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Abstract: Cow milk is more allergenic than the milk from other species and therefore adulteration 

of ewe or goat milk with cow milk can pose a serious threat to consumers. In this work, a silicon-

based photonic immunosensor, which includes two U-shaped Mach-Zehnder Interferometers 

(MZIs), was employed for the detection of ewe and goat milk adulteration with cow milk through 

the immunochemical determination of. The method was fast and sensitive with a detection limit of 

0.04 μg/mL bovine k-casein (which corresponds approximately to 0.06% cow milk) in ewe or goat 

milk, respectively, in a total assay time of 12 min. 
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1. Introduction 

Milk is a highly nutritious product consumed by millions of people worldwide, and 

its authenticity and safety are crucial for public health. Ewe and goat milk adulteration 

with cow milk reduces its nutritional value and exposes consumers to potential health 

risks, especially to allergies and digestive problems for individuals who are intolerant to 

cow milk [1]. The accurate identification of adulterants in milk is essential for ensuring 

the safety and quality of milk products, protecting public health, regulating the milk in-

dustry and promoting food safety. For that reason, the European Commission (EC) has 

set a maximum acceptable content of cow milk in dairy products from other species of 1% 

(v/v) [2]. To detect milk adulteration, several methods have been employed such as chro-

matographic, molecular and immunological ones which, however, require trained per-

sonnel and cannot be performed at the point of need [3–5]. On the other hand, biosensors 

can provide fast and quantitative on-site determinations and are therefore widely used in 

the field of food analysis. [6,7].  

In this work, we employed a newly introduced immersible silicon chip accommodat-

ing two U-shaped silicon nitride waveguides formatted as Mach-Zehnder interferometers 

[8]. The sensing arms of the two MZI sensors are modified with bovine k-casein and bo-

vine serum albumin, respectively, in order to serve as working and reference sensors. The 

two MZI waveguides allow light in- and out-coupling from the same chip side and thus 

the chip has the ability to be immersed into the sample. This feature makes the instrumen-

tation of the proposed immunosensor simpler than other sensing systems that require 

external pumps and microfluidics. The simplicity of the instrumentation, its small size, 
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along with the short assay duration and high assay sensitivity makes the developed bio-

sensing system ideal for on-site detection of ewe or goat milk adulteration. 

2. Materials and Methods 

2.1. Reagents 

Bovine serum albumin (BSA) was obtained from Thermo Fisher Scientific (Waltham, 

MA, USA). Bovine k-casein, goat anti-rabbit IgG antibody (secondary antibody) and 3-

aminopropyltriethoxysilane (APTES) were purchased from Sigma-Aldrich (Darmstadt, 

Germany). The anti-bovine k-casein rabbit antiserum was in-house developed as it is de-

scribed in a previous work [9]. All other chemicals and reagents were obtained from 

Merck (Darmstadt, Germany). The water used throughout the study was doubly distilled. 

Pasteurized ewe (1.7% fat) and goat milk (3.5% fat) (OLYMPOS FOODS S.A., Greece) were 

obtained from local super markets.  

2.2. Biosensing Principle 

In this work, a label-free optical immunosensor based on Mach-Zehnder Interferom-

etry was used to determine milk adulteration through a competitive immunoassay for 

determination of bovine k-casein in ewe and goat milk. In a MZI, the incoming light is 

split into two arms, the sensing and the reference one, and when the two arms combine 

again, an interference spectrum is created in the output. On the sensing arm of the mZI, 

the SiO2 cladding layer is removed over the sensing window, which allows the analyte to 

interact with the waveguided photons. The biomolecular reactions that take place on the 

sensing arm change the refractive index on the surface of the waveguide, causing a phase 

shift of the interference spectrum, thus providing a way to monitor the adlayer growth on 

the sensing arm. More specifically, in the developed immunosensor there are two MZI 

sensors on the same chip side in order to allow the chip immersion in the sample. The 

biosensing system includes a broad-band white light source and an external spectropho-

tometer that records the transmission spectrum of both MZIs. The spectrum is subjected 

to Fast Fourier Transform to distinguish the phase shift of the two MZIs due to interac-

tions taking place on them and provide real time monitoring. 

2.2. Chemical and Biological Functionalization 

The chips were cleaned and hydrophylized through piranha treatment followed by 

aminosilanization. More specifically, the chips were immersed in H2SO4:H2O2 solution 

(1:1) for 20 min, washed with H2O and immersed again in 2% (v/v) APTES solution in 

water for 20 min. After washing with H2O, the chips were heated at 120 oC for 20 min. 

Then, the open windows of the working and reference MZIs were spotted using a micro-

array spotter with bovine k-casein (50 μg/mL) and BSA (50 μg/mL), respectively. After 1 h 

incubation of the chips at 70% humidity chamber they were washed and blocked by im-

mersion in a 1% BSA solution in 0.1 M NaHCO3 solution, pH 8.5, for 1 h. Then the chips 

were washed with 0.05 M PBS, dried under a nitrogen stream and kept in a desiccator at 

room temperature until use. 

2.3. Immunoassay 

To detect the bovine k-casein in ewe/goat milk the competitive immunoassay princi-

ple was followed. A schematic of the immunoassay steps is depicted in Fig. 1. For the 

assay, 1:1 (v/v) mixtures of bovine k-casein calibrators prepared in assay buffer or in 50-

time diluted ewe or goat milk with the rabbit anti-bovine k-casein antibody were prein-

cubated for 1 h at room temperature. The chip was equilibrated by immersion in assay 

buffer (0.01 M PBS, pH 7.4 containing 0.5% (w/v) BSA and 0.05% Tween® 20 (v/v) or in 

100-time diluted ewe or goat milk. Once a stable baseline was achieved, the chip was im-

mersed in a microtiter well containing the the preincubated mixture of the calibrator with 

the antibody for 5 min. Then, the chip was immersed for 2 min in assay buffer to remove 
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the unbound immunoreagents and immersed to a secondary anti-rabbit IgG antibody so-

lution (10 μg/mL) in assay buffer for 5 min. After that, the chip was regenerated through 

immersion for 2 min in a 50 mM HCl solution followed by equilibration in assay 

buuferThe net phase shift (signal) was calculated by determining the difference of the 

phase shift of the working sensor from that of the reference sensor due to the reaction of 

anti-rabbit IgG antibody. The calibration curve was created by plotting the % ratios of the 

bovine k-casein calibrators signals (Sx) with respect to zero calibrator signal (S0). 

 

Figure 1. Schematic of the chip and of immunoassay steps for detection of bovine k-casein in milk 

from other species with the MZI photonic sensors. 

3. Results and Discussion 

3.1. Assay Optimization  

In order to develop the immunoassay for ewe/goat milk adulteration with bovine 

milk several parameters were optimized, including concentration of immobilized bovine 

k-casein, the anti-k-casein antibody concentration, the preincubation time, and the matrix 

effect. At first, it was found that adequate signal response, along with high sensitivity was 

achieved when the bovine k-casein concentration used for spotting of the chip surface was 

equal to or higher than 50 μg/mL, employing 50 times anti-k-casein antiserum dilution.   

Furthermore, different preincubation times were employed (15, 30 and 60 min) and it was 

found that 1 h preincubation time significantly increased the assay detection sensitivity. 

These optimization experimerints were performed using bovine k-casein calibrators pre-

pared in assay buffer (0.01 M PBS, pH 7.4 containing 0.5% (w/v) BSA and 0.05% Tween® 

20 (v/v). Regarding, bovine k-casein detection in ewe or goat milk it was found that using 

50-time milk dilution provided identical calibration curves with that performed in assay 

buffer. In order to investigate if the chip could be reused, we immersed the chip in differ-

ent solutions (hydrochloride solution, sodium hydroxide) and it was found that immer-

sion of the chip in 50 mM hydrochloride solution for 2 min complete regeneration of the 

chip was achieved allowing its reuse for at least 12 times.  

3.2. Analytical Characteristics 

The calibration curves for bovine k-casein prepared either in assay buffer or 50-time 

diluted ewe milk are presented in Figure 2. As it is shown in the graph, the calibration 

curves prepared in assay buffer and in 50-time diluted milk were superimposed. The de-

tection limit of the assay using calibrators in ewe or goat milk was calculated as the con-

centration corresponding to signal equal to -3SD of the mean zero calibrator signals of 10 

measurements and was 0.04 μg/mL of bovine-k-casein, with a working range from 0.1 to 

2 μg/mL. Based on the mean content of bovine milk in k-casein (3.4 g/L), it is calculated 

that the lowest detectable amount of cow milk in undiluted ewe or goat milk that can be 
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detected with the method developed is less than 0.058%, which is well below the EU limit 

(1%) regarding adulteration of ewe/goat milk with cow’s milk. 
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Figure 2. Typical calibration curves of bovine k-casein (μg/mL) in assay buffer (pink line) and 50 

times diluted ewe milk (purple line). (Sx/S0)% represents the percent ratio of each calibrator signal 

(Sx) to the zero calibrator signal (S0). Each point is the mean value of 3 measurements ± SD. 

The intra- and inter-assay coefficients of variation (CVs) were determined by meas-

uring duplicates of different control samples, prepared through spiking of appropriate 

amounts of bovine k-casein in ewe milk (final concentrations of 0.15, 0.3 and 0.9 μg/mL), 

during the same day and during 5 random days in 1 month, and were 4% and 6.5%, re-

spectively, indicating the high repeatability of the assay. 

The accuracy of the assay was determined through recovery experiments with sam-

ples of ewe and goat milk spiked with 3 different concentration levels of bovine k-casein 

(0.4, 0.8 and 1.5 μg/mL). As presented in Table 1, the recovery values ranged from 94.6 to 

107%, indicating the high accuracy of the proposed immunoassay. 

Table 1. % Recovery of known amounts of bovine k-casein spiked in ewe/goat milk. 

Sample 
Amount of Bovine  

k-Casein Added (μg/mL) 
Amount Determined (μg/mL) Recovery % 

Ewe milk 0.20 0.21 105.0 

 0.60 0.57 95.0 

 1.50  1.55 103.3 

Goat milk 0.20 0.19 95.0 

 0.60 0.64 106.7 

 1.50  1.42 94.6 

4. Conclusions 

In this work, an immersible biosensing platform to detect milk adulteration with cow 

milk in ewe and goat milk based on the detection of bovine k-casein was developed. A 

competitive immunoassay format was followed where the chip was first immersed in a 

mixture of 50-time diluted ewe or goat milk with a rabbit anti-k-casein antibody solution 

for 5 min, followed by 5-min immersion in a secondary antibody solution. A limit of de-

tection at 0.04 μg/mL in terms of bovine k-casein that corresponds to approximately 0.06% 

cow milk in undiluted ewe/goat milk was achieved for a total assay time of 12 min. Thus, 

the excellent analytical performance of the assay developed combined with the portability 

of the sensing system makes this device suitable for on-site monitoring of milk adultera-

tion. 
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