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Molecular Affinity Biosensors
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Purification and concentration at the same time with magnetic
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Direct Electrical Interface with Cells

Biological investigation mainly relies on optical microscopy | v e S =
Advantages of direct electrical sensing: e
* Label-free (save time and reagents, non intrusive)

* Quantitative

* Integration with microelectronics

+ Miniaturization and portability

+ Some cells generate electrical signals
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+ Pumps (against diffusion, need energy) + Neurons wo
« lon channels (valves) * Heart, muscles
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The dominating noise terms are due to the setup: St e wz*b - Carczre Q. f—w‘a*- o
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As the passive electrical properties are probed, f b_ Mbw b Cﬂ‘—pv\&-. &s CM'E - \O-
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The model:
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* Resistance increases i .
g
L

= Capacitance decreases
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Different mechanism are taking place:
+ Sedimentation

* Response to chemo-mechanical stimuli |3
» Confluence
+ Death
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Capillary Measure the size of a Length(x)

electrophoresys sequence

DNA Microarray Find the occurrence of a  Find{x) in file o
sequence

PCR Replicate a sequence Copy + Paste

DNA Sequencing Acquire a sequence File read

Quresto. Wawne o e DNA miccorays.
« Gene expression

~ Xis any sequence in the human genome, File is RNA taken from a cell.  dmy n 'P‘ZA\CD e m“o woo BN Wl &P@h‘ho
~ |f X is found, the cell is executing that portion of genetic code. & T ’ ano p . ;." ; \‘P| "
« Comparative research on gene functions q’ b i *
— 2 populations differing from 1 characleristic (i.e. eye color) == File1 and File2 C(ngftn‘\'ﬂ'l'lo . Qa0 W O B‘Pn.ﬁaua'no
- Any X found on File1 and not on File2 may be related to the functions
« Diagnose an infectious disease & eom
~ X is a saquence typical of a pathogens, File is the sample taken from a patient n W'O rorvenpg B0 \& alulo.
- X s found, the pathogen is present m 2 M 2 W Cmpenao
« Genetic disease or predispositions
~ X is the mutated sequence causing the disease T
— If X is found, the patient is at risk Po Cn d M M e S qan2o- d ‘o3 OO~
&) ol e h. GAO wr CNPO— .
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Principle of the microarray

« Known DNA is attached (i.e. By Al a2 i ‘\ Nﬂ*n! \ \ ulq —
spotting) on the chip surface, at known seses| | || pelesto par vedee 3¢ Mo ¢ e P
positions - 51 51 51 Sy - 3 Blooesoa- Tosso e qusto Hexendo

Onncante avdicoe  Pluoresands 2h DRA - Plw-O-
o oV 2o, -

.

An unknown sample containing DNA is
placed on the chip.

Wait for the DNA to hybridize to its
complementary and then wash.
Acquire the map of positions where
DMA sticks (i.e. optically or electrically).
Result: in the sample there where the
sequences carrespondent to the active
spots

-

Toaw ke o Pluresonze 8 possow Usze 2ds @ ador
Two colors: Comparative tests

s Different Sampl‘c_"s ol auaChEd. to.diﬁere"l « One sample is labeled with green fluorophore, the
fluorophores (with different emission other is {abeled-with red
wavelength) )

» Results:
— Green; DMNA found in sample 1
— Red: DNA found on sample 2
— Yellow: DNA found on both samples
~ Black: DNA not present in any sample

0000
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Qm’tohp%d; 2els s poo o 2da con VRNA, 204 32 ron o Nboryznea

Aol RNA. Si U 1o vawse tesenpiosa O € ua vawo., hpariste A
VIFUS , o Hestovo. Lo segereo- i RNA 1 men & DNA
REE T W= L
N
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High density microarrays \n Prhan 50 Qs ooy ' ik

« Microarrays containing thousands (on millions) of spot. = & nglezzo A 26 bes
e |tis possible to have a full genome ald all its variations
(SNPs) on a single chip

Detail of microarray
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Artificial DNA synthesis

We start with a base linked on its 3" end on a solid medium (i.e. Porous
column, Bead, chip). The 5" end is protected by a ‘capping’
(DMT=Dimethoxytrityl) , preventing the formation of other bonds.

1: DMT is chemically removed (i.e. with trichloroacetic acid TCA ), the 5
carbon becomes reactive. The chemical agent is then washed away

2: A solution containing pura basis (only A or T or C or G} is put on the

wmperlo e o ?

I DMU sl ‘ees: € mclde (varhinte pacas
blota \r possiblio QA vo P Skegte possa
reiie tosde Ben lgualt ke dedo (Yo @

substrate. Those new bases are already ‘capped’ in 5" These basesreact  Zu®4%. g vTAGA MB‘BQ - Qquind o
in 3 with the 5' of the DNA chain pPo
» 3 The bond is fixed by oxidation of the phosphate 0 Vo oo AB
» The cycle is repeated from step1, reactivating the new end by de-capping
« When the desired sequence is finished, the DNA is ‘harvested' cutting the
original 3’ bond to the medium.
« The final DNA sequence depend on the order of the bases as chosen in
step 2
e\ Do Yosso & W\ sobstety, pec S € \o 20ctaso =
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lllumina bead-array

Instead of growing DNA on the array, it is synthesized in lots with high quality
and purity,

« DNA is attached on the surfaces of small balls (Beads) 3 micron diameter, This
slep is done in lots for high quantities..

Different beads are mixed to create a pool

Beads are randomly placed on the chip

Each chip is different from others. It has a specific map, provided with the
interpretation SW
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PCR  (Rerziore o cairo. Ao oLmeres: )

vk A vepicak W wivo Qo & ua czmport DAL I\
Tn peham. Permeie & Rczre \ segrels.

S \oeso- W W R S 0 0 o3 ORRNEMo, (Neanon € W\ PRKRS)
DNA polimerase R Gove B 1\ poimeces: o dupieane \ DNA

« In living cells has a key role in DNA duplication.
« Function: MO szb\m q-l.ﬂ'b- Mm N, C&De‘:
- :::.Zﬁy":;;,e-gt::dm 3' termination of a DNA strand, when it is q Q ! 'Zjdt ! | 1 iﬁ SQ ! A
" Compameniany o e oreepenng ave on o owerarana. | SWRARS ) W\ COpasio (250 oo poxm@Zs: Conclude \on
e 2o PR \ GnuPZe Slo. B2ge

. T

o ‘V\W‘e@&\mw \bd&mm A

_g,e,mgﬂ.m,a NA, quado f2heddee \ DNA 3 ix QT
Ax2R M2 v S 2Hoae poietiavie Ao tag
Gscor e Qsccdvs 2 Qv \oo TR \2nere
P anphfear W\ oA,

Cyn whko s XAdame @ 28ddavo \ DNA teoncavedr v2ddpoare WONA

« For the reaction to happen it is required in solution to be
present:
— DNA target to amplify, usually called ‘template’
— The polymerase enzyme, in a thermal-stable version
— The tri-phosphate bases (the building ‘bricks") i s [SPRRTN Prezs 20800 0d 220t
— A salt buffer with specific concentration s\ DNA
— Magnesium ions, to stabilise pH levels
Couples of DNA Primers

3phases: Thermally driven: | T\?‘mmh vl con\ow POR con \eghamo
fors e zpfeze bho \INA M2 ampilaieo
o u_pa-has. MRarno Cow \\ Prinas

= Annealing

— Al lower temparature (60 C), the single sirands: hibiridizs with
primars. ssiecting the partion o e amplifisg
» Extension

= Al medism temperature (70 C), the palimerase start woning,
duphcating the DNA )

The cycle nspe'ats several times, every cycle the amount of
DNA doubles .

« Annealing: Cooling the system, primers find their » Extension: the active phase of the reaction: starting from
complementary sequence and hybridise primars the new nuclectides are incorporated
» The temperatlure depends on the enzyme. Lisually =
413 Criet aboul 72 degrees

CH et R (e 1] » The result is & new DNA strand, starting from the primer
n and proceeding in 5' 1o 3' direction
- : abibagibad ——
' =, | & :
4 % :

Quando 12Mediavo |\ pawer % 2t 20 DNA

« Denaturation: Heating the system to 85 degrees, DNA
separate inlo 2 strands

Ve pak & \o paser TR,
t\&:ﬂﬁﬁmm wm wnos diveaone,



e Cycling: The steps are repeated sequentially, in each Czpamo C\,wq\_, A ?.récp& Zﬂzn’\s Q‘\?\-QIWIND

cycle DNA doubles. So\p W\ W X Pomer € 0o Wt W\
: ' PCR

« After N cycles, for any —r £ = A
initial DNA molecule we Bar t
obtain: — O ig—

- 2 original strands L 4
= Z*N “half strand”
— 2N segmaents -

a

“ ” il |I I
INIR

« During initial phase, the DNA quantity doubles every cycle, the
reaction has an expenantial behavior.

» When reagenits start depleting, the growth slows down, becoming
almost linear

» When the reagents exhaust, the reaction stops. (plateau)

U= Mo PCR
PCR to increase microarray sensitivity AW\P\- Q-m. W\ &(Bg-rgﬂ; OO S M"‘*’ ,Sn Pl

M | | DNA ‘e;'l e e w
« Microarray signal is proportional to the - \D\ Pm

quantity
" e T T TR Curdox : Fres (ncute

8 e s may 9 R ITO200 2oV Quanher (ne d: TNA Sono
« If a PCR is made before the microarray test, the m“’-

potential DNA target is amplified and so become

detectable,
« Quantitative information is completely lost

Nolo. TR € mcdo wnpornl® 2ee Un Stivme @xdvolo soVaL ARmperztuvo..

« T denaturation Danatusation tee)

No reaction -

~ Too high: polymerase can be damaged
~ Too low: DNA does not denature completely |

Extansian

« T hibridization i
- Too low: primers my bind a-specifically, amplifying unwanted DNA Wrong result Annealing 5 = -~ -
— Too high: Primers do not bind. { No reaction

+ T extension !
~ Too high: primers may detach during extension -
— Too low: reaction slows down.

low coson + AMcle wn Wio quests € vahheddare ZotRstares- werocsmentt \
SAs N0~
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Real e TCR. (znda vz, QPOR)
« Standard PCR allows the amplification in vitro of the
DNA, to obtain identical copies of the initial molecule. m on Q’M Qn 'K\"PCR e sheo '
« The detection at endpoint (by microarray or YoOrse '\fmlp\fA TR

electrophoresis) does NOT provide quantitative results.

+ Realtime PCR allows a precise quantification of the DNA \.: c o Con Q A LY 2reha
present in the initial sample. - \n ~
quanites

- ) DNA Concentration
h | Ea%:wmlwl. I;;‘l’.‘;:i L i N %hm &‘.

5 EAIREY I: __, ) o m wn fm

i i
= ! ;
1 =
i i phase i e 10° copiesimicrobler ¥ 22" W&w
i ! :
1 ' ! o /
(L il LLLLEH / 10° copiesimicroiner
e 04 /
Plateau phase depends only upon the reagents 0z
The exponential phase depends upon the sample il
0.2
o 0 = a0 a s [

%wﬁ&nnmmwhghwmm“m
e e 0 cranWozce ansisie wn WO Shift 0 MeNo Mo GxVo. SSpo~maia .
PCR efficiency

ERMPO N F Campres o Aiversr VAo A

» In the ideal case with PCR we obtain a perfect
duplication of the DNA at every thermal cycle: — naxYRU
gDNA=Ci*2M 16000
« |In reality, the efficiency is not parfect due to various A
factors: -
- Mat perfect reagents {inefficient enzymes, degraded hases efo ) S o0
— Mot perfect thermal control (i.e. inhomoganeity) g, ]
— Replication errors £
~ Inhibitors thht interfere with the reaction 3 0 [N
» In this case we define PCR efficiancy: £ 000 o
~ 100% gDNA = Ci * 24 : P T
- BDO%gDNA=Ci*1.8% =2 ’ ¥
— BD% qDNA=Ci* 1.6 o] 2000 ¥y )
— D% QDNA=Ci* 14 Q@ L I O AP iy
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..In log scale Cycle threshold

/ + An arbitrary threshold is defined for the amount of DNA

100000

+ The cycle when the amount of DNA becomes greater
then the threshold is named Cycle threshold (Cy)

“N fT + |n practice, C; can also be a non-integer number,
obtained by interpolating the discrete PCR curve.

Rezw o & d: W A espanndk @ v un Qradieo,

Realtime PCR linearity Uisty e 10 So W\ WO Aol GamdoioL
L€ DA W WwiR e 9‘3‘- Sspanndt, viste
— ®osso Qund v Q,a-ﬁu @O Cowa.
T yelerone @ (e ‘oo @ audWoRca. B
3 s 5 F 1 A Quwesl valor & Cx.

Starting Quanity, copy number
« The value of CT varies linearly with the log of the initial
concentration of DNA, on several orders of magnitude.
« Knowing the CT (and the calibration curve) it is possible
to obtain the value of the initial concentration

Crtc\odx migoe | e & DNA par 20w2R 2\0. Dowiaroe $i Usi Lro. “ROwsa,
e R \ngemkqn&om%xm-emw

DNA Intercalants
et RN e o Rolscols. cle dou o~ ﬁtwm U~Camende
e molecuies inal s nsiae =lidiurm bromide
the grooves of the DNA double . e & DA e wto 2 W\b— =] I N
helic |
- 4 SYBR Green: principle

Normally they are not

fluorescent. They emit

fluorescence only when

coupled to DNA |-

In a solution with excess of , pi

intercalants, the measure of | SYBR aresn amilé flisrascsrics onl
I i Ui nky

fuorescence s drectly e if a DNA double strand it Is present .

proportional to the DNA ——

concentration. It detects only te total amount of DNA,
it can't distinquish between defferent
SEQUENCcEs

Un 20 wodo o 2vek \on Rluoresamao. € @tdes & 022 \e TaqMen prkas

TagMan probes
o wan melador s @ Besso-, o gaste S0
. ?achamufnormal DNA with a fluorophore linked at its mb‘m. NG w‘\'b WO L.)Q_ '@\Nﬁ-‘k Tm\'ﬁ\o
and (Reporter) and another molecule (Quencer) in its
3 termination Yoe. Rr 2ude 2V dewo. Ashizoe @ ¢ Q
» The property of the quencher is to ‘switch off' the sm M zA [TV m a_. w

fluorescence of R when Q and R are close each-other.
The photons are absorbed by Q instead of being emitted

byR.
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Uses a non-specific fluorescent
molecule that binds to the minor
groave of DNA,

.
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» The Polimerase enzyme during replication cuts out any
existing DNA on its trail
» For any duplication event a new probe becomes fluorescent

Qesto \'noe G o oMo - Mado velacs .
Melting curve

» After amplification, the system is slowly heated (thermal
ramp) while the fluorescence is measured continuously.

» If a molecular beacon or an intercalant is present, when
the DNA double helix denaturates, the fluorescence
exhibits a negative peak.

» Dissociation temperature depends on

— Amplicone length

— CG percentage (3 H-bonds) over AT percentage (2 H-bonds)

The (negated) derivative of the fluorescence is the most

used indicator

» Melting curve can't be done with TagMar probes

Melting curves

/

i

7

fraction DNA hybridized

b

x o T (3] X 0 [ o
T % W0 5 6 ]
tomparaturs (G temparatura (“C)

W 0252 2 pieco s possoo Ascadeae dvaxs: Prodat &I amp Rov2ona.

Bothawa) Z'mp_?-ce;‘hm —= NP W DNA emon \ Boogne & 2idae @
vztheddoe

Isothermal amplification

= After PCR, several methods have been invented that doesn't require
temperature change to amplify DNA

* Among them, LAMP (Loop-mediated isothermal amplification) is the
most known

Advantages:
~ Very simple instrumentation, just a stable heater, typ 60C
~ Faster than PCR, typ 1016 min (continuous tima)

Disadvantages
— Not quantitative (no cycles 2 no Ct 9 no
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Fros: ease of fabrication, no
clogging (if focusing)

Cons: inhomogeneous field
(vertical dispersion sensitivity,
no simple expression)

Desgn of o Senyrhe Erchrods

Pros: signal independent of
vertical position

Cons: difficult fabrication and
alignment, clogging

+ The gap sets the vertical extension of the sensing volume
+ An optimal gap exists for a given cell diameter
+ Sensitivity scales with cell volume and vertical height
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Field compression
Distortion

* Rgq, set by channel size and gap (max. sensitivity)
* Maximize L (and minimize Cg) to extend the resistive plateau
+ Take into account impedance increase due to confinement

Label-free cell discrimination based on intrinsic electrical

properties
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LF 1.72 MHz in-phase ampitude/

Two frequencies 1.7MHz and 15MHz
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POr0 gaetozce & soqeraemers (438X - 2004)

» Sanger method (Chain termination

“dideoxy”). TGB\S.C& Dl ol P-'JL, \ow Mm&
« Inthe PCR mix, beside the normal deoxy-tri- 23 ~%0 n~c D2ve MO~ \pPWO~.
phosphate nucleotides, a small percentage of ll DNA o atizace. RO lo- 3::.. e lo
dideoxy-tri-phosphate nuclectides is - Thymne o
introduced. L \\] S e
« Those modified bases are incorporated by ~ “mxtvmiare N+ +/
the polymerase in the growing DNA, but they “™ W (_m\ \o czP’iJfO Ua C2220 & QoMo
don't allow the next step. ﬁ (J 'S o m‘)
« So, the amplified strands are interrupted at s ]
the point where the dideoxy has been Ditearythymmigine o/
incorporated B

Dna sequencing

« A small percentage of Dideoxy base of a
single type (Ex. Timine) is added to a PCR
mix. The PCR is performed and the resulting
DMA chains if are interrupted where the
complementary base was present ((Ex
Adening)

By electrophoresis it is possible to quantify
the lengths of the fragments. The lengths
corresponds to the places where Adenine is
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« Repeating 4 reactions, adding each time a | « DNA sequence: AGCTGCTATTACCGT. . st "m
different dideoxy (ddATP, ddTTP, ddCTP, « 1(ddATR) e =
ddGTP), it is possible to find the places of all Gt Flectrapharesis: |

= A%, AGCTGCTA *, AGCTGCTATTA *
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AGCTOCTATTACCGT *
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Second generation
« Flush and scan:
1. The ‘library’ is produced. It is a sample containing all the
oligo subsequences generated by the shotgun specifically
freated - Pregamton
2. The library is used to make the array. Any oligonucleotide of
the library is in a fixed place on the array, the position is
random. The DNA is single strand and primed.
Flush 3. A solution containing a pure base is flown on the aray anda |
single base is made to be attached to the growing chain. Fun
4. It is measure where and if an incorporation happened [
5. The procedure is repeated from Step 3, using a different
base
6. Forany pixel, the temporal series of measures gives the
sequence of the corresponding oligonuclectide
7. Using Software the original whole sequence is reconstructed
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Pyrogram

QAN o~coaey D Puc

« Forany single pixel is recorded a specific signal. This
relates the sequence of insertion of bases to the
sequence of DNA
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PacBio (3rd generation)

« DNA polymerase is placed on the bottom of a

B0 20 A SelenzanrRn Y. nano-well (1 single molecule per well)
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« The bases in solution are
labelled with 4 different
fluorophores

+ Instead of being the

S , polymerase moving on DNA

CTHEL LT LTI is DNA moving over the

- ; fixed polymerase.




Working principle

n Prr){'\'to- cedo & P 20 (o Aoresomo. T Mowag
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« Every time a new base is
incorporated, the relative
fluorophore emits a 1
fluorescence flash, its colar \
depends on the kind of added
base.
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Towards 4" generation: nanopores
+ A nanopore is a tiny hole in a membrane that separates two chambers
containing ionic solution.
« A voltage is applied across the membrane, a current is produced by ions
crossing the membrane through the hole

« When DNA enters in the pore, the ionic flow decreases and the measured
current is reduced.

* Any macromolecule crossing the pore blocks the current in a different way,
depending on its size.

« Measuring the current it is possible to know the size of the passing molecule
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Aluminum of metal lines and bonding pad is too reactive and
must be «converted» into gold or platinum for electrochemical
detection.

The top passivation (Si;N,) is waterproof.
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Accurate (expensive) Electroplating
Limitation on materials High roughness
Temperature limitations:
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Rigid microfluidics
Sealing issues

Cover with photo-patternable
soft passivation

Sacrificial layer
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