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Abstract Mastitis is an inflammatory infection of the mammary glands in dairy
cattle, which causes a pronounced increase in milk somatic cell count accom-
panied by changes in milk elemental and molecular composition. The aim of
the present study was to use different laser analytical techniques for fast,
accurate, and ecasy diagnosis of mastitis. Both laser-induced breakdown spec-
troscopy (LIBS) and laser-induced fluorescence (LIF) techniques were used for
this purpose. The study was performed on milk samples taken from 150
Holstein cows. The results obtained by LIBS showed that in healthy milk (milk
from uninfected cows), the intensities of calcium spectral lines were clearly
higher than in mastitic milk samples. On the contrary, the intensities of the two
sodium D-lines were higher in mastitic milk than in the healthy milk. A linear
relationship exists between the sodium spectral line intensities and the average
of corresponding somatic cell count (SCC). Adopting LIF, the fluorescence
intensity was also found to correlate linearly with the SCC of milk samples.
Comparing the two proposed laser analytical techniques with other conventional
techniques showed that the proposed techniques are faster, much easier, cost-
effective, and can be used in situ to monitor somatic cells for diagnosis of
mastitis.
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1 Introduction

Mastitis is defined as an inflammation of the mammary gland and udder tissue which is
most often due to bacterial infection. Usually, mastitis in dairy cows is diagnosed via
estimating somatic cell counts (SCC) (Dohoo and Meek 1982; Fenlon et al. 1995) of
the suspected milk sample. Mastitis has a direct impact on the produced milk compo-
sition. Reduction of milk yield and drastic decline in milk quality which includes
significant changes in the protein and mineral content are the most obvious symptoms
of mastitis. It is well known that bovine mastitis has negative dramatic effects on
animal health. In addition, it is a risk factor for pregnancy loss in dairy cows (Jorge
et al. 2012). Accordingly, it is considered to be the most periodic and costly disease in
dairy industry. Using atomic absorption spectrophotometry technique showed that
udder infection leads to an increase in sodium and chloride and a decrease in potassium
content in cows’ milk (Wegner and Stull 1978). On the other hand, analyzing milk
samples from cows presenting mastitis symptoms revealed a remarkable decrease in
calcium level (Batavani et al. 2007). An interesting study performed by Liu et al.
(2009) on mastitic milk demonstrated that the SCC is directly proportional to the
immunoglobulin (IgG) concentration. Different methods have been suggested for
detection of mastitis in cattle, such as the California Mastitis Test (CMT), somatic cell
counts (SCC), and electrical conductivity (EC) of milk (Lafi 2006; Norberg et al. 2004;
Norberg 2005). However, developing in situ applicable diagnostic techniques for
mastitis will facilitate the early detection of the disease to reduce its negative conse-
quences as much as possible and to raise treatment success rates.

Elemental and molecular analyses of different types of samples via noninvasive laser
analytical techniques such as laser-induced breakdown spectroscopy (LIBS) and laser-
induced fluorescence (LIF) are currently preferred and privileged for in situ measure-
ments with minimal or no sample preparation. Advanced LIBS and LIF compact and
portable systems are now commercially available for numerous field applications. This
is highly important, especially for field applications in animal production and dairy
where it is very useful to perform measurements directly in the farms and avoid
transportation of the samples to the laboratories. LIBS is a straightforward and easy
elemental analysis technique that has many biological and medical applications. El-
Hussein et al. (2010) published an interesting in vitro study that used LIBS to identify
and characterize some types of human malignancies. LIBS was also used by Yueh et al.
(2009) for the analysis of chicken brain, lung, spleen, liver, kidney, and skeletal muscle.
LIBS has also been used in other biological applications such as bacteria identification
(Steven et al. 2007) and biological tissues mapping to follow up the distribution of
certain elements (Sancey et al. 2014). Another interesting application for LIBS in
biology is its use in evaluation of maternal and infant formula milk (Abdel-Salam
et al. 2013). LIF which is normally used for detection of selective species and studying
the structures of molecules has been recently exploited to estimate sperm count in
buffalo semen samples (Abdel-Salam and Harith 2012). The aim of the present work is
to adopt LIBS and LIF techniques for characterization of mastitic milk elementally and
molecularly, respectively. The relative concentration of calcium and sodium represent-
ed by their spectral line intensities in the LIBS spectra of the milk samples will be
correlated to the SCC. The fluorescence intensity of mastitic milk and healthy milk will
be also correlated to the SCC in these samples. The final goal is to utilize LIBS and LIF
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as simple, fast, and inexpensive analytical techniques for the early detection of mastitis
by monitoring somatic cells in milk samples.

2 Materials and methods
2.1 Milk sample collection

Aseptic milk samples were randomly collected from 150 Holstein cows kept near to the
same conditions and weight in an accredited animal production farm at Salhia (about
100 km northeast of Cairo). The samples were randomly divided into two groups each
of 75: one group was for LIBS experiments, and the other group was for LIF
measurements. The samples were hygienically collected and properly stored at —20
°C. A small portion of each sample was taken for somatic cell count. For LIBS
measurements, the frozen samples were thawed at room temperature. Droplets of these
samples (0.5 mL/droplet) were taken onto an ashless filter paper then left to be
absorbed and expanded homogeneously in clean dry air for about 15 min before further
LIBS analysis. One milliliter of each thawed sample was taken in a standard quartz
cuvette with four transparent sides for conducting LIF experiments.

2.2 Mastitis definition

Milk samples from cows showing observable signs of mastitis were aseptically col-
lected for further experimental investigations. Sometimes, mastitis symptoms could be
undetectable visibly, with no abnormality in the milk, so somatic cell count (SCC) was
considered as a decisive rule for selecting cows to determine whether a cow is infected
with mastitis (Kramer et al. 2009; Miekley et al. 2012). A conventional cell counting
system (Somacount 150, Bentley, USA) was used for counting somatic cells. In this
system, a mixture of milk samples and a fluorescent dye was passed through a flow cell
dispersing the globules to distinguish the stained DNA in the somatic cells. An aliquot
part of the stained suspension was injected into a laminar stream of the carrier fluid.
Then, the somatic cells were separated by the stream. When the stained cells were
exposed to a laser beam, they produced fluorescent light pulses. The created light
pulses were converted into electrical pulses via a photomultiplier tube. The pulses are
sorted, counted, and translated onto a somatic cell counter via special software. A
sample with somatic cell count <300,000 cells/mL was classified as uninfected sample,
and that with SCC >300,000 cells/mL was classified as infected sample. However,
lower levels of SCC may be considered as disease identification depending on animal
health standards in each geographical region (Pinto et al. 2013).

2.3 LIBS arrangement

In LIBS, a focused Q-switched laser pulses produce the so-called plasma plume onto
the surface of the target to be analyzed. The plasma plume consists of a collection of
ions and swirling electrons at enormously high temperature (>6000 K). The light
emitted from the cooling down plasma plume is collected by a proper lens system or
optical fiber and fed to a suitable spectrometer equipped with a detector for dispersion
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and detection of the plasma emission light. The finally obtained spectrum includes the
characteristic spectral lines of the elements existing in the plasma plume and conse-
quently in the target material. Detailed description of the LIBS technique is found in a
number of books and review papers (Miziolek et al. 2006; Singh and Thakur 2007;
Singh et al. 2009; Kaiser et al. 2012). In the present work, we used a typical LIBS setup
in which a Q-switched Nd:YAG laser (BRIO, Quantel, France) produces laser pulses of
50 mJ/pulse at a wavelength A=1064 nm and pulse width 5 ns at a repetition rate 1 Hz.
The laser pulses were focused onto the surface of the sample under investigation using
a planoconvex quartz lens of focal length 10 cm. The sample was fixed on an X-Y
micrometric translational stage. The light emitted from the laser-produced plasma
plume was collected by a fused-silica optical fiber with a diameter of 600 um held at
a distance of 2 cm above the plasma at an angle of 30° with respect to the target surface.
Then, the collected plasma emission was fed via the optical fiber to the entrance slit of
an echelle spectrometer (Mechelle 7500, Multichannel, Sweden) equipped with an
ICCD camera as a detector (DiCAM-Pro, PCO, Computer optics, Germany). To
avoid electronic interference and jitters, the CCD intensifier high voltage was
triggered optically at a typical optimized delay time of 2000 ns with integration time
2000 ns. Spectra were collected from five fresh spots on the milk sample on an ashless
filter paper. Spectra of five laser shots were collected from five milk spots, and a final
average of 25 spectra were recorded and analyzed. Spectra processing and spectral line
identification have been performed by the commercial software 2D- and 3D-Gram/32.

2.4 LIF arrangement

Laser-induced fluorescence (LIF) is the other laser analytical technique used in the
present work. In LIF, atoms and molecules can be excited by absorption of laser photons
of a specific wavelength, then emit light at a longer wavelength to get rid of the
previously absorbed optical radiation energy. The emitted light during the de-excitation
(wavelength and intensity) was measured to identify species under investigation.

In the present measurements, a typical LIF setup described in details elsewhere
(Abdel-Salam and Harith 2012) was used. A diode-pumped solid-state (DPSS) laser
[Changchun New Industries Optoelectronics Tech Co. Ltd., (China)] which emits
40 mW laser light of wavelength A=405 nm was used as an excitation source. The
laser light was focused onto the surface of a quartz cuvette containing the milk sample,
and the fluorescence was perpendicularly collected and fed to a compact spectrometer—
detector system (USB2000 FLG, Ocean Optics, FL, USA) via an optical fiber. The
obtained fluorescence spectra were recorded and processed using SpectraSuite software
(Ocean Optics, FL, USA). Data processing and results presentation were accomplished
by Origin 8.5 software (OriginLab Corp., MA, USA).

3 Results

3.1 LIBS analysis

To follow up the relative concentration of calcium and sodium in the samples under
investigation, the intensity of four calcium spectral lines and two sodium lines
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normalized for the strong carbon line at 247.8 nm have been studied. For calcium, the
elected emission lines were at 428.3, 428.9, 430.8, and 431.9 nm while for sodium, the
well-known doublet at 589.0 and 589.6 nm were elected. These lines have been
selected because of being well resolved and spectral-interference free as shown in
Fig. 1. LIBS spectra demonstrated that the intensity of calcium spectral lines in healthy
milk samples with low SCC (>300x10° cells/mL) is clearly higher than in mastitic
samples with high SCC (<300 10* cells/mL) as shown in Fig. 2a. On the contrary, the
two sodium lines in the same spectra have high intensity in case of mastitic milk
compared to the normal milk as depicted in Fig. 2b.

To employ the increase of sodium ions and decrease of calcium ions in mastitic
samples, the sum of the intensities of the most bright sodium lines in the LIBS spectra
(namely sodium D-lines at 589.0 and 589.6 nm normalized for calcium line at
422.7 nm) has been plotted against different values of SCC of the milk samples.
Figure 3 depicts a linear relationship which demonstrated that a higher sodium/
calcium ratio is associated with a higher SCC in such samples.

3.2 LIF analysis

Figure 4 shows typical LIF spectra of different healthy and mastitic milk samples which
have different somatic cell counts (SCC). The fluorescence emission intensity has been
found to increase systematically with the SCC of the individual samples. The linearity
of the relationship between the somatic cell count and the fluorescence intensity of
different samples is shown in Fig. 5.

4 Discussion

Calcium and sodium have been chosen to be followed up in LIBS spectra of the
samples under investigation in view of the previously published work by Harmon
(Harmon 1994). In such reference, the authors found that in mastitic samples, calcium
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Fig. 1 A typical LIBS spectrum for infected milk sample. The insets show zoomed sections of the calcium
and sodium spectral lines used in the analysis
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Fig. 2 The normalized intensity of four calcium spectral lines (a) and two sodium spectral lines (b), for
mastitis samples (hatched) and normal milk samples (unhatched)

was 33% less, while sodium was 184% higher than that in the healthy milk. However,
similar results on sodium have been also confirmed later by Batavani et al. 2007; they
interpreted their results due to changes occurred in the ionic environment. The same
authors and others (Kitchen 1981; Fernando et al. 1985; Vijayalakshmi et al. 2001;
Bruckmaier et al. 2004) reported results relevant to the reduction in calcium levels in
case of intramammary infections. On the other hand, Kitchen (1981) proved that the
electric conductivity of mastitic milk is higher than that of healthy milk due to the
increase in sodium ions in the infected sample. Our results clearly demonstrated that
calcium emission lines have higher intensity in healthy milk with low SCC than in
mastitic milk with higher SCC. On the contrary, sodium has high spectral line intensity
in mastitic milk compared to the healthy milk. The linear relationship between the sum
of the sodium D-lines intensities (normalized for Ca 422.7 nm line) and the SCC shown
in Fig. 3 can be easily used for monitoring somatic cells in milk samples and
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Fig. 3 Sum of the sodium D-lines at 589.0 and 589.6 nm normalized by Ca 422.8 nm line, versus different
values of SCC count (cells/mL) in the milk samples

consequently detecting mastitis. Finding out the normalized sum of the sodium D-lines
in the LIBS spectrum of any milk sample leads to the estimation of the corresponding
average SCC from the obtained calibration curve. It is worthy to mention that the
choice of Na and Ca lines with similar high energy levels for both elements (which is
almost the case for the lines used) could reduce the influence of matrix effects related to
the plasma temperature, and then, this ratio measurements should become relatively
insensitive to the experimental fluctuations (which are quite relevant for in situ
analysis). On the other hand, with such line configuration (i.e., same high energy
level), the relative line intensity ratio Na/Ca becomes directly proportional to the
relative concentration Na/Ca, and only one calibrated sample can turn qualitative
results to quantitative.
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Fig. 4 Typical LIF spectra of different normal and mastitis milk samples of different SCC (cells/mL)
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Fig. 5 The relation between the fluorescence intensity values and the SCC (cells/mL)

The second part in the present study was conducted to demonstrate the feasibility of
using LIF as a simple diagnostic technique for mastitis in dairy cattle. As mentioned
above, it is widely known that milk SCC is commonly serving as an indicator of the
incidence of mastitis in dairy cows (Dohoo and Meek 1982; Fenlon et al. 1995). Optical
excitation of the samples, via laser light of wavelength 405 nm, results in a fluorescence
emission band extending from 475 to up to 650 nm peaking at 530 nm as shown in Fig. 4.
The increase in the fluorescence intensity with increasing SCC can be interpreted in view
of the high level of immunoglobulins (IgG) in the infected samples (Liu et al. 2009).
Previous measurements on bovine colostrum (first milking postpartum) which contains
high levels of IgG (Mainer et al. 2000; Gapper et al. 2007; Abdel-Salam et al. 2014)
demonstrated that IgG has a fluorescence peak at 570 nm. The deconvolution of mastitic
fluorescence peak revealed that the emission peak consists of two peaks that are almost
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Fig. 6 Deconvolution of the fluorescence peak of an infected sample (black peak) showing the contribution of

the 1gG fluorescence with respect to the normal milk contribution
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completely superimposed (the milk peak at 530 nm and the IgG peak at 570 nm as shown
in Fig. 6). This affirms that the peak at 570 nm in the mastitis samples corresponds to the
increase in the IgG as a natural immune reaction against the bacterial infection.

In order to obtain quantitative results, it is essential to calibrate the used LIF system, just
as any other spectrochemical analytical technique. In this work, the samples used for
constructing the calibration curves were milk samples with known SCC values. The
linearity of the relationship between the fluorescence intensity and the SCC (+#=98.2)
demonstrates the feasibility of using LIF for the estimation of somatic cell count value in
any unknown milk sample and consequently diagnosis of mastitis by adopting the relevant
calibration curve. Because one of the major goals of this work was to introduce a simple
and portable technique for diagnosis of mastitis, we excluded using hyphenated laser
analytical techniques such as LIBS-Raman spectroscopy and LIF-optoacoustic spectrom-
etry. Even the combined use of LIBS and LIF techniques is not recommended because of
the complexity of the setup in such case. It is worth to mention that the time duration of a
single sample measurement via LIBS or LIF is almost 10 min or less, requiring no sample
preparation. Conventional techniques for SCC require 2 to 3 h for single sample mea-
surement, besides requiring sample preparation and transportation to the laboratory.

5 Conclusion

In conclusion, the results reported in this paper show that using laser analytical
techniques may provide new diagnostic possibilities for bovine mastitis. Using LIBS
demonstrated that there is a positive correlation between SCC and sodium content in
the investigated samples. A similar linear correlation also exists between SCC and the
fluorescence intensity of the samples due to the increase of immunoglobulin concen-
tration as an immune reaction. This work presents successful analytical techniques,
namely LIBS and LIF as noninvasive, fast, and inexpensive methods for the early
detection of mastitis. In addition, it is feasible to adopt both techniques for in situ
measurements, i.e., in animal production farms as simple and fast diagnostic methods
for early identification of infection instead of using lengthy and expensive conventional
techniques. Although both LIBS and LIF are reliable and portable techniques, LIF
equipment is simpler and cheaper which may make its usability more widely.
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