these means, the microstructure of foods can be directly related to macroscopic properties, such as shear
and bulk moduli. A custom-made confocal rheometer was described by Dutta et al. (2013), and the same
authors employed it in the study of wheat dough (Boitte et al., 2013). Recent work from Tran-Ba et al. (2017)
involved the study of collagen network gelation, where additional parameters were obtained from image

analysis of the confocal images, such as fractal dimension and gelation time.

Confocal microscopy now has an established role in studying multi-phasic materials, with particular emphasis
on the characterization of emulsions, foams and particle dispersions. However, this technique requires
sample preparation with fluorophores, which inherently carries the possibility of artefacts in the images and
possible reactivity with the sample. The wide variety of fluorescent probes available allows the separation
and identification of different sample domains, although the limit in resolution might hinder nanometre-
sized features. Due to this, confocal microscopy findings are usually supported by other higher-resolution

techniques, such as electron microscopy.

Electron microscopy

Electron microscopy is a key technique in the characterization of structure at the molecular, nano- and micro-
scale in different areas of science, including food. It can provide surface and internal features of samples, and
reveal the role of single biomolecules such as proteins, fat crystals and polysaccharides in multiphasic systems
such as emulsions, gels, foams (Groves & Parker, 2013). While conventional light microscopes have limited
resolution due to the use of visible light radiation, described by the Abbe equation (Eqg. 1), electron-based

microscopy can achieve sub-nanometre resolution. This is due to the shorter wavelength of the electron
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beam as compared to light beam, together with increased penetration in the sample due to higher beam

energy.

The term “electron microscopy” encompasses several techniques, of which the two main methods are
transmission (TEM) and scanning electron microscopy (SEM). The common working principle behind these
techniques involves accelerating electrons and focusing the resulting beam on the sample by using a voltage
between 1 and 100 keV. Conventional electron microscopes require vacuum conditions so that the electron
beam is not scattered by gaseous molecular species, which would deteriorate the image quality.

(McClements & McClements, 2016)

High resolution and image quality are achieved by maintaining high vacuum in the enclosed instrument. In
turn, samples require severe treatment in order to withstand the operating conditions of an electron
microscope. In fact, this single criterion poses limitations to the suitability of studying biological and food

samples with this technique, which can be partly overcome by using reduced levels of vacuum.

Scanning Electron Microscopy (SEM)

In SEM, the electron beam scans the specimen line by line, across a rectangular cross-section (also termed
raster mode), collecting scattered electrons from the surface of the sample. With a typical accelerating
voltage of 30 keV, modern instruments can achieve a resolution of 1 nm (Dudkiewicz et al., 2011). During
measurement the primary beam electrons (PEs) interact with the specimen surface, and are either scattered
inelastically as secondary electrons (SEs) or elastically as back-scattered electrons (BSEs). The former are
collected by a specific detector and used to build a topographic image, while the latter can be used to increase
contrast based upon atomic number (Z) differences of the analysed surface features (Dudkiewicz et al., 2011).
Additionally, X-Rays are generated in the chamber and can be collected to combine topological and chemical
composition of the sample with a technique called Energy Dispersive X-Ray Spectroscopy (EDS). The field of
view can vary from millimetres to nanometres, thus being able to probe samples at different length scales.
The resulting image is very similar to a conventional optical microscopy micrograph (albeit without colour)

but with much higher magnification; this enables rapid and easy interpretation (Groves & Parker, 2013).
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As the majority of food materials are electrically insulating, a conductive coating is applied to the surface of
the sample in order to avoid damage as well as loss in image quality due to charge build-up. Samples prone
to degradation require chemical fixation and, for hydrated or liquid samples, drying is usually carried out
prior to the measurement in the vacuum chamber. This process, however, can result in significant
microstructure alteration compared to the native-state structure of the sample. Therefore, a popular
alternative to chemical fixation or drying involves quick-freezing, which is considered less invasive than other
methods. Frozen samples and SEM are combined in a technique called Cryogenic Scanning Electron
Microscopy (CryoSEM). However, the formation and successive sublimation of ice crystals during pre-
treatment occurs with this technique, potentially leading to the presence of artefacts in the images (James,

2009).

Recent SEM applications to food systems include ice cream (Guo et al., 2017), single (Tabibiazar et al., 2015;
O’Sullivan et al. 2016) and double emulsions (Xiao et al., 2017; Patel et al., 2015), protein gels (Zou et al.
2015), gelled vegetable oils (Bin Sintang et al., 2017; Tavernier et al. 2017) and aerated fats and oils (Binks et
al. 2016) (as shown in Figure 3). In particular, SEM has been used to visualize the morphology of particle-

stabilized droplets, ice crystals and the interface of gas bubbles.
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Figure 3. Cryo-SEM images of (a) oil-in-water gelled emulsion, (b) ice cream (scale bar 300 um), (c) zein-tannic acid colloidal particles
and (d) whipped oil stabilized by monoglyceride crystals (adapted from Tavernier et al. 2017, Guo et al., 2017, Zou et al. 2015 and
Binks et al. 2016, respectively, with permission of Elsevier).

For frozen samples, further treatment involves fracturing and sublimation of the ice; therefore, the internal
structure of the sample can be visualized, such as the arrangement of nanoparticles at the interface of
droplets or bubbles (Tavernier et al., 2017; Patel et al., 2015). For specific food systems, the continuous phase
is not removed and objects are imaged directly, as in the work from Binks et al. (2016) and Guo et al. (2017).
Furthermore, the low electrical conductivity of many food materials leads to charge build-up during analysis,
which can affect image quality and sample stability. Coating samples with a layer of platinum or gold

palladium can reduce surface charging.

Dynamic studies at variable temperatures have also been recently attempted (Tran et al., 2015): chocolate
bloom was monitored over time with SEM and images showed the spatial distribution of different
components (e.g., fats, sugars) on the sample surface. Dynamic conditions are, however, difficult to
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investigate with SEM, as samples are kept at very low temperatures (-120°C) during analysis. Moreover, food
samples are always coated with conductive metal coatings, making their observation in natural conditions
unachievable. This highlights the main limitations of conventional electron microscopy applications for food

science.

Similarly to confocal microscopy, SEM micrographs can be analysed to provide descriptive parameters of
food microstructure, such as fractal dimension and lacunarity (i.e. the distribution gap sizes within datasets).
These parameters have been used to characterize the effect mixing or gelation of protein solutions (Zhuang
et al., 2019) has on macroscopic properties such as surface homogeneity. Additional examples can be found
in Rahimi & Ngadi, (2016) and Oliveros et al. (2017), where the high resolution of SEM has been employed to

visualize and assess the porosity of fried batters and roasted coffee beans respectively.

Transmission Electron Microscopy (TEM)

In contrast to a scanning microscope, the transmission electron microscope (TEM) directs a spread beam of
electrons through the specimen, which alters the phase and intensity of the incident electrons. Contrast is
thus generated and measured by a detector from the opposite side of the beam generator. The internal
structure of nano-sized objects can be analysed with a resolution of 0.07 nm, the highest resolution capable
with microscopic techniques (Groves & Parker, 2013). The superior resolution of TEM compared to SEM
stems from the higher accelerating voltage (100 keV), which provides an electron beam with smaller

wavelength and thus higher resolving power.

For food materials, contrast is routinely enhanced by sample staining with metal oxides, as proteins, lipids
and carbohydrates display small differences in terms of atomic density. In addition to coating (as described
for SEM) samples must be cut into thin slices (100 nm) to allow enough electrons to reach the detector during
TEM measurements. Sectioning is usually carried out by ultramicrotomy, which is a costly and complex
operation (Groves & Parker, 2013). This requirement on sample thickness has inherent consequences for the
kind of structures can be successfully imaged, .e.g. droplets larger than 100 nm cannot be visualized in their

entirety.
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In terms of data interpretation, the narrow depth of field, lack of three-dimensionality and the presence of
several artefacts arising from metal staining makes TEM operation more difficult in comparison to SEM.
Nevertheless, TEM is highly effective in imaging gel systems stabilized by biopolymers, as shown by recent
work carried out on curcumin nanocapsules (Abbas et al., 2015; Zhou et al. 2016). Contrary to SEM, which
provides only surface morphology, TEM allows visualization of the internal structure of droplets and
therefore is able to measure the relative thickness of the shell and core. In the curcumin nanocapsule studies,
emulsions were dried and stained with phosphotungstic acid to obtain contrast, and the particle size
measured from TEM was then compared to dynamic light scattering measurements. This was beneficial as
light scattering techniques provide only an estimate of particle apparent size, while TEM enables detailed
visualization of the morphology of interest — provided it has not been altered by sample preparation. Good
agreement on the particle size between the two techniques was found, with minimal discrepancies attributed

to the drying step.

TEM was used to study the protein network of casein in milk through an automated image analysis algorithm,
using several TEM micrographs as a dataset (Silva et al. 2015). Petit et al., (2017) studied in detail the
mechanism of caking in cocoa powder particles (shown in Figure 4). The double staining technique used in
this work, with uranyl acetate and lead citrate, assisted with the characterization of the fat phase in cocoa
particles, as uranyl ions are reported to interact preferentially with lipids. Unambiguous identification was

finally achieved with X-Ray photoemission spectroscopy (XPS).
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Fat bridge

Figure 4. TEM image of a fat bridge occurring between chocolate particles during storage (adapted from Petit et al., 2017, with
permission from Elsevier).

High resolution TEM was exploited to image single triacylglycerides crystals obtained from tristearin/triolein
blends (Acevedo & Marangoni, 2010) and fractionated milk fat (Ramel & Marangoni, 2016). The use of
cryogenic conditions (Cryo-TEM) allowed higher magnification without beam damage to the sample, and the
layered nanostructure of this specific sample was observed. Further work on triacylglycerides was carried out
in Sebben et al. (2018). In this case, TEM images were complemented with X-Ray diffraction and Atomic Force
Microscopy (AFM) which confirmed the three-dimensional structure of the crystals. In fact, while AFM yields

a three-dimensional image, transmission electron microscopy images are bi-dimensional.

The microstructure of a O/W emulsion was studied by TEM in the work of Sarkar et al., 2016. Whey protein
microgels were imaged with TEM, among other techniques, prior and after the emulsification step. The
surface coverage of proteins on oil droplets was visualized, as well as the effect of thermal treatment on the
system. While other microscopic techniques were employed (CSLM), TEM was fundamental in providing high

resolution images of the protein layers, as they were in the range of 20 nm.

Scanning Transmission Electron Microscopy (STEM)
Scanning transmission electron microscopy is a modification of TEM, whereby the electron optics focus the
beam into a narrow spot, which is then scanned across the sample. The transmitted electrons are then

collected to form the image. A lower voltage (20 — 30 keV) is employed compared to conventional TEM
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operation, resulting in lower sample excitation and an increased scattering cross-section. This enables higher
contrast between samples containing low atomic number elements — such as hydrogen, carbon, oxygen and
nitrogen which are typically found in food materials. As a consequence, invasive sample preparation involving
chemical fixation or metal staining is therefore reduced or avoided. Furthermore, STEM allows thicker
samples to be analysed (500 nm compared to 100 nm in conventional TEM) (Gee et al., 2010). However,
there is scarce literature available regarding the use of this technique in food science, perhaps due to the

prominence of Cryo-SEM in the area.

Environmental / Variable Pressure Scanning Electron Microscopy (ESEM/VP-SEM/LV-SEM)

Environmental scanning electron microscopy (ESEM) enables the analysis of soft, moist and/or electrically
insulating materials without pre-treatment, which represents a major breakthrough for the application of
electron microscopy to biological systems (Stokes, 2003). Research in the 1970s on the operation of SEM
instruments with relatively high gas pressure in the sample chamber led to the first development of a
commercial ESEM instrument in 1989 (James, 2009). Environmental microscopes are designed to have
differentially pumped chambers, with pressure-limiting apertures between them. A range of 0.1 to 10 torr
(13 to 1.3kPa) conditions is available, which allows hydrated samples to have liquid water coexisting with its
vapour phase at room temperature. At the same time, the environmental chamber is ordinarily kept at lower
temperatures (around 5°C) to improve image quality. While the acronym ESEM is most common, the
acronyms Variable Pressure (VP-SEM) or Low Vacuum (LV-SEM) are also used, referring to instruments that
work at 2500 Pa (20 torr) and 600 Pa (5 torr), respectively. The presence of a gas in the sample environment
has several implications on the operation of an ESEM. As the electron beam travels through the sample
chamber, gas molecules are ionized providing a two-fold improvement to the detected signal: positive ions
counteract charge build-up from the sample, while the generated electrons amplify the signal that reaches
the detector. The choice of voltage, gas type and pressure as well as temperature are crucial for obtaining

images of reasonable quality with an ESEM for a specific sample (Stokes, 2013).

While ESEM suffers a modest decrease in resolution (10 to 100 nm) compared to conventional SEM setups,

access to the native state of vacuum-sensitive samples overcomes this disadvantage, with several studies
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reporting the analysis of diverse food systems using ESEM in the past 20 years (James, 2009). ESEM has
submicron resolution while retaining quasi-native imaging conditions, extending the range of conventional
light microscopy resolution. Moreover, with ESEM it is possible to exploit novel contrast mechanisms arising
both from the electronic properties of the sample, the scan speed or the choice of the imaging gas. In
multiphasic systems such as oil/water emulsions, for example, the different secondary electron emission
from the water and the lipid phase increases contrast, despite the small difference in atomic number of the
two components. This phenomenon could be exploited to perform further studies on materials such as

margarine and milk (James, 2009).

Environmental SEMs are, however, not immune to artefacts. The imaging gas can interact with the beam
leading to misinterpretation of the obtained images. As the primary beam is “skirted”, electrons are in part
deflected, enlarging the potentially damaged sample area. As a further consequence, backscattered X-Rays
become diffuse and their interpretation for chemical analysis is regarded as more qualitative, compared to
conventional SEM. Moreover, water can deposit on the surface of the sample if the conditions are not tightly
controlled, with generation of reactive species via radiolysis that can damage the sample (Stokes, 2013). By
coupling ESEM with a Peltier stage or a similar device, the water activity in the sample can be regulated —
keeping it within the range of the allowed pressure in the instrument. This finds particular application in the
study of dehydration and rehydration of foods where water at different values of activity is used as the
imaging gas. Otherwise, if the sample has a high vapour pressure at ambient temperature, image quality can
be improved by lowering the temperature of the stage. The microstructural evolution of chocolate across its
fundamental manufacturing steps has been recently investigated with ESEM in the work of Glicerina et al.,
2015; particle size and the presence of voids was studied while changing temperature and pressure. ESEM
images were obtained in low vacuum mode (100 Pa) in order to minimize sample damage and improve
micrographs quality. Further applications of ESEM can be found in Nuzzo et al., 2015, where this technique
has been coupled with Raman Confocal Microscopy to study the phase separation of cellulose and

maltodextrin triggered by water evaporation. The same combination of techniques was also used to evaluate
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the effect of different drying processes on whole milk particles; moreover, a comparison of using different

detectors for visualizing the images is presented in Figure 5 (Nuzzo et al., 2017).

.

) |

iy 5 .
‘Interior

5

Surface

Figure 5. Comparison of ESEM imaging modes of a single dried particle of whole milk. On the left a low field detector (LFD) was used
to visualize the whole particle (a) and a fractured particle (c). On the right images obtained with a backscatter detector for a whole
particle (b) and a fracture particle (d) (adapted from Nuzzo et al., 2017, with permission from Elsevier).

ESEM has been successfully employed also to study different gel morphologies in a whey protein—kefiran
system, by varying the relative concentration of the two components (Kazazi et al., 2017). Finally, an
interesting application of ESEM can be found in Ma et al., 2017, where the crystallization of honey was
studied using molecular dynamics (MD) simulation and compared to electron microscopy images in the

native state.

Liquid cells in electron microscopy

The environmental chamber in ESEM is not suitable if the sample requires embedding in a liquid layer of
controlled thickness, or the experiment involves a flowing liquid. This barrier has been overcome with the
development of enclosed, electron-transparent cells, also called “liquid cells” (De Jonge & Ross, 2011).
Advances in thin-film technology and microfabrication allowed the manufacturing of robust windows that
can withstand the standard vacuum environment of TEM, SEM and STEM instruments, combining high

resolution with natural conditions in the specimen. An example can be found in Dyab & Paunov, 2010, where
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an oil-water emulsion was imaged using a “wet-SEM” apparatus. A model food emulsion stabilized with silica
particles was observed, and the arrangement of the stabilizing particles at the interface was clearly visualized.

However, applications of this technique for the study of liquid food materials have not been reported yet.

In conclusion, there is a wide range of electron microscopes available to food scientists, each one with
advantages and limitations. Traditional scanning and transmission microscopes still dominate the field, as
their applicability to food materials contributes significantly with unrivalled high resolution images. At the
same time, the necessity of easing the sample pre-treatment and exploring environmental condition is
boosting the use and development of either low — vacuum instruments or, more recently, liquid enclosed
cells. Currently, there is still limited work available on applications to food science for the instruments which

do not employ invasive pre-treatment methods.

Atomic force microscopy

Atomic force microscopy (AFM) generates images of a sample by measuring force interactions between a
nanometre-sized probe and the surface of the specimen. Typically the technique is used for flat samples to
obtain high resolution (1 nm) images (Morris, 2013). Contrary to other forms of microscopy, AFM provides
not only detailed three-dimensional topographical images of samples, but also maps the mechanical
behaviour of the material under investigation. The use of this technique in food science has enabled the
understanding of biological systems at the nanometre scale, owing to both the high resolution (comparable
to TEM) and the fact that samples require minimal preparation and can be imaged either in air or liquid
environments. Nowadays, AFM has become an invaluable tool for food research, although it’s not routinely
used and requires skilled operators to perform experiments. Several imaging methods are available to
analyse soft food materials, and sample preparation can vary depending on the nature of the material

(Morris, 2013).

Furthermore, interactions between single molecules can be studied by functionalising the probe with
hydrophobic or hydrophilic materials, or specific ligands. Recent fundamental research on interactions in

food colloids can be found in Mettu et al., 2018. In this work, water droplets emulsified with PGPR (Poly-
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Glycerol-Poly-Ricinoleate) in a continuous oil phase were attached to the cantilever probe and a substrate,
and their interaction forces studied during dynamic collisions by AFM. This methodology allowed the
discovery of a weak, short-range bridging interaction between the emulsifier chains on the surface.
Moreover, AFM probes forces in the range of 10%-10* pN, thus smaller energy interactions between particles
are potentially not detected. A recently developed technique called optical tweezers or photon microscopy
covers the lower force range, from 0.1 to 100 pN. Complementary to AFM, this technique allows the capture
of single molecules with the use of focused lasers, which subsequently moves them in three-dimensions to
probe their interaction forces with objects in a similar way to AFM (Gunning et al., 2010). Recent work on the
collision interactions between oil droplets was performed using the optical tweezers method (Chen et al.,

2018).

The working principle of AFM resides in monitoring force interactions between the probe and the sample, as
they are scanned in a raster fashion relative to each other. AFM probes are cantilever-shaped, with a
pyramidal tip, approximately 3 microns in height and a typical tip radius of 30 to 50 nm; typically the probes
are made of silicon nitride. As the cantilever tip approaches the specimen, electrostatic interactions will cause
it to twist and bend during the scan. This movement is tracked with a laser beam and converted into a signal,
which is used to generate a topographical image. The AFM has several operation methods, such as the
contact mode that is typically used for hard, flat samples and the non-contact mode, where the oscillations
of the probe are converted into an Alternate Current (AC) signal. A third mode, called tapping mode, involves
oscillation of the probe while intermittently touching the surface of the sample. The tapping mode relies on
changes in amplitude and phase of the oscillation to generate contrast based on differences in stiffness and
viscoelasticity in the sample. This mode is frequently used for food science applications, such as imaging
polysaccharides and protein gels and their respective aggregation processes (Yang et al., 2007). Hard,
homogeneous samples are best probed in contact mode to obtain a high-resolution topographical image.
Heterogeneous samples will display a variety of interactions with the probe and imaging conditions can be
chosen to enhance mechanical contrast rather than acquiring a 3D image (Morris, 2013). The main limitations

of AFM is the small scan size and slow scanning speeds. While AFM can image samples in natural conditions,
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it cannot give information on the internal structure. For this reason, it can be considered a complimentary
technique to TEM. AFM applications in food science can be grouped in two main areas: analysis of surface

topology of soft food materials and determination of interfacial film properties.

Topology of soft food materials

Carbohydrates are one of the main food macromolecules. Due to their key role in the human diet, a
conspicuous body of work has been produced on the understanding of their microstructure using AFM.
Several polysaccharides such as pectin, gellan and Xanthan gum have been investigated at the molecular
level using AFM, with particular emphasis on the morphology and degradation mechanisms by enzymes
(Gunning & Morris, 2018). Furthermore, the complex hierarchical structure of starch granules was studied
using AFM as the main characterization technique (Zhu, 2017). By using an ultramicrotome tool, the internal
structure the granules was exposed, and the arrangement of carbohydrate strands was visualized in
topographical images. In Zhang et al. (2018), the structure-function relationship of a bioactive carbohydrate
extracted from Ganoderma atrum fungi (PSG-1-Fo,;) was simultaneously investigated with AFM and
simulation techniques. Specifically, the spherical conformation of the branched carbohydrate of interest was
predicted by molecular dynamics (MD) and observed in AFM micrographs. Protein assemblies such as casein
micelles modified by enzymatic cross-linking were imaged using AFM. AFM has been used as a microscope
to assess changes in shape and size between modified and native casein micelles; as a force transducer, the
instrument revealed the heterogeneity of mechanical domains across the casein assemblies. In this study
scanning electron microscopy supported AFM results by providing morphological data on the casein micelles
(Bahri et al. 2018). In Sun et al. (2019), the effect of binding of several lactone-type flavourings on human
serum albumin (HSA) was investigated by AFM, and supported by both molecular dynamics (MD) and
molecular docking simulations. The molecular structure of the host molecule affected the binding strength
and therefore the conformational changes in HSA proteins, which could be visualized by atomic force

microscopy images.

Lipid crystals can be conveniently imaged with AFM as they require minimal sample preparation compared

to other techniques. In the previous decade, AFM was successfully used to study the morphology of fat
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crystals growing on the surface of chocolate-based confectionery products, which is also known as fat bloom
(Smith & Dahlman, 2005). Recently, AFM has been employed to study oleogels structured with a network of
high-melting fat crystals. AFM analysis can provide information on the morphology of the crystalline network
at the nanoscale level, as well as investigating mechanical properties. In this regard, AFM was used to inspect
the topography of samples on a length scale varying from few nm to 100 microns (Lupi et al., 2018). Samples
were deposited on a sample holder without further preparation, and the microstructural analysis with AFM
complemented X-Ray diffraction data and PLM images. Geometrical features on the crystal surfaces, such as
cuts and planes, were successfully detected and imaged. AFM in tapping mode can be used to increase
resolution and contrast between liquid oil and crystals, by generating high phase contrast images. Edible
oleogels with varying concentrations of sitosterol and oryzanol were prepared, and AFM was employed to
study the growth mechanism and microstructure of these systems, allowing the fibrous structure to be
visualized and the thickness of fat bundles measured (Matheson et al., 2017). Suitable contrast was
generated through phase images, which can discriminate between solid fat and oil according to the different
mechanical response measured by the probe. Further research on lipids was carried out on single
triacylglyceride crystals, extracted from high melting point milk fractions (Sebben et al., 2018). In this paper,
AFM was used as a complementary technique to TEM to characterize the structure of the single crystals as
shown in Figure 6. A cross-sectional height profile of the crystal was obtained, along with the layering size of

TAGs which was also confirmed by X-Ray diffraction data.

12°
20nm § 8
4
0
0
-20 nm -4°
0 1.5um 0 1.5 um

Figure 6. AFM image of a single TAG crystal from hard milk fraction. Right: height image; left: phase image (adapted from Sebben et
al., 2018, with permission from Elsevier).
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Furthermore, in the Sebben et al. study, AFM could assess the efficiency of the fractionation process by
detecting low melting oil droplets on the surface of crystals —in phase contrast AFM images. This is relevant
as analysis by standard techniques (DSC and XRD) did not provide evidence of lower melting lipid fractions in
the sample. As with the previous example, this is particularly useful in imaging different components that
exhibit different mechanical and viscoelastic properties. AFM was also used for visualizing finer details of
Pickering particles and their use in stabilizing emulsions. Cellulose nanocrystals with different allomorphs
were imaged using AFM (Li et al., 2018), and their distribution as Pickering particles on oil droplets was also
studied with this technique (Liu et al. 2018). O/W emulsions made with soybean oil and commercial
emulsifiers (Span 20, 40 60 and 80 and Tween 20, 40, 60 and 80) have been also recently studied with AFM
(Galvao et al. 2018). In this case, sample preparation included a dehydration step which removed the water

phase, potentially affecting the surface morphology of the dried emulsion droplets.

Interfacial film properties
AFM has been successfully employed in studying the interfacial behaviour of protein and surfactant films, as

these compounds are widely used as stabilizers in edible emulsions and foams. AFM was used to study
protein agglomeration at the interface and to understand how proteins are displaced by other molecules at
the interface (Gunning & Morris, 2018). Samples were prepared using the Langmuir-Blodgett film technique,
in which solutions of proteins are adsorbed as a thin layer on a flat substrate, and successively imaged by
AFM. By adding increasing concentrations of a competitive stabiliser, protein films started aggregating and
protruded outwards from the layer, in what has been termed “orogenic displacement” (Gunning & Morris,
2018). It has been established that this mechanism is common to several proteins and surfactant systems, as

well as for oil/water interfaces (Gunning et al., 1996).

Understanding protein-surfactant interactions at interfaces provides a basis for improving the stability of the
interface and hence the lifetime of a food product. Furthermore, with the appropriate conditions this
methodology can be extended to investigate the effects of digestion on food systems, such as the interfacial
structure of emulsion droplets. In Yao et al. (2018) the interfacial structure of O/W emulsion stabilized by

guar gum was investigated during simulated digestion. The effect of the addition of a surfactant (Tween 80)
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was also studied. In Qu & lkeda (2017) AFM was used to study competitive displacement between proteins
at interfaces, whey protein films were prepared with Langmuir-Blodgett method and the effect of sodium
caseinate on protein coverage at the interface was observed. AFM was also used to characterize lipid films
mimicking the milk fat globule membrane (Murthy et al. 2016). The aim of this work was to investigate the
effect of cholesterol addition on the lipid structure of MFGMs. AFM successfully characterized a phase
transition in which solid, mechanically rigid sphingomyelin-rich domains in the membrane decreased in size
and in mechanical resistance upon addition of cholesterol. AFM thus provided both topographical and

mechanical images of the system as shown in Figure 7.
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Figure 7. AFM topographical image of a lipid monolayer mimicking the milk fat membrane globule (MFMG) prior (right) and after
(left) cholesterol addition (taken from Murthy, Guyomarc’h, & Lopez, 2016, with permission from American Chemical Society).

In summary, AFM is a powerful technique for investigating the morphology of nano-scale objects, such as
biopolymer molecules on flat surfaces such as interfacial films. Its unique working principle constitutes at the
same time its strength and weakness: the absence of a complex lenses apparatus and the high resolution
obtained is a tremendous advantage over other microscopy techniques, especially considering the relative

non-invasiveness and limited sample preparation required. At the same time, AFM probes only surface
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properties of samples, unless fracturing or sectioning can be carried out. Moreover, the complex operation

modes require a trained operator that can avoid damaging the sample and artefacts from the AFM image.

Vibrational microscopy

Vibrational spectroscopy represents a popular analytical technique to study soft food materials that can
provide chemical and structural characterization of samples. Measurements are relatively fast and non-
invasive and with Infrared and Raman spectroscopies, two of the most common vibrational spectroscopic
methods, it is possible to carry out qualitative and quantitative measurements of edible biomolecules in
complex food matrices. By coupling the spectroscope with optical elements, microspectroscopy combines
chemical analysis with spatial imaging of samples, with the possibility of studying sample heterogeneity at
the microscopic level in food systems (Wellner, 2013). In particular, Near Infrared Spectroscopy (NIRS)
represents the most popular technique for in-line safety and quality assessment in the food industry (Porep

et al. 2015).

Molecules possess several modes of vibration, which depend on the mass of the atoms and the strength of
the chemical bonds connecting them. Transitions between vibrational modes are achieved either by
absorption of infrared light or by the so-called Raman Effect, which is the inelastic scattering of visible
photons. Thus, IR and Raman spectroscopy are complementary techniques, the former detecting vibrations
with a change in the electrical dipole moment, while the latter responding to vibrations accompanied by
variation in the polarizability of the bond. Thus, heteropolar bonds such as N-H and O-H will appear as intense
bands in an IR spectrum, while they will be hardly detectable in Raman. Conversely, homopolar bonds such
as C=C will result more active in a Raman experiment, while they will not appear intense in IR spectroscopy

(Thygesen et al., 2003).

Infrared radiation covers wavelengths ranging from 780 nm up to 1000 microns and is divided into Near
Infrared (780 to 2500 microns), Mid-Infrared (2.5 to 25 microns) and Far Infrared (25 microns up to 1000
microns). Each of these spectral regions present different vibrational modes and are studied by either Near

Infrared Spectroscopy (NIRS) or IR spectroscopy (often termed Fourier Transform Infrared Spectroscopy, FT-
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IR). Due to the higher energy involved in the NIR spectrum, only specific bonds vibrational modes are
detected, such as C-H, O-H, N-H and S-H. Compared to ordinary FT-IR spectroscopy, NIR spectra feature broad
and severely overlapping bands, therefore making assignment of NIR bands frequently challenging (Porep et

al., 2015).

In an FT-IR microscope, the modulated infrared beam is focused on the sample by a set of gold or aluminium
mirrors, as glass lenses are IR-active. The transmitted or reflected intensity is then collected by a photodiode
and converted into an electric signal. As mid-IR radiation is highly adsorbed by most food samples, thin
sections must be prepared for analysis, or alternatively an Attenuated Total Reflection (ATR) crystal can be
used. This device exploits the partial adsorption of IR radiation by the sample at the interface of a prism, in
which the beam is propagated and reflected once or multiple times. Due to water appearing as a large broad
band in the IR spectrum, hydrated samples are challenging to analyse as the O-H band can cover several
peaks of interest. The resolution of a FT-IR microscope is limited by the low brightness of the ceramic lamp,
and by the long wavelength employed. Spot size can be reduced with smaller apertures; however, this
reduces the beam intensity as well. An ideal 10x10 microns spot size is routinely used, as an acceptable
compromise. Synchrotron sources that possess a dedicated IR beamline can provide higher resolution, down

to 3 microns (Wellner, 2013)

NIR instruments are based on the same principle, featuring however more design versatility: fast-scanning
setups without interferometer parts are available, such as diode-array, acousto-optic tuneable filters and
light emitting diodes. An important difference lies in the weaker adsorption of NIR radiation compared to
mid-IR (about a factor of 10-100), thus allowing higher penetration depths in samples. For these reasons, NIR
spectroscopy finds easily implementation in moving industrial lines; transmission, reflection and other setup

geometries can be adopted, depending on the application (Porep et al., 2015).

Raman microscopes instead implement a traditional microscope design with a series of high intensity lasers
in the visible light range (400 to 1100 nm). A narrow bandpass filter blocks all Rayleigh scattering, and collects

only Raman shifted photons. As Raman scattering is weak (1 in 10° photons), the intensity and the signal to
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noise ratio are low, but this technique offers greater resolution (around 1 microns) and the possibility to use
a confocal beam for 3D spatial analysis. Moreover, water bands are not intense in Raman spectra, allowing
hydrated samples to be analysed. Raman microscopy is sensitive to fluorescence, due to the higher energy
of the radiation, even though it’s possible to mitigate the issue by tuning the beam intensity or the
wavelength of the selected laser beam. However, proteins containing fluorescent amino acids such as
tyrosine, tryptophan and phenylalanine are difficult to image with Raman microscopy for this reason

(Thygesen et al., 2003).

The relatively small spot size (10x10 micron to 1x1 micron) can give high resolution images, however it
returns an averaged spectrum of all the chemical compounds present in that sampling area. Thus, if Raman
and NIR instruments are used to study heterogeneities in food systems, the samples need to be larger than

the sampling size to avoid biased results.

Pure compounds display an almost unique band pattern in IR or Raman spectra and the intensity of specific
peaks can be linked to that compound’s concentration in the sample through the Lambert-Beer law.
However, external factors such as temperature strongly affect the bands intensity. Furthermore, vibrational
spectroscopy can assess the physical state of chemical compounds in the sample as spectra of a specific
substance in the solid, liquid and gas state present several differences arising from the different degree of
freedom of the molecules in each state. This kind of information is particularly relevant in multiphasic
systems, where the macroscopic properties are influenced by the physical state of lipids, the crystallinity of

carbohydrates and the three-dimensional structure of proteins (Wellner, 2013).

Raman and IR micro-spectroscopic analysis can provide information in the format of a hyperspectral cube,
where each pixel of the collected image is associated to a spectrum. Chemometric techniques can be used
to obtain images that highlight the differences in structure and chemistry of the analysed samples (Lohumiet

al., 2017).

NIR imaging is routinely employed to assess the concentration and spatial distribution of compounds of

interest inside food products. Recent examples in literature include proteins, carbohydrates and sialic acid in
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edible bird nests (Shi et al., 2017), protein content in wheat kernels (Caporaso, et al. 2018), sucrose, caffeine
and trigonelline in coffee beans (Caporaso et al. 2018b) and intramuscular fat in pork meat (Huang et al.,
2017). To calibrate and subsequently validate NIR results, traditional destructive chemical methods —such as
liqguid chromatography or mass spectrometry - are required for measuring precisely the concentration of the

compounds of interest.

The use of Raman and Infrared hyperspectral imaging represent an effective analytical method to investigate
complex food materials containing fats. While optical, laser and electron microscopy enable detailed
visualization of crystalline fat, they cannot provide information regarding the polymorphic state. At the same
time, X-Ray diffraction techniques enable precise measurement of cell spacings, but fail to provide the spatial
distribution of crystals in the sample. Moreover, all these techniques require significant specimen
preparation, which represents an inherent risk of creating artefacts. Raman and Infrared instruments allow
simultaneous chemical (and physical) analysis combined with relatively high spatial resolution (around 1
micron). Research on fats in porcine rind (Chikuni et al., 2015), fat spreads (van Dalen et al., 2017) and
chocolate (Zhang, et al. 2015) with Raman and IR hyperspectral imaging have been recently published. In the
work of Chikuni et. al, 2015, pure porcine fat was stored at 0°C and the crystallization of different polymorphs
(B’ and B) over time was followed with a Raman microscope, together with the development of the fat
crystalline network. Van Dalen et al., 2017 showed how Raman hyperspectral imaging enabled the location
and differentiation of the major ingredients in a water-in-oil emulsion, such as the solid fat crystals,
emulsifier, water droplets and the continuous oil phase as shown in Figure 8. Finally, an experimental
approach featuring both IR and Raman was presented in Zhang et al., 2015, where commercial chocolate
samples were analysed for mapping their ingredient distribution. Despite having a lower spatial resolution
than Raman (10 micron compared to 1 micron), infrared microscopy did not suffer from fluorescence

saturation and was thus used to compare results between the two techniques.
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Figure 8. Raman hyperspectral imaging of a commercial fat spread, displaying sunflower oil phase (top left), solid fat crystals (top
right), emulsifier distribution (bottom left) and water droplets (bottom right) (adapted from van Dalen et al., 2017, with permission
from John Wiley and Sons).

Raman imaging has also been used to study protein-stabilized oil/water emulsions during an enzymatic
demulsification in Wu et al., 2018. Samples taken at different times of the enzymatic process were analysed
with Raman microscopy, which gave a 3D image of the arrangement of the protein particles around the oil
droplets. A fluorescence quenching model was used, due to the broad signal arising from the proteins.
Location and partitioning characteristic of compounds in emulsions was successfully carried out with

Confocal Raman Microscopy (CRM).

CRM can be a powerful tool for the analysis of any strong Raman scattering bioactive compound in a
heterogeneous system. Carotene and a-tocopherol display a strong C=C band in Raman spectra, and their
partitioning in an oil/water emulsion stabilized by whey protein was investigated with CRM (Mohamad et al.,
2017). A simple chemometric method was used to generate quantitative spatial and chemical mapping of
the carotene and a-tocopherol within both the water and oil phase. Light microscopy was used as a
comparative imaging method, by overlaying Raman and optical images. In the same work the interactions

between carotene and whey protein were investigated by observing spectral variations.
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CRM has also been used to visualize distribution of solid fat crystals in a complex air-in-oil-in-water emulsion
(Brun et al. 2015). The negative contrast from air was helpful to image the air bubbles interface, where fat
crystals adsorbed and acted as stabilizers. The crystalline networks within the water and oil phases were also
characterized. The focused penetration of Raman microscopes can be exploited to probe the internal
structure of solid particles. Powders containing hydroxypropyl methylcellulose (HPMC) and maltodextrin
(Nuzzo et al., 2015), whole milk (Nuzzo et al., 2017) and milk serum and lactose (Andersson et al., 2019),
produced with different drying techniques were investigated in this fashion. CRM was applied to probe the
inner phase separation of the components after controlled evaporation of the aqueous solvent; even in the
case of whole milk, all major constituents (lactose, fat and protein) were spatially resolved. The powder
particles structure was also investigated with higher resolution techniques such as LV-SEM, to provide better

characterization of the surface. Chemical composition was also obtained using XPS.

In conclusion, vibrational micro-spectroscopies have gained popularity due to technological advances in
equipment and data processing methods, allowing researchers to chemically map biological molecules in
complex food systems with a good resolution (1 - 10 micron) for the meso-scale. Raman imaging in complex
media is quite straightforward and allows both chemical identification of the different sample components
and their quantitative analysis. This technique can also unveil interactions among molecules via analysis of

peak positions.

While Raman and IR allow simultaneous chemical information and spatial resolution of complex food
materials, their micron-limited resolution might make the analysis of systems containing particles or

aggregates in the nanometre range very challenging.

X-Ray Tomography

The use of X-Ray micro computed tomography (XCT) is a novel application for investigating the internal
microstructure of food products. XCT is a non-destructive and non-invasive technique, with a sub-micron
resolution and field of view ranging from few centimetres to a few millimetres. Spatial arrangement and

interactions of ingredients in food systems can be viewed in three-dimensions and under conditions of
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external stimuli, such as temperature and pressure variations. This technique is often termed dynamic or 4D
tomography (Guo et al., 2018). As a rule, the scattering of X-Rays increases as the atomic mass increases, so
food samples, being primarily composed of hydrogen, carbon and oxygen scatter less than many other
materials which can be comprised of heavier elements. This puts a premium on (a) the intensity of the X-Ray
beam used and (b) the presence or otherwise of heavier elements in the food which scatter more strongly

than the carbon, hydrogen and oxygen components.

In XCT, the sample attenuates X-Rays by absorption and scattering, depending on factors such as atomic
mass, density and absorption coefficient of the material. As the sample is being rotated, several 2D
radiographs are acquired, which represent the spatial distribution of the radio-opacity of the sample. The
stack of generated images are then reconstructed into a 3D volume by software processing and yields the
internal microstructure of the sample. This is particularly advantageous as light microscopes cannot
penetrate opaque samples, and electron microscopes — despite their resolution being higher in certain
configurations — require invasive sample preparation in order to penetrate inside samples (Barigou &

Douaire, 2013).

In food science applications soft X-Rays (up to 50 keV) are preferentially used, both to limit sample damage
and to increase contrast between phases with similar density. In fact, as the attenuation of X-Rays is affected
by density, emulsions constitute a challenging sample to investigate, due to the close density of water and
edible oils, at small length scales. Aerated materials, on the other hand, are more straightforward to image
due to the large density difference between air and liquids or solids. Phase-contrast imaging exploits the
differences in refractivity displayed by X-Rays that cross different domains, which is used to generate
additional contrast in the image. This emerging mode of operation complements attenuation-based
measures and it is useful especially for biological samples that display low absorption of X-Rays (Willner et

al., 2016).

XCT equipment consists of an X-Ray source, a rotating sample holder, and a detector. The sample is mounted

into a movable stage that rotates during the tomography measurement. Detectors convert the X-Ray
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radiation to visible light, which is then focused by optical lenses into a CCD camera (Barigou & Douaire, 2013).
Furthermore, the sample can be accommodated in an enclosed chamber to control temperature and
pressure and perform dynamic studies on the sample microstructure. For benchtop XCT equipment a conical
X-Ray beam is generated, and then collimated to a fixed width. The focal spot size limits the maximum
achievable resolution. The generated X-Ray beam is polychromatic and, when traversing the sample, can
cause artefacts due to the selective attenuation of low-energy X-Rays with higher energy X-Rays reaching the
detector unaltered. This phenomenon is called beam hardening. To limit those artefacts, a filter is placed
between the source and the sample to block specific X-Ray wavelengths. Resolution is usually in the order of
hundreds of microns. Synchrotron facilities instead produce a beam of parallel rays, allowing better
resolution (hundreds of nm) due to the homogeneous signal obtained. Furthermore, the use of a
monochromator permits selection of specific X-Ray energies, improving qualitative and quantitative analysis.
The synchrotron beam size is smaller (1x30mm), thus limiting its applicability to samples of comparable size
only. Additionally, synchrotron facilities are limited, expensive to build and difficult to access for routine

analysis.

Reconstruction of the 3D volume from the stack of acquired images is required to visualize XCT data and to
extract suitable information from the image (Schoeman et al. 2016). Parameters such as density, porosity,
and surface to volume ratio of the object analysed, together with particle size and sample thickness are used
to characterize the microstructure of the sample. However, data processing for XCT data is very demanding
in terms of time and computational power, as well as requiring a large volume of data storage. Segmentation
is usually performed on the images in order to extract features of interest via distinct greyscales or
morphological characteristics, including particles, voids, or layers. The presence of noise in the image can

make segmentation very challenging and pre-processing of the images is often required (Wang et al., 2018).

Despite its wide applicability, XCT has some limitations regarding the type of samples that can be analysed.
Semi-liquid samples such as emulsions and foams might move as a result of the applied shear during the

rotation of the sample holder. Systems such as these, might benefit from a rotating source setup (gantry
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system). At the same time, temperature sensitive samples such as mousses and ice creams should be scanned

in a temperature controlled environment to avoid damage due to the beam (Wang et al., 2018).

As mentioned earlier, phase-contrast XCT is the preferred mode for studying low-density, multi-phasic
systems such as food. By exploiting a synchrotron X-Ray source, details of the microstructures of oil/water
emulsions (Nielsen et al., 2016), sucrose suspensions in oil (Hounslow et al., 2016) and ice-cream (Guo et al.,
2017; Guo et al., 2018) samples have been obtained. All the major phases in these samples could be
identified, allowing a better understanding of the spatial arrangement of all ingredients in the sample matrix.
Moreover, in Guo et al. (2018) the sample was subject to thermal cycling and the microstructural evolution
was followed with time; this led to understanding the functional role of the unfrozen matrix (mostly

characterized by sugar in water) in the stability of ice-cream.

In the work of Nielsen et al. (2016), a mayonnaise-type emulsion was studied using XCT. However, the fluid
nature of this emulsion caused loss of resolution as the sample moved during tomography acquisition and
this resulted in blurring of the reconstructed image. Nevertheless, the resolution was still reasonably good
(200 to 300 nm) and allowed identification of the lipid colloidal network, water phase, and isolated lipid and
water pockets as shown in Figure 9. Additionally, cellulose nanocrystals acting as emulsifiers could be
identified in the structure as well. The 3D reconstruction of the colloidal network was subsequently compared
with CSLM images. The morphology of the lipid phase appeared as larger, irregular aggregates, while in the
tomographic slice individual fat globules could be observed. This difference is due to the higher vertical

resolution of XCT (200-300 nm) compared to CSLM (ca. 750 nm).
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Figure 9. X-Ray tomography reconstruction of an O/W emulsion, displaying the extent of the lipid network, along with pockets of
emulsifier and isolated water droplets (taken from Nielsen et al., 2016, with permission from Elsevier).

In Hounslow et al., 2016, a model food system featuring a water droplet added to a suspension of sucrose
particles in oil was studied with XCT, due to its ability to monitor simultaneously the motion of the droplet
and the interactions and structural changes taking place during the experiment. The sample investigated in
this work represents a model of how moisture diffusion can trigger phase transitions between fluid and paste-
like material. The relatively low resolution (9 microns) was compensated for by a large field of view, as the
scope of the study was qualitative. Detailed imaging of the separated sucrose-enriched droplet was carried

out subsequently with SEM, which allowed imaging of the sucrose crystal arrangement on the surface.

Commercial chocolate microstructure was investigated in the work from Reinke et al., 2016. In this case,
tomography was performed in the conventional adsorption contrast mode, since the purpose of the
investigation was to monitor voids and fractures in the chocolate microstructure while cooling from the melt.
Electron microscopy cannot provide information of the internal changes in microstructure during cooling
since only the sample surface can be imaged. The obtained resolution was around 1-2 microns per voxel, and

was sufficient to identify significant defects in the cooling mixture.

Benchtop XCT was also recently applied to the study of food materials. Ellis et al., 2017 evaluated the internal

morphology of an aqueous foam stabilized by agar particles by using a XCT scan. While the reconstructed 3D
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tomogram was not presented, XCT was used mainly to assess the stability of the bubbles against coalescence
over several days. In this work, a relatively quick analysis yielded qualitative information about the sample.
In Duguenne et al., 2016, instead, a custom made laboratory-scale XCT machine was used to study the
internal microstructure of freeze-thawed gelatin mousses. The relatively lower resolution (12 microns) of this
machine was compensated for by minor blurring as the XCT source rotated around the sample (gantry mode)
as opposed to the usual operating condition where the sample is rotating. In this work the reconstruction of
the 3D volume did not account for bubbles smaller than 10 micron, but still provided useful information on
the microstructural evolution of gelatin foams with time as well as on the stabilizing role of peptides in the

continuous phase.

In conclusion, XCT has successfully contributed to microstructure investigation of a few food materials,
requiring little or no sample preparation and with minor impact on the sample compared with other imaging
techniques. The emergence of phase-contrast techniques and improved tomographic reconstruction
algorithms can push the resolution and quality of images below the micron level. However, the required small
sample volume preparation could be challenging. The application of XCT for the study of soft materials is not
widespread; however, encouraging recent results will perhaps bring more popularity to this powerful imaging

technique.

Scanning Acoustic Microscopy

Ultrasonic techniques represent an attractive method for studying food systems due to their non-
invasiveness, non-destructiveness and lack of sample preparation. Ultrasound respond to a different set of
physical parameters compared to electromagnetic radiation: thermal conductivity, heat capacity, viscosity,
density, elastic modulus and acoustic attenuation will affect sound propagation. Moreover, acoustic methods
provide a suitable alternative to other techniques for investigating opaque materials (Povey et al., 2013).
Pressure waves with frequencies above 20 kHz are termed ultrasound; their propagation through

homogeneous media follows the Wood equation, shown in Equation 2:
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Where v is the speed of sound (m/s), p is the density (kg/m?) and k is the adiabatic compressibility (m?/kg)
(Eq. 2) (Wood, 1941). However, in heterogeneous media such as food systems, the acoustic behaviour is not

trivial, due to the presence of multiple phases through which sound waves will travel at different velocities.

As ultrasound pulses traveling in a medium encounter an interface between different materials, the
magnitude of the reflected waves will depend on the difference in acoustic impedance of the two materials.
The impedance Z is calculated by multiplying the density of the material by the material’s speed of sound
(Z = pv). Reflected waves carry information about the mechanical properties of the sample, such as
compressibility, elastic modulus, and stress (Povey et al., 2013). Equation 3 shows the relationship between

the reflection coefficient of two different materials (here named 1 and 2) and their impedances.

1 2
Z1+ 27,

Reflection coef ficient = Eq.3

The use of different ultrasonic frequencies for material characterization is termed acoustic spectroscopy, and
found application in food science research several decades ago (Povey, 1998; Povey, 2013). Acoustic
microscopy investigates material and surface properties at the microscopic scale; the first acoustic
microscope was developed in 1974 (Lemons & Quate, 1974). The ultrasonic transducer is the key element in
an acoustic microscope, as it determines the resolution and depth of focus of the instrument. Most
commonly, a single transducer in reflection mode is used to collect measurements via scanning of the surface

of the sample with a stage motor.

Acoustic microscopes generate topographic images of a surface by measuring the time of flight of sound
pulses reflected from the sample surface. Attenuation images can also be obtained, which give insight into
the mechanical properties of the material analysed. Airborne setups are most suitable for online applications
but air has poor sound propagation properties, therefore in higher resolution instruments the sample is

immersed in a liquid, usually water (Povey et al.,, 2013). Due to the wide application variability, most
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instruments are custom built, featuring transducers with different size, shape and frequency; some examples

can be found in the work of Parker (2010) and Watson et al. (2014).

Despite possessing several advantages, acoustic microscopes are not commonly employed to study food as
imaging tools, whereas sound waves find popular application for in-line non-destructive testing in industry
(Gallo et al.2018). This is due to the necessity for high-throughput data analysis, robustness and wide
applicability in industrial production lines. Nevertheless, a few recent examples of acoustic imaging include
vegetable cells (Watson et al. 2012) and cured ham samples (Corona et al., 2013). In the latter, a scanning
acoustic microscope with a 50 MHz immersion transducer was employed to differentiate the lean tissue from

the fat in meat samples as shown in Figure 10. The resolution for these two studies was around 300 microns.

10 mm

Time (1s)
Time (1s)

0 2 4 6 8 10 0 2 B 6 8 10
Lateral scan (mm) Lateral scan (mm)

Figure 10. Lateral scan performed by an acoustic microscope; sample reflections are the ones below the dotted line, which display
differential intensity between fat and lean tissue (taken from Corona et al., 2013, with permission from Elsevier).

With an appropriate design, several transducers can be used to build a 3D image of a sample in ultrasonic
tomography (Watson, 2015). In food—related applications, at present this technique is mostly employed to
detect foreign objects in food products, such as drinks cans (Ho et al.2007) and refrigerated milk cartons

(Khairi et al. 2018).
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The ability to probe opaque materials with fast scan rates and the non-destructive character of acoustic tools
bear promising applications for investigating food materials, including on-line, non-contact applications in
manufacturing. A potential barrier to ultrasounds becoming commonplace could be ascribed to the not-
widely understood properties of ultrasound in complex media. While ultrasonic spectroscopy constitutes an
established technique, acoustic microscopy still requires efforts to match resolving power and data

interpretation with other microscopy techniques (e.g., electron, optical).

Other techniques

Magnetic Resonance Imaging

Nuclear Magnetic Resonance Imaging (MRI) offers an alternative non-invasive, non-destructive technique
that can probe the internal structure of opaque edible materials without sample preparation. In brief, the
physical principle of this technique stems from the magnetic moment that specific nuclei possess, such as
hydrogen or carbon. When subjected to an external magnetic field, nuclei in a sample align in a parallel (low-
energy) or antiparallel (high-energy) orientation; the energy gap between these states is in the range of radio-
frequency radiation, which is used in form of a pulse to excite nuclei to the high-energy state. Relaxation then
occurs by returning to the low-energy state and a radio-frequency radiation is emitted. The decay profile,
and magnitude of this radiation depends on the chemical nature of the nuclei, as well as on their local motility
(Belton, 2013). Imaging based on magnetic resonance is performed with an MRI instrument equipped with
magnetic gradient coils that can perform spatial measurements, thus creating 3D images of the spatial
distribution of the MRI signal. MRI can provide several contrast methods to differentiate water phases from
lipids, proteins, solid and liquid states, making it particularly useful for studying multiphasic soft matter.
However, due to the relative low intensity of MRI radiation, acquisition times are typically lengthy, and the
spatial resolution is limited to hundreds of microns. There is renewed interest in improving both acquisition
times and spatial resolution, as reported in Reci et al. (2018) and Karlsons et al. (2019). Due to the
guantitative nature of the measurement (signal is proportional to proton density), MRI has found application

in food science for the study of transport phenomena such as moisture diffusion (Paluri et al., 2015) and oil
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migration in confectionery products (Wang & Maleky, 2018) (Cikrikci & Oztop, 2018). However, at present
further development of this technique for food applications is still stalled by its complexity of operation and

its relatively low spatial resolution.

Neutron Tomography

Neutron imaging can provide two- or three-dimensional spatially resolved images of the internal
microstructure of bulk samples that are not accessible by other techniques. Neutrons interact with atomic
nuclei, rather than with the electron cloud as X-Rays do. The different nature of the interaction phenomena
is reflected by the high attenuation displayed by light elements such as hydrogen, while X-Rays are hardly
absorbed by lower atomic number nuclei. As a consequence, neutron imaging is particularly useful to
investigate soft biological matter like food systems, and can be considered complementary to X-Ray-based
techniques. Neutron tomography (NT) provides 3D spatially resolved images which generally display the
attenuation coefficient distribution in the sample volume, in a similar fashion to other tomographic
techniques. The typical spatial resolution for NT is between 50 and 100 microns, depending on the selected
field of view. Similarly to XCT, a phase contrast mode is also available, based on the different neutron

refractivity of the phase domains occurring in the sample (Strobl et al., 2009).

The use of neutrons for imaging biological matter has increased in the recent years, with the development
of several dedicated facilities that provide a suitable neutron source (Burca et al., 2018). In the field of food
science research, neutron imaging has been employed to study quantitatively the effect of drying conditions
on the water migration in fruit, as water provides a strong contrast in specimens (Defraeye et al., 2016).
Further work has been published on the effect of cooking on the microstructure of meat samples (Scussat et
al., 2016)(Scussat et al., 2017). The authors quantified both the water migration and protein fibre contraction
through image analysis of the 3D tomogram. NT has also been applied to investigate several
starch/microalgae foam samples, providing an in-depth characterization of the porous microstructure —and
to assess the effect of different formulation on the porosity, void distribution and connectivity (Martinez-

Sanz et al., 2020). Neutron tomography represents a unique and promising technique to investigate food
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materials, however is limited by the accessibility to a dedicated neutron source facility to perform such

experiments.

Conclusions

Investigating the microstructure of multi-phasic food materials, either in static or dynamic conditions, is an
extremely challenging task. The difficulty arises from several factors, including the presence of multiple

phases within the structure and the wide variety of ingredients present in each phase.

The plethora of available characterization techniques provides the food scientist with several strategies for
studying microstructure; however — as presented in the current review — all techniques have strengths and
limitations, which need consideration when planning experimental analysis. No technique is sufficiently
exhaustive to provide fully unambiguous results on a specific type of sample. A successful approach consists
in choosing a set of techniques that complement the respective limitations and provide meaningful and

comparable results for good quality results.

With the development of novel complex food formulations, whose properties and manufacturability are
strongly related to the product microstructure, characterization techniques must evolve to assist food
product developers and ensure efficient industrial manufacturing. This review presented some of the

innovative trends in characterization techniques that will lead the future of food science research.

Reducing sample preparation procedures constitutes a key challenge in food research, since analysis of native
state specimens yield more representative results and are less prone to artefacts due to staining or slicing of
the sample. In addition, enhancing the ability to perform dynamic analysis would allow researchers to
investigate food microstructure and its evolution in several contexts, such as processing or shelf storage
conditions. These demands can be addressed by employing, for example, environmental electron
microscopes, which can analyse samples in native state with high-resolving power. While ESEMs are slowly
entering the field of food science, the development of environmental TEM and the use of liquid cells for

biological samples is paving the way for their use in research in the next decade.
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With the diffusion of simulative tools, it will likely become commonplace to support experimental data from
microscopy with simulation that can predict the behaviour of complex, multi-component systems such as
food. Computer simulation can assist researchers both in terms of results validation, as well as reducing the

experimental workload by identifying optimal conditions for specific systems.

Furthermore, there is significant interest in developing online, compact versions of currently existing
techniques in order to monitor microstructural evolution in real time on industrial production lines. Fast data
acquisition, processing and storage are fundamental requirements for techniques to be used in this
perspective, not mentioning the absence of sample preparation. Therefore, spectroscopic techniques such
as NIR are particularly suited for online application. The ability of penetrating the sample surface and
investigating the internal structure is also sought, especially for opaque materials. In this regards, X-Ray
tomography and Acoustic Microscopy constitute promising techniques to include in online monitoring, due
to their non-invasive nature and depth of penetration. However, X-Ray tomography is currently weighted
down by the extensive computational workload to produce the images, whereas acoustic microscopy would

largely benefit from an improvement in spatial resolution.

In general, multiple techniques are required to provide valid results during investigation of food systems.
Recently, the development of hybrid techniques has been reported, such as AFM-IR (Dazzi & Prater, 2017),
SEM-Raman (Cardell & Guerra, 2016) and Photoacoustic Tomography (Wang, 2017). In the first two
examples, detailed chemical imaging is coupled with a high-resolution technique, combining these benefits
in one single instrument. Photoacoustic imaging, which found successful employment in the medical field,
measures the pressure waves emitted by radiation-excited molecules, working de facto as a light-stimulated
acoustic microscope. While there are scarce examples in literature with these techniques regarding food

systemes, it is likely that complex challenges in the field will lead to their adoption in the near future.
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