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ABSTRACT

This study explored the use of X-ray computerized 
microtomography (micro-CT) and confocal Raman 
microscopy to provide complementary information 
to well-established techniques, such as confocal laser 
scanning microscopy (CLSM), for the microstructural 
characterization of cheese. To evaluate the potential 
of these techniques, 5 commercial Cheddar cheese 
samples, 3 with different ripening times and 2 with 
different fat contents, were analyzed. Confocal laser 
scanning microscopy was particularly useful to describe 
differences in fat and protein distribution, especially 
between the 2 samples with different fat contents. The 
quantitative data obtained through image analysis cor-
related well with the nutritional information provided 
in the product labels. Conversely, micro-CT was more 
advantageous for studying the size and spatial distribu-
tion of microcrystals present within the cheese matrix. 
Two types of microcrystals were identified that differed 
in size, shape, and X-ray attenuation. The smallest, 
with a diameter of approximately 10 to 20 μm, were 
more abundant in the samples and presented a more 
uniform roundish shape and higher X-ray attenuation. 
Larger and more heterogeneous crystals with diameters 
reaching 50 μm were also observed in scarcer numbers 
and showed lower X-ray attenuation. Confocal Raman 
microscopy was useful not only for identifying the 
distribution of all these components but also allowed 
comparing the presence of micronutrients such as ca-
rotenoids in the cheeses and provided compositional 
information on the crystals detected. Small and large 
crystals were identified as calcium phosphate and cal-
cium lactate, respectively. Overall, using micro-CT, 
confocal Raman microscopy, and CLSM in combina-
tion generated novel and complementary information 
for the microstructural and nutritional characterization 

of Cheddar cheese. These techniques can be used to 
provide valuable knowledge when studying the effect 
of milk composition, processing, and maturation on the 
cheese quality attributes.
Key words: food microstructure, micro-CT, Raman 
imaging, microcrystal

INTRODUCTION

Cheddar cheese is one of the main cheese varieties 
produced worldwide (McSweeney et al., 2017). This 
hard cheese is generally produced by rennet coagulation 
of pasteurized, standardized cow milk in the presence of 
starter cultures. The curd is cut, cooked, and separated 
from the whey, followed by Cheddaring, milling, salting, 
and pressing (Ong et al., 2017). Cheddar can be ripened 
for a period that commonly ranges from 3 mo (mild 
Cheddar) to 1 yr (sharp Cheddar) (Chandan, 2014). 
The global cheese market represented an approximate 
value of US $77.6 billion in 2021 and it is expected to 
grow within the coming years (IMARC, 2022). Cheddar 
cheese is one of the most-consumed varieties per capita 
in the United States (Tejeda and Kim, 2021).

Understanding cheese microstructure is essential for 
new product design and innovation and is considered 
an important tool for quality control in Cheddar cheese 
(Ong et al., 2011b). The effects of milk composition and 
processing variables on cheese functionality as well as 
sensory and nutritional properties are directly related 
to a cheese’s microstructural properties. The effect of 
several these variables on the microstructure of Ched-
dar cheese has been studied, including the renneting 
pH (Ong et al., 2012), temperature during coagulation 
(Ong et al., 2011a) and ripening (Soodam et al., 2017), 
calcium content (Ong et al., 2013; Ong et al., 2015; 
Ayala-Bribiesca et al., 2016), fat content (Guinee et 
al., 2000; Rogers et al., 2010), and the age (ripening 
time) of the cheese (Soodam et al., 2014; Soodam et al., 
2015a; Ray et al., 2016).

The most widely used techniques for studying the 
microstructure of cheese include confocal laser scan-
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ning microscopy (CLSM) and electron microscopy 
techniques. Compared with the more conventional light 
microscopy, which involves extensive sample prepara-
tion and can provide only limited information (Bow-
land and Foegeding, 2001; Lagaude et al., 2004), the 
development of CLSM methodologies for the analysis 
of dairy products (Auty et al., 2001) was an important 
technological breakthrough, allowing visual differen-
tiation of the lipid and protein fractions of cheese by 
selective staining with fluorescence dyes. The possibil-
ity of optically sectioning cheese samples by confocal 
imaging techniques can moreover mitigate the disrup-
tion caused to fat globules upon physical sectioning in 
high-fat foods (Ong et al., 2011b). Confocal laser scan-
ning microscopy has therefore been one of the preferred 
microscopy techniques used to analyze microstructural 
characteristics of Cheddar cheese in the past 2 decades 
(Gunasekaran and Ding, 1999; O’Reilly et al., 2003; 
Soodam et al., 2015a; Anvari and Joyner, 2018). Its 
main disadvantage, though, is the need for staining the 
samples if they are not intrinsically fluorescent, which 
can lead to artifacts.

Because of their capability for higher resolution, 
electron microscopy techniques, in particular scanning 
electron microscopy, have also been used as comple-
mentary techniques to CLSM (Ong et al., 2011a, 2013; 
Soodam et al., 2017). However, the sample preparation 
requirements for imaging under high vacuum involve 
either dehydrating the samples (Khanal et al., 2018) 
or intricate, time-consuming, and costly handling and 
imaging under cryogenic conditions (cryo-scanning 
electron microscopy) (Lamichhane et al., 2019), thus 
limiting their widespread application.

X-Ray computerized microtomography (micro-
CT) is a 3-dimensional (3D) imaging technique that 
exploits variations in X-ray attenuation depending on 
the composition and density of the different compo-
nents within a specimen (Willner et al., 2016). This 
technique is also referred to as X-ray microtomography 
when it is applied using imaging conditions that allow 
micrometric resolution. Because the contrast being 
obtained is based on differences in X-ray absorption, 
this technique has been more widely used for hard 
matter, with many applications in material science 
(Singh et al., 2017), geology (Baker et al., 2012), ar-
cheology (Bernardini et al., 2019), and medicine (van 
den Boogert et al., 2018; Pikhur et al., 2020), among 
others. In food matrixes, CT and micro-CT have been 
mainly used to study the internal microstructure of 
products containing voids, such as foams (Lim and 
Barigou, 2004; Licciardello et al., 2012), aerated 
chocolate (Haedelt et al., 2007; Frisullo et al., 2010), 
or bakery products (Cafarelli et al., 2014; Piovesan 

et al., 2020). Similarly, CT has been extensively used 
to study eye formation in Swiss-type cheeses (Huc et 
al., 2014; Guggisberg et al., 2015; O’Sullivan et al., 
2016) and pores caused by freezing in cheese (Conte 
et al., 2017). The use of CT is facilitated by the high 
contrast between air and soft materials, but its use 
in cheese has been mainly limited to the previously 
mentioned applications (Lei and Sun, 2019). Being a 
nondestructive technique that allows obtaining quan-
titative 3-dimensional structural information, its ap-
plication for studying the microstructure of Cheddar 
cheese and, in particular, the presence of crystals in 
this type of product, is evaluated in this work. Cheese 
crystals have been previously studied and identified 
through powder X-ray diffraction (Tansman et al., 
2014); however, this technique does not provide infor-
mation on crystal size and spatial distribution.

Confocal Raman microscopy is a hyperspectral im-
aging technique that provides not only structural but 
also compositional information of the samples through 
the analysis of the inelastic scattering of light. Given 
that Raman spectra are unique for each particular mol-
ecule in a specific environment (Butler et al., 2016), 
every pixel of a Raman micrograph provides invalu-
able chemical information, which can be obtained 
with minimal sample preparation and without label-
ing or staining (Benito-González et al., 2020). Raman 
microscopy techniques are widely used to explore the 
microstructure of materials in several disciplines, in-
cluding forensic sciences (Lv et al., 2016; Zapata and 
García-Ruiz, 2017), materials engineering (Marcott et 
al., 2017; Yasseri et al., 2020), or medicine (Zhang et 
al., 2015; Chaichi et al., 2018). Its application in the 
characterization of food products has also emerged 
recently (Roeffaers et al., 2011; Huen et al., 2014; Pu 
et al., 2019). In dairy, it has been used to understand 
the microstructure of model food gels containing milk 
fat (Gómez-Mascaraque et al., 2021) and dairy pro-
teins (Gómez-Mascaraque and Pinho, 2021), as well 
as complex dairy products such as processed cheese 
(Smith et al., 2017) or butter (Jensen et al., 2019). 
Most recently, it was used to differentiate whey protein 
particles added to a model cheese matrix composed of 
casein and fat (Nickless and Holroyd, 2020). Regard-
ing commercial cheese samples, D’Incecco et al. (2016) 
used confocal Raman microscopy to characterize specks 
and microcrystals in Italian-style extra-hard cheeses, 
although in this case the authors collected individual 
spectra of these components rather than mapping the 
whole cheese matrix. The application of Raman imag-
ing for a comprehensive study of the microstructure 
of commercial Cheddar cheese products is proposed in 
this work for the first time.
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The objective of this work was to explore the po-
tential of combining different microscopy techniques to 
maximize the amount of compositional and structural 
information obtained from commercial Cheddar cheese 
and similar products. To do so, well-established CLSM 
and recently developed confocal Raman are combined 
with micro-CT imaging for determination of cheese 
structure and nutritional characterization.

MATERIALS AND METHODS

No animals were used in this study, and ethical 
approval for the use of animals was thus deemed un-
necessary.

Cheddar Cheese Samples and Reagents

Two white Cheddar cheese products with different 
fat contents, referred to as HighFat and LowFat, re-
spectively, were purchased from a local supermarket 
(Fermoy). Three white Cheddar cheese products with 
different ripening times, referred to as ShortRip, 
MidRip, and LongRip, were also purchased from a 
local supermarket. The relevant nutritional informa-
tion provided by the suppliers for each cheese type is 
summarized in Table 1. Calcium lactate pentahydrate, 
l-tyrosine, l-cysteine hydrochloride hydrate, Nile Red, 
Fast Green FCF, and 1,2-propanediol were purchased 
from Sigma-Aldrich.

Confocal Laser Scanning Microscopy

Sample Preparation and Data Acquisition. In-
ternal sections of the commercial cheese samples with 
an area of approximately 1 cm × 1 cm were cut with a 
blade and placed on glass microscopy slides before stain-
ing. The staining solution consisted of a 50:50 mixture 
of 0.1% Fast Green FCF (aq.) and 0.02% Nile Red (in 
1,2-propanediol), which is a combination of dyes com-

monly used to observe the distribution of fat (stained 
by Nile Red) and protein (stained by Fast Green FCF) 
in cheese samples (Soodam et al., 2015b). The staining 
solution (approximately 100 μL) was gently deposited 
on the surface of the samples and the dyes were allowed 
to diffuse in during 30 min under refrigeration at 4°C 
to prevent the mobility of liquid fat, as suggested by 
Ong et al. (2011b). The excess staining solution was 
then gently removed with a tissue and the samples were 
covered with 0.13-mm coverslips.

Stained samples were observed using a Leica TCS 
SP5 confocal laser scanning microscope (Leica Micro-
systems CMS GmbH) using a 63 × /1.4 oil immersion 
objective and maintaining the pinhole diameter at 1 
Airy Unit. A digital zoom of 2 was applied. Fast Green 
FCF was excited at 633 nm using a He/Ne laser, and the 
corresponding emission filter was set at 650 to 705 nm. 
Nile Red was excited at 488 nm using a diode-pumped 
solid-state laser, and the corresponding emission filter 
was set at 563 to 610 nm. Leica LAS AV software (v 
2.7.3.9723; Leica Microsystems CMS GmbH) was used 
to acquire digital images 1,024 × 1,024 pixels in size. 
Each line was averaged 3 times to increase signal-to-
noise ratio. Each sample was prepared for imaging in 
duplicate, and at least 3 different areas of each replica 
were imaged to ensure that the obtained images were 
representative of the samples.

Data Processing and Image Analysis. Confocal 
images (*.LIF files) were imported into FIJI (Schinde-
lin et al., 2012) and exported as RGB color overlays in 
*.TIFF format. Based on these color overlay images, 
protein and fat areas were segmented by pixel clas-
sification using the machine learning software Ilastik 
(Sommer et al., 2011; Berg et al., 2019). The pixel 
classification was achieved after training the classifier 
to separate the object classes (i.e., fat, protein and 
unstained) by drawing annotations and evaluating the 
interactive prediction in a live update mode, followed 
by drawing additional annotations. This operation was 
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Table 1. Nutritional information for each Cheddar cheese sample1

Component

Sample code

LowFat HighFat ShortRip MidRip LongRip

Fat (g/100 g) 22 35 32 32 32
Carbohydrates (g/100 g) <0.5 <0.5 0.1 0.1 0.1
Protein (g/100 g) 28 26 26 26 26
Salt (g/100 g) 1.9 1.8 1.7 1.7 1.7
Calcium (g/100 g) 0.75 — 0.69 0.69 0.69
Fat (g/100 g of DM) 42 56 54 54 54
Protein (g/100 g of DM) 54 41 44 44 44
1As shown on the product label (top 5 lines) and calculated on a DM basis (2 bottom lines). Dry matter was 
estimated as the sum of the fat, protein, and salt content in the samples. LowFat = low fat; HighFat = high 
fat; ShortRip = short ripening; MidRip = mid ripening; and LongRip = long ripening
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performed on a subset of 3 images. Segmentation masks 
were saved in *.TIFF format and again imported into 
FIJI for area measurements.

Statistical Analysis

The statistical analysis was performed on software 
OriginPro 2019 version 9.6.0.172. Analysis of variance 
assumptions were tested by using the Kolmogorov–
Smirnov test to check for normality and the Brown–
Forsythe test to check for homogeneity of variance. 
Analysis of variance post-hoc analyses were carried out 
with the Tukey test. The level of significance chosen 
was α = 0.05.

X-Ray Microtomography

Sample Preparation and Data Acquisition. 
Cheddar cheese samples were cut with a scalpel from 
an internal area of the cheese sample into a cube with 
sides that were approximately 2.5 mm. The samples 
were then carefully placed inside 10-μL pipette filter 
tips, sitting on top of its filter. To prevent loss of mois-
ture and consequent deformation of the sample during 
the image acquisition, water was added to the bottom 
of the tip (without touching the filter) and the bot-
tom sealed with Parafilm. To prevent the sample from 
moving inside the tip, a paper towel was placed above 
the cheese. Pre-moisturized paper was also added to 
the top of the tip and Parafilm was used to seal it 
(Supplemental Figure S1, https: / / doi .org/ 10 .17632/ 
4h2gwr26p9 .1; Lourenco et al., 2022). One sample of 
each cheese type was analyzed.

The mounted Cheddar samples were scanned with 
an XRadia MicroXCT-400 (Carl Zeiss X-ray Micros-
copy) using the 40× detector assembly. X-Ray source 
settings were 40 kVp/200 μA, and no X-ray filter was 
used. Projection images were recorded over a 360° rota-
tion with 5 s exposure per projection (detector bin-
ning = 2) and an angular increment of 0.225° between 
projections. Tomographic sections were reconstructed 
with the software XMReconstructor (Carl Zeiss X-ray 
Microscopy) supplied with the scanner and saved as 
DICOM sequences. Isotropic voxel resolution in the 
reconstructed volumes was 0.51 μm.

For one sample (MidRip) 2 scans with larger fields of 
view and lower resolutions were additionally acquired. 
These scans were made from larger pieces of cheese 
and again acquired with an XRadia MicroXCT-400 
using the 0.4× (sample diameter = 10 mm, isotropic 
voxel size of 9.46 μm) and the 10× (sample diameter 
= 3 mm, isotropic voxel size of 2.26 μm) detector as-
sembly. The lower resolution scans aimed to provide 
structural information on a bigger scale, in particular 

on the spatial distribution of microcrystals, given the 
scarcity of one of the types of crystals identified in the 
high-resolution images.

Data Processing and Image Analysis. Dicom 
sequences were imported into the 3D software pack-
age Amira 2019.4 (FEI SAS; part of Thermo Fisher 
Scientific). Subsequently, image volumes were filtered 
using a 3D Bilateral filter (kernel size = 3 × 3 × 3) 
for noise reduction. The AutoThresholding tool (Type: 
Auto Threshold High; Interpretation: 3D; Model: 
min-max; Criterion: entropy) was used to determine a 
threshold that separates the crystals from the rest of 
the cheese matrix for each scan. These thresholds were 
used for segmentation of microcrystals in the Segmen-
tationEditor. For samples containing 2 types of crystals, 
the larger crystals were manually selected using the 
Pick&Move tool and assigned to a separate material. 
Based on the segmentation masks, the single crystals 
were separated on the basis of connectivity using the 
tool Labeling. Finally, the number of crystals and the 
mean particle volume were calculated with the LabelA-
nalysis tool (a correction was applied for particles that 
touched the border of the analysis region of interest: 
for particle counting, each border particle was counted 
as 0.5 particles; for analysis of mean particle volume, 
border particles were excluded). Particles below 100 
μm3 were excluded from the analysis. The 3D surface 
renderings were created using the Amira SurfaceGen 
tool.

Furthermore, the volume rendering software Drishti 
(Limaye, 2012) was used to visualize the size, shape, 
and 3D distribution of microcrystals. Due to the high 
density of microcrystals, we only rendered a subvolume 
of 500 × 500 × 500 voxels (257.2 × 257.2 × 257.2 μm) 
from each data set.

Descriptive statistics and box plotting were performed 
using OriginPro 2019 version 9.6.0.172. Interquartile 
range (IQR) was used to identify outliers: 3 × IQR > 
outliers > 1.5 × IQR.

Confocal Raman Microscopy

Data Acquisition. An Alpha300 R confocal Raman 
microscope (WITec) with a 532-nm laser was used for 
all the confocal Raman microscopy analyses. Internal 
sections of the cheese samples (2–3 mm thick) cut 
with a blade were placed on glass microscopy slides. A 
method previously reported was used for confocal Ra-
man imaging (Gómez-Mascaraque et al., 2021). Speci-
mens with an area of 500 × 500 μm were scanned at 
250 points per line × 250 lines per image, and spectra 
were collected using a 50×/0.55 air objective, a laser 
power of 60 mW, and an integration time of 0.33 s (1 
accumulation). Spectra were collected from the internal 
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structure of the cheese (about 25 μm below the sur-
face). The software WITec Control Five v5.0 (WITec) 
was used for data acquisition.

Data Processing and Image Analysis. The raw 
spectra were corrected by using a cosmic ray removal 
correction function (filter size 3, dynamic factor 8) and 
a shape function for background subtraction (shape 
size 250, noise factor 1) using the WITec Project 
Five software (v5.0). Both univariate and multivari-
ate analyses of the spectral data were performed to 
map the distribution of different components in the 
cheese samples, based on previously published methods 
(Benito-González et al., 2020; Gómez-Mascaraque and 
Pinho, 2021).

The univariate analysis method was based on the 
integration of narrow spectral ranges considered of par-
ticular interest, summarized in Table 2. The intensity of 
each pixel in the images obtained through this method 
represents the area under the spectrum in the selected 
spectral ranges for that specific measurement point.

The multivariate analysis method considered the full 
Raman spectra to map the different components in the 
cheese samples by applying the basis analysis algorithm, 
which describes each measured spectrum of a hyper-
spectral data set Si

���
( ) by a linear combination of a basis 

spectra, as described in Equation 1, where Hi

� ��
 is the 

mixing value for spectrum i, Ei

� ��
 is the error spectrum, 

and B̂ is the matrix of basis spectra. The mixing values 
Hi

� ��
( ) are obtained by the method of least squares:

 S BH Ei i i

��� � �� � ��
ˆ .= +  [1]

The method followed to generate the matrix of basis 
spectra was iterative. The most intense spectrum from 
the whole data set was selected as the first basis spec-
trum, and the residual image was then generated. Sub-
sequent cycles of selecting an additional basis spectrum 
and calculating the corresponding residual images were 
performed until the user considered that the obtained 
residual image depicted just noise (Benito-González et 
al., 2020). The basis spectra were then averaged and 
de-mixed.

RESULTS AND DISCUSSION

Microstructural Analysis by CLSM

Figure 1 shows representative CLSM micrographs for 
each of the 5 commercial Cheddar cheese samples ana-
lyzed (replicates can be seen in Supplemental Figure 
S2, https: / / doi .org/ 10 .17632/ 4h2gwr26p9 .1; Lourenco 
et al., 2022). Fat and protein were selectively stained 
and their distribution mapped within the cheese matrix. 
The observed structure resembled that for noncommer-
cial Cheddar cheese samples analyzed in previous works 
(Ong et al., 2013; Soodam et al., 2014). All samples 
exhibited a dense matrix typical of close-textured hard 
cheeses (Chandan, 2014).

As expected, the fat distribution in the 2 cheese 
samples with varying fat contents was markedly dif-
ferent. The LowFat sample exhibited smaller and more 
spherical fat globules (Figure 1a), and the fat globules 
in the HighFat cheese were fused into bigger clumps 
with nonspherical shapes (Figure 1b). This observation 
is consistent with previous studies in which a series of 
Cheddar cheeses with increasing fat contents showed 
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Table 2. Assignment of the main Raman bands from the cheese samples

Wavenumber 
(cm−1)  Identification1  

Main cheese 
component  References

1,748  ν(C = O)  Fat  Gallier et al., 2011; Czamara et al., 2015; Smith et al., 2017; Gómez-
Mascaraque et al., 2021

1,662  ν(C = C)  Fat  Gallier et al., 2011; Czamara et al., 2015; Smith et al., 2017; Gómez-
Mascaraque et al., 2021

1,619  Tyrosine  Protein  Smith et al., 2017
1,527  Carotenoids  Carotenoids  Smith et al., 2017; Gómez-Mascaraque et al., 2021
1,448  α(–CH2)  Fat  Czamara et al., 2015; Gómez-Mascaraque et al., 2021
1,305  τ(–CH2)  Fat  Czamara et al., 2015; Gómez-Mascaraque et al., 2021
1,274  δ( = CH) and amide III  Fat/protein  Czamara et al., 2015; Smith et al., 2017; Gómez-Mascaraque et al., 2021
1,164  ν(C–C), carotenoids  Carotenoids  Smith et al., 2017; Gómez-Mascaraque et al., 2021
1,135  ν(C–C)  Fat  Czamara et al., 2015; Gómez-Mascaraque et al., 2021
1,070  ν(C–C)  Fat  Gallier et al., 2011; Czamara et al., 2015; Smith et al., 2017; Gómez-

Mascaraque et al., 2021
1,011  Phenylalanine2  Protein  Smith et al., 2017
877  C–O–O  Fat  Czamara et al., 2015; Gómez-Mascaraque et al., 2021
1ν: stretching; δ: deformation; α: scissoring; τ: twisting.
2This band was slightly shifted to higher wavenumbers with respect to that reported in previous works due to an overlap with one of the bands 
ascribed to calcium phosphate (refer to detailed discussion in the section “Analysis by Confocal Raman Microscopy”).

https://doi.org/10.17632/4h2gwr26p9.1
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greater extents of fat globule aggregation and coales-
cence (Guinee et al., 2000; Rogers et al., 2010). The 
fraction of fat estimated through quantitative image 
analysis was significantly lower (P = 0.0019) for Low-
Fat than for HighFat samples (Table 3). Consequently, 
the mean protein content of these 2 cheeses was signifi-
cantly different (P = 0.0057). No statistically signifi-
cant difference was found between the unstained areas 
of these 2 cheeses (P = 0.9811) (Table 3).

Samples with different maturation times had similar 
fat distributions to that of the HighFat cheese (Table 
1), featuring a considerable amount of coalesced non-
globular fat. No clear correlations could be identified 
between the ripening time and microstructure of the 
cheeses. When a 2-way ANOVA was carried out, all 
the pairwise comparisons were not statistically signifi-
cant (P > 0.05) for the components protein, fat, and 

unstained areas among the cheeses with the 3 ripening 
times. Rogers et al. (2010) observed no major struc-
tural changes during ripening of Cheddar cheeses, and 
Soodam et al. (2015a) reported only minimal structural 
changes. Indeed, as suggested by Guinee et al. (2000), 
because fat is mostly solid at the usual ripening temper-
atures no further aggregation or significant migration 
of the globules would be expected during maturation. 
Therefore, the structural differences between these 3 
commercial samples could not be directly attributed to 
their ripening time.

It is worth noting that the unstained areas observed 
in the CLSM micrographs of the Cheddar cheese 
samples, which do not correspond to either fat or 
protein, have been generally attributed to pores in the 
cheese matrix (Ong et al., 2011a; Soodam et al., 2017). 
However, some of these unstained areas had a very 
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Figure 1. Confocal laser scanning micrographs of the 5 commercial Cheddar cheese samples: (a) low fat, (b) high fat, (c) short ripening, (d) 
mid ripening, and (e) long ripening. The Nile Red-stained fat is shown in green, and the Fast Green FCF-stained protein is shown in red. The 
length of the scale bars corresponds to 25 μm.

Table 3. Distribution of components found in the confocal laser scanning micrographs (average ± SD)

Component

Sample code

LowFat1 HighFat1 ShortRip2 MidRip2 LongRip2

Fat 36.14 ± 0.04% 50.04 ± 0.01% 39.52 ± 0.01% 41.08 ± 0.02% 34.64 ± 0.04%
Protein 61.45 ± 0.04% 49.32 ± 0.01% 53.83 ± 0.03% 49.24 ± 0.02% 58.04 ± 0.02%
Unstained 2.41 ± 0.002% 0.64 ± 0.003% 6.65 ± 0.03% 9.69 ± 0.03% 7.32 ± 0.02%
1Low fat (LowFat) versus high fat (HighFat) ANOVA: fat, P = 0.0019; protein, P = 0.0057; unstained, P = 
0.9811.
2Two-way ANOVA pairwise comparisons for the components protein, fat, and unstained area between the short 
ripening (ShortRip), mid ripening (MidRip), and long ripening (LongRip) samples: P > 0.05.
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well-defined circular shape, which suggested that they 
might correspond to the microcrystals identified using 
micro-CT and confocal Raman microscopy (see sections 
“Microstructural Analysis by Micro-CT” and “Analysis 
by Confocal Raman Microscopy”), with a similar range 
of sizes (approximately 7–13 μm).

Microstructural Analysis by Micro-CT

It was possible to observe microcrystals embedded 
in the cheese matrix because they had considerably 
greater X-ray attenuation compared with other com-
ponents. This is particularly relevant because crystals 
affect visual and textural properties and are not easily 
studied using the conventional CLSM technique due to 
the difficulty of staining them.

Two different types of microcrystals were identified 
in the samples based on apparent differences in size and 
X-ray attenuation. Large microcrystals can already be 
observed in low resolution micro-CT scans (Figure 2a); 
however, small microcrystals are spatially resolved only 
in higher-resolution scans (Figure 2b,c). The smaller 
ones, with a diameter of approximately 10 to 20 μm, 
showed greater X-ray attenuation and were present in 
greater amounts in the samples, whereas the bigger 
crystals were much scarcer and very heterogeneous in 
size and shape, with diameters of about 50 μm (Figure 
3A–E). The spatial distribution of both small and large 
microcrystals was quite heterogeneous (Figure 2a,b).

Figure 3F and G shows the size distribution of each 
of the crystal types in each cheese sample. Regarding 
the smaller crystals (Figure 3F), a small interquartile 
range and the mean close to the median, with an ap-
proximate value of 5 × 102 to 103 μm3, was observed, 
indicating some degree of crystal size uniformity in 

each sample. However, the LongRip cheese showed a 
higher median and mean than the other cheese samples 
of approximately 4 × 103 μm3. It was also possible to 
observe a large number of higher volume outliers for 
all samples, indicating the presence of crystal clusters. 
This shows that the segmentation process was unable to 
individualize crystals, mostly due to the shape rough-
ness of these crystals. The number of crystals detected 
and their overall percentage representation in the ana-
lyzed cheese matrix is shown in Table 4. Generally, a 
high number of small crystals (>2,000) were detected 
in the majority of the samples. However, in HighFat 
and LongRip samples, overall approximately 4 times 
fewer crystals were detected (Table 4), which can also 
be visually observed in Figure 3B and E.

The larger crystals were not detected in the analyzed 
volumes of the LowFat and LongRip cheese samples. 
However, this was not because large microcrystals are 
generally absent in these types of cheese, but rather 
because of their scarcity in the cheese matrix. Large 
microcrystals could be detected in the X-ray preview 
projection images depicting the whole 2.5 × 2.5 × 
2.5 mm cheese cube for both samples. For the other 3 
cheese samples, large microcrystals were detected in the 
analyzed volumes and they were in average from 104 to 
105 μm3.

D’Incecco et al. (2016) evaluated the number of crys-
tals in 18- to 20-mo ripened Italian-style extra-hard 
cheeses and observed numbers that ranged from 30 to 
100 crystals/mm2. The authors also observed that a 
lower amount of crystals was detected in younger chees-
es. That was not the case in this work—the number of 
small crystals detected by micro-CT was larger for both 
ShortRip and MidRip samples than for the LongRip 
sample. However, an increase in the average size of the 
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Figure 2. X-Ray computerized microtomography slices from the mid-ripening sample acquired using different detector assemblies: (a) 0.4× 
overview scan (9.46 μm voxel size) showing the overall structure of the cheese including air-filled voids (asterisks) and large microcrystals (red 
arrowheads), (b) 10× scan (2.26 μm voxel size) spatially resolving small microcrystals (yellow arrowheads) and showing their heterogeneous 
spatial distribution, (c) 40× scan (0.51 μm voxel size) showing clear differences in X-ray attenuation between small and large microcrystals, as 
well as differences in X-ray attenuation between protein and fat.
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crystals during ripening was observed (both mean and 
median).

These data demonstrate that the applied methodol-
ogy can quantify the number and size of microcrystals 
in Cheddar cheese samples. However, data regarding 
the number of microcrystals per volume should be in-
terpreted with caution because in the present study 

only a small subvolume (roughly 0.06 mm3) was 
scanned and analyzed for each Cheddar sample. Con-
sidering the heterogeneous spatial distribution of small 
and large microcrystals in the Cheddar matrix (Figure 
2b), the presented data may be biased by sampling site. 
As discussed above, the small areas analyzed may be 
responsible for the absence of large microcrystals in 
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Figure 3. Microcrystals detected in cheese samples: volume renderings of small (bright gold) and large (dark gold) crystals obtained from (A) 
low fat (LowFat); (B) high fat (HighFat); (C) short ripening (ShortRip); (D) mid ripening (MidRip); and (E) long ripening (LongRip) cheese 
samples and box-plot representations of volumetric size distribution (>100 μm3) observed for the small (F) and large (G) crystals in each of the 
cheese samples. IQR = interquartile range.
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the 2 scans and affect the absolute numbers of small 
microcrystals per volume (Table 4). Future studies 
investigating a larger number of subvolumes for each 
type of Cheddar are needed to provide statistically 
meaningful data on the number of small and large 
microcrystals that are representative of the different 
types of Cheddar; this was beyond the scope of the 
present work. Furthermore, it needs to be mentioned 
that the segmentation procedure is critically important 
for all subsequent steps of image analysis, including 
particle counting and particle volume measurements. 
Thus, for all samples the segmentation masks that were 
generated by automated thresholding were validated by 
visual inspection.

Several crystals have previously been identified in 
Cheddar cheese, including calcium lactate pentahy-
drate, tyrosine, cysteine, and calcium phosphate crys-
tals (Tansman et al., 2015). Although the micro-CT 
analysis allowed quantification and provided valuable 
information on the size/shape and distribution (Figure 
3) of the 2 types of crystals found in the cheese samples, 
complementary techniques (usually based on chemical 
analysis or X-ray diffractometry) are needed to be able 
to identify them. Raman microscopy was used to iden-
tify these 2 types of crystals (see “Analysis by Confocal 
Raman Microscopy”).

High-resolution micro-CT images also allowed visual 
differentiation between protein and fat in the cheese 
matrix due to differences in X-ray attenuation (Fig-
ure 2c). However, scans did not segment and measure 
protein and fat content as accurately as in CLSM im-
ages. This is because, compared with the CLSM (Fig-
ure 1), micro-CT scans showed both a lower protein/
fat contrast (monochromatic vs. selective fluorescent 
2-color labeling) and also a lower spatial resolution. 
Synchrotron micro-CT could be used to acquire higher-
resolution scans that would potentially make accurate 
protein/fat content measurements feasible.

Analysis by Confocal Raman Microscopy

Averaged Raman Spectra and Compositional 
Information. One of the advantages of Raman mi-
croscopy is the possibility of obtaining not only struc-
tural information but also compositional information 
about specimens. To elucidate potential compositional 
differences among the cheese samples, the whole spec-
tra data set acquired for each of them, consisting of 
62,500 spectra for each scanned area, was averaged and 
compared. Figure 4 shows the normalized average Ra-
man spectra for the 5 cheese samples.

The most intense bands observed in all cases were 
those attributed to the stretching and bending vibra-
tions of aliphatic residues (CH3, CH2, and CH groups) 
present in all proteins, fats, and carbohydrates in the 
range of about 2,800 to 3,000 cm−1 (Czamara et al., 
2015; Stephani et al., 2017). However, it is the region 
of the spectra between 500 and 2,000 cm−1 (the fin-
gerprint region) that is the most commonly used to 
identify different components because of its greater 
specificity. The most relevant bands found in this re-
gion are identified in Table 2 based on previous works 
(Gallier et al., 2011; Czamara et al., 2015; Smith et al., 
2017; Gómez-Mascaraque et al., 2020).

The spectra of the group of Cheddar cheese samples 
featuring different ripening times were very similar, as 
expected, given their same macronutrient composition 
(Table 1). In contrast, the 2 Cheddar cheese samples 
with different fat contents exhibited notably different 
spectra. Differences were observed in the band attribut-
ed to water, which was expected to be more intense for 
the LowFat cheese, given the lower percentage of solids 
in this sample (Table 1). Reducing fat levels leads to 
increased protein and moisture in the nonfat substance. 
Processing parameters are often adjusted during manu-
facture to improve cheese texture and quality attributes 
(Fenelon and Guinee, 1999; Guinee et al., 2007). Clear 
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Table 4. Characterization of crystals detected with X-ray computerized microtomography1

Cheese sample  

Crystal

 

Standardized number of crystals per mm3

Total volume of cheese 
matrix analyzed (mm3)Type Volume (%) Uncorrected Corrected >100 μm3

LowFat  Small 1.76 37,424 30,068 28,966 0.059
 Large — — — —

HighFat  Small 0.87 9,547 7,594 7,281 0.064
 Large 0.16 141 109 109

ShortRip  Small 1.90 38,948 32,138 29,224 0.058
 Large 0.49 69 17 17

MidRip  Small 2.55 38,631 30,538 25,723 0.065
 Large 0.39 169 154 154

LongRip  Small 1.99 9,349 6,032 3,968 0.063
 Large — — — —

1LowFat = low fat; HighFat = high fat; ShortRip = short ripening; MidRip = mid ripening; and LongRip = long ripening. — = no crystals 
detected in the total volume analyzed.
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differences were also observed in the fingerprint region 
of the spectra. In particular, the bands attributed to 
carotenoids centered at 1,527 and 1,164 cm−1 were 

considerably more intense in the full-fat cheese sample. 
Although carotenoids are micronutrients present in 
very low concentrations in dairy products, the charac-
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Figure 4. Average and normalized Raman spectra of cheese samples with different fat content (a) and different ripening times (b). LowFat 
= low fat; HighFat = high fat; ShortRip = short ripening; MidRip = mid ripening; and LongRip = long ripening.
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teristic conjugated double bonds in their structure yield 
strong Raman bands. Consequently, small variations in 
the content of this micronutrient in dairy products are 
more easily detected by Raman spectroscopy than for 
other components. Being lipophilic compounds, carot-
enoids are found in the lipid fraction of milk and dairy 
products. Thus, the higher content of these compounds 
detected in the full-fat cheese sample correlates well 
with the greater concentration of fat in that sample. 
Other relevant bands that showed differences in inten-
sity for these 2 cheese samples include those attributed 
to proteins in cheese, centered at 1,619 and 1,274 cm−1 
(Table 2). These were slightly more intense for the low-
fat cheese sample, which was consistent with its higher 
protein/fat ratio compared with the full-fat cheese.

Structural Information Through Univariate 
Data Analysis. Different data processing approaches 
have been proposed to study the distribution of differ-
ent components in the samples at the microstructural 
level using Raman microscopy, which can be divided 
into 2 main groups: univariate and multivariate analy-
ses (Gómez-Mascaraque and Pinho, 2021). Smith et al. 
(2017) showed that a simple univariate analysis based 
on integrating specific spectral regions allowed mapping 
of the distribution of protein, fat, water, and trisodium 
citrate in processed cheese. A similar approach was used 
in this work to map the distribution of fat, protein, wa-
ter, and carotenoids in the commercial Cheddar cheese 
samples, using the characteristic bands summarized in 
Table 2. As a representative example, Figure 5 shows 
the individual Raman images obtained for the HighFat 
sample using the different spectral regions.

Most of the bands attributed to fat, especially the 
ones centered at 1,305 and 1,448 cm−1, and the region 
corresponding to water (3,100–3,600 cm−1) provided a 
good contrast between pixels rich in these components 
and pixels with a low fat and water content (Figure 
5). However, from the 3 characteristic bands selected 
for protein, only the peak generally attributed to 
phenylalanine residues, centered at 1,011 cm−1 in the 
obtained spectra, yielded structured images. The other 
two resulted only in noise. Indeed, the Raman signal of 
proteins is considerably weaker than that of fats, and in 
many cases, overlaps exist between both components. 
This is one of the limitations of Raman microscopy, 
despite its many advantages. Smith et al. (2017) also 
reported that imaging of the protein distribution in 
processed cheese was mainly achieved by using the phe-
nylalanine band. Interestingly, the integration of this 
spectral region for the commercial Cheddar samples 
revealed very defined, micro-spherical features that re-
sembled the smallest crystals detected in the micro-CT 
scans of the samples and not the distribution of protein 
(Figure 5). The nature of these crystals was further 

investigated using the multivariate analysis approach 
(see “Structural Information Through Multivariate 
Data Analysis”). Regarding the bands attributed to 
carotenoids, their intensity decreased from top to bot-
tom, following the direction of scanning, suggesting 
a photo-degradation effect. This has been previously 
observed for other samples containing carotenoids (Gó-
mez-Mascaraque et al., 2021) and precluded obtaining 
structural information from these bands.

Structural Information Through Multivariate 
Data Analysis. A multivariate analysis approach was 
also applied to maximize the amount of information ob-
tained from the spectral data sets, following the method 
detailed in the section “Data Processing and Image 
Analysis.” Up to 4 different components were identified 
in the Cheddar cheese samples, 3 of which were common 
to all of the sample data sets. Figure 6 shows the spectra 
obtained for the MidRip sample, which presented the 4 
components. Supplemental Figure S3 (https: / / doi .org/ 
10 .17632/ 4h2gwr26p9 .1; Lourenco et al., 2022) shows 
the spectra obtained for the rest of the samples. The 
spectrum of component b (Figure 6b) exhibits all the 
characteristic bands of fat and resembles those reported 
for anhydrous milk fat (Gómez-Mascaraque et al., 2021) 
and butter (Gómez-Mascaraque et al., 2020). On the 
other hand, the spectrum of component c (Figure 6c) 
shows the characteristic peaks of proteins and water, 
similar to those reported for protein hydrogels (Gómez-
Mascaraque and Pinho, 2021). Therefore, in contrast 
to the univariate analysis method, the multivariate 
processing approach successfully identified the 3 main 
components of Cheddar cheese: protein, fat, and water. 
The fact that protein and water were identified as a 
single component was not surprising, given that water 
is indeed embedded in the casein hydrogel network of 
cheese. As discussed below, 2 additional components 
were identified that were attributed to the presence of 
crystals in the cheese samples.

Figure 7 shows the distribution of the identified com-
ponents in the 5 commercial Cheddar cheese samples. 
Supplemental Figure S4 (https: / / doi .org/ 10 .17632/ 
4h2gwr26p9 .1; Lourenco et al., 2022) compares, for 2 of 
the samples, these images obtained through multivari-
ate processing to the equivalent images obtained using 
the univariate analysis method, created by combining 
the data of the individual spectral regions (the band of 
water was used to map the distribution of protein, be-
cause none of the bands attributed to protein, explored 
in the section “Structural Information Through Uni-
variate Data Analysis,” were successful). The images 
obtained through the univariate analysis were noisier 
due to the overlap of the signal from the different com-
ponents. In contrast, the multivariate analysis led to 
more clearly defined distributions of components.
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The smaller fat globule size and larger protein area 
previously observed through CLSM for the LowFat 
sample compared with the HighFat sample were also 
evidenced in the Raman micrographs, scanned across a 
larger area compared with the former technique, which 
allowed observing additional features such as the pres-
ence of curd junctions. These curd junctions, which are 
formed by fusion of curd particles during pressing in 
Cheddar cheese manufacturing, contain more protein 
and less fat than other regions of the cheese matrix 
(Kalab et al., 1982), and this could be visually observed 
in the Raman micrographs of some samples (white 

arrows in Figure 7c, d, e). On the other hand, the 
chemical information intrinsic to the spectral data sets 
facilitated the identification of additional components 
(other than fat and protein) that are not easy to stain 
(e.g., crystals).

Two different classes of microcrystals were identi-
fied in the cheese samples by Raman microscopy, as 
also detected in the micro-CT scans. The smallest and 
more abundant ones exhibited an intense peak centered 
around 995 cm−1, and a less intense band centered at 
886 cm−1, which were consistent with calcium phosphate 
microcrystals identified in Italian-style hard cheeses by 
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Figure 5. Raman images of the commercial Cheddar cheese sample designated as high fat obtained using the univariate data analysis ap-
proach. The numbers on the images indicate the wavenumber (cm−1) at the center of the spectral regions used to build each image. Lighter pixels 
denote a greater signal intensity, and darker pixels correspond to lower intensities at the specified wavelengths.
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D’Incecco et al. (2016). The absence of peaks in the 
2,850 to 3,000 cm−1 region also confirms the inorganic 
origin of this type of crystal. The Raman spectrum of 
calcium phosphate varies considerably depending on 
the crystalline form (de Aza et al., 1997) and origin 
(Sauer et al., 1994; Anjaneyulu et al., 2015), but the 
presence of the characteristic peaks of PO4

3− in the 
spectral region corresponding to its internal modes at 
995 and 886 cm−1 confirmed its presence.

Smith et al. (2017), using a univariate analysis 
method, were able to correctly identify the distribution 
of protein in processed cheese. However, this was not 
the case with the commercial Cheddar cheese samples 
tested. The proximity of the main band ascribed to 
phosphate groups to the one corresponding to phenyl-
alanine in proteins (Table 2) explains the overlap of the 
signal from these 2 components that led to the misiden-
tification. Nevertheless, this was successfully clarified 
by using a multivariate data processing approach.

Regarding the second type of crystals, which were 
bigger (see “Microstructural Analysis by Micro-CT”), 
only one was identified in the micrographs in Figure 7 
due to the relatively small areas scanned by confocal 
Raman microscopy (none were detected by CLSM, with 
even smaller areas covered). The spectrum of this type 
of crystal (Figure 6d) exhibited the most intense peaks 
at 848, 980, 1,443, 1,470, and 2,850 to 3,000 cm−1. This 
spectrum did not match that of amino acids such as 
tyrosine or cysteine crystals, previously identified in 
Cheddar cheese (Tansman et al., 2015). The Raman 
bands for carboxylic acids and amino groups are gener-
ally weak, so despite having these 2 groups in common, 

the spectra of the various amino acids are quite differ-
ent (De Gelder et al., 2007). For amino acids contain-
ing aromatic rings, such as tyrosine, the most intense 
band is generally the one corresponding to the trigonal 
ring breathing of the benzene ring, located around 828 
cm−1 in the form of a doublet for tyrosine (D’Incecco 
et al., 2016; Hernández et al., 2016). Although this 
wavelength is close to one of the main peaks detected 
in the unknown crystal (Figure 6d), tyrosine does not 
exhibit intense bands in the region of 1,420 to 1,500 
cm−1, generally ascribed to deformations of CH2 and 
CH3 groups in other amino acids (De Gelder et al., 
2007). Cysteine, also identified as crystals in Cheddar 
cheese in previous works (Harper et al., 1953), has an 
intense Raman peak at 2,565 cm−1, corresponding to 
the stretching vibration of its SH group, and another 
one at 682 cm−1 (Freire et al., 2017), neither of which 
were present in the spectrum of the crystals detected in 
the Cheddar cheese samples in this work.

The other main crystals found in Cheddar cheese are 
calcium lactate pentahydrate crystals. Lactate salts 
have been reported to exhibit their main peak around 
830 cm−1 and also bands corresponding to the asym-
metric deformation of CH3 groups around 1,455 and 
1,475 cm−1, as well as peaks ascribed to the stretch-
ing vibrations of CH and CH3 groups in the 2,850 to 
3,000 cm−1 range (Cassanas et al., 1991; Liato et al., 
2016; Ostovar Pour et al., 2019), all consistent with 
the spectrum shown in Figure 6d. However, calcium 
lactate pentahydrate has also been described to exhibit 
a strong, distinct band around 540 cm−1, ascribed to 
the deformation of OCO groups, that was not present 
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Figure 6. Raman spectra of the 4 main components detected in the spectral data set for the commercial Cheddar cheese sample designated 
as mid ripening: (a) small microcrystals, (b) fat, (c) protein and water, and (d) bigger microcrystals.
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in the spectra, and they lack the intense peak detected 
at 980 cm−1, showing only a weak one at around 930 
cm−1 instead (Cassanas et al., 1991).

To confirm that the spectrum in Figure 6d, identi-
fied by applying the basis analysis algorithm to the 
full data set of the MidRip sample, was accurate and 
corresponded to the spectrum of the big crystals identi-
fied in the section “Microstructural Analysis by Micro-
CT,” these crystals were identified using the optical 
camera on the Raman microscope, and individual 
spectra of the crystals were acquired with a greater 
signal-to-noise ratio by using a higher integration 
time (2s) and 10 accumulations. To facilitate a direct 
comparison of these spectra with those of the different 
types of salts previously detected in Cheddar cheese, 
spectra of the commercial salts (i.e., calcium lactate 
pentahydrate, l-tyrosine, and l-cysteine hydrochloride 
hydrate) were also acquired. These spectra, together 
with an optical image of one of the crystals, are shown 
in Supplemental Figure S5 (https: / / doi .org/ 10 .17632/ 
4h2gwr26p9 .1; Lourenco et al., 2022). Indeed, the 
spectrum of the crystals was confirmed with the newly 
acquired spectra, which had a greater signal-to-noise 
ratio due to the increased integration time and number 
of accumulations. In these, the band around 540 cm−1 
characteristic of calcium lactate, although very faint, 
was detected (Supplemental Figure S5). Tansman et 

al. (2014) recently demonstrated the presence of 2 dif-
ferent crystalline forms of calcium lactate pentahydrate 
in Cheddar cheese samples using powder X-ray diffrac-
tion, corresponding to 2 enantiomeric forms of the salt 
(l- and dl-). Johnson (2014) also pointed out that cal-
cium lactate crystals in cheese contain large quantities 
of entrapped impurities, and these could potentially 
alter their crystallization. Because the Raman spectra 
of different crystalline forms of the same organic com-
pound are also different and distinct (Donahue et al., 
2011), as previously discussed for calcium phosphate 
crystals, we hypothesized that the differences between 
the spectrum of the commercial calcium lactate and the 
crystal identified in the Cheddar cheese samples might 
be due to their different crystalline forms. Thus, the 
bigger crystals were tentatively identified as calcium 
lactate crystals, and further work combining Raman 
spectroscopy studies with X-ray diffraction analyses 
should be performed to confirm this hypothesis.

CONCLUSIONS

This work demonstrated the potential of the micro-CT 
and confocal Raman microscopy techniques to provide 
complementary microstructural and compositional in-
formation to that obtained through the well-established 
CLSM technique. Although CLSM provided the most 
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Figure 7. Raman micrographs of the 5 commercial Cheddar cheese samples obtained using a multivariate analysis approach: (a) high fat, 
(b) low fat, (c) short ripening, (d) mid ripening, and (e) long ripening. Fat distribution is colored in green, protein distribution is shown in red, 
and blue and yellow colors depict 2 different types of salts. White arrows indicate the presence of curd junctions. The length of the scale bars 
corresponds to 100 μm.
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accurate and spatially resolved distribution of fat and 
protein, it showed limitations for studying microcrys-
tals in the cheese samples. In contrast, both micro-CT 
and confocal Raman microscopy allowed identification 
of two different types of microcrystals, the former being 
able to provide more meaningful information on their 
size, shape, and distribution because of the feasibility of 
scanning larger sample volumes than with the other 2 
techniques. Due to the ability of Raman microscopy to 
provide compositional information, this technique could 
be used to chemically identify microcrystals in Ched-
dar cheese, and allowed comparison of the presence of 
micronutrients such as carotenoids in the samples.
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