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Abstract

:

Milk is a valuable contributor to a healthy diet as it contains nutritional components such as fats, proteins, carbohydrates, calcium, phosphorous and vitamins. This research aimed to differentiate milk from animal, plant and human sources based on light propagation and random-laser properties. Experimental, statistical and theoretical analyses were used. Light propagation in different types of milk such as almond milk, oat milk, soy milk, fresh milk, goat milk and human breast milk was measured using the spectrometry method. Near-IR and visible light transmission through the diluted milk samples were compared. Soy milk and fresh milk have the highest absorbance and fluorescence of light, respectively, due to a high content of fat, protein and carbohydrates. Principal component analysis was used to determine the accuracy of the experimental results. The research method is comprehensive as it covers light propagation from 350 nm to 1650 nm of wavelength range and non-intrusive as it does not affect the sample. Meanwhile, analysis of milk was also conducted based on random-laser properties such as multiple emission peaks and lasing threshold. Higher fat content in milk produces a lower random lasing threshold. Thus, we found that milk from animals, plants and humans can be analyzed using light absorption, fluorescence and random lasers. The research method might be useful for future study of milk contaminants that change the properties of milk.
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1. Introduction


Milk is one of the best and easiest sources of calcium that we can consume through our daily diet [1]. Milk can be obtained from various sources such as animals, humans and plants. People normally consume milk from cows, but milk also can be obtained from other animals such as goats and camels. Due to lactose intolerance, plant-based nondairy milk can be consumed as an alternative to cow’s milk. Almond milk, coconut milk, soy milk and rice milk are examples of plant-based milk that are produced as an alternative to cow’s milk. Besides that, humans also can produce milk, which is normally given to newborn babies. Milk content such as fat, carbohydrate and protein can affect the consumers’ healthy diet. Thus, the study of the properties of milk is important to determine milk quality.



Milk can be studied using chemical reaction, biosensing, spectroscopy and optical methods. A random laser is one of the optical methods that can be used as a light source for imaging and sensing applications. It operates based on multiple light scattering and optical gain instead of a cavity [2]. Multiple light scattering and optical gain provide feedback and light amplification, respectively, where particles scatter the light and the light is confined and amplified by stimulated emission [3]. The characteristics or properties of a random laser are lasing threshold, spectral narrowing, multiple emission peaks and polarization [4]. The lasing threshold is reached when the energy transition is saturated, and the emission linewidth reduces nonlinearly with the increase of pump energy. When the system reaches the lasing threshold, the multiple emission peaks appear on top of the fluorescence background [4,5]. Lasing also can be achieved as spectral and temporal random variations of a signal [6]. A random laser can be modeled based on light propagation theory.



Light propagation theory is used in many studies on milk quality involving spectrometry and optical fibers. Light propagation consists of light transmission, absorption, scattering and diffraction. The absorption of light is defined as the process of particles absorbing their light and converting it into energy. On the contrary, the transmission of light refers to the ability of light to pass through a material without being absorbed or scattered [7]. Veenstra et al. [8] studied the scattering properties of human milk experimentally and numerically whereas Kokotou et al. [9] developed a method through liquid chromatography–high-resolution mass spectrometry to determine the free fatty acids in milk. This theory also has been applied in apple tissues to investigate the function of apple skin in the light propagation through its flesh [10]. Research methods based on light propagation are convenient and non-intrusive as the methods do not affect or destroy the samples [11]. Previous analysis of milk employed spectroscopy [12], machine learning [13] and chemical reactions [14]. Abohassan et al. [15] designed a photonic crystal sensor to detect the fat volume in milk, and Frizzarin et al. [13] used statistical machine learning methods to predict the cow’s milk quality. However, the previous methods were complicated and applied to cow’s milk using a limited wavelength range.



Here, we analyzed milk from different sources such as fresh milk, almond milk, oat milk and soy milk using light propagation measurements and random-laser properties. This research continued our previous studies on the optical properties of cow’s milk using spectrometry [16] and milk fermentation [17]. This study consisted of two parts: spectrometry experiments and modeling. Results of visible and near-IR spectrometry experiments were analyzed using multivariate analysis. A random laser for various milk samples was modeled based on light propagation theory using MATLAB software. The aim of this study was to differentiate the characteristics of milk from animal, plant and human sources. We found that animal-based milk produces higher fluorescence than other resources and soy milk has the highest absorbance among all samples. The absorbance and fluorescence spectra for each milk are different due to different fat content of the samples. We measured the absorbance and fluorescence of various milk samples in the wavelength range 350 nm to 1650 nm. We also conducted statistical analysis using principal component analysis (PCA) to analyze the reliability and the validity of the absorbance and fluorescence data. Here, the experimental and statistical studies were comprehensive, convenient and non-intrusive. The analysis of milk was continued using the modeling approach on random lasers. The purpose of the modeling approach was to study the effects of fat content in milk on properties of random lasers, and we observed that higher fat content in milk can produce a lower lasing threshold. Multiple emission peaks appear when the lasing threshold is achieved. Dye concentration and pump energy also affect the properties of random lasers besides fat content.




2. Theoretical Study


Analysis of fat content in milk was conducted using a theoretical study of light propagation where random lasers were modeled using almond milk, fresh milk, oat milk and soy milk. The modeling technique was designed to investigate random lasing properties such as lasing threshold reduction and multiple emission peaks. The modeling technique was completed using equations as below.



Step 1: Setting up modeling parameters



The initial pump wavelength was set at 532 nm. The scatterer density,    n s   , of each milk was calculated through the weight of fat in each milk as shown in Equations (1) and (2). The scattering cross section was determined based on Equations (3) and (4) [18].


  V o l u m e , V =  4 3  π  r 3   



(1)






  S c a t t e r e r   d e n s i t y ,  n s  =   m a s s   v o l u m e    



(2)






  S c a t t e r i n g   c r o s s   s e c t i o n ,  σ s  = π  r 2   



(3)






  r a d i u s ,   r =   D i a m e t e r    D   2   



(4)




where diameter D = 930 nm [18].



The scatterer density was varied according to the fat content in each type of milk, and the concentration of dye was varied from 0.001 to 0.1 M by increasing the pump intensities from 10 mJ to 100 mJ.



Step 2: Inserting reference spectra



The reference spectrum (fluorescence of Rhodamine 6G) was inserted into the system.



Step 3: Photon loop



Photon loop starts by determining the direction of travel which is picked randomly from a uniform distribution over 4π steradians. The photons will travel at distance l before being scattered. The distance l was calculated based on Equation (5) [19].


  l = −  l s  l n ∑  



(5)




where ∑ is a uniform variate   ∈   0 , 1    . The scattering mean free path, defined as the average distance the light scatters in the medium between two scattering events, was calculated based on Equation (6) [20].


   l s  = 1 /  n s   σ s   



(6)







The    n s    represents scatterer density whereas    σ s    is the scattering cross section of the particles.



Step 4: Multiple light scattering for feedback mechanism



Light scattering in the simulation is assumed in the isotropic condition as in Equation (7) with the azimuthal angles  ∅  uniformly distributed over the range of 0 to 2π radians in Equation (8).


  I s o t r o p i c   s c a t t e r i n g = 1 − 2 × r a n d  



(7)






  A z i m u t h a l   A n g l e , ∅ = 2 π × r a n d  



(8)







The light scattering was detected and calculated by the Henyey–Greenstein scattering function as in Equation (9) [21,22].


  P  θ  =   1 −  g 2        1 +  g 2  − 2 g c o s θ     3 / 2      



(9)




where   g =   c o s θ   ,   the mean cosine of scattering angle.



Step 5: Light amplification within photon loop



Photon was amplified when the dye was excited by a pump source. Gain value was obtained from Equations (10) and (11), assuming all dye molecules were excited.


  S t i m u l a t e d   e m i s s i o n   c r o s s   s e c t i o n ,   C e m i = E   I , 2   ×   57   − 9   π  



(10)






  G a i n = exp (  C emi  ×  N dye  × L )  



(11)




where Ndye is the dye concentration whereas L is the path length.



Step 6: Intensity detection



The amplified photon from the scattering loop was detected and calculated for each type of milk.




3. Methodology


The study was conducted based on two parts: spectrometry experiments and theoretical analysis. The spectrometry experiments were conducted using VIS-NIR spectrometer and NIR spectrometer where the results of the experiment were shown in OceanView software and analyzed using multivariate analysis. For the theoretical part, random lasers for various milk samples were modeled using MATLAB software.



The investigation of light propagation in milk was conducted to observe the absorbance and fluorescence of light through the respective wavelength. Protein, carbohydrates and fat in milk can influence the absorbance and fluorescence of light in milk.



3.1. Milk Samples


Light propagation in milk from animal, plant and human sources was investigated. Seven types of milk were used in the spectrometry experiments. Almond milk, fresh milk, oat milk and soy milk were obtained from the same brand, Farm Fresh. Meanwhile, the goat milk, human breast milk sample 1 and human breast milk sample 2 were obtained pure from the source without alteration. The composition of almond milk, fresh milk, oat milk and soy milk are listed in Table 1.




3.2. Sample Preparations and Measurements


Samples used for the spectrometry experiment were diluted with ratio of 1:100 with distilled water. The samples were diluted to allow only a significant amount of light to pass through the solution to prevent spectrum saturation. Milk prevents the light to pass through because it is an opaque and concentrated solution. The diluted samples were shaken lightly before being added to a cuvette, taking precautions to eliminate air bubbles. The air bubbles can affect light propagation where light can be diffracted once it hits the air bubbles [23].




3.3. Experimental Set-Up


Two compact spectrometers were used to measure light propagation in milk: Ocean Optics Flame Near-Infrared (NIR) spectrometer and visible-NIR spectrometer. The VIS-NIR spectrometer was used to measure the wavelength range of 350 nm to 1000 nm whereas the NIR spectrometer was used for wavelength range of 950 nm to 1650 nm. The spectra were recorded 10 to 15 times for each diluted sample. The experimental set-up was similar to our previous method [17]. The experiment was conducted by placing the diluted milk samples into a cuvette. Light from a tungsten halogen light passed through the samples, and the spectrometer collected the emission light. Then, the emission spectra were shown using Ocean Optics software. The experiments were repeated 10 to 15 times for each sample to observe the stability and reliability of the results.




3.4. Random Lasers Based on Theoretical Study


We modeled a random laser to analyze milk based on fat content. Four types of milk from Table 1 were used in the modeling where the fat content was stated on the milk box. The objective of the modeling technique was to complement the experimental results to analyze the fat content in milk. The modeling was performed based on optical layout of random lasers, shown in Figure 1. Laser (532 nm) was used to excite the sample, which consisted of milk and dye (Rhodamine 6G) as a gain medium. Fat content in milk can provide multiple light scattering for feedback mechanism. Equations (1)–(9) in Section 2 (Theoretical Study) were used to estimate the multiple light scattering in the sample. The scattered light was amplified based on Equations (10) and (11), and the emission light was finally detected by a spectrometer.





4. Results and Discussion


We studied the properties of milk from animal, human and plant sources such as almond milk, fresh milk, oat milk, soy milk, goat milk and human breast milk. The study was performed based on experimental and theoretical analysis. NIR and VIS-NIR spectrometers were used to study the optical properties of milk by observing the light absorbance and fluorescence of the samples. The statistical analysis was carried out using principal component analysis (PCA) to analyze and evaluate the reliability of the experimental result. Meanwhile, light propagation was used to model random lasers for different types of milk. The features such as threshold reduction and multiple emission peaks were analyzed based on fat content, dye concentration and pump energy. Results from both experimental and modeling approaches were analyzed and discussed systematically. From our observation, we suppose that light absorption, fluorescence and random-laser properties can be used to differentiate milk from animal, plant and human sources.



4.1. Experimental Results


NIR and VIS-NIR spectrometers can measure emission spectra of milk samples from 950 nm to 1650 nm and 350 nm to 1000 nm, respectively. The absorbance and fluorescence spectra of different types of milk were observed using OceanView software. The samples used were almond milk, fresh milk, oat milk, goat milk and human breast milk. Figure 2 shows the absorbance and fluorescence spectra of various types of milk measured by both NIR and VIS-NIR spectrometers. Figure 2a,b show the absorbance spectra of various milk samples measured by NIR and VIS-NIR spectrometers, respectively. It is clearly shown that soy milk has the highest absorbance spectra compared to other samples. It is attributed to the high amount of protein, fat and carbohydrate in the soy milk, as shown in Table 1. The soybean seed itself consists of lots of proteins and carbohydrates compared to raw cow’s milk [24]. Fresh milk shows the second-highest absorbance due to a high amount of fat, protein and carbohydrate as well. The thicker consistency of soy milk than fresh milk is one of the factors that affects light absorption. Figure 2b shows that the absorption peak of fresh milk (750 nm) is slightly different from the absorption peak of soy milk (700 nm). Meanwhile, human breast milk (sample 2) has the lowest absorbance spectra as the sample is quite transparent and less dense compared to others. The intensity of absorbance spectra only reaches 4500 and 2800 through NIR and VIS-NIR spectrometers, respectively. The results clearly show that milk contents can affect light propagation. Figure 2c shows the fluorescence spectra of various types of milk using NIR spectrometers. The fluorescence spectra show that fresh milk has the highest emission intensity compared to other milk samples. This is because fluorescence emission can be affected by the amount of fat content, and fresh milk contains the highest fat content compared to other milk [25]. The fluorescence peaks for all samples are from 1000 to 1100 nm, depicting that milk may have ingredients that can emit light within the wavelength range. More comprehensive characterization studies should be conducted to identify any milk contents that can emit light. Besides that, the light source can be changed to lasers instead of tungsten halogen light that is currently used in the experimental set-up.



Recent studies have discussed the properties of milk such as developing a hand-held susceptible fiber optic milk-fat sensor using U-bent plastic optical fiber (POF) to study fat content in milk [26], developing a fluorescence-based technique to study time-based milk degradation at room temperature and pH of milk [27] and developing ultra high performance liquid chromatography–mass spectrometry to quantify micronutrients (B vitamins) in milk samples [28]. All methods are complicated and consume time, money and energy. Furthermore, the methods are based on an intrusive approach which can result in less reliability of the data.




4.2. Multivariate Data Analysis


Principal component analysis (PCA) is a flexible tool used in multivariate data analysis in order to extract important information from the data and to express the information as a set of summary indices [29]. Data obtained from the experiments were analyzed using principal component analysis to collectively observe the pattern and consistency of the data. Figure 3 shows the analysis of data from the NIR spectrometer and VIS-NIR spectrometer, using principal component analysis.



Figure 3a,b show that the absorbance spectra of various types of milk, measured by both NIR and VIS-NIR spectrometers, are very consistent and precise. From the analysis, we believe that the experimental data for absorbance are reliable due to the data consistency. Meanwhile, the statistical analysis of fluorescence spectra measured using both spectrometers is shown in Figure 4.



Figure 4a shows that the fluorescence spectra measured by the NIR spectrometer are spread out, which justifies the inconsistency of the data. Meanwhile, the fluorescence spectra measured by the VIS-NIR spectrometer are precise and consistent (Figure 4b). Thus, it shows that the fluorescence spectra from the VIS-NIR spectrometer is more reliable compared to the NIR spectrometer. We attribute that to the high variance where a set of numbers is spread out from the average value [30].




4.3. Theoretical Analysis Results


The aim of the theoretical analysis was to observe the effect of fat content in milk on random-laser properties which consist of multiple emission peaks and lasing threshold. The modeling was performed for four types of milk which consisted of almond milk, fresh milk, oat milk and soy milk, and the results were presented in terms of multiple emission peaks and lasing threshold. Fat content, dye concentration and pump intensities were varied, and results show that fresh milk (animal-based milk) has the lowest lasing threshold for the lowest dye concentration.



4.3.1. Multiple Emission Peaks


The appearance of multiple emission peaks is one of the random-laser properties. Multiple emission peaks will appear when the lasing threshold is achieved. Figure 5 depicts the emission spectra of random lasers based on almond milk for below, at and above the lasing threshold for different dye concentrations.



The emission intensity increases with the increase of pump energy. There are no emission peaks observed for random lasers below the lasing threshold. By providing sufficient pump energy, multiple emission peaks appear on top of the fluorescence spectrum that indicates the lasing threshold (Figure 5a). The lasing threshold occurs when the optical gain exceeds the losses in the gain medium. The emission peaks become significant above the lasing threshold. For the lowest dye concentration, 10−4 M (Figure 5c), no emission peaks appeared on top of the fluorescence spectrum when the pump energy was increased to ~50 mJ. The emission peaks only appear at the highest pump energy. It is attributed to the least amount of dye molecules to provide light amplification. Random lasers based on fresh milk, oat milk and soy milk show similar characteristics with the random laser based on almond milk where multiple emission peaks appear if the system reaches the lasing threshold.




4.3.2. Lasing Threshold


The lasing threshold can be found when there is a nonlinear decrease of emission linewidth with the increase of pump energy. The emission linewidth is measured by measuring the width of the emission peaks for each pump energy. The pump energy was varied from 10 mJ to 100 mJ, and the concentration of dye was varied from 10−4 M to 10−2 M. Figure 6 shows the emission linewidth for a random laser based on almond milk with various dye concentrations. The blue line is used to estimate the lasing threshold. The lasing threshold is marked using a blue circle.



Table 2 shows the lasing threshold of random lasers based on almond milk, fresh milk, oat milk and soy milk which were obtained with various dye concentrations.



A random laser based on almond milk has a lasing threshold of ~50 mJ for the highest dye concentration, 10−2 M. The lasing threshold reduces to ~48 mJ when the dye concentration is reduced to 10−3 M. When the dye concentration is further reduced to 10−4 M, no lasing threshold is observed. Meanwhile, a random laser based on fresh milk in 10−2 M of dye concentration has a lasing threshold of ~60 mJ, and it further reduces to ~58 mJ and ~50 mJ for 10−3 M and 10−4 M of dye concentration. A random laser based on oat milk shows the lasing threshold at ~60 mJ, ~50 mJ and ~80 mJ for 10−2 M, 10−3 M and 10−4 M of dye concentration, respectively. Furthermore, a random laser based on soy milk shows the lasing threshold at ~50 mJ for the highest dye concentration (10−2 M), while it increases to ~60 mJ at 10−3 M of dye concentration. We did not observe any lasing threshold in random lasers based on soy milk in 10−4 M of dye concentration (Table 2).



From the modeling results, we found that milk fat from animal and plant sources can be compared based on the lasing threshold. Random lasers need excitation sources (pump energy), optical gain (gain medium) and multiple light scattering (scattering mean free path) to work. The characteristics or properties of random lasers can be affected when the pump energy, gain medium and scattering mean free path are varied. Scattering mean free path can be estimated using Equation (6) where it depends on scatterer density and scattering cross section. In this research, we varied scatterer density based on the mass of fat of each milk, and the scattering cross section of the fat particles was estimated according to Abegaõ et al. [18]. We suppose that fat content in milk can contribute to the light scattering where a higher amount of fat provides higher light scattering. Indirectly, light scattering can affect the properties of random lasers. Fresh milk has the highest fat content (7.6 g) whereas soy milk has the lowest fat content (3.6 g) among all samples. Thus, a random laser based on fresh milk shows the lowest lasing threshold in 10−4 M of dye concentration because the fat particles can provide adequate light scattering to complement the lower concentration of dyes (Table 2).



The modeling results also show that the concentration of dye affects the properties of random lasers. The highest concentration of dye (10−2 M) provides more light amplification and results in a lower lasing threshold. Meanwhile, a random laser based on soy milk shows no lasing threshold in the lowest dye concentration because sufficient dye concentration is needed to compensate for the lower amount of fat particles inside the gain medium (Table 2).






5. Conclusions


In conclusion, the objective of the research was achieved as the study could differentiate the properties of milk from animal, plant and human sources based on light propagation and random lasers. The study was conducted on almond milk, fresh milk, oat milk and soy milk through spectrometry experiments, statistical analysis and modeling technique. The spectrometry experiments were performed using VIS-NIR and NIR spectrometers to observe the light absorbance and fluorescence spectra of milk samples within visible and near-infrared wavelengths. The study clearly shows that samples with higher fat content such as fresh milk and soy milk produce higher emission peaks. Besides that, the concentration of milk also affects the propagation of light, as less concentrated milk such as human breast milk and goat milk provide less absorbance and fluorescence spectra. The experimental result was validated using principal component analysis. Analysis of milk was also conducted based on random-laser properties. Particle density, dye concentration and pump energy were varied in the modeling, and the results clearly show that random lasers can be used to compare the fat content in various milk. The modeling can be further upgraded to be used in real random-laser experiments. Thus, we hypothesize that the optical properties of milk from animals, plants and humans can be analyzed in terms of light absorption, fluorescence and random laser. Our proposed study used a non-intrusive and non-invasive method, and the analysis provided can be used as a reference to differentiate milk properties from various sources.
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Figure 1. Optical layout of random lasers. 
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Figure 2. The spectra of various types of milk samples: (a) absorbance spectra through NIR spectrometer, (b) absorbance spectra through VIS-NIR spectrometer and (c) fluorescence spectra through NIR spectrometer. 
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Figure 3. The principal component analysis (PCA) of absorbance spectra through (a) NIR spectrometer and (b) VIS-NIR spectrometer (BM is a short form for human breast milk). 
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Figure 4. The principal component analysis (PCA) of fluorescence spectra through (a) NIR spectrometer and (b) VIS-NIR spectrometer (BM is a short form for human breast milk). 
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Figure 5. The emission intensity of a random laser based on almond milk with the variation of dye concentrations: (a) 10−2 M, (b) 10−3 M and (c) 10−4 M. The inset shows the multiple emission peaks in the close-up view. 
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Figure 6. The emission linewidth of random lasers based on almond milk with various dye concentrations: (a) 10−2 M, (b) 10−3 M and (c) 10−4 M. The lasing threshold is ~50 mJ for (a) and ~48 mJ for (b). No lasing threshold for (c). The linewidth is averaged from 10 emission spectra. 
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Table 1. Main compositions of each milk per 200 mL.
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Average Composition

	
Milk Types

	
Per Serving 200 mL






	
Protein

	
Almond Milk

	
2.6 g




	
Fresh Milk

	
6.8 g




	
Oat Milk

	
4.0 g




	
Soy Milk

	
7.8 g




	
Fat

	
Almond Milk

	
6.2 g




	
Fresh Milk

	
7.6 g




	
Oat Milk

	
6.25 g




	
Soy Milk

	
3.6 g




	
Carbohydrate

	
Almond Milk

	
10 g




	
Fresh Milk

	
8.6 g




	
Oat Milk

	
26.75 g




	
Soy Milk

	
13.2 g











[image: Table] 





Table 2. Lasing threshold of random lasers based on different types of milk with various dye concentrations.
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Dye Concentration

	
10−2 M

	
10−3 M

	
10−4 M






	

	
Lasing Threshold




	
Fresh Milk

(fat content ~ 7.6 g)

	
~60 mJ

	
~58 mJ

	
~50 mJ




	
Oat Milk

(fat content ~ 6.25 g)

	
~50 mJ

	
~60 mJ

	
~80 mJ




	
Almond Milk

(fat content ~ 6.2 g)

	
~50 mJ

	
~50 mJ

	
No lasing threshold




	
Soy Milk

(fat content ~ 3.6 g)

	
~50 mJ

	
~60 mJ

	
No lasing threshold
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