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The Biosensors and Nanoengineering lab is focused on the development of novel label-free
optical biosensors/bioassays based on nanomaterials, nanoparticles and thin-films that will transform
from a laboratory-based research into a real on-site “lab-on-chip” platforms for addressing problems

in fields of agriculture, animal diagnostics, food safety and environmental monitoring and detection.
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This includes:

1. Combined sensing techniques (optical, electrochemical, mass-based transductions) impregnated

within a single-device platform (all-in-one) for agricultural applications.

2. Rapid optical bioassays for monitoring environmental pollutants (heavy-metals, pharmaceuticals,

pesticides, hormones, toxins).

3. Multifunctional nanoparticles for early diagnosis of animal diseases, field crops quality control

and food safety.
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Our Chip Technology
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of porous Si.

Electrochemical Etching:

2Si+6 HF+2h™

H

—> + H,SiF¢+ 2H" +1/2 H,

l.
/Sl'l\

Porous Si Surface




Tuning Physical Properties
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Biosensors

Measureable

“Analytical device, used for the detection of an analyte, that
combines a biological component with a physicochemical detector”

Target:
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Animal Diagnosis




Bovine Mastitis

« Mastitis (mast = breast; itis = inflammation)

* One of the most frequent diseases in dairy cattle
* Results from the inflammation of the mammary gland

« Large adverse effect on farm economics

— increased treatment costs

— decreased milk yield

— escalation of somatic cell counts (SCC) = $$$/Liter
— increased risk of removal from the herd

— death

« The projected annual losses caused by mastitis are




Bovine Mastitis
Classification (Healthy, Sub-Clinical, Clinical & Chronic)

Healthy <200,000
— nature of the causative pathogen and on the age, breed, Sub-clinical ~200.000
immunological health and lactation state of the animal Clinical >1.000.000
Sub-Clinical ; : :
‘ Bacteria (70%) ‘ - Corynebacterium bovis
~90-95% of all mastitis cases Yeast & Molds (~2%) « CNS
Udder/Milk appears normal Unknown (28%) - S. aureus
Elevated SCC « Str. dysgalactiae
« Str. agalactiae
Lower milk output e Str. uberis
Longer duration « Enterococcus spp.
« E.coli

« Klebsiella spp.
» Trueperella pyogenes




* Fossomatic SCC .
« FACS - differential counts of leucites
Lab
approaches Culture tests
« Coulter Counter
» Rapid tests (kits, ELISA, etc.)
Cow side California Mastitis Test (CMT e R A
( ) Therefore, there is an urgent need to develop rapid,
FO” + Electrical conductivity (EC) test non-destructive, accurate, cost effective, simple
arm

pH test and portable method to analyze new cases of BM.




Bacteria Detection
Chemiluminescence Raman

Sample preparation SERS substrate preparation Signal acquisition
and data processing
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E. coli Detection by RIFTS

(Reflective interferometric Fourier transform spectroscopy)
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E. coli Detection by RIFTS

(Reflective interferometric Fourier transform spectroscopy)
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Table 1. Real samples assessment through RIFTS and plate counting methods.

E. coli Detection by RIFTS

_ Relative Log (CFU mL™)
Spiked conc. _ _ Recovery ~ RSD
Sample L intensity RIFTS Plate
(CFU mL™) (%) (%)
detection counting
Ground 50 0.74+0.04 1.89+0.28 1.88+0.16 100 12
water 500 0.59+0.05 2.96+0.35 2.79+0.40 107 7
Irrigation 50 0.69+0.02 2.25+0.14 2.42+0.45 93 14
water 500 0.59+0.04 2.90+0.31 2.94+0.06 99 9
River 50 0.73+0.05 1.96+0.34 1.95+0.22 100 13
water 500 0.65+0.02 2.54+0.18 2.70+0.07 94 8
Raw 50 0.60+0.01 2.89+0.09 3.11+0.33 93 11
milk 500 0.59+0.15 2.91+0.20 2.82+0.08 103 7
Pasteurized 50 0.65+0.07 2.49+0.48 2.43+0.45 103 2
milk 500 0.52+0.13 3.44+0.93 3.75£1.07 92 4

Data are presented as mean £+ SD (n > 3).




Surface Enhanced Raman Spectroscopy (SERS)
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Surface Enhanced Raman Spectroscopy (SERS)

Sample preparation SERS substrate preparation Signal acqulsition
and data processing
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L. monocytogenes and S. typhimurium were generously received from the Department of Clinical
Bacteriology and Mycology at the Kimron Veterinary Institute, managed by Dr. Shlomo E. Blum.




Bacteria Detection by SERS

.. Bacteria Detection _
2 i Milk Status Incubation Plate SERS Recovery
B | i sample (hr) (CFUImL) (CFU/mL) (%)
probe. N R ——— 150 120 + 14 80
T e LT ey | Commercial Spiked 1 500 391 + 187 78
2 ) - Bovine E. coli 2 1,600 1,693 + 497 106
. 3 16,000 13,369 £ 1,962 84
dem : 1w 0 80 65 + 4 81
i 1 160 131+ 15 82
O Ry Whole Bovine Sp|keql
E. coli 2 820 845 + 168 103
- 3 2,000 1,958+ 398 98
_ 0 60 58 + 20 97
Indirect- Spiked 1 170 138 + 24 81
. Whole Sheep .
ImMmunoassay E. coli 2 1,500 1,439+ 434 96
3 18,000 18,538 + 5,712 103
0 80 69 + 20 86
i 1 180 152 + 27 84
Whole Goat ?Eplkel?
secondary-Ab . Cco 2 1,100 950 + 50 86
3 10,000 11,481 + 3,153 115

@ t =0 hr, 100 CFU/mL
***Milk obtained by Mr. Joseph Lepar




/
l /
e e g{\‘} { \ ;
a P A3 g
@ ﬁ:’f‘%ﬁ“ﬁ ¥ 8
pSi Silvc:‘e n:;n;:;zor;’ticles DTNB modification Compl:::ed?;;zizﬁtamr
(b) Syringe
S filtration
¥ o
@ A 3.2 e e
Qo sl o Wt NEE
b Or R w e W -
g i t 3K ‘b"‘, Jy.‘ Y W
S . aureus  Aptamer complex

/ Unbound
aptamer complex

SERS substrate

a)

LoD 2 CFU/mL, 75 min

100 - 100 -

90 90 A

y = 6.23x + 50.66
R*=0.99 i/’

80 . 80 -

1
-
‘\

70

My (%)
My (%)

60 e

1
\

50 5

40 T T T T T
0 1 2 3 4 5 6

S. aureus (Log CFU/mL)

Reuse b) 100 -
3000 m Dehybridization
2500 m Hybridization 90 -
3 2000 - %
8 9
2 1500 - =707
7 =
: =
£ 1000 - 50 1
500 - 50
0. 40

3 4 5 6

0 1 2
Regeneration cycles

Specificity & Selectivity

m Without S. aureus

m With S. aureus

St

C E

Ep B
Bacteria type

Shelf-life assessment

iain

Storage period (week)



Bacteria Detection by SERS

Sample Spiked /1o SERS Plate Recovery

(LogCFUmML?Y) (%) (Log CFU mLY)(Log CFU mL?) (%)

0 54.02+1.86  0.54+0.30 0.00+0.00 -

Fish 2 63.01+1.26  1.98+0.20 2.14+0.08 93
3 70.59+2.06  3.20+0.33 3.05+0.03 105
4 78.28+£1.95 4.43+0.31 4.18+0.01 106

0 52.76+1.84  0.34+0.29 0.00+0.00 -

Pasteurized 2 63.57+1.57 2.07+0.25 2.20+0.04 94
Milk 3 72.90£0.90 3.57+0.14 3.24+0.07 110
4 74.83+2.23 3.88+0.36 4.10+0.03 95

0 52.50+1.32 0.30+0.21 0.00+0.00 -

Ground 2 64.08+2.13 2.15+0.34 2.31+0.10 93
Water 3 69.48+2.87 3.02+0.46 3.24+0.03 93
4 77.31+£2.03 4.13+0.34 4.13+0.01 100

0 52.50+0.67 0.25+0.11 0.00+0.00 -
o 2 64.35+1.38 2.20+0.22 1.99+0.07 110
Tahini 3 69.48+3.16 3.02+0.51 3.04+0.08 99
4 78.78+£1.88 4.51+0.30 4.11+0.07 110




Multiplex SERS - Microarray
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Mask and UV
Spm coat & Bake exposure Etchlng
o
' ." Photolithography Homogenous z R
AAO nanofluidic channel array —_ microarray Ponofn:)srz:lctli ::ua)
Spiked Measured R
Pathogen Plate counting SERS ecg Y
. 1 (%)
Anti B. cereus (Log CFU mL™) I/1c (%) (Log CFU mLY)
tibod
ant Y Water
> B. cereus 1.9+0.1 72.50.9 1701 89.3
E. coli 2.4+0.0 71.7+3.4 2.0+0.1 81.4
S. aureus 2.4+0.0 77.945.7 2.0+0.1 81.2
Anti E. coli Lettuce
Gnp DTNB modification Protein A modification  antibody B. cereus 19401 64.847 2 17700 932
— ) .9+0. .847. .7+0. )
s E. coli 2.4+0.0 69.643.5 2.120.1 86.2
S. aureus 2.4+0.0 66.7+1.1 2.240.1 91.4
Anti S Rice
Mantibody B. cereus 1.320.0 78.9+15 1.310.1 104.0
- E. coli 2.3+0.1 63.0+1.7 2.4+0.1 102.6
> S. aureus 2.4+0.1 63.0+1.7 2.5+0.1 106.8
Chicken
200 nn B. cereus 1.9+0.0 66.9+3.4 1.840.1 90.8
S. aureus E. coli B. cereus E. coli 2.2+0.0 73.1+1.6 1.740.1 80.6

S. aureus 2.0+0.0 74.3+0.6 1.6+0.1 80.3




Chemiluminiscence (CL)?

Chemically is a property of a substance
undergoing a chemical reaction and
releases energy in the form of light.

Luminol is an organic compound upon
oxidation — emits blue light

Formula: CgH,N,0O,

Discovered in the late 19" century

= *

NH, NH, NH,
ITIH H,0, OH- . ] + N 0} L Light
NH Catalyst o . o  (ca 425nm)
O

o

O O
Luminol E-aminuphthalate_ 3-aminophthalate
(3-APA) (3-APA)

excited state ground state




Enhanced chemiluminescence(ECL) gel imaging

Black box

Escherichia coli (E.C)
Staphylococcus aureus (S.A)
Bacillus cereus (B.C)
Salmonella typhi (S.T)
Listeria (L.T)

Before

X X X x <

Smart phone ECL
Gel imaging

After

Direct bacteria sensing concept

Low ECL

=

Bacteria-Aptamer-Hydrogel

High ECL
g ’) ’
.

X X X x <

Aptamer-Hydrogel

%‘ Biotinylated aptamer

A Avidin

/’ Bacteria
\/ Yes

X No

3-D Printed plate

E.coli

S. aureus

B. cereus

L. innocua

L. acidophilus

S.epidermis

120 -

1

E.coli

ECL intensity ( %)

40 -

S. aureus
B. cereus

20 - L. acidophilus

L. innocua

S. epidermis

Log CFU/mL

R?#=0.99

y = -13.55x + 103.12 ¥ =-15.29x + 101.52 y = -13.74x + 101.85
R2=0.97

R#=0.98

y =-14.30x + 99.15

2 3

R?=0.98

y =-10.65x + 99.12
R?z=0.99

0D cu/m)

0 T T T T
0 1 2 3 4
Bacteria, Log CFU/mL
10 .
* E. coli e S. aureus ' B. cereus
4 * L. acidophilus L. innocua * S . epidermis
5
10
12
13




120

100

=2
o

ECL Intensity(%)
8 3

20

Specificity & Selectivity

mE.coli = S.aureus uB.cerus

m L. acidophilus mL.innocova m S. epidermis

EC SA BC LA LC SE

Bacteria aptamers (25 uM)

Food samples with spike bacteria ECL imaging Plate Recovery

quantification count (%)
(Log CFU/mL) (Log CFU/mL)

Lettuce E. coli 2.09+0.50 1.9940.06 105
S. aureus 1.89+0.13 2.00£0.07 94
Rice B. cereus 2.10+0.35 2.01+0.07 104
L. innocova 1.95+0.20 1.97+0.10 99
Yogurt L. acidophilus 1.8640.10 1.9840.06 94
E. coli 2.02+0.68 1.93+0.09 105
Fish S. epidermis 2.00+0.41 1.9740.06 102
L. innocova 1.83+0.41 1.99+0.08 92




Biomarkers for diagnosis of mastitis
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Biomarkers for diagnosis of mastitis

Tests for inflammation ] .
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Biomarkers for diagnosis of mastitis

Tests for inflammation
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Biomarkers for diagnosis of mastitis

ELISA - Enzyme-Linked Immunosorbent Assay

LDIQVER
a bietechne brand

~ 8439 kit
+

Lab
Equipment




Biomarkers for diagnosis of mastitis

Haprodia eProCheck Rapid tester
Haptoglobin and Progesterone

ELISA kit
+

Portable
Equipment




NAGase Indicator of Bovine Mastitis

S. dysgalactiae E. coli
Bovine Mastitis? Optical Output (@) 1008 1 4y 1 (a2) (a3) (b) 10081 44 ¢ (h2) (b3)
= 1.007 - : : 1.007 1 : :
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Ol;tic;l Tlhic'knejss (Inm) el E E 1.002 1 E E
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. 0.999 — f— . . . 0.999 — — . : .
Insoluble 0 10 70 80 90 100 0 10 70 80 9 100
product 1-Naphthol Time (min) Time (min)
______________________________________ —Blank —H —S$1 —S2 —S83 —Blank — H —E1 —E2 —E3
pore cells mL (UM min ) (UM min’)
Healthy  Mastitis H 71 N/A 1.03+£0.18 1.41+0.01
S1 353 S. dysgalactiae 1.46 £0.03 1.60 £ 0.07
S2 495 S. dysgalactiae 2.71+0.21 2.72+0.17
S3 >1000 S. dysgalactiae 3.73+0.15 3.32+0.04
El 300 E.coli 1.43+£0.02 1.96+0.02
E2 636 E.coli 299+0.03 3.24+0.18
E3 >1000 E.coli 444+050 4.00x0.11

Data are reported as mean = SD (n > 3).

Kumar N.D. et al. ACS Sensors 2020




NAGase Detection by SERS

t=1 min t=5min t=10min t = 30 min
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PSi-H Thickness 1.38 um

Nirala R.N. et al. Appl. Surf. Sci. 2021

Diameter 20-30 nm

Raman Shift (cm™)

~—1min —5min —10 min 30 min

Enhancement factor 1.06 x 10°




NAGase Detection by SERS

- @ | (b) 7 S. dysgalactiae
—_ y =22.4x + 888.7 ’} -~ 4
3 6 1 R2=0.99 8 g
X /,»f 3 s2 N 3
z "/ :’o- : -M\—J\/\/\/\/\j\w/\A/\/\ x: CNS
241 _— w 2| —
c - > -
= 4 8
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o T T T T T 0 T T T 1 o h T T T T
0 50 100 150 200 250 600 900 1200 1500 1800 H c1 c2 s1 s2
1-Naphthol (uM) Raman Shift (cm™) Milk sample
Milk sample Bacteria SCC SERS FLassay  Recovery
Overall assay 20-30 min (x10%cells ML™) (M min™) (WM minT) (%)
H N/A 70 0.27£0.09  0.30£0.01 90
C12 CNS 300 1.06+0.13  1.20+0.11 88
c2b CNS > 1,000 1.53+0.26 1.80+0.17 85
S12 S. dysgalactiae 300 2.36£0.26  2.40%0.07 98
S2P S. dysgalactiae > 1,000 4.48+0.31 5.30+0.34 86

Nirala R.N. et al. Appl. Surf. Sci. 2021
L eI

2 Subclinical BM milk sample.
® Clinical BM milk sample.

Data are reported as mean = SD (n > 3).




Biomarkers for diagnosis of mastitis

Haptoglobin-
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(a)

eCL Factor

25 -

Biomarkers for diagnosis of mastitis

Gold Nanopatrticles Size Depended Enhanced Chemiluminescence for
L Ultra-Sensitive Haptoglobin Biomarker Detection

| Dynamic range: 1 pg mL* to 10 pg mL-!
Luminol-H,0, Luminol-H,0, LOD 0.19 pg mL_l

Cross-linked % C No GNPs
GNPs Hemoglobin-
Haptoglobin

Complex

Haptoglobin with  Haptoglobin
cross-linked GNPs ELISA

¢ Sample SCC Pathogenic bacteria (ug mL?) (ug mL?)
H 60,000 - 0.1+0.1 0.1+0.1
(b) 1.0 M1 300,000 E. coli 1.4+1.2 1.2+0.01
M2 636,000 E. coli 3.6+1.4 3.9+1.3
0.8 1 M3 >1,000,000 E. coli 24.0+4.5 21.0+0.8
_ M4 337,000 CNS 1.6+0.9 1.7+0.3
2 06| —. M5 821,000 CNS 5.2+1.7 4.8+0.2
E M6 >1,000,000 CNS 19.5+3.0 16.6+3.1
? 04
0.2
4 0.0 -
H M1 M2 M3 M4 M5 M6 H M1 M2 M3 M4 M5 Mé




Bacteria Detection

Bovine Mastitis? Optical Output

El
s
&
3
-l
i
NAGase Biomarker
Optical Thickness (nm)
Smart phone '

SERS analysis

Chemiluminescence RIFTS SERS
LoD 5-12 CFU/mL LoD 2 CFU/mL LoD 2-3 CFU/mL
Overall assay ~ 60 min Overall assay ~ 80 min Overall assay ~ 75 min
Portable approach Portable approach Portable approach
0.15 $ per sample 1.0 $ per sample 0.40 $ per sample




Why use Porous Si ?7??

Easy to fabricate.

Relatively low cost material.

Tuneable structural properties.

Precise control of nanostructure.

High surface area and high porous volume.

Well known surface chemistry.
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Our System

Mini-Spectrometer Patented Nano sensors




Next Challenge: Technology utilization by the farmer/grower

Quantum Dots
Metal Enhanced FL

Zn0-QDs-Si02
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