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Sensor ingredients

Platforms

- Conjugated polymers

- Inorganic Semiconductors:

synthetic diamond,
cubic boron nitride, silicon,
carbon structures

Receptors

-Biological (DNA and Antibodies)
-Synthetic (Molecular Imprinted

Polymers, Aptamers)

Biosensors

Fast, user friendly

label-free
sensitive, selective

point-of-care, monitoring

Detection

- Impedance spectroscopy
- Microbalances QCM

-ELISA, fluorescence,
Concap, voltammetry



Small-molecule

Immuno-

detection by

sensors for MIP’s

proteins

Enzymatic

biosensors

DNA-sensors
for genetic

tests



Small-molecule
detection by
MIP’s

DNA-sensors

for genetic

tests
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Impedance spectroscopy
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10 pHz -1 MHz
100 Hz - 15 MHz 1 Channel

1 Channel

Jeroen ———

100 Hz - 100 kHz 10 Hz - 100 kHz
8 Channels 8 Channels
5.7 sec / sweep 9 sec / sweep
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. Part 1: Electronic sensors for DNA

DNA sensors

Copper Wire

1x PBS

@
Si - Substrate

AP I s 808P ITII L EELLL: 1
£ c Diamond

{ Gold Electrode
| I
3 Way Valve ——> | _}Ai\—'z_’
‘ Glass

Single nucleotide
polymorphisms (SNPs)

>

>

DNA
/C)\ on Diamond Electrode

Confocal Microscope

Hereditary diseases (phenylketonuria, breast
cancers, mucoviscidosis,............ 397 others)

Key element in "Theranostics'



Application examples

SNP mutations correlate with certain diseases.....

Aim s A8 R
o
= \ “
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ALZAELMER

Xeroderma  Cystic Fibrosis Breast Sickle-cell  Charcot-Marie

Pigmentosum Cancer Anemia Tooth Alzheimer
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MMMMMMMMM . DNA - base pair coupling

I I I I I I I I -fgmm Phosphate deoxyribose backbone

”l ”l ”l ”l «@mm Hydrogen bonds

I I I : I : : I «fmm Phosphate deoxyribose backbone

Cytosine
2 possible base pairs
. Guanine
Bases C— G (3 Hvd ond
. Adenine — G (3 Hydrogen bonds)
A —T (2 Hydrogen bonds)
. Thymine

10
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e Finding SNPs with microarrays

SNP position
Alexa 488

—-

Vv vsssd

* Hybridisation at high temperature = 80°C
* Long hybridisation time of 16 hours

* Only thermodynamically most-stable = complementary duplex forms

Schematic !

13



. Denaturation—-based SNP -detection

Denaturing gradient gel electrophoresis
(DGGE)

<4 4 _”B Sl et e e MU PR 1 S el J& g U] E-V R 'J'ﬁ

Denaturation by thermal melting

—
=

UV - absorption
v

' random coil
double helix single stranded
NI S
T

T T T T T I | | | |
30 a0 70 TQD 110
temperature [ l]C]

—_
fom]
1

Stronger UV absorption in SS-DNA

* Established, but time consuming: hours to 2 days

* Hard to integrate in high throughput analysis y



g o Chemical denaturation at room

\\\\\\\\\\\\
AAAAAAAAAAAAAAAAAAAA

S temperature
Coax Connectors
1 x PBS Si - Substrate 1 Copper @
Diamond
Gold Wire
3 Way Valve —— —s X —_—
Glass N
N
DNA
0,1 M NaOH on Diamond Electrode
Objective

15
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. Test panel of DNA duplexes: 29-mers

10 nm

Full match SNP @ SNP @
BP 20 BP 7

Fatty acid & EDC coupling = 10* duplexes per cm?

Random
Sequence

- also on Siand c - BN

16



»>r
h

nasse

S imec
=)
UUT VOOR

TIT
MATERIAALONDERZOEK
20 Years Materials for the Future

E

o

. Photo-coupling of fatty-acid
crosslinker

universitei
z

. . HO O
Nano-crystalline diamond: N 74
* Biocompatible
Hydrogen Plasma * Stable at extreme pH
* Electrochemically stable c
HHHHHHHHHHMHH HHHHHHHCHHMHH
HG\, (8] HG\/ (8]
{4 {4
§ % P. Christiaens et al.,
: ° Biosens. Bioelectron.,

2006, 22, 170-177.

VY
c’O
\' /I X.Y.Wangetal,,

HHHHHHHHHHHH HHHHHHH HHHH JAC2010,

. 132, 4048-4049.

UV -treatment

Hydrophobic Interaction Photo emission cracks
c=c double bond 17
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R . DNA attachment by EDC reaction

30°C
2 hours
10 x PCR
600 pmol
o ag] )
S ©
N7
1
HO O = NH O el
1 5 Y7 Y/
=
1
c c::i: . \ \
V4 > /
HHHHHHHCHHHH = HHHHHHHCHHHH HHHHHHHCHHHH
|
[
>  { o» DR - O -
E =
EDC amino-modified DNA target
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== [l Impedance monitoring & double rinsing

MMMMMMMMMM

1 x PBS Si - Substrate

3 Way Valve ——

L

X

Coax Connectors

Copper

s

Gold Wire

Diamond

0,1 M NaOH

—

Glass N

£

Objective

DNA
on Diamond Electrode

19



1 x PBS Si - Substrate

gl =

Coax Connectors
s

Gold Wire

Diamond

3 Way Valve —— %

0,1 M NaOH

Objective

20



s . Denaturation monitoring with
double rinsing

Impedance (Q)

6100

60004 W
° T,=2.3min

10 kHz

5900 s
| ~<—Fit 1 £ -
£ @ 70-
o z
5800 5
C
T 9 60+
=
1 x PBS 0.1 M NaOH 1 x PBS 0.1 M NaOH §
5700 T ' T ' T ' T ' T T T ' T ' §) >0
10 0 10 20 30 40 50 60 &
Time (minutes) E 40

. . [ [
Z(t) =2t = %)+ A, exp {——} + A exp {_T} Time (minutes)

-
b1 ‘2

! t
Z”} — A” — * } Ll AECKP {__} Ha’} = [y + Jr[}rq_n.CKp {—_—}

[ £3
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Equivalent circuitry

m(Z)(©)

20000
[ ]
®q
15000 - . CPE CPE
o
{ ]
&
— R1
10000 -
R R
0,1 kHz 2 3
5000 l ‘ J I' ‘ Y
0,1 M NaOH —— fit NaOH i double layer space charged
100 kHz 1 x PBS after denaturation 5""_“"1":" Y P _ g
0 - Yo 1 x PBS before denaturation resistance region
10000 20000 30000 40000
Re(Z)(@)
1 x PBS before denaturation 1 x PBS after denaturation 0.1 M NaOH Error (%)
R, (02) 142 142 140 25
CPE (nSs ) 219 241 239 22
n 0.8 0.79 079 10
R, (k2) 39.3 380 37.1 12

Use data at 10 kHz for high signal/noise, capacitive sensing effect in CPE

22
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DNA brush

High Z Low Z

© ® © ®
@ » ©

P-doped silicon P-doped silicon

» Electric field effect in p-doped silicon ? —

> negative DNA charge
» Electric field effect in p-doped NCD ? EE—

» ds-DNA brush impedes ion movement in buffer ? -
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Denaturation with 4 duplexes (x 5 electrodes)

Normalized impedance decay

Normalized impedance decay

100

98

96

94

92

90

Full match # D2 10 kHz

Medium exchange

y )

Chemical denaturation

88

T T T T T T T
1 2 3 4
Time (minutes)

100 +

[(=}
[e=]
1

96

94 -

92

90

88

1 mismatch at base pair 20 # D2 10 kHz

Fit 2

Medium exchange

Fit 1 Chemical denaturation

T T T T T T
1 2 3 4
Time (minutes)

Normalized impedance decay

Normalized impedance decay

100 +

98

96

94 -

92

90

1 mismatch at base pair 7

#D2 10 kHz

Medium exchange

88

2 3 4
Time (minutes)

100

©
[e5]
1

96

94 -

92

90

88

Full mismatch #D2 10kHz

Medium exchange

Chemical denaturation

T T T T T
2 3 4

Time (minutes)

24
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Compilation of denaturation data

Target DNA: Complement Mismatch BP 20 Mismatch BP 7 Random
T "zﬁ'r;';gﬂsﬂ) ©) 91 (84) 85 (78) 88 (81) 233 (- 41)
Tm(eljlt;?ﬁe(:) ©) 795 75.0 76.7 -50.8
<1,>(min) 2.26 1.38 1.16 0.59
..... 6<Tl>(mm) 011005004008
<1,>(min) 0.52 0.50 0.46 0.46
..... 6<12>(mm) 008009006004
<AJ/Z(0) > (%) 3.4 2.0 2.0 0.4
6<AI/Z(O)>(%) ........... 11 .................. 03 .................... 0702 .........
< AJZ(t,) > (%) 4.9 6.9 5.6 9.8
0<A2/Z(t2)>(%) ........... 13 .................. 05 .................... 1211 .........

25
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== [ Compilation of time-constant data

2.5 - m #D1
Denaturation ) * #D2
. — A #D3 7
time 1, o0l v #D4
- .
£ <« #D5 |
[0
E 151 -
= i
S ]
© 2
S 1.0 4 -
®
& <« 7
()]
054 & v § g -
Rinsing ——> < . ]
time T,
0.0 I I I I
FM 1TMM at 1MM at Random
BP 20 BP 7

* SNP resolution: same defect at different positions

* Reproducible data for several diamond electrodes

2.5

20

1.5

1.0

0.5

0.0

Medium exchange time (min)

B. van Grinsven et al.,
Lab Chip, 2011, 11, 1656

* No sensor regeneration between successive steps // stable under storage

26



. Calculated melting temperatures
" vs. denaturation time

HyTher - online

http://ozone3.chem.wayne.edu

* base—pair interactions

* nearest neighbor effects

e salt concentration

* tethered terminus

“Zipper — model rules’

. : . . . —> top
Cracking 1 base pair needs 1 time unit defect site >

bottom

* Chemical denaturation starts at ....... L S \



http://ozone3.chem.wayne.edu/

"model
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1assey 2
13hSadA s

<<

50.8 °C

Tm

Tm=76.7 °C

Tm =75.0"°C

Tm =79.5°C

2
99000000 N000000008000000000)
S 0,00 0 0 _0_0_0_0_0_0_0_0_606_0_0_0_0_0_0_0_60_0_0_¢0_0_0_§9

Zipper time: 11 units Zipper time: 1.5 units

Zipper time: 9.5 units

Zipper time: 14.5 units

0.59 min

Denaturation time:

1.16 min

Denaturation time:

1.38 min

Denaturation time:

2.26 min

Denaturation time:

28
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50.8 °C

Tm

°C

Tm=76.7

°C

Tm=75.0

°C

Tm=79.5

Zipper time: 11 units Zipper time: 1.5 units

Zipper time: 9.5 units

Zipper time: 14.5 units

Denaturation time: 0.59 min

1.16 min

Denaturation time:

1.38 min

Denaturation time:

2.26 min

Denaturation time:
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= Fehlerhafte DNA geht schneller kaputt

» Effect can be used to detect and localize SNP
mutations

= Chemical equivalent of thermal denaturation

» Denaturation-time constants correlate with
calculated melting temperatures

» To be studied: can we discriminate between
different defects at identical positions ?

30



Part 2: Small molecule detection

Molecularly Imprinted
Polymers (MIP)

Nicotine @ Histamine
O@ Serotonin

Diagnostics Nicotine Food safety

Caffeine

o Asthma o Aqua culture

Malachite green — o Fish, Wine, Cheese,

o Allergies

Histamine & " .
i charcuterie

o Irritable bowel ] ] ]
Biogenic amines

syndrome ,
Serotonin

31



= Il MIP preparation principle

® 1 p
( + P f
Z a b
Js - -
3 2
Solution Pre-polymerization

Polymerization Extraction
complex

a: Template molecule forms a pre-polymerisation
complex with functional monomers

b: Polymerisation in presence of cross-linker

c: Removal of template leaves cavity with well-defined
shape and complementary functional groups

32



Preparation of molecular imprints

0|-| MIP
monomer
MAA \\ ,

CHCl,
o porogen
cross-linker | o\/k -
N N Il
EGDM (\0/\/ y) initiator

4+ ABN

target molecule

L-nicotine
Reference:
- NIP: same procedure without L-nicotine /N \ |
. . N
- L-cotinine: similar molecule; ~ O

two hydrogen atoms replaced by one oxygen atom .



MIP-particle morphology

WD Mag HV Det |Spot 5.0pm:
9.8 rm| 25000x15.0 kV|ETD| 30 Institute for Materials Research

100.0um
10.0 mm|1000x|10.0 kV|ETD| 4.0 Institute for Materials Research

T — T Suspension polymerisation

9.9 mm 1000x/15.0 kV ETD| 3.0 nstitute for Materials Research

Diameter £ 5.0 pm
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. Optical batch rebinding experiments

UV-vis absorption
Wavelength ~ 276 nm C; = initial target concentration

C; = free target concentration

A C, = bound target concentration

S, = bound target per gram MIP or NIP

"IP = S, plotted versus C;
Target / MIP binding: specificity .
Target / NIP binding: aspecificity o

Analogue / MIP binding: selectivity

S (nmol/g)

Binding isotherms predict MIP N I |
oog 005 000 015 20 025
performance in sensor setup. C(mM)




Test of aspecificity: MIP vs NIP

Serotonin
o777
1 o NIP
140‘_ = MP
120 4
10 IF (S, MIP/ S, NIP)]
.:g\) 80 -
(@]
S
= 60
U).Q
40 &
20
04
OIO ' 0I2 ' 0|4 ' 0?6 0.8 1.0 12 14
C, (mM)

Classic allometric fit (R2 = 0.99)

A 623 %19 233 £12.9

b 0.88 £ 0.06 0.90 £ 0.05

Imprint factor (IF) of 4.0 at 0.6 mM

N xK *Cf
1+K *Cf

Langmuir isotherm : Sbh =

Freundlich isotherm : Sh = a Cfb

36



Selectivity test: serotonin vs.
competitor

Competitor: 5-HIAA (metabolite)

Serotonin @
HO
HO \‘j@@
g N
N H

Distribution of affinity constants:
Comparison of Ny :

O NIP serotonin
o NPSHAA MIP: 26.4 pmol/g
] ® MIP 5-HIAA
& Y ¥ NIP: 5.63 pmol/g
. L]
%’ @ 2 a . L]
g ® : 93
£ 4 . . .
z ® :
_ f
o4 . — i
1 10
37

K (mM™)



. Integration in sensing platforms

e Use the most specific and selective MIP

e MIP immobilization by matrix entrapment in a polymeric
transducer layer

e Electronic detection of the MIP binding by two sensing
principles:

1) Impedance Spectroscopy: ANAYTE &

f-\_ k<
® W & @

Target binding in the MIP - change of the complex resistance

2) Quartz Crystal Microbalance (QCM):

Target binding in the MIP - change of resonance frequency
due to mass increase

38
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. Matrix entrapment of MIP particles

PDMS stamp

______________________________________________________________________

LA AL e
WO ,‘. (V" 4

Y P
PPV/PVC adhesive Pavh yhihavh

Aluminum

Glass

Straightforward, uniform coverage of

the sensing surface : ~ 20%
39
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! L “f
Y)Y

Bhanbh whéx

MIP immobilization by matrix entrapment
40
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Impedance addition setup Bongaers et al., 2010. Phys. Status Solidi A. 207, 837-843.

Powe
Aluminum
MDMO PPV
MIP/NIP Plasma I

Impedance analyzer

:[| | Temperature TC =L — —|— —| multiplexed for two

Regulati
egulation / channels
| Coax

| Connections

Gold |
Wires

Plasma

3 Way Valve — >

B. van Grinsven et al., 2010.

Power resistor

Spiked Plasma TC = Thermocouple PhyS Status SO||d| (a.) 209, 2110-2113.

41
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Impedance (Q)

NIP T T T T ! v
MIP
20000004 e e e A R
I L 1044 .
stabilization T moving average E’
1500000 | E S
N
addition serotonin . -
Normalized data S
1000000
s 0.96 4
Time T T T T T

Time

« First: stabilization
« Addition of serotonin of defined concentration
« Impedance normalized to stabilized value
« Increase calculated by moving average (6 points, 3 min in between)

« Per concentration : £ 30 min

42



. Impedance measurement in buffer

Target: Serotonin in PBS buffer (addition setup)

T T T
MIP serotonin .

112 + ||
i O NIP serotonin i
- A MIP oxidized serotonin
7 /A NIP oxidized serotonin |
108 - . S
< .
X 106 A n -
N
—~~ E
S 104 u _
N
~
= 102 = i
N
N 4
100 + JA A A 2 A el
. A A 2
98 O O A
O 0O H o
9 T T p T X T L T x T p T Y
0 10 20 30 40 50 60 70

Relevant concentrations:

Concentration serotonin (nM)

Nanomolar detection limit

5-20 nM in plasma (Wymenga et al., Lancet, 1999)

43
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= Detect serotonin in portal blood

PLASMA - 55% of Total Bleod Volurme:
91% Water
7% Blood Protfeins (fibrinogen, alburrin, gobulin
2% Nutients (anrino adds, sugars, lipick)
Homnones (erythropaietin, insulin, efc.)
Electrolytes (sodium potassium calcium efc.)

= Addition of vitamin C to prevent oxidation omi §

0w T % ¢ ¢t T T T 7 5 mi | CELLULAR COMPONENTS - 457% of Total Blood Volure
Buffy Coat
White Blood Cells (7000-2000 per nmA3 of blood
20 4 Platelets (250,000 per A3 of blood
Red Blood Cells (RBCs)
About 5,000,000 per M3 of blood
1.5+ -
g
S
N 1.0 5 -
N | Spiking in impedance directly visible but...
001 = . Determine initial concentration ?
(I) . 5I0 . 1(I)0 I 1%0 . 2(|JO I 25I30
Spiked serotonin concentration (nM) M I P

Start: -spiked pl : i
art: non-spiked plasma detection separation

44
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. Initial plasma concentration

Z(t) 1 Z(0) (%)

Healthy individuals : 5-20 nM (Wymenga et al., Lancet, 1999)

Add 10 mg MIP to extract serotonin from plasma

Upon addition of plasma with native serotonin: + 0.32% -> 18.8 nM

18.8 nM

T +0.32 % |
— |

T T T T T
0 50 100 150 200
Spiked serotonin concentration (nM)

T
250

Correction

—

Parameters  Spiked serotonin

A
b
RZ

0.07 + 0.002
0.62 £0.005
0.99

Z(t) / Z(0) (%)

T T T X T T
0 50 100 150 200 250 300
Actual Serotonin concentration (nM)

Parameters Offset corrected serotonin

A 0.06 + 0.017
b 0.67 +0.05
R? 0.99

45
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Impedimetric modeling

Modulus Z ()

CPE,

1000

100 o

410

T
1000

" 10000
Frequentie (Hz)

Ty
100000

Phase (°)

R, fluid & counter electrode
CPE,, Al / PPV / fluid interfaces
R, Al / PPV / fluid interfaces
CPE;,, imprinted polymers
CPE,, nm  CPEn N
(nS*s") (nS*s
")
“ 13 0.62 54 046
n 7.0 0.69 53 0.6
5.3 072 52 046
m 3.9 0.75 45 048
m 2.8 0.79 50 047
m 34 0.77 36 051
1.2 T T T T T T T T
. o NIP
9 E % = MP
2 &
L,
£ 0.8 '% 3
uf
o il
~ 0.6 -
5 L]
Q
X
? 0.4 a N
3 L] M
wi- 024 L -
a
O T T T T T T
0 50 100 150 200 250

Concentration spiked serotonin (nM)

46



2 o . Impedance change from dielectric
constant ?
= Change in CPE,, o

N
Il
‘ -
)WZ(0) MIP - Z(t)/Z(0) NIP (%)

Spiked Serotonin Concentration (nM)

= Relative permittivity

A
" €, and — are constant

» binding: changes local g,

A
C=@*go *E
/

water ~ 81, organic molecules ~ 5-10

47
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MIP vs histamine
NIP vs histamine
MIP vs histidine
NIP vs histidine

4 > o n

Frequency Decrease (Hz)

%H.i

o (621
_ .
'S—wa

20 30 40 50 60

@
Quartz Crystal Microbalance

Z(t)/Z(0) (%)

160
B MIP Histamine
150 O NIP Histamine ]
7 A MIP Histidine [ |
/\ NIP Histidine - u
1401 u
||
130 A u
||
120 A m "
110+ "
[ | A A
1001 ~ Dﬁ
DO0gooDao o ot o
90 T T T T T T T
0 2 4 6 8 10 12

Concentration (nM)

14

Impedance Spectroscopy

48
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Histamine in food sample: fish

25

N
o
1

MIP - NIP (%)

(S}
1

o
1

[any
a1
1

[EEN
o
I

Canned tuna fluid extract

0 50 100 150 200 250
Spiked Histamine Concentration (ppm)

—>Spiked with Histamine

—> Non - spiked

Concentrations of spiked sample

50 ppm

100 ppm
150 ppm
200 ppm
250 ppm

v W MH

—_

_

Diluted 1000 x

=> nMolar range

Offset concentration: 3 ppm

49



ez . Summary of Part 2: MIPs

e Synthesis of selective and specific MIPs for
serotonin, histamine, nicotine ...

e Integration in a biomimetic sensor with impedance
spectroscopy as read-out technique

e Nanomolar detection limit in plasma (biological
matrix) and purified food samples

o Offset correction via target extraction

e Straightforward design, rapid and low-cost
technique (as compared to chromatography)
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Emerging activities 1

Structural Imprinting

QCM

Quartz Crystal Microbalance

Detection of cells, bacteria or
viruses (pathogens)

Here: monocytes = atherosclerosis
(cardiovascular disease)

Multifunctional nanocarriers

Inert polymer, e.g.

polystyrene or biodegradable

polymer, e.g. polylactide,
gelatin, dextran

For gene delivery

Inorganic nanoparticles
(gold, magnetic particles
like iron oxide, cobalt

Functionalized surface / particles)
COOH.NH,. ~~o7 K
“Stealthness”,
3 e.g. PEG-chains
Marker
(nanodiamond)
o Immobilize Fayload
Cell specific b lecules
- ] iomolecules
receptor (DNA. RNA.

antibody)
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Development of Plastic Bioelectronics

Development of novel functional materials,
such as conjugated polymers

“Click Chemistry”

Acetylene Functional Conjugated Polymers

+
N3

Azide Functional Biomolecules Development of biomolecules with
well-defined functional groups
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Quantum-transport
in polymer chains

7T Antibody-antigen
coupling in E-fields
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