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Abstract

Mastitis in dairy cattle is an inflammatory reactiof the udder tissue. Mastitis increases
plasmin levels, leading to an increased proteolgéisilk proteins such as casein, resulting
in a significant decrease in milk quality and rethidairy products. Due to its key-role in
mastitis, we used plasmin proteolytic activity abi@marker for the detection of mastitis in
bovine mastitic milk. Inspired by earlier studies protease activity using mastitic milk
samples, we developed a simple colorimetric assayidtinguish mastitic milk from milk
derived from healthy animals. The plasmin substcatgpled to magnetic nanoparticles form
a black self-assembled monolayer on a gold sensdace. In the presence of increased
levels of plasmin, the substrate is cleaved andgdmide fragment attached to the magnetic
beads, will be attracted by the magnet which isgmé under the sensor strips revealing the
golden surface. We found the area of the goldearirface to be proportional to plasmin
activity. The sensitivity of this method was detered to be 1 ng/ml of plasmim vitro.
Next, we tested the biosensor using mastitis pasrtilk of which infection is confirmed by
bacterial cultures. This newly developed colorineetbiosensor has high potential in
applications for the diagnosis of mastitis with grdtal spin offs to health, food and

environmental sectors.
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1. Introduction
Bovine mastitis leads to huge economic losses enddiry industry worldwide [1]. These
losses are associated with the reduction in thek mroduction [2, 3], treatment of
contaminated milk, and costs of measures to presprdgad of mastitis within a herd. A
variety of Gram positive and Gram negative bactegawell as algae, fungi and viruses[4]
are associated with infections of the mammary glaihstitis alters the composition of the
milk; the change in the composition depends onphtnogenicity of the microorganisms
involved and extend of the mammary gland infectidigr example, mastitis may lead to
increased levels of ions, proteins and phagocyelly resulting from leakage or migration,
respectively. Clinical mastitis is characterised dwyelling of the udder, redness, pain and
reduced milk secretion from the affected quart€he abnormal appearance of the milk can
be observed by the eye and is characterised bgrésence of clots or flakes [3]. Diagnosis
of sub-clinical mastitis is more difficult and clealging. In general, visible signs of the udder
or milk are lacking, and although impaired yieldsnailk are characterised by increased

levels of Somatic Cell Counts (SCC), diagnosisheyrtaked eye is practically impossible.

Somatic cell counts (SCC) is used for measuringgtiedity of the milk in many methods[5,
6]. For example, the California mastitis test, lecjte number has been indirectly measures
by aggregation of nucleic acids released by thkdeytes in the milk samples. Alternatively,
an esterase-catalyzed enzymatic reaction baseddRenk assay indirectly determines the
presence of SCC. On the other hand, the chantipe ifluorescence intensity of DNA of the
cells upon binding with ethidium bromide were apglin the Fossomatic FC and the Delaval
cell counters to detect SCC. Whereas, the othenadstelectrical conductivity (EC) test and
pH test do not consider SCC counts. These tesésune the conductivity of the milk due to

the elevation in levels of ions such as sodiumaggitim, calcium, magnesium and chloride,



and changes in pH during inflammation, respectiv&he cow-side tests (CMT, Portacheck,
EC, pH) are quick, relatively cheap and easy tq bsé have moderate test characteristics.
SCC measurement with the Fossomatic performs betterequires an expensive device that
is complex to use and therefore cannot be usedsobev-

The Delaval cell counter reliably estimates the S&@ can be used cow-side, but is
relatively expensive [6]. Culture techniques taesgVely identify microorganisms involved
in mastitis may reveal the cause of mastitis. Altjlo this technique has little demands on
equipment, it requires skilled personnel and dedifaboratories. Furthermore, culturing is
time-consuming, taking minimally 24 h before resudte delivered. Also various protease-
based methods have been developed and validat8y [9;12] . But, so far, as easy read-out
systems are still lacking, none of them has beenaquat to be directly applicable for on-site
purposes, Therefore a rapid, sensitive, and spexgbay for the onsite detection of mastitis
would be desirable [13, 14].

Various host proteases can be considered as cémaddecules for their use as biomarkers
for mastitis including N-acetyl-d-glucosaminidasdAGase)[15, 16] serum amyloid A
(SAA) haptoglobin[17], other acute phase proteirPP) [15, 16, 18, 19]. Alternatively
proteases from bacterial origin may be interestaapdidates [20, 21] such as from
Escherichia cali, Saphylococcus aureus, Streptococcus agalactiae, Streptococcus
dysgalactiae, Streptococcus uberis [22] and Listeria monocytogenes [23, 24], which are
typical mastitogenic bacteria. Though of all prets involved, the host derived plasmin
appears to be one of the most active proteasexjtession seemingly being independent of
the identity of the infectious agent [14, 25, 26].

Plasmin is a heat stable endogenous serine provaaisd specifically cleave the peptide
bonds with arginine (R) and lysine ( -K) at P1 piosi [7, 27] Recently, we have used

plasmin as a diagnostic biomarker for the diagnosastitis milk using the cleavage of



plasmin specific fluorigenic substrates [7]. Ingpirthis work we now developed a proof
concept of a simple colorimetric assay to distisgumastitic milk from milk from healthy

animals.

2. Materialsand Methods

Carboxyl-terminated magnetic nano-beads with las& t50 nm diameter were purchased
from Turbobeads (Zurich, Switzerland). Molecularolbgy grade dimethyl sulfoxide
(DMSO), bovine plasmin,N-hydroxysuccinimide (NHS), 1-(3-dimethylaminoprop@
ethyl-carbodiimide (EDC) and plastic pH indicatdrigss were purchased from Sigma-
Aldrich (Saint-Louise, MO USA). Self-adhesive matioesheets were purchased from
Polarity Magnets Company. A plasmin sensitive gkpsubstrate fN-Ahx-VLK-Ahx-Cys-
COOH, was synthesised from Pepmic Co., Ltd (Suzl@ina). HPLC analysis confirmed
purity of the peptide of more than 98%. The selfiegive tape was purchased from Whatman
(London, U.K). Analytical grade 2-amino-2-(hydrawgthyl)-1,3-propanediol (Tris base),
sodium chloride, bovine serum albumin (BSA), etimgdiaminetetraacetic acid (EDTA),
sodium azide, potassium phosphate and sodium delfiom Sigma -Aldrich (Saint-Louise,
MO, USA) were used for these experiments. Self-sidiee sheet was purchased from
Whatman (London, U.K) and gold plated at the EleatrEngineering department of the
King Abdullah University for Science and Technolo@§AUST). The free magnetic beads,
peptide linked and the plasmin treated magneticdbeaere characterized by FT-IR

spectroscopy done in the Thermo Scientific Nic8lid0.

2.1 Bio-conjugation of magnetic beads
Carboxylic acid functionalised magnetic nano-bedd® mg) were washed extensively with
distilled water. The washed beads were sonicate8@ foinutes with a frequency of 35 Hz at

37 °C using a VWR Symphony Ultrasonic cleaner arashed extensively with coupling



buffer until the supernatant was clear. Next, f00f washed magnetic beads suspension in
coupling buffer (10 mM potassium phosphate, 150 sddium chloride, pH 5.5), 500 ul of 1
mg/ml of plasmin specific peptide substrate in DM&a@ 500 pl of coupling agent (20 mM
EDC and 5 mM NHS in coupling buffer ) was gentlyxed for 4 hours at room temperature.
After completion of the reaction, the unreactedtjolys were removed by washing the beads
with washing buffer (10 mM Tris base, 150 mM sodiahtoride, 0.1% (w/v) bovine serum
albumin (BSA), 1 mM ethylenediaminetetraacetic g&®TA), 0.1% sodium azide, pH 7.5)
and stored in washing buffer at 4 °C until use. &httve free carboxylic acid groups on the
magnetic nanobeads were blocked by the free ancimetsining Tris base and BSA in the
washing buffer. The gold plated adhesive sheete wet into small narrow stripes (1.5 mm
wide) and stacked over a plastic strip approxinyateb cm from the bottom of the pH strip.
The strip was used as a physical support for tihe ggnsor platform. A week round magnetic

sheet was stacked under the strip with 1 cm disténoen the sensor platform.
2.2 Characterisation of Magnetic beads

The free carboxy functional magnetic beads, peptidapled magnetic beads and the
cleavage after plasmin digestion have been chaizeteby FT-IR spectroscopy. As the
magnetic beads are composed of many functionalpgtowe focused on the change in the
COOH and NH coupling. The peak at 1725¢nis assigned to C=0 in COOH in the
magnetic beads. After treating the magnetic beatts MH, of peptide there is an additional
peak appears at 1650 ¢rdue to amide C=0 bond, confirming the amide foiomatPlasmin

treatment with peptide coupled magnetic beads shmwstrong peak at 1730¢mand at

1650cntdue to the hydrolysis of amide bond to carboxytilaand the existing amide bonds

respectively.



2.3 Preparation of self-assembled monolayer (SAM) sensor platform

The cysteine moiety in the C-terminal peptide sabtstwas used for the formation of the
self-assembled monolayer on the gold surface bgvemsible Au-S bond. About 5 pl
magnetic particle conjugated peptide was pipettedom the gold surface, and kept in a
closed petri dish with wet tissue paper at roompemature for one hour to avoid fast
evaporation. A magnet with a field strength of 3g@iss and 573 gauss at 10 mm and 1 mm
respectively were passed over the monolayer to ventftte unbound magnetic particles. A
round permanent paper magnet was fixed under the siith 2 - 3 mm distance from the

gold sensor platform (Figure 1).

2.4 Plasmin biosensing

We used a plasmin sensitive peptide sequence frd#tection of plasmin proteolytic
activity. It is known that plasmin specifically elees peptide sequences with a lysine at the
P1 position, we therefore designed a valine-leubjame (VLK) peptide substrate with an
aminohexanoic linker (Ahx) on both sides of theusetre (HN-Ahx-VLK-Ahx-Cys-COOH)

[28, 29]. The plasmin specific substrate D-vabddyl-lysine-p-nitroanilide that was
developed by Rollema and co-workers using spectitgphetric assay of plasmin and
plasminogen in bovine-milk[9]. The amino group Ire tN-terminal was bio-conjugated with
carboxylic acid terminated magnetic nanoparticlése C-terminal with cysteine was used
for the formation of the gold-thiol bond SAM as thesults, gold surface turned to black.
Addition of 10-20 ul of plasmin on the sensor scefathe proteolytic activity of the plasmin
on the specific recognition site of the peptidestidie cleave the amide boadlysine (K)
position within two minutes leads to free peptidigiments coupled to magnetic beads. These

cleaved peptide fragments are collected by the geemt magnet fixed under the plastic



strip. As a results, the gold colored sensor serigapears which can be clearly observed by
the naked eye (Fig.2). The detection limit of tHasmin biosensor was determined using

serial dilution of plasmin (0.1 to 1,000 ng/ml)RBS buffer.

The biosensor can be used for qualitative as veetjumntitative measurements. Qualitative
can be used visual observation of the colour chaibigck to golden) via naked eye.

Quantitative measurements was achieved by quamgifyie disappearance of gold nanobeads
and appearance of golden color. This was done &girig the images to ImageJ program

developed at National Institute of Health [30, 31].

2.5 Milk sample collection and bacterial culturetest

Milk samples from ten cows suffering from mastiisd three samples from healthy cows
were collected. To avoid external contamination fitret squirts of milk were discarded and
the teat ends were cleaned with alcohol soakedrtditlls. About 10 ml of each sample was
collected in sterile plastic vials. Milk samplesrir 3 clinically healthy cows were used as a
control samples. The 3 cows that were enrolled wweadthy and no evidence for clinical or
subclinical mastitis was present. All milk samplgsre collected aseptically as described
previously [7]. After discarding the first squird$é milk, the teat ends were scrubbed with a
cotton balls soaked in alcohol, before the samplare collected. Per sample, about 10 ml of
milk was collected in a sterile plastic vial. M#lamples were stored at —20°C until analysis
at the laboratory. Bacteriological culture of thdlkmsamples were performed at the
laboratory of the University for FarAnimal Practice according to the National Mastitis
Council guidelines [32] The test confirmed the pres of pathogenic bacteria including
Enterobacters. uberis and mixture of other bacteria. The collected mitks centrifuged at
10,000 x g for 20 min at 4°C and the plasmin canitg supernatant was filtered through

0.22 um syringe filter. The plasmin extracts wedoged at -20°C until use.



We used ten milk samples collected from cows smifeinfectious mastitis. In six cases, the
presence of mastitis causing bacteria was confiroyeculture. The plasmin containing milk

extract was used to study the applicability of teweloped biosensor in the diagnosis of
mastitis. The milk extracts were applied onto theck color plasmin specific SAM on the

gold sensor surface. The peptide substrates co@#dl was cleaved by the plasmin present
in the milk extracts, and the resulting magneti@deoupled peptide fragments were
collected at the bottom of the sensor surface tieguln appearance of the golden color

surface.

3. Resultsand Discussion
Mastitis is a complex disease and its diagnossshiy challenge. Milk from mastitis infected
cows contains a variety of active enzymes[33], Whian be used as potential diagnostic
biomarker [4, 15]. In the present colorimetric l@pnsor assay, we used a plasmin sensitive
substrate coupled to magnetic nanoparticles toctglasmin’s proteolytic activityn vitro
and in mastitic milk (Fig. 1). Plasmin selectivelgaves at the carboxyl side of L- lysine or
L-arginine amino acids, with a preference for Litg$34]. Here, a tripeptide, containing a
lysine residue, was employed with an aminohexaal) linker on both the N- and C-
terminal of the sequence {N-Ahx-VLK-Ahx-Cys-COOH). The Ahx-linker, containing six
carbon chain, increases the flexibility of the paptsubstrate and facilitates its accessibility
to the protease. As the substrate consists of thmge amino acids, the linker enhances the

accessibility of the peptide substrate for the mlasprotease.

Detection of plasmin proteolytic activity using thieeveloped biosensor was studied by
applying different concentrations of plasmin ortte SAM sensor surface. The applicability

of such a protease-based biosensor in the diagab@iscterial) infections was confirmed in
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a previous study wherein periodontitis was diagdogsing an elevated levels of Human
Neutrophil Elastase (HNE) and Cathepsin-G protéolgttivity as a diagnostic biomarker

[25]. The magnetic sheet in the bottom of the sessoface collects the cleaved magnetic
nanoparticles and as a result the color of themensgface changes from black to gold. The
revealed golden surface area was proportional ® dmount of plasmin present as
determined by the eye[35] (Fig 2). No change in S8Mhe biosensor was observed using

mastitis negative milk (Table. 1).

3.1 Limit of detection of the plasmin biosensor

In order to determine the detection limit of the@gshin biosensor, plasmin activity on the
sensor surface was tested with different plasmicentrations between 0.01 ng/ml and 1000
ng/ml. A visible and apparent gradual increase aid gsurface area appearance with
increasing plasmin concentration was observed @igThere is no variation in the negative
control sensor by the addition of PBS buffer, iadiieg the SAM was stable and is not altered
due to PBS buffer (Fig. 2). As the sensor resposggsficantly with a small variation in
plasmin quantity, the assay has potential for usdhe semi-quantitative estimation of
plasmin in milk or dairy products without any prexrcentration steps prior to analysis. It was
found that the lower detection limit of plasmimvitro, observable by naked eye is 1 ng/ml
(Fig. 2). These results more sensitive than theent developed electrochemical and
calorimetric biosensor for the detection of plasnj86]. They compared the use of
electrochemical and photometric methods. They eyaoloferrocene-modified peptide
specific to plasmin and they detect the decreasiirent measured by cyclic voltammetry.
The detection limit for electrochemical and Uv-\ggectroscopy were 45.3 ng/ml and 298
ng/ml respectively. The concentration of Haptogioltip) has been used as s biomarker for

the diagnosis of mastitis in cow milk. In this madh intracisternal injection of
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lipopolysaccharide (LPS) into one quarter and thié reamples were collect from the
untreated quarters. The different in the Hp mRNAregsion in parenchymal tissue, the
tissues around the cisternal milk ducts and tessué from treated and control quarters
evaluated by real time RT-PCR. The limit of detactof Hp from this method was 70ng/ml.
Compare to the above methods, our method is sendir the diagnosis of mastitis[37].
Moreover the developed method is simpler, cheagesier to use by non-skilled personnel
and requires no instrumentation for readout. Altffouhere are a large number of
microorganisms involved in mastitis infection, ptas protease content in the milk is
considered as a common host-derived biomarker emgnt of source of the mastitis

causing microbes[14].

3.2 Application of the plasmin biosensor for mastitis diagnosis

To examine whether the plasmin biosensor can beingbe diagnosis of mastitis, the sensor
was validated using a limited set of milk samplemach from cows suffering from clinical
mastitis. After centrifugation of the milk, the srpatant was applied on the self-assembled
monolayer of the plasmin detection sensor platfddacteriological culture tests were done
to identify the causative agent. Table 1 showsréselts of the milk samples tested in this
study from healthy cows and clinically diseasedrais. Samples number 1, 2, 3, 4, 5, 8 and
10 cleaved the peptide monolayer and turned theosesurface from black to gold color.
Seven of them are confirmed to have bacterial trdes. The samples 6, 7and 9 with had no
effect on the monolayer, presumably no plasmin uwe tb the presence of lower plasmin
levels than the sensor detection limit (1ng/mlhebacterial culture results showed that the
presence of mastitis causing pathogenic bactrigeris, Enterobacter combination with
mixture of other coagulase pathogens (Table .1).udésl milk from clinically healthy cows
as a control to ensure that the cleavage of the $#dviolayer is only due to mastitis. There

was no change in the biosensor surface by theiaddf mastitis negative milk from the
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healthy cows (C1, C2 and C3) indicates the serssfarithe diagnosis of mastitis in the dairy

milk.

A gquantitative measurements were achieved usingyédsoftware. The software measures
the amount of cleaved area (appearance of goldeurgao the total black area (before
cleavage). Fig.3 shows the results for the appearahgolden colour and decrease in black
colour as a result of plasmin protease on magnetobeads peptide conjugate. Fig.3 clearly
showed a proportional increase in the visible segstden coloured area with the protease
solution concentrations. Blank samples showed aoti@ since the sensor demonstrated no

cleavage on magnetic nanobeads peptide conjugate.

4 Conclusions

In this paper, we have reported a sensitive biasedssigned for the diagnosis of mastitis
using the plasmin protease as a biomarker. Prdtedygtivity of plasmin was monitored
using a plasmin specific substrate, coupled to gnetc nanoparticle based calorimetric
biosensor platform. In the presence of plasmin, gbecific peptide bonds in the substrate
monolayer were cleaved and the peptide fragmenipled to the magnetic particles, were
collected with a permanent magnet. The area of giatthce visualized due to the cleavage of
magnetic particles is proportional to the concditnaof plasmin in the sample. The
detection limit of our biosensor for the detectiohplasmin concentration was low as 1
ng/ml. The proof of concept of the new sensor lenliested by the milk derived from cows
suffering clinical mastitis. As our mastitis biosenis rapid, simple, sensitive and specific, it
can be applied for the cow-site detection of miasitit milk and dairy products and might be

suitable for applications in health and the envinental fields.

Acknowledgements



13

R.C would like to acknowledge the fund from the ORfice at Alfaisal University under

grant Number 16415.

Figurel

' magnet

frontside backside
view view

SAM formation beads collection B



14

Figure2

8u000T
8u00s
8uooT
8uos
3uot
sut
3ut’0

3uo0

S " ) R st g




15

ACCEPTED MANUSCRIPT



16

Table 1: Results of the milk samples tested in this studgnfhealthy cows and clinically
diseased animals. The change in the SAM beforeatiadtreatment.

Sample. No Pathogen Sensor Surface Before | Sensor Surface After
1 No Culture ‘ \ E
2 Streptococcus uberis E o
3 Streptococcus uberis E N
e
ha A
4 Sreptococcus uberis E
<
5 Enterobacter spp. E ‘
6 No culture E E
7 No culture \ E
8 Mixed culture | Tom——
s — o 5
. aame,
9 No culture _# —
W
10 Streptococcus uberis d E
Cl,C2and Control (no mastitis
( T—— ﬁ M
C3 : ‘ '
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Figureslegend:

Fig 1. (A) Application of a magnetic nanoparticle baseémkbnsor for the on-site diagnosis of
mastitis using milk. The milk from mastitis cowsealles the biosensor self-assembled
monolayer and turns the black biosensor surface. gB) Description of biosensor principle.
The platform consists of a golden sheet stacked amiastic strip (front side) with a circular
permanent magnet attached at the bottom of theosetrip (backside) (a-b). The biosensor
is formed by immobilization of a plasmin specifiegtide coupled to magnetic nanobeads (c).
Upon addition of plasmin, the plasmin specific jpa@gtbond is cleaved and detach the
magnetic beads from the gold surface and accumuolatéhe top of permanent magnet

surface (d).

Fig.2. Limit of detection of the plasmin biosensor (Ap$Mmin sensing peptide,,N-Ahx-
VLK-Ahx-Cys-COOH, formed a self-assembled monolagarthe sensor by using the NH
group for magnetic beads coupling and the -SH gafugysteine for S-Au irreversible bond
on the gold surface. (B) An increase in magnetimoparticles cleavage by the addition of an

increasing amount of plasmin protease is observed.

Fig. 3. Quantitative measurement of biosensor gcobbianges using ImageJ software. The
plot of gold surface intensity versus the concemmnaof plasmin. The plasmin cleaves more
substrate with increasing concentration (ng/mlplaismin in PBS buffer. The intensity of

gold surface is proportional to the concentratibplasmin.

Table 1: Results of the milk samples tested in this studgnfhealthy cows and clinically
diseased animals. The change in the SAM beforeatiadtreatment.
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