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Abstract

Imaging the microstructure of opaque composite foodstuffs and 

extracting quantitative chemical information about specific localized 

components is challenging. Herein, a method has been developed to 

determine spatially resolved concentrations of aqueous salt and applied to 

measure salt concentrations of water droplets in butter samples. This was 

done using Coherent Anti-Stokes Raman Scattering (CARS) microscopy 

which achieves non-invasive label free imaging based on visualization of 

specific chemical-bond vibrations. The concentration of salt in the dispersed 

water droplets in butter was determined based on the relative change in 

intensity of the CARS-signal at two distinct wavenumbers, which have been 

shown to be dependent on the inter-molecular coupling of water molecules 

and salt. The results provide the size and salt concentration distribution of the 

droplets in the samples. It is further shown that the average salt concentration 

in the whole sample can correctly be inferred from the concentration 

measured within the water droplets.

Keywords

Coherent Anti-Stokes Raman Scattering, CARS, Dairy, Butter, Salt, Raman, 

Oil-in-water emulsion. 

1 Introduction

Microscopy has been widely used to study food structures and has helped 

provide novel insights into the composition of materials by spatially resolving 
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major components such as fat, protein, water and air (Gallier, Gragson, 

Jiménez-flores, & Everett, 2011; van Dalen, 2002; Van lent, Vanlerberghe, 

Van Oostveldt, Thas, & Van der Meeren, 2008). However, quantitative 

information on the chemical composition of a sample has previously come 

from bulk analysis, which cannot provide spatial information about the sample. 

The combination of quantitative information on chemical composition with 

spatial resolution, adds a necessary new dimension needed to study complex 

systems such as foodstuffs. Herein, a label free method is presented to 

achieve spatially resolved quantitative information on the salt (NaCl) content 

within water droplets in butter samples using Coherent Anti-Stokes Raman 

Scattering (CARS) microscopy (Evans & Xie, 2008). The spatial distribution of 

salt in butter is important both for the experience of taste (Méndez-Cid, 

Centeno, Martínez, & Carballo, 2017) and the microbiological stability of the 

butter (van Dalen, 2002). However, little work has been presented on the 

distribution of salt within the water droplets in butter structures. This is due to 

the fact that present monitoring techniques for the salt content in butter are 

bulk techniques based on chemical analyses or online dielectric 

measurements during continuous manufacture (Ahmed, Ramaswamy, & 

Raghavan, 2007; Shiinoki, Motouri, & Ito, 1998), all techniques which lack 

spatial resolution. 

Butter is a water-in-oil colloidal dispersion, consisting of fat globules, water 

droplets and solid fat crystals in a continuous oil phase (Buldo, Kirkensgaard, 

& Wiking, 2013; Rønholt, Kirkensgaard, Pedersen, Mortensen, & Knudsen, 

2012). Salt is added in a slurry during a working stage and the final moisture 

content and distribution of water droplets and salt content is determined in this 
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process. There are several quality parameters that are affected by the size 

and distribution of the water droplets, and the distribution of salt throughout a 

batch of butter. The microstructure, taste perception and microbiological 

stability will be affected by the size distribution of the water droplets in the 

butter (Rønholt, Kirkensgaard, Pedersen, Mortensen, & Knudsen, 2012). An 

even distribution of the salt in the water droplets will ensure a consistent water 

activity throughout the product, again contributing to microbiological stability. 

The components that interact with the taste receptors on the tongue are 

present in the aqueous phase so the distribution of salt in the butter and water 

droplets is vital for the sensory experience of the consumer (Méndez-Cid et al., 

2017).

Currently, it has been possible to obtain multi-component Confocal Laser 

Scanning Microscopy (CLSM) images of butter that can distinguish between 

the liquid fat, water droplets, phospholipids and solid fat crystals (Gallier et al., 

2011; van Dalen, 2002; Van lent et al., 2008). From this the size distribution of 

water droplets can be calculated and CLSM images have been used to 

analyze various processing parameters on the butter. CLSM is dependent on 

the use of fluorescent dyes, and co-stained images require dye molecules that 

have specific chemical moieties that show preferences for distinct phases in 

the system. It has been noted that the future utility of microscopy will be more 

reliant upon quantitative analysis (Brüggemann, Brewer, Risbo, & Bagatolli, 

2010; Aguilera, Stanley, & Baker, 2000; Pedersen, Brewer, Duelund, & 

Hansen, 2017). 
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CARS microscopy offers an interesting tool for quantitative spatially resolved 

imaging of samples. CARS allows label-free visualization of specific 

molecules based on the vibrational energy of the particular chemical species 

(Levenson & Kano, 1988), and is capable of real-time, nonperturbative 

examination of biological samples and foods (Evans & Xie, 2008; Saar et al., 

2010). The images that are obtained using CARS will reflect the concentration 

of the chemical bond present in each pixel recorded (Evans & Xie, 2008). 

These benefits ensure that minimal sample preparation is needed. This 

avoids perturbation of the samples which labeling could cause, as an attempt 

to label the solid butter could require extensive mixing or melting and thereby 

altering the microstructures that were to be investigated.

The main hypothesis of this work is that CARS microscopy can be used for 

quantitative, label free, spatially resolved measurements of NaCl 

concentrations in opaque composite foodstuffs such as butter. The method 

presented here uses CARS to measure the salt concentration with sub 

micrometer resolution. As the Na+ and Cl- ions cannot be detected directly via 

CARS the method is based on the change of overall inter-coordination of 

water molecules induced by the ions (Hibben, 1937; Pauling, 1935) which 

introduce a change in the  Raman-signal of water (Đuričković et al., 2010). By 

relating the concentration of salt to the relative change between the intensities 

of the CARS signal at two wavenumbers related to water it is possible to 

measure the salt concentration while also cancelling out any effects from 

sample properties such as scattering and opacity. 

The spatiality resolved concertation of salt in 5 different butter samples 

are measured using CARS. The integrated salt concentration from the CARS 
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measurements is calculated and compared to bulk measurements of the total 

salt measured using Atomic Absorbance Spectroscopy (AAS). 

2 Materials and Methods

A Leica SP8 CARS microscope (Manheim, Germany) with an air objective 

(20x 0.75NA HC PL APO) was used for acquiring the images of aqueous 

solutions while a water objective (40x 1.1NA HC PL IRAPO) was used for 

acquiring the images of the butter (Thorsted et al., 2016).  The laser used for 

CARS was an optical parameters oscillator (PicoEmerald, APE GmbH, 

Mannheim, Germany). The PicoEmerald is 6 ps pulsed laser with a repetition 

rate of 80Mhz. The pump laser of the PicoEmerald at 1064nm was used as 

the Stokes beam for the CARS, while the tunable output of the PicoEmerald 

was used as the pump beam for CARS. The optical system had a shortpass 

filter (SP750) to block the lasers from reaching the detector. For the images of 

butter, a beamsplitter (T 635 LPXR) split the light between two detectors. In 

front of the detectors a bandpass filter (BP620/14 BrightLine HC) was used for 

the water channel and a (661/11 BrightLine HC) bandpass filter in front of the 

second detector was used for the lipids. 

CARS images of water were recorded in the forward direction using 

vibrational modes at 3180 cm-1 and at 2850 cm-1 for lipids. For salt 

measurements CARS images were recorded in the forward direction for both 

3180 cm-1 and 3340 cm-1, using a 650/200 BrightLine HC bandpass filter.  

During initial measurements it was noted that this method may also work with 

epifluorescent detection, if calibration is established for each direction 
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separately.All filters were acquired from AHF analysentechnik, Tübingen, 

Germany. 

To establish a relation between the concentration of NaCl and 

intensities of the CARS signals, eight different aqueous solutions of salt, 

ranging from 0 to 22 % (w/v) in equal steps, were prepared. The quantity of 

NaCl (VWR Chemicals, 99.5 % pure) for the aqueous solutions was 

determined by mass, after which a fitting volume of Milli-Q water was added 

using a Finnpipette. All solutions were prepared at room temperature, after 

which twenty-five images of each solution were obtained at 3180 cm-1 and 

3340 cm-1.

Five different samples of butter were investigated. Three normally 

salted samples 1-NS, 2-NS and 3NS all with a salt concentration listed by the 

manufacturer of 1.2 [w%] but from different lines of production, an unsalted 

sample 4-US, and a highly salted sample 5-HS with a listed salt concentration 

of 1.9 [w%]. The samples were chosen to show that the method was able to 

recognize samples with similar concentrations of salt, while clearly 

distinguishing samples with different concentrations. To avoid melting, all 

samples were stored at 5 °C and imaged immediately after being mounted on 

the microscope. The samples were applied to a microscope slide (1.0 – 1.2 

mm, Fisherbrand) using a spatula, after which a cover glass (Ø 25 mm, 

thickness no 1.5, VWR) was pressed gently onto the sample, to avoid 

smearing the sample. Images were obtained at five different locations within 

the butter at approximately 10 µm from the surface. To avoid over exposure 

images were acquired by first optimizing acquisition settings at the 

wavenumber 3180 cm-1 which yields the greatest intensity, then acquiring the 
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image after which the system was tuned to 3340 cm-1 where another image 

was acquired at the same location. 

For determination of the Sodium content by atomic absorbance 

spectroscopy 3 x 300 mg of the butter samples were digested with a mixture 

of trace-metal grade NHO3 and H2O2 (Normatom, VWR, Ratnor PA) as 

described by Wheal (Wheal, Fowles, & Palmer, 2011) and subsequently 

measured on an Agilent AA55B atomic absorption spectrometer (Aglient, 

Santa Clara, CA). All parameters were as recommended by the 

manufacturer’s standard method. A standard curve was prepared from a 

commercial standard (Sigma Aldrich, Merck KGaA, Darmstadt, Germany). 

Sodium concentrations were converted to NaCl concentration by multiplying 

by the weight ratio between Sodium and NaCl (2.54).

Data analysis was performed using custom scripts made in MATLAB 

(R2118a). The script could identify droplets in the CARS images of the butter 

and calculate the concentration of salt within these. The script would normally 

detect between 1100 and 1900 droplets of water throughout all images of a 

single sample.

3 Results and Discussion

Figure 1 shows a CARS image of unsalted butter (4-US), where the 

water droplets and lipid components have been imaged in separate channels 

and overlaid. The image demonstrates the ability of CARS to visualize specific 

chemical components in the sample without labeling.
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Figure 1: CARS image of butter sample 4-US. The image is a composite of two images: Blue: 

detected at 3180 cm-1 (water). Yellow: detected at 2850 cm-1 (lipid).

To determine the effect of the NaCl concentration on the CARS 

emission, CARS spectra of water with four different concentrations of NaCl 

were recorded. A normalized CARS spectrum is shown in figure 2A. 

Figure 2: A) CARS spectrum measured for four different aqueous NaCl solutions. The 

vertical red lines mark the wavenumbers 3180 cm-1 and 3340 cm-1, which are later used to 

determine the concentration of NaCl. B) Intensity of CARS signal at the two wavenumbers for 

aqueous solutions with varying concentrations of NaCl. Error bars indicate standard deviation.

A clear change in the CARS spectrum as a function of NaCl concentration is 

seen. It follows that it is possible to isolate specific wavenumbers that are 
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concentration dependent, the intensity at these wavenumbers can enable 

quantitative determination of NaCl concentrations in samples. However, an 

additional consideration for such measurement that needs to be addressed is 

the fact that a single intensity measurement at any wavenumber is not a 

robust method for determining concentration, even if it was fit to a well-defined 

standard curve. There are many variables that affects the signal intensity and 

thus the accuracy of such a method, including the output of the two lasers, 

sensitivity of detectors and the depth at which the sample is being imaged. A 

normalized measurement generated by calculating the ratio of intensities at 

two wavenumbers, both of which are sensitive to salt concentration, is more 

robust and negates many of the variable acquisition parameters from the 

measurements.

In the CARS spectrum in figure 2A there is a clear variation in intensity around 

the wavenumbers 3180 cm-1 and 3340 cm-1. These two wavenumbers are 

chosen for the further measurements of the salt concentrations. They are 

related to the different energetic states arising from different degrees of inter-

coordination between water molecules, which are affected by the presence of 

ions (Đuričković et al., 2010). 

To create a standard curve, the intensity of the CARS signal at the two 

wavenumbers was measured in a series of salt solutions with different 

concentrations. The mean of each image obtained was calculated and plotted, 

as shown in figure 2B. The intensity of the CARS signal at the two 

wavenumbers exhibit a linear behavior in relation to the concentration of salt. 

The linear fits describing the behavior at the two wavenumbers can be used to 

determine the concentration of salt in water using equation 1. 
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 (equation 1)𝐼𝑟𝑒𝑙 =
𝐼3340

𝐼3180
=

𝑎3340 ⋅ 𝑐𝑠𝑎𝑙𝑡 + 𝑏3340

𝑎3180 ⋅ 𝑐𝑆𝑎𝑙𝑡 + 𝑏3180
⇒

𝑏3180·𝐼𝑟𝑒𝑙 ‒ 𝑏3340

𝑎3340 ‒ 𝑎3180·𝐼𝑟𝑒𝑙
= 𝑐𝑠𝑎𝑙𝑡

Where Irel is the relative intensity,  is the intensity,  is the gradient 𝐼𝜈 𝑎𝜈

value of intensity over NaCl concentration and  is the intercept of the 𝑏𝜈

vertical axis (giving the intensity at zero salt concentration), where the index  𝜈

denotes the two wavenumbers used.  is the inferred NaCl concentration. 𝑐𝑠𝑎𝑙𝑡

This method of determining the concentration of salt in a bulk solution can be 

applied to spatially resolved regions by measuring the intensity at the two 

wavenumbers in a localized region. This is demonstrated for CARS images of 

normally salted butter (1-NS) in figure 3. Figures 3A and 3B show the CARS 

images used to calculate the salt concentrations depicted in figure 3C. 

Figure 3: A and B, show CARS images of water droplets in sample 1-NS recorded at 

wavenumbers 3340 cm-1 (A) and 3180 cm-1 (B). C, shows a color-coded image of the measured 

distribution of salt in the droplets. The scale bar is 20 µm.

A MATLAB script was produced to identify individual water droplets 

and calculate the mean intensity of each droplet from images acquired at both 

wavenumbers. The concentration of salt in each droplet can then be 

calculated by inserting the relative intensity into equation 1.
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Figure 4 shows the measured salt concentration as a function of droplet area 

for samples 4-US and 5-HS. The distribution in the unsalted sample shows a 

relatively uniform distribution of the droplets around 0 w% salt, while the 

highly salted sample shows a tendency for slightly higher salt concentrations 

for smaller droplet sizes. 

It should be noted that the concentrations of salt are based on ratiometric 

measurements; hence a distribution around a mean value is to be expected, 

which explains the negative values observed in the distribution of the unsalted 

sample. Although negative concentrations are clearly non-physical they 

simply represent the variance of the data around the mean.

Figure 4: Distribution of the droplet salt concentration as a function of droplet area for the 

unsalted butter sample 4-US (A) and the highly salted butter sample 5-HS (B).

Figure 5: A) Distribution of the concentration of salt in the different butter samples shown for all 

pixels in the water droplets. B) Distribution of the mean concentration of salt measured in the 
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individual water droplets for the different butter samples. C) Measured area size distribution of 

water droplets within different samples of butter.

Figure 5A shows the distribution of the measured NaCl concentrations for all 

pixels in water droplets within the different samples. This figure demonstrates 

that it is possible to determine the overall salt concentration within the 

samples of butter. Figure 5B depicts the distribution of the mean salt 

concentration of the individual water droplets in the samples. It is interesting 

to note, that while the distribution of the total salt concentration for NS-1 and 

NS-2 (Figure 5A) are quite similar the distribution of the mean salt 

concentration of the individual water droplets (Figure 5B) are quite different. 

The bimodal distribution of NS-1 seen in Figure 5B would indicate that the 

mixing of the salt slurry was not as uniform as for samples NS-2 and NS-3. In 

general, the salt concentrations detected within the droplets of different 

samples follow the expected trend, showing that the technique is suitably 

sensitive to differentiate between different sample formulations. The 

concentration of salt in the highly salted sample (5-HS) is lower than would 

have been expected, which has been attributed to the presence of 

macroscopic (1-4 mm) solid salt crystals in the lipid matrix of this sample. As 

this method is based upon the modulation of a Raman signal of an aqueous 

phase by the ions present, crystalline salt cannot be detected by the method. 

However, the presence of nonincorporated salt in the “highly salted” product 

may be desirable, as the presence of larger salt crystal can add additional 

sensory properties to the product, both in terms of salt delivery and texture. 

Spatially resolving the salt concentration in water droplets provides a novel 

method of measuring one quality parameter in butter, but the CARS images 
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also provide another key parameter in the form of the size distribution of water 

droplets. 

Figure 5C shows the distributions of the area of the droplets at the focus 

plane for each sample. This demonstrates that it is not only possible to 

determine the area fraction of water droplets in butter, but that the distribution 

can be used to show characteristic differences between the butter samples. 

One constraint on this measurement is the resolving power of the microscope 

system and the threshold in analysis. The minimal size threshold for the 

image analysis detecting the water droplets was set to 2 x 2 pixels as 

anything smaller than this would be a single pixel, which cannot accurately be 

attributed to an individual structure or droplet. A second constraint observed 

by van Dalen (van Dalen, 2002) is that the apparent size of a droplet in a 

confocal microscopy image is subject to underestimation when the imaging 

plane cuts through a larger droplet above or below its widest point. 

Overestimation of droplet size is likely as larger droplets are more likely to be 

in any imaging plane, whereas the smallest droplets are more likely to not be 

present in the imaging plane. Numerical methods to correct these processes 

are available (van Dalen, 2002), however the droplet size in the microscopy 

plane has sufficed here in determining the salt concentration in the sample 

without further correction.   

The mean area of the detected droplets as well as standard deviation are 

listed in table 1. Samples with a broad distribution of water droplets have likely 

experienced some period of instability, and therefore have a broader range of 

size distribution and greater variance across the sample. This technique could 
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be well utilized for monitoring product quality off-line, following processing and 

storage.

Equation 2 was used to able to estimate the concentration of salt within 

the whole sample of butter.

𝑐𝑠𝑎𝑚𝑝𝑙𝑒 =
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑏𝑢𝑡𝑡𝑒𝑟
⋅

𝐴𝑟𝑒𝑎𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠

𝐴𝑟𝑒𝑎𝑡𝑜𝑡𝑎𝑙
⋅ 𝑐𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠           (equation 2)

Here  and  given by (Elert, 1998) are the 𝜌𝑤𝑎𝑡𝑒𝑟 𝜌𝑏𝑢𝑡𝑡𝑒𝑟 = 0.911 g ⋅ cm ‒ 3

density of water and butter.  is the integrated area of detected 𝐴𝑟𝑒𝑎𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠

water droplets,  is the total area of the observed sample and  𝐴𝑟𝑒𝑎𝑡𝑜𝑡𝑎𝑙 𝑐𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠

is the weighted mean salt concentration determined for the water droplets. By 

assuming that the sample consists only of water and lipids, and that it is 

homogenously mixed and isotropic on a macroscopic scale, the ratio between 

the volume containing salt (water droplets) and the total volume may be 

adequately estimated from the ratio between the integrated area of detected 

water droplets and total area of the observed sample. Thus, any imaging 

plane taken through a sample should capture the average proportions of fat 

and water droplets in the sample as a whole. The values determined for the 

average concentration of salt within the whole sample, determined using both 

CARS-microscopy and AAS are listed in table 1.

Sample 𝑨𝒅𝒓𝒐𝒑𝒍𝒆𝒕𝒔 [𝝁𝒎𝟐] 𝒄𝒍𝒊𝒔𝒕𝒆𝒅 [𝒘%] 𝒄𝑨𝑨𝑺 [𝒘%] 𝒄𝑪𝑨𝑹𝑺 [𝒘%]

1-NS 3.6 ± 0.4 1.2 1.06 ± 0.15 1.1 ± 0.2

2-NS 6.6 ± 3.2 1.2 - 1.0 ± 0.1

3-NS 4.9 ± 2.0 1.2 0.98 ± 0.18 1.0 ± 0.3
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4-US 5.4 ± 1.0 0 0.08 ± 0.05 < 0.1 ± < 0.0

5-HS 2.6 ± 1.6 1.9 1.14 ± 0.11 1.2 ± 0.6

Table 1: Measured properties of different butter samples. Droplet area in image plane, the salt 

concentration listed by the manufacturer, the NaCl concentration determined from atomic 

absorption spectroscopy, as well as from CARS microscopy images.

From table 1 the variation in the standard deviations of the mean size 

show that there are considerable differences in the uniformity of the different 

butter samples. Furthermore, from table 1 it is seen that the concentrations of 

salt within samples using both AAS and CARS tend to be lower than what is 

noted to be present by the manufacturer. However, there is excellent 

agreement between the salt concentrations determined from the CARS 

images and the AAS spectra. This agreement is essential if this imaging-

based technique was to be considered a reliable tool for quality control in 

monitoring food samples. 

Conclusion

CARS microscopy has effectively been used to spatially resolve and measure 

the concentration of salt within individual water droplets in butter samples. A 

label free ratiometric method is presented, which in combination with droplet 

size and area fraction determination provides the bulk salt concentration 

which is in good agreement with standard AAS measurements.
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Highlights 

- Coherent Anti-Stokes Raman Scattering microscopy is shown to 

provide quantitative, label free, spatially resolved measurements of 

NaCl concentrations in opaque composite foodstuffs such as butter.

- A method to measure the spatially resolved concentrations of salt using 

Coherent Anti-Stokes Raman Scattering microscopy is presented.

- The method can successfully discriminate butters from different lines of 

production based on the size of water droplets and distribution of salt in 

the droplets.

- The method can determine the concentration of salt for the full range of 

solubility in aqueous solution with a precision of at least 0.3 w%.
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