DNA biosensors




Principles of DNA biosensors

**Nucleic acid hybridization

» Perfect match
stable dsDNA, strong hybridization

G G G
G G G G

» One or more base mismatches
weak hybridization

ACCABICTTA
T ACC



** Forms of DNA Biosensors
e Electrodes
* Chips

* Crystals

“* Types of DNA Based Biosensors
* Optical
* Electrochemical

 Piezoelectric



Immobilization of DNA Probe
onto Transducer Surface

» simple adsorption
onto carbon surfaces

Phosphate
Backbone



Immobilization of DNA Probe
onto Transducer Surface

» Thiolated DNA for self assembly onto gold (or platinum) transducers

SAM conjugation

Thiol modified DNA Au or Pt Surface




Immobilization of DNA Probe
onto Transducer Surface

» Covalent linkage to the gold surface via functional alkanethiol-based

monolayers
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Strept(avidin)- Biotin K, =101

Il I

Biotin
Streptavidin
Reporter enzyme

o]

Avicin Biotin Conjugate Avidin-Bictin Complex

Biotinylated secondary
antibody

Primary antibody




Immobilization of DNA Probe
)

Rl

» Use of biotinylated DNA for complex formation with a surface-
confined avidin or streptavidin

]

DNAstrand Streptavidin g

Biotinylated DNA

Streptavidi

Biotin thiol
SAM

Target DNA

Biotin $




* Development of an

Synthesis of a DNA fragment (probe, bioreceptor)

containing the sequence of interest ( )
of the probe onto the Extraction of the DNA from the real
solid support of the sensor ( ) sample (blood, water, food) and

amplification of the sequence of

(thiol/dextran/streptavidin/biotinylated probe) ;
interest ( )

Denaturation of the dsDNA (amplified
fragment or genomic) to obtain a single-
stranded DNA ( )

Hybridisation of the obtained ssDNA
with the immobilised probe

Changes in the physicochemical parameters of the layer formed on the
transducer (quartz crystal or gold —glass chip)



gold film

optical

Performances

thiol/dextran/streptavidin/biotinylated probe
Epichlorhydrin

‘Dextran

Dextran-thiol

binding
Bromoacetic NHS o Ethanolamine
Acid | EDAC | Stretavid'n Hydrochloride

Dextran COOH Streptavidin Residual reacting
Carboxylation Activation Binding sites Blocking

S NAVAVYA \ ~
3§§ Biotinylated Probel §%

Immobilisation

= AN B
By g




ENAVAY ./

/e
\/\/\ ° /\/\/\/ |
AVAV NAVAY
AVAV y /\/\/
AADNY

~—
T

11 [

il



Limitation of the available ssDNA target for hybridisation

with the immobilised probe

proper

denaturation!
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To allow hybridisation of target sequence with immobilised probe:

1. Thermal
95°C 5 min, 0°C 1 min.

DNA denaturation:
2. Chemical denaturation
- 20% Formamide + NaOH 0.3 M
- 42°C for 30 min.
-HCI 0.3 M
- 0°C for 1 min.

3. Thermal+ blocking
oligonucleotides



Denaturation: a) thermal
b) thermal + blocking oligonucleotides

R. Wang, M. Minunni, S. Tombelli, M. Mascini, Biosensors
and Bioelectronics, 20, (3), 598-605, 2004

dsDNA _LLLITTITTTT]
95°C, 5’
ssDNA
ssDNA
0°C, 1’ a) b) 50°C, 1’
Blocking oligonucleotides
Ll
Primer-linking
1T
Injection Injection
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Sensorl

elettrochimici

a DNA

Table 1

Biosensors and Bioelectronics 154 (2020) 112069
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Biosensors and Bioelectronics

journal homepage: http://www.elsevier.com/locate/bios
Review: Electrochemical DNA sensing — Principles, commercial systems, e

and applications

Martin Trotter® , Nadine Borst >®, Roland Thewes ¢, Felix von Stetten®
k b b

* Hahn-Schickard, Georges-Koehler-Allee 103, 79110, Freiburg, Germany

b Laboratory for MEMS Applications, Department of Microsystems Engineering — IMTEK, University of Freiburg, Georges-Kochler-Allee 103, 79110, Freiburg, Germany

Categories of electrochemical NA sensing principles.

© Faculty of EECS, Chair of Sensor and Actuator Systems, TU Berlin, Einsteinufer 17, 10587, Berlin, Germany

Label-free, reagent-less

Label-free, reagent-dependent

Labeled, reagent-less

Labeled, reagent-dependent

Heterogeneous
detection

Homogeneous
detection

Advantages

Drawbacks

o Change in capacitance
o Change in impedance
o Field-effect

o Detection of NA amplification by-
product with ISFET

o Cost-effective reagents

o Low signals

o Risk of unspecific signal changes

ssible

¢ Intercalation

o Groove-binding

o Electrostatic binding

o Electrostatic repulsion

o Consumption of electroactive
molecules by interaction with NA

o Enhanced signals

o Risk of unspecific signal changes

o Labeled capture probes
o Labeled signaling probes
o Labeled nucleotides

o Release of electroactive
molecules

o Specific signal

¢ Modification of oligonucleotide
increases costs

o Enzyme labels

o No principle known

o Signal amplification
o Additional process steps
complicate automation




In electrical engineering, impedance is the opposition to alternating current presented by the combined effect of resistance
and reactance in a circuit.

Quantitatively, the impedance of a two-terminal circuit element is the ratio of the complex representation of the sinusoidal
voltage between its terminals, to the complex representation of the current flowing through it. In general, it depends upon
the frequency of the sinusoidal voltage.

Impedance extends the concept of resistance to alternating current (AC) circuits, and possesses both magnitude and phase,
unlike resistance, which has only magnitude.

Capacitors’ Z = impedance ]—\
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Fig. 2. Heterogeneous, label-free, reagent-less sensing principle. Cubed labo- \ : - . /
tor interdigitated electrod d functi lized CNTs for NA detecti 1) ESRis the minimum value of impedance.

ratories use interdigitated electrodes and functionalize 5 for etection. 2) Large C (Capacitance) Low impedance in low-frequency ranges

Initially, a baseline impedance measurement is performed (i). Then the single- 3) Small ESL Low impedance in high-frequency ranges

siranded product of an asymmeiric PCR mixed with hybridization buffer is
hybridized to the CNT-bound capture probes (ii). After washing with mea-
surement buffer, another impedance measurement iz performed (iii). All steps
are performed while applying an AC feld for dielectrophoresis, which supports
specific hybridization.



Fig. 1. Images of some of the reviewed commercial electrochemical NA
detection systems in the order of their appearance in the text. A: Cubed Labo-
ratories’ NESDEP insoument (copyright: Cubed Laboratories) B: Canon’s Gen-
elyzer II instrument (copyright: Canon Medical Systems Corp.) C: GenMark’s
ePlex insomument (four tower version shown — the device can also be equipped
with fewer towers, copyright GenMark Diagnostics Inc.) D: Friz Biochem’s
envisioned Cycle device (copyright: Friz Biochem GmbH) E: CustomArray’'s
ElectraSense reader (copyright: Custom Array Inc.) F: Elice’s Leo instrument
(copyright: Easy Life Science) G: Binx's io instoument (copyright: Binx Health
Inc.). The images are not to scale. All images are published with the permission
of the respective companies.



Electroactive
molecule

@
Fe(CN)g*

Fig. 3. Heterogeneous, label-free sensing principles that require the addition of
electroactive molecules as indicators. A: Canon detects LAMP products (i).
Upon mixing with hybridization buffer, the single-stranded loop region of the
product can hybridize to the capture probe (ii). After hybridization, the elec-
trodes are washed and then incubated with electroactive molecules, which
intercalate into double-stranded DNA (iii). B: Xagenic immobilizes PNA capture
probes on nanosouctured microelectrodes. Extracted NAs hybridize to the
probes (i) and become detectable by their electrostatic interaction with elec-
troactive Ru®". The reduction signal of Ru®" is electrocatalytically amplified by
the presence of Fe{CN]E‘, which oxidizes the reduced Ru during the measure-
ment procedure (ii).

JuEyEE

Fig. 4. Heterogeneous sensing principles relying on electroactive labels. A: For
GenMark's approach, the double-stranded PCR products (i) become single-
stranded via exonuclease digestion (ii). The ssDNA is labeled with a signaling
probe (iii) and finally hybridized to the capture probe (iv). B: For FRIZ Bio-
chem’s EDDA principle, the signal probe is initially hybridized to the capture
probe (i). Since the signal probe’s affinity to the target NA is higher, the target
MNA can displace the signal probe from the capture probe (ii}, leading to a
decrease in the number of electroactive molecules in the proximity of the
electrode surface (iif).
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Fig. 6. Homogeneous sensing principles. A: DMNAe use ISFETs to monitor the
amplificarion reacrion by detecring protons (H ) thar are generared during the
incorporarion of nucleotides (i). With increasing time (isothermal amplifica-
don) or cycles (PCR), the concentrartion of protons increases. The accumulation
of protons at the passivation layer atmracts negative charges in the semi-
conductor (blue), which influence the threshold voltage between the source and
the drain (ii + iii). For further details, see SI of (Toumazou et al., 201 3) B: Elice
detects NAs by monitoring the consumption of eleciroactive molecules. The
initially high concentration of freely diffusing elecooactive molecules (i) de-
creases when double-stranded DNA is generated, into which the molecules
intercalate (ii). The signal decreases if the targert iz present (iii). C: Binx dertects
double-stranded PCR products (i) by hybridizing a labeled signaling probe to
the target (ii), which iz then digested by a double-strand-specific nuclease (iii).
The released eleciroactive molecule diffuses faster to the electrode surface than
the inract signaling probes (iv). (For interprecation of the references to colour in
this figure legend, the reader is referred o the Web verzion of this arrcicle.)



-25 O 35S-pBI121

@ 35S-CRM (140 ppm)

I B 35S-dietetic drink (100 ppm)

B 35S-dietetic snack (240 ppm)

B 35S-dietetic soy crackers
(140 ppm)

O PCR Blank

Delta F (Hz)

@ TNOS 185 bp amplified from
pBl121

Conc. (ppm)

5’-BIOT-ggc cat cgt tga agatgc ctc tgc c-3° probe 35S
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Liquid biopsy

Non-invasive test based on the detection of bijomarkers
related to specific disease circulating in body fluids (blood,
plasma, serum, urine, saliva, synovial fluidetc.).

Circulating
tumor DNA
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T iated *
umor-associate
antigen Q

Circulating tumor cells “
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Point W

mutation
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Liquid CtDNA

MIRNA

Exosome

Protein

Protein

CTCs

DNA
CHs Methylation

NN

MicroRNA
Bellassaiet al., Front Chem 2019, 7,570



Liquid biopsy

TN

gjif «5 [ Standard Liquid

Biopsy Biopsy
VS. i i

3
A
-
3 Time-Intensive Procedure Quick

L

Noninvasive blood sample

/" Screening and early
detection of cancer
EGFR mt in ctDNA (NSCLC)
CTC counts (NSCLC)

Real-time monitoring '

g P of therapy

g CTC counts (BC) |
. Stratification and KRAS mt on ctDNA (CRC) |
o) S - y
. / therapeutic intervention

AR mt on ctDNA (PC) |
HER2 or ER expression y
on CTCs (BC)
CTC counts
(BC) - METABREAST trial

8 Risk for metastatic Localized Sampling of Tissue Comprehensive Tissue Profile
2 e e Not Easily Obtained Easily Obtained
? mechanisms e 8- oot F e Some Pain/Risk Minimal Pain/Risk
;\ Egﬁg?ﬁ T(f"jggﬁ):) KRAS mt on ctDNA (CRC) . .. .
%, il Invasive Minimally Invasive
'3 AR mt or ARV7 expression (PC)

Lovly et al. 2016. Circulating Tumor DNA. My Cancer Genome(Updated February 8).

h"‘“frf — R h Sosaet al., Nat. Rev Cancer.2014; 14:611-622

NALIZED TRE

Alix-Panabiéres et al., CancerDiscov. 2016; 6(5), 479



Liquid biopsy for early diagnosisdisease

Frequency of cases with detectable ctDNA (%)

The opportunity

Circulating tumour DNA (ctDNA) is easy
accessible and can be detected in most
metastatic cancers
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Bettegowda et al., SciTrans|Med. 2014, 19, 6(224)
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Detection of nucleic acid biomarkers

Targeted

Detection of mutations in
aset of predefined genes

- Few loci areinvestigated
- Lessthan 1%frequency
- High analytical

sensitivity and specificity

~

Technologies:
digital PCR, BEAMing,

N

- Genome wide analysis
- Lessthan 1%frequency

N -Low analytical sensitivity
Untargeted and specificity
o screenthegenome by N
discovering changes
> Technologies:

NGS, Safe-Segs, ...

ctDNA ) .
Tumor mutationalburden . C,tDNA/ methylation Circulatin
Amplifications/deletions %_‘ Epigenetic alterations 4‘ i g
Traslocations Z DNAmethylation MIRNAS
Point mutations é Tumorheterogeneity
Chromosomalabnormalities =,
kTumorheterogeneity -
ctDNA mMIRNAS
Liquid biopsy ARMS-PCR 3 : dR;_;gg R
Main technologies Methylation specific PCR
» ddPCR * NGS
= NGS

Diaz et al., J. Clin. Oncol. 2014; 32(6):579-586

Lianidou et al., GenesChromosom. Cancer2019;58:219-232



Target Amplification Methods

* Polymerase chain reaction (PCR)
o PCRusing specific probes
o RTPCR
o Nested PCR-Increasessensitivity, usestwo setsof amplification
primers, one internal to the other

o Multiplex PCR-two or more sets of primers specific for different

targets

o Arbitrarily Primed PCR/Random PrimerPCR

* Isothermal methods

Polymerase chain reaction
(PCR) Inventor

Kary Banks Mullis
(1944-2019)

Nobel Prize in Chemistry
1993



Beyond PCR... Isothermal amplification

Nucleic acids amplification operated at a constant temperature

d Implementation in point-of-care devices is simplified

1 Can be performed under simple conditions (e.g., water bath)

1 Many isothermal amplification methods are available providing
exponential or linear amplification

d Enzymatic and enzyme-free isothermal amplification methods are
available

Giuffrida M.C. et al., BiosensBioelectron, 2017,90, 174-186.



Method

LAMP

RPA

NASBA

RCA

NEEA

HDA

Temp

(°C)

60-65

25-42

30-65

54-58

37-60

Reaction Amplification
time (min)
30-60 109
5-20 109- 101
90-120 109
60-120 103linear
109 expon.
15-30 109
60-120 106

Target Primers
dsDNA 4-6
hundred
base-
pair
long
dsDNA 2
SSDNA
RNA
RNA 2
SSDNA 1
dsDNA 2
RNA
dsDNA 2

Main applications

Bacteria, Viruses

Pathogens,Viruses

Bacteria, Pathogens

Plasmid, Viruses

Viruse
s, RNA
DNA

Biomarkers,
Viruses



Loop mediated isothermal amplification (LAMP)

» Amplification takes place at a single temperature (65°C)
(No need of thermal cycler)

» Uses polymerase with high strand displacement activity
(Bacilus stearothermophilus Bst DNA Polymerase instead of TagPoly)

» Amplification efficiency is high (up to 109)

» Canbe also used for RNAtemplates by addition of reverse transcriptase



Loop mediated isothermal amplification
Forward outer primer —{iZK}) {=X® —Backward outer primer (LA M P)

Target DNA

3 m ’m lm m m m 2

5 Wm— B2c. —m- 3

Forward inner primer — X — Backward inner primer

3 < P iﬁ 55

5 ekl —; 3
Forward internal
5 primer (FIP) l

Self-hybridizing loop -

S il b FL ey
i '\S, Loop-mediated isothermal amplification (LAMP)
l uses 4-6 primers recognizing 6-8 distinct regions of
target DNA.

A strand-displacing DNA polymerase initiates
synthesis and 2 of the primers form loop structures
to facilitate subsequent rounds of amplification.

https://mwww.youtube.com/watch?v=L5zi2P4lggw

Exponential Amplification


http://www.youtube.com/watch?v=L5zi2P4lggw

LAMP-Based SARS-CoV-2 Testing Methods

SARS-CoV-2 Rapid Colorimetric LAMP Assay Kit

SARS-CoV-2

SARS-CoV-2 (+) ssRNA
ORF1ab E N (30 kb)

B3 LB BIP LF FIPF3 .
target region

p— RT - 1t strand

S - cDNA - 2™ strand

l
}(ﬁ_ D C —_O{ dumbbell DNA structure

high molecular weight
\ \ \ amplicons

SET UP
REACTION

Controls Test
NTC PC ic

30 min.
at65°C

vvvy

NTC = Non-Template Control
PC = Positive Control
IC = Internal Control

ON-DEMAND TESTING
NTC PC IC Test

v ?

HIGH-THROUGHPUT TESTING

NTC = Non-Template Control

INSPECT ANALYZE
CONTROLS SAMPLE
Controls Test

NTC PC ic

' Amplification
No
amplification

Reactions/sample 4
Reactions/kit 96

Samples/kit 24

+1 NTC per plate
Reactions/sample 2  +1 PC per plate
Reactions/kit 96
Samples/kit 47
PC = Positive Control IC = Internal Control



Molecular beacon-assisted isothermal circular strand
displacement polymerization (ICSDP

Isothermal ampilification
Isothermal circular strand displacement polymerization. Displaced target available for a new cycle.

Linear amplification

Primerand Amplification One more _
target starts with copy oftarget primer
' ' olymerase
with open - DNA  1M0%t
molecular — — polymerase
beacon

Molecular beacon

GuoQ. et al., NucleicAcids Res.2009, 37,e20
GiuffridaM.C. et al., Anal. Bioanal. Chem. 2015, 407, 6, 1533-1543



MICROFLUIDICS

It is the science and technology of systems that process or manipulate small (10-°to 108
litres) amounts of fluids, using channels with dimensions of tens to hundreds of micrometres.

Circulating
pump
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MICROFLUIDICS

Newtonian fluid = laminar flow

Model for the description of the motion of fluids

Zero velocity
« Non-dimensional Navier-Stokes equation
. Highest 7
La .
fow o 22 +u'Vu' |=-Vp'+npV u'+f'
u \ ot
Reynolds number
Re>2000
: Turbulent
Turbulent pUL Inertial forces
Re = ~_—— 0 0
flow 7 NN V. f Re<2000
- Y H ISCOUS 10rces Laminar




MICROFLUIDICS: devices fabrication

Fabricationof microfluidic device by PDMSreplicamolding

microfluidic channels (14x0.4x0.8mm)

D’AgataR. et al., Biosens. Bioelectron. 2010, 25(9):2095-2100.

H,O

40 =

Re~100

Laminar flow

A %R

20 4

Immiscible liquids

0 100 200 300 400
Time (s)

<1 yL of samplevolume

Parallel microchannels
for multiple detection

&
outlﬁj — y inlet
B

PDMS

Glassslide



MICROFLUIDICS: devicesfabrication Fabrication of microfluidic device by PDMS (polydimethyisiloxane) replica molding

Master withdifferent design
in plastic or silicon wafer

PDMS device with
microfluidic pattern

Embossed layer

_ _ o of polymer
Weibelet al. Nature Reviews: Microbiology 2007,5, 209.



MICROFLUIDICS: Why?

« Small sample
volume
« Miniaturization
* Reduction of analysistime
» Parallel devices and faster processes

* High-throughput

* Integration and portabledevices
(lab-on-a-chip, micro Total Analysis Systems UTAS)

Prof.Lee, ETH Zurich

ZhangyY.et a., Anal. Chim.Acta 2009, 638, 115-125



microRNA (miRNA)

* Single-stranded, non-coding RNAmMolecules
« Key-role in protein expression _ _
Chal enges for miRNA detection

« mRNA silencing
 Analytes are present at low concentrations

* Remarkable stability when released intobiofluids

Biomarker levels: fg mL-1- ngmL-1

« Short length sequence

Length: 19-23 nt

* High sequence homology

MendellJTet al., Cell2012,148,1172-1187

TuM. et al., Sci. Rep. 2016, 6, 25032 D’AgataR. et al., Anal. Bioanal. Chem.2019, 411:4425



Microfluidic lab-on-a-chip platform for liquidbiopsy: microRNA

®
o o0®
é dNTPs
target 2 \

primer ‘

( > DNApolymerase

Molecular beacon

microRNA-127
biomarker for-chronic joint disease

Mean Fluo. Int. (a.u.)

ICSDP

amplification -
> §

30°C2hr

constant
temperature

@ mir127 @ miR-xxx scrambled miR
— — Fit miR-xxx scrambled miR

— — Fit miR127
20 - }

10 - ’

4 T v T v T T T v
0.00 0.10 0.20  0.30 0.40 0.50
miR concentration (pmol/L)

Fluorescence
detection

Low sample volume

No time consuming

High selectivity in buffer
Discrimination in synovial fluid

Low detection



Optical biosensors: Surface Plasmon Resonance

Electromagnetic radiation in resonancewith surface plasmonoscillation.

. quasi-particles resulting from the coupling of surface plasmons and photons

€ Plasmonwavevector = radiation wave vector
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Optical biosensors: Surface Plasmon Resonance

Receptor

80 =

RU

40

Ligand Ligand + Receptor
(biomolecule) @

@ ° ° o

Q0 O
00

{ 6 1 Degrees or Energy 6 1 Degrees or Energy

Attenuated total reflection (ATR)



Optical biosensors: Surface Plasmon Resonance

Ligand +Receptor

0 €2
@ o Ex exp k|

- Receptor
Sensitive layer Washing 0

100-200 nm I =
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Surface Plasmon Resonance Imaging (SPRI)

Real-time analysis
Label-free
High sensitivity

Multi-analyte
monitoring

________

_________

Sensitivity can be improved up to nM-fM
PCR-free method!

0.851I,,
Is

%R = 100x

Kretschmann
configuratio

| n

Rothenhdausleret al. Surface—plasmon microscopy. 1988, Nature 332, 615—
617 D'Agata at al. Anal Bioanal Chem. 2013; 405(2-3):573-84.




Surface Plasmon Resonance Imaging (SPRI)

The lateral resolution of a SPR image is limited by the surface plasmon decay distance Lythat is the
distance on the surface by which theintensity of the field associated to plasmons decreases by a 1/e factor.

1
L, =

W k”x

k" isthe immaginary part of the x component of the
wave-vector

L,=0.1 pm at A=488 nm A, L,=10 um at A=647 nm




Surface Plasmon Resonance Imaging (SPRI)

association dissociation

t—>

Aa_N

0,0 ’:: u:MA : __‘l‘ WW&WWM
Example of SPRIimage '

D'Agata at al. Organic & Biomolecular Chemistry, 2006, 4; 610.



Microfluidic lab-on-a-chip plasmonic platform: detection of DNA

Microfluidic

ssDNA-36mer
1uM

f DNA-DNA
hybridization (100%)

DNA-DNA
partial hybridization

DNA-DNA
no hybridization

750 (K0[0]0) (24510

Time (sec.)

5-LL-AAACCCTTAATCCCA-3 PROBE

3-TTTGGGAATTAGGGTTTTTTTTTTCGTCGAATAGCA-S
ssDNA-36mer-match




Nanoparticle amplification-
SPRI

T\ ‘\2 PEPTIDE NUCLEIC ACID —PNA
Surface Plasmon resonance y o ~ Stronger affinity for complementary
: NH | B strands of DNA

Gold nanoparticles (NPs) + gold surface o

N . By Mixtures - Own work, CC BY-SA 3.0,

g—NH Base https://commons.wikimedia.org/w/in

NPs _O \___\N‘Q dex.php?curid=1737834
0

;—NH
\\

O

5'-GCAGCTTATCGT-3'-Biotin NPs
ssDNA-12merC¢Biotin

5'-LL-AAACCCTTAATCCCA-3 @NA) 15mer

3 -TTTGGGAATTAGGGTTTTTTTTTTCGTCGAATAGCA-5
ssDNA-36mer-match




Control

||
500

D’Agata et al., ChemBioChem 2008, 9, 2067

1000 1500
Time (sec.)

||
2000

||
2500

DNA-DNA
hybridization (100%)

DNA-DNA
partialhybridization

DNA-DNA
no hybridization




Nanoparticle amplification-SPRI: SNPs detection

—— DNA match bJPS
CTR
DNAT
D] \\JAVAN
—— DNAC
nohybrid
DNAT
‘ ‘ ' DNAC
DNAA
- CTR
____DNA match

NoHybrid
500 1000 1500 2000 2500

Time (sec.)

- 500 1000 (B 0) 2000 2500
C A I Time (sec.)

e 3-TTT66 G AATTAGGGTTTTTTTTTTCGTCGAATAGCA-Y
ssDNA match
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PCR-free detection of KRAS mutations
(Plasma from colorectal cancer patients)

, PNA-G12D

YouTube https:/lyoutu.be/88n3IRSWTmS8

Healthy donor CRC patient KRAS G12D

e
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Functionalized
gold nanoparticle
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Biomimetic receptors

Used for biosensors or for sample preparation/purification

Obtained via combinatorial chemistry and/or molecular
modelling

« Peptides
* Aptamers

« MIP (Molecularly Imprinted Polymers)



Combinatorial chemistry approach: Synthesys of aminocids via split and mix

[ |
H ; Soli :
| ; plit synthesis
Resin —C—Cl H—O—A}H
| P Stage Reaction Reaction Reaction
H | Bogding tl'%e amino vessel 1 (A) vessel 1 (B) vesse| 1 (C)
v acid A to the resin
H 1 Resin + A Resin + B Resin + C 3
; | | | | compounds
Resin — C—O—A—H + HO—B}—FP |
! MiX
H | React('iwith the d
v second protecte ] ]
H amino acid, B Resin-A+A Resin-A+B ? 9
Resin | — Cl_DP 2 Resin-B+A Resin-B+B s compounds
I Resin-C+A Resin-C+B
H | Remove the |
v protecting group, P I
T MIX
Resin — C—O—AB}IH + HO—C}—P ] ] .
|1| AE - Resin-A-A+A | Resin-A-A+B | Resin-A-A+C
| Prorectad aminarer Resin-B-A+A | Resin-B-A+B | Resin-B-A+C
H acid, Resin-C-A+A | Resin-C-A+B | Resin-C-A+C
. (|: . - p Resin-A-B+A | Resin-A-B+B | Resin-A-B+C 7
- | _ L] 1] -
esin I —-—-—-—P _d 3 Resin-B-B+A | Resin-B-B+B | Resin-B-B+C |compounds
olypeptides .
H relggse% from resin Resin-C-B+A | Resin-C-B+B | Resin-C-B+C
LT o mrmeed) Resin-A-C+A | Resin-A-C+B | Resin-A-C+C
| Resin-B-C+A | Resin-B-C+B | Resin-B-C+C
Resin - ¢—©°~ +P Resin-C-C+A | Resin-C-C+B | Resin-C-C+C
H | | |
P = A group protecting the amino acid |
{to avoid the amino acid reacting with other MiIX
molecules of amino acid in solution.)




Biomimetic Approach
> Starting from the biological structure it 1s possible to reproduce
with natural amino acids the proper shape of binding dock
»The biomimetic approach relies on the design and development of artificial

oligopeptides as a mimic of the biological binding site by using molecular modeling

v"Why oligopeptides?

» Nature exploited aminoacids structures to obtain the most of receptors

» Oligopeptides have the advantage of informatics help from the point of the
crystallographic informations from native proteins

»(Great number of combinations using 20 aminoacids which can do any binding
traps



BIOMIMETIC RECEPTORS FOR PESTICIDES

ANIONIC ACETYLCHO- ESTERATIC
SITE
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v"Mechanism of AChE inhibition

ACNhE, the target enzyme of pesticides, IS an efficient serine hydrolase that
catalyzes the breakdown of acetylcholine (ACh)

Acetylcholine + H,O — choline + acetic acid

How pesticides work

AZD1

5200 G118
i -

,{L.'Z Cwar G119
2

I\rllative sltructure:dth(e active site, incll;ding Pro-aged  structure:  Phosphonylation
the catalytic triad (S200-H440-E327) and  triggers a conformational change for
the oxyanion hole (-NH of G118, G119, 4440 that disrupts the H-bond to E327

andA201)

From Millard et al J. Am.Chem.Soc. 121, (1999)

Aged structure: For reaction of AChE with VX
and most phosphonates, aging predominates, and
dealkylation results in movement of H440 to the
negatively charged pocket formed by E327 Ox,
S200 Ox, and one anionic oxygen of the
dealkylated OP



s+ Computational screening
v'AChE-OPcrystallographic structure (PDB ID: 1VXO)

Methylphosphonylated Acetylcholinesterase (Aged) Obtained By Reaction With O-Ethyl-S-[2-[Bis(1-Methylethyl)
Amino]Ethyl] Methylphosphonothioate (Vx) conventional X-ray crystallography resolution [A]: 2.40

RS e 0:2>), Cresdd Sa3 23 SO0k =

LES: O 03
File Buld'Edt View Compule Analyze Options Biopciymer Help
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|
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Cefoultl Molecule: Ml

PP B e e e o e = WP
In green the molecular electrostatic potential distribution on
the surface of the enzyme binding pocket




v'Design of the oligopeptides library as possible receptors

The geometry of the binding pocket was investigated to create oligopeptides library

Three dimensional coordinates of the asymmetric carbon (Ca) of each aminoacid involved in the
binding pocket were calculated in order to reproduce the geometry observed



v Tetrapeptides library

> easy to synthesise

> more possibility to preserve in solution the secondary structure predicted

-A series of tetrapeptides,
containing  the  possible
combinations of the catalytic
triad (SER 200, HIS 440,
GLU 327) and the catalytic
oxyanion hole (GLY 118 GLY
119ALA201) was drawn

«The proper geometry of
binding pocket was achieved
using alternatively a GLY or a
PRO residue

(Zhleqlf%'aéptides)
Ser-Gly-His-Glu Glu-Gly-Ser-Ala
Ser-Gly-Glu-His His-Gly-Ser-Ala
His-Glu-Gly-Ser | Gly-Pro-Ser-Ala

Glu-His-Gly-Ser
Ser-Pro-His-Glu
Ser-Pro-Glu-His
His-Glu-Pro-Ser
Glu-His-Pro-Ser
Gly-Gly-Ser-Ala
Ser-Ala-Gly-Glu
Ser-Ala-Gly-His
Ser-Ala-Gly-Gly

Ser-Ala-Pro-Glu
Ser-Ala-Pro-His
Ser-Ala-Pro-Gly
Glu-Pro-Ser-Ala
His-Pro-Ser-Ala
Gly-Ser-Gly-Ala
Ala-Gly-Ser-Gly
Ser-Gly-Pro-Ala
Ala-Pro-Gly-Ser



v Simulated binding results vs paraoxon of the tetrapeptides
selected for experimental screening
A B C D
Ser-Ala- His-Gly- Glu-Pro- His-Glu-
- Gly-Glu Ser-Ala Ser-Ala  Pro-Ser
Binding Score

(KJ/mol) 38 /3 21 93

Negative control (NC): Glu-His-Ser-Gly
Primary sequence of AChE catalytic triad

ARAOXON - A @AIa—GIy—GIu
i . B is-Gly-Ser-Ala
0%y . C

lu-P -Ala
. D IS-Glu- r@;
o NC Gl -G




v'Pre-analytical applications: selective (Extraction or purification)
affinity columns

spe cartridge

e,
s
'——
o
stopcock removable cover
’
o
L o'
- .._ Tiho 0 . Bttt vacuum
. . 2ie) .
manifold ’
|. CONCTION 2, EQUILIBRATE 3. LOAD SAMPLE L WASH INPURITIE 5. ELUTE ANALYTE
Wb ek el W Tl DL woks® e Wih L 5% mchomcl B OLwoky” — wih Tk rcdhomd®

iy zc S hilvan

Is a technique enabling purification of a biomolecule with respect to biological function or
individual chemical structure. The substance to be purified is specifically and reversibly
adsorbed to a ligand (binding substance), immobilized by a covalent bond to a
chromatographic bed material (matrix). Samples are applied under favourable conditions for
their specific binding to the ligand. Substances of interest are consequently bound to the
ligand while unbound substances are washed away. Recovery of molecules of interest can be
achieved by changing experimental conditions to favour desorption.
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Computationally Designed Peptides for Zika Virus
Detection: An Incremental Construction Approach

Marcello Mascini '**, Emre Dikici **, Marta Robles Maiiueco ?, Julio A. Perez-Erviti 3,

Sapna K. Deo *#, Dario Compagnone 2*, Joseph Wang °, José M. Pingarron !

and Sylvia Daunert 347-*

Zika infection is known to cause neurological problems to pregnant women and potentially cause microcephaly and
other congenital malformations and diseases to the unborn child. Zika affects, both male and females and it has been
reported that the virus can be transmitted sexually through semen and vaginal fluids.

The Zika virus is a mosquito-borne flavivirus, and due to the lack of specific antibodies/binders that can be used in
immunoassays for diagnosis of the disease, these immunoassays present cross-reactivity with other flaviviruses and
arboviruses. It is well established that ZIKV has many common genetic sequences and protein structures with other
flaviviruses, like DENV, West Nile virus or Chikungunya. This limits the use of immunoassays for the detection of human
pathogens within the flavivirus genus.

The flavivirus envelope protein is responsible for virus entry and represents a major target for neutralizing antibodies.
The Zika virus structure is similar to other known flaviviruses structures except for the ~10 amino acids that surround the
Asn-154 glycosylation site found in each of the 180 envelope glycoproteins that make up the icosahedral shell
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8 different peptides selected,
sinthesyzed, biotynilated and tested
with direct ELISA test using Avidin-HRP

i.e. inactivated virus onto ELISA
microwells, reaction with peptides,
incubation with Avidin-HRP

0.60 + ®DENV-1 ®DENV-2 =DENV-3 =ZIKV L
~ 0O
é R I I“‘
g 0.50 4 | I:nx
2 m— ok I
E j2 2 3 :[
5 040 - [_'"
. ]
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0.20 -

0.10 - I N

0.00 - ; :
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Peptides

Figure 7. Cross-reactivity study. In the ELISA direct assay, the spectrophotometric absorbance signals
were obtained by using the best three peptides (P2, X1, and H1) binding the ZIKV and three serotypes
of DENV (DENV-1, -2, and -3) at the concentration of 10° copies/mL. Statistical significance between
ZIKV and DENV serotypes (1-3) was calculated using two-way analysis of variance. Different p values
were indicated by **(p < 1073) or **(p < 1074).
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Figure 6. Sigmoidal ZIKV particles concentration response trend of the ELISA assay obtained using

the eight peptides and antibody 4G2. Y-axis = absorbance (450nm); X-axis = log [ZIKV], copies/mL.
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Figure S1. Optimization of IFA BP1 and BP6 peptides concentration
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The current decreased with increasing concentration of IFA BP1 and BP6 up to 200 pg/mL

and reached saturation at 100 pg/mL. Therefore, [IFA BPland BP6 peptide concentration of

100 pg/mL was selected as the optimum concentration.

Figure S2. Comparison of limit of detection (LOD) of IFA BP1 and IFA BP6
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Aptamers are oligonucleotides (DNA or RNA molecules) that can
bind with high affinity and specificity to a wide range of target
molecules (proteins, peptides, drugs, vitamins and other organic
or inorganic compounds).

They were “discovered” in 1990 by the development of an in vitro selection and

amplification technique, known as SELEX (Systematic Evolution of Ligands by
Exponential enrichment).

(Ellington et al., Nature 346, 818; Tuerk and Gold, Science 249, 505)

Their name is derived from the Latin word “aptus” which means "“to fit".

ok ] Ao R \\:}a} . Aptamer 30
N '/Q N[ 3¢ '\' _/‘ ‘Qa\{ ::
/ Aptamer 26 e a \3‘:* ‘*«i
§ cc"""‘\r {.I
_,.,-‘-" “'\' o4 i
v ng -
L /j AL :“"'
/ Wi
I," ‘\\; Aptamer 33
Oligonucleotide \ 1 L5
5 'f' f'-’é_?éj,i‘,:e‘;.?-a(.
Similar to proteins short N e
- - a~‘“-‘ L33 ‘_v' %
oligonucleotides can adopt complex “  Aptamer 3|

three-dimensional structures



Starting point: Combinatorial oligonucleotide library

T7 promoter random sequence
£ IS 1111 L
constant constant
region region

A library containing a 25-nucleotide random region is represented by 425 (~1025) individual

sequences available for partitioning.
Normally, the starting round contains 1014-1015individual sequences.

G C 'y A1 =4 Pool of randomized DNA or RNA

42=16
43 = 64
44 = 256
45 = 1024

""""""" 1015 different sequences!!!!

425=1125899906842624
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Fig. 5. Various signals generated by aptasensor
based on structure-switching designs. (A) A
schematic representation of the fluorescent
aptasensor for thrombin assay. Thrombin-
induced structure change of the aptamer from
quenching-state into G-quartet structure could
lead to fluorescence enhancement. Fig. 5A
adapted from ref. [100]; (B) A schematic rep-
resentation of the electrochemical aptasensor
for thrombin assay. Before adding the
thrombin, MB covalently labeled onto aptamer
could transfer electron with the electrode sur-
face due to the flexible conformation of the
aptamer. Upon adding the thrombin A, G-qua-
duplex structure was formed and the MB moiety
was far away from the electrode surface,
resulting in the electrochemical signal-off.
Fig. 5B adapted from ref. [105]; (C) A sche-
matic representation of the colorimetric apta-
sensor for adenosine assay. Gold nanoparticles
are functionalized with aptamer. Addition of
the adenosine results in nanoparticles linking
together and aggregating, thus causing the
change in color. Fig. 5C adapted from
ref. [107]. Copyright (2007) American Chemi-
cal Society.
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Beyond traditional needs of biosensors such as high sensitivity and selectivity for analyte detection,
newly emerging requirements including a real-time detection ability and in-field applicability have been
gradually emphasized to address clinical and environmental availability. Highly programmable, synthetic
aptamers that can specifically recognize a broad range of targets have the potential to fulfill these
requirements; cooperative binding to target molecules achieves a significant increase in sensitivity, and
binding-induced structure-switching enables target detection even in complex mixtures. Due to the
availability of chemical synthesis and functional modifications, these artificial ligand materials are easily
installed in many devices, and the amenability to modularization allows the aptamer-based biosensors to

Received 24th August 2020, diversify detectable targets and signaling processes. In this review, we highlight current progress in the
Accepted 19th October 2020 development of aptamer-based, next-generation biosensors including new types of field-effect
DOI: 10.1039/d0ma00639d transistors, electrochemical detectors, and microfluidic devices. As the nucleic acid aptamers have been

rapidly generated by various in vitro selection techniques, the use of the versatile nanostructures is
rsc.li/materials-advances expected to expand further to include in-field and real-time biosensors.



Materials Advances
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NUCLEIC ACID APTAMER
as a Sequence-controllable Biopolymer
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Target
Binding

e

2. Selectivity Enhancement
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Review

Unique Characteristics of
Aptamers

Cover a wide range of targets
Display high affinity and specificity
In vitro selected from 1013-18
random molecules
Allow chemical modification in a
sequence-specific manner
Perform nanomechanical motions
such as structure-switching

Provide no batch-to-batch variation
and high stability

N

Targeting
module

3. Real-time Detection

Target 3 |
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Fig. 1 Maincharacteristics and functionalities of nucleic acid aptamers to overcome various limitations of conventional biosensors. Specific base pairing
(top. left) folds the sequence-controllable biopolymers into thermodynamically-favored 3D nanostructures that enable molecular recognition (top,
middle). The synthetic aptamers have unique features that can facilitate the development of next-generation biosensors (top, right). Here, we review
technical advances in the development of aptamer-based biosensors, such as increases in sensitivity and selectivity, and actualization of newly emerging
real-time and in-field detection applications, along with aptameric biosensors' interesting properties, such as amenability to modularization (bottom).
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Improving inherent affinity of aptamers
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Fig. 2 Aptamers can be key components of Diosensors 1o INcrease sensitivity in target detection. (A The inherent binding affinity of aptamers can be
strengthened by chemical modification of nucieic acids, e.g.. by attaching hydrophosc moseties to nuciectides and by adding non-canonical painng
bases. (B] Muitivalency by cooperative binding of muitiple aptamers and {C) terminal foation of folding structures can be also effective to improve the
target inding capability of aptamers. {D) Maolecular ampiification techniques such as ralling circle amplification {RCA) can be useful to develop ultra-
sensitive bicsensors by significantly increasing detectable signals|in RCA prmers are bound to circular templates: polymerases extend the pnmers to
yield long single-stranded concatemers with tandem repeat structures, and the repeated hybridization of dye-labeled strands with tandem repeats
produces amplified fluorescent signats. {E) Hybndization chain reaction (HCR) can atso be used to increase sensitivity. In HCR. introduction of DNA targets
can tngger 3 hybridization cascade of signaling probes such as pyrene-cornyugated haw pin probes and thereby facilitate ultra-sensitive target detection.
{F) Unique physical properties of nucieic acid aptamers can contribute to highly sensitive target detection. By n—n stacking single-stranded nucieic acids
bind well to graphene surfaces, whereas the target-bound aptamers are released due to folding in tertiary structures. This folding change of aptamers
yields changes in fluorescent or electncal signals, which can be easilly detected. (G) Target-bound aptamers are less vulnerable to nuciease digestion than
their target-free forms, and this feature can be applied to signal accumulation: the exonuciease-based, enzyme-assisted target recycling (EATR)
technique can significantly decrease the kmit of detection by summing fluorescence sgnals.
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Fig. 3 Diverse strategies with aptamers to improve selectivity of biosensors. (A) Binding-induced self-conformational change of aptamers. FETs
modified with target-specific structure-switching aptamers enable selective electronic target detection. Within or near the Debye length, target-induced
reorientations of stem-loop aptamers near semiconductor channels deplete the channels electrostatically and thereby decrease transconductance.
(B) Binding-induced hetero-conformational change of split aptamers. Upon target binding, split aptamers can be covalently linked to each other by click
chemistry. When biotinylated aptamer fragments recruit streptavidin-horseradish peroxidase (SA-HRP), chromogenic substrates such as TMB can be
oxidated to emit detectable signals. (C) Binding-activated catalytic reaction. By target binding-induced cleavage of aptazymes, the release of
fluorophore-linked fragments can be activated to emit highly target-specific fluorescence by reducing physisorption-derived signaling. (D) High
selectivity-driven multiplexing. A multiplex analysis can be conducted by aptamers that are linked to redox molecules. Surrounded by cells, Au electrodes
can be modified with different aptamers-redox reporter constructs. Binding to cytokines (TNF-o and IFN-vy) causes target-dependent conformation

changes that decrease electron-transfer efficiency and thereby decrease the current. Redox molecules with different potential enable the simultaneous
detection of multiple targets.
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Advantages of MIPs

“ High selectivity and affinity for the target

molecule used in the imprinting procedure.

Compared to biological systems such as

proteins and nucleic acids MIP has:

IntJ Mol Sci. 2011; 12(9): 5908-5945
Chem. Rev. 2000, 100, 2495-2504

Higher physical
robustness

Long storage life

Strength
of the polymers g

Resistance to
elevated
temperature and
pressure

Low cost

Inertness towards
acids, bases,
metal ions and

organic solvents
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MIPs Synthesis

General procedure
Self-assembly step Polymerization Extraction
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I MIP synthesis I
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Sulfamethoxazole
MIPs Synthesis

Selective rebinding
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I MIP-Synthesi

|- MIPs Synthesis

: I

||||» Thermal heating :24h

Synthesis of MIPs

||||» Ultrasound bath :2h

||||» Ultrasonic probe :['ew min

Figure : Synthesis of magnetic molecularly imprinted polymer
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MIP-Synthesis

Theoretical optimizations prior to MIP' s synthesis

Selection of the
functional monomer

Prepolymer Emonomer E

(Hartree) Complex

AY3

(kcal/mol)

Sulfamethoxasole:SMX -1169.32
SMX-Acrylamide -245.92  -1415.29
SMX- 4-vinyl pyridine -323.88 -1493.25
SMX-Methacrylicacid  -304.788 -1474.13
SMX-Methacrylamide -285.03 -1454.41

-31.37
-31.37
-13.80
-37.65

Selection of the solvent

Complexes monomer-template-solvent

SMX- Methacrylamide-ETOH

SMX- Methacrylamide-DMSO

SMX- Methacrylamide-DMF

SMX- Methacrylamide-ACETONE
SMX- Methacrylamide-ACETONITRILE
SMX- Methacrylamide-TOLUENE
SMX- Methacrylamide-WATER

SMX- Methacrylamide-METHANOL

Ecom plex

(Hartree)

-1608.60
-2004.76
-1701.53
-1646.392
-1586.45
-1724.49
-1530.38
-1569.47

Methacrylamide -SMX have highest interaction energy in DMSO solvent due to the

formation of a more stable complex.



Optimization of time and amplitude
of synthesis was done to select the

best parameters for MIP-Ultrasound
probe synthesis

MMA -MIP
22-07-2020
MMA -NIP
22-07-2020
MMA -MIP
23-07-2020
MAA-NIP
23-07-2020
MMA-MIP
23-07-2020
MMA-NIP
23-07-2020

Parameters
10 MIN /20A
10 MIN /20A
7. 5SMIN /30A
7. 5MIN /30A
5 MIN /20A

5 MIN /20A

Comment

Polymer was
formed
Polymer was
formed
Polymer was
formed
Polymer was
formed
Polymer was
formed
Polymer was
formed

Polymer
quality
++

++

+++

+++

++++

++++

5 min as time of synthesis and 20 as pulse
amplitude was selected

Absorbance(536 nm)

MIPs synthesis optimizations

Graph of the un-retained template

1,7
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Absorption kenitic study of SMX-MIP

—— MIP-SMX
—a— NIP

10uM 20uM 50uM
Concentration

I
100pM

MIP has higher capacity to capture the template
compared to non imprinted polymer
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MIL based electrochemical sensors and nanomaterials
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Scheme of MIP based electrochemical sensors and nanomaterials.

Abdellatif Ait Lahcen[a] and Aziz Amine*[a],2018
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MIP-MEPS based sensing strategy for the selective assay of
dimethoate. Application to wheat flour samples

DIMETHOATE MONITORING IN
WHEAT FLOUR
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PREPARATION J DETECTION

MICROEXTRACTION
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MIP-GLASSY CARBON
ELECTRODE

UNIVERSITA
DEGLI STUDI
DI TERAMO
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MIP-MEPS based sensing strategy for the selective assay of dimethoate. ®4:,....u.. -
Application to wheat flour samples
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MIP-MEPS based sensing strategy for the selective assay of
dimethoate. Application to wheat flour samples
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MIP-MEPS based sensing strategy for the selective assay of
dimethoate. Application to wheat flour samples
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MIP-MEPS based sensing strategy for the selective assay of
dimethoate. Application to wheat flour samples

UNIVERSITA
DEGLI STUDI
DI TERAMO

UNITE

Wheat flour samples: MIP vs. UHPLC-MS/MS Wheat flour MEPS MIP-GCE
samples J (HDVB) J detection

4

MIP-GCE MIP-GCE
RELATIVE ERROR (%) of SD of dimethoate
dimethoate concentration (ug kg- o kg-

167 074
04 L6s

Wheat flour spiked with dimethoate MRL + omethoate (1:1) +3.5 2.70

Wheat flour spiked with dimethoate MRL + omethoate (1:10) -15.5 0.86
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Chlorpyriphos

UNITE
Electrochromic Molecular Imprinting Sensor for Visual and
Smartphone-Based Detections
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Electrochromic Molecular Imprinting Sensor for Visual and
Smartphone-Based Detections
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Electrochromic Molecular Imprinting Sensor for Visual
and Smartphone-Based Detections

MIP vs NIP
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