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Definition

» Physical sensors: measuring physical quantities for their own sake

» Chemical sensors: responsing to a particular analyte in a selective way through a
chemical reaction and can be used for qualitative/quantitative determination of the analyte

[R.W. Catterall]

- Biosensors: devices for the detection of an analyte that combines a biological component
(sensing element) with a physicochemical detector component (transducer). [International
Union of Pure and Applied Chemistry]

- Biosensors2: devices that use specific biochemical reactions mediated by isolated enzymes,
Immunosystems, tissues, organelles or whole cells to detect chemical compounds usually by
electrical, thermal or optical signals. [ITUPAC Gold Book]

; .. .. i i 2 Biological Receptor
Function: Qualltatlve or quantltatlve determination

of a particular analyte in a selective way through a ® O\-]— L
biochemical reaction. O 0O I
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Hlstory of Bilosensors
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Integration and wearable sensors

Lab on a chip

Wearable sensors

wearable by using gesture- e
based commands - WL

— pfecelver

- 1 4 transmitted

Digital Finger
Pulse Oximeter GPS Locator Watch For Alzheimer's Patients
et

Receises and slores up to 10
numeri: pages —
"
The wotch cots itself accuratoly,
no mattar what bme 20ne youe in

Rugged, lightweight and i‘ <
adustable locat is “ - ‘J:l 2 N
e -eststant and —
cut resistant.

VWearer plesses two outel
bultans kx 3 seccnds lo
hitp://www.nonin.com/products/8500 html ,D“"P:‘::: ;‘,I'K“r',“:'ﬁ"“’(

cribat may
Actiwatch Actigraphs "™

Telemonitoring Services .

Use inzerts included

Bracelet Vivago

Press fo automatically
Jack lecator.

Marwaly lkecks eand
losator

.

Integrated OPS and dglal
Wwitelezs fachnologies pinpoint >
the wearer's location Prevents unwanted removal;
activale manuelly o remotely

htip:/fwww.vivago.org/home.htm
http:/iveww . wirelesshomesecurityalarmsystems.com/
hitp:/Awww.minimitter.com/products/Actiwatch/

Exercise Set
(extended exercise rofiles)

bitp:/iwww. polar filpolar/channels/eng/segments/Running/S8 10V alifeatures. html
7/ HEART RHYTHM (ECG) MEASUREMENT DEVICE
7

St U CNRNANOTEC

) eriruTe o nanoreenoLner | giUSeppe.maruccio@unisalento.it




Advanced magnetic materials and devices for biomedical applications / Sensors and their integration

L L L T M EC - Ont L L
| — Market size of Areas of application
blosensor » Health care — measurements of blood,

other biological fluids, ions, metabolites
to show a patient
- _ metabolic state
7.3 Billion $ in 2003 « Industrial processes, e.g.
= 10.2 Billion $ in Fermentation

/" BiolPharma

Resean:h

2007 with a growth « Warfare detection
rate of about 10.4% « Environmental monitoring
 Food control
% GLOBAL BIOSENSOR MARKET
120 u y ® taboratories | BPointof Care Testing & Home Healihzare Diagrosiics Common assayS In mEdICII']e
100 e Analyle Method of assay
| 11.6 Billion $ at 2012 i : . __
o - Glucose Ampcrometric biosensor
- / ' [ ] Urca Potentiometric biosensor
¢ Lactate Amperometric biosenso
100 - Heputiis B Chemiluminescent immunoassay
o | Candida albicans Piezo-clectric immunoassay
Cholesterol Amperometric biosensor
0 Penicilling Potentnometric biosensor
Sodium Glass ion-selective elecirode
® Polassium lon-exchange-selective electrode
0 - Calcium lonophore 1on-selecnive clectrode
R Oyeen Fluorcscent guenching sensor
’ w3 2014 2016 2019 2020 [‘IH Glass ion-selective electrode
year
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Accuracy & Precision

agreement between extent of random

measured value and actual value.

error in the measurement.

Accurate, but not precise Precise, but not accurate

high accuracy

Reference value

&

Probability Accuracy
density % "

high precision

-

< — *» Value
Precision

low precision

high resolution low resolution
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Repeatability/Reproducibility & Hysteresis

. ) . 5 e Repeatability (a) 1543.0 : : : . : .
> Repeatability: ablllty_ to ik - _ Repeatability
reproduce output readings | — i |
repeating the exact 5 g @ & b
] )
measurement at exactly the ) S il W ! ? Voo
and ann 8 "+ \ Difference in readin : ;
same condition within short s | = ' E kY
5 . P e a 9 ) 2
time period. o “pe—— ] '
arL oo /~/./' c ‘ oTres o Trec°
> Reproducibility: same after P 5 2 g, “%n/p - -
longer period of time or at a 4 € gl t. | A P
different conditions 3 o I coor
I ' Reference Pressure Point Time (s)
2.8 Nz Nz Nz
> Reversibility: Continuous measurements 2wl A ! 1
(no consumption of the analyte) 2.0
QUTPUT 16-
> Hysteresis: maximum el - 2 1.2]
difference in output, at any R ] 0.8
measurand value, when the | .
value is approached first 22 AL Oamn e
with an increasing and then | T 0 20 40 60 8 100
decreasing measurand. ; Times/min
START o [
0 MEASURAND 100%
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Time factors

RESPONSE TIME: Time necessary
for having 95% of final value in
response to a step change in the
measurand response. A short response
time is derirable for fast measurements

and high sample throughput. —~— |
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L
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A

100%
90%

-

Note:
-e' =0.632

sensor

\

» WORKING LIFETIME (and shelf
time as well): minimum time over
which sensor will operate without T
changing performance characteristics
beyond specified tolerance.

— Degradation during continuous use

¥ v V¥
room T

Time constant

Toos, J

Q0% rise time

— Storage in wet condition (@) 15439 : : — ()0 ——
— Shelf life (in dry, in original = i Repeatabmty = Reusability
. £ 5% = 3.5%
packaglng) -E 15425 ) F E 15425 S
g $ 3 & % £ =
g 1542.0 oi.l X'o °/° }; g 15420 | 20k / \
> STABILITY: sensor ability to| 3 $ 1 % 1 I\ / "\ 3 o\ 0%
p p . 2 | [ Q 2 | 0.5% 2
maintain its performance : LW L T & L e, | L QJ LF
characteristics for a time period. o 0% 8 r’
1541.0 : ! . 1541.0 y .
0 80 160 240 320 0 5 10 15 20 25
Time (s) Time (min)
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Specificity/Selectivity

G "]
J . ® 5000 ppm v
o as Sensors ) ~.
0,8 K '
18 1 /" ® 3000 ppm !
16 N 06 /! i
E _,’ ]
- 14 GC) 7 K r’
X 12 o 0,4 =TT - i H, .
s 12 g_ l .- NO, "~ ; /
z lo _/l \\ i, {r’
z § Ofegem gy :
3 6 "'_S_ 00 - & F;pr.n m 25ppm, / ! ®1000 ppm
] Ay \ s
S ~~125ppm 50 ppm ,/ '
4 8 L 1ppm ol PP ', @500 ppm -
‘£ .02 -
2 o lTEEEmeees -
~7 21000 ppm s
0 -0,4 i A\ 3000 ppm CH,)
J \ A5000 ppm I
\ & N A10000 ppm .-
'0 6 I 1 I I I L L -t M 1
-4 -3 -2 -1 0 1 2 3 4

Principal Component 1

Molecular |k ¢ . o 0 ib % %
recognition |l SUTTERE" S| = Y Y Y

|:| Antigen |E| Marker molecule . Antibody
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Classification of Blosensors
[ Biomaterials ) "t A me Oroanismicel
based on F‘rotema /3,,; A

Recognition Element: Enzyme (e.g. Wym& ‘t%
glucose oxidase), DNA/RNA (gene), \ Peptides —
antibodies, receptor protein, whole-cell, | « » Antigens/
tissue slice (liver, heart). 1 Il antibodies

j?n" " Neurons

Transduction ~ mechanism: & onarnal £ & &
Optical (light/matter interactions, ‘ / 1

light emission & luminescence,
SPR), electrical/electrochemical
(redox reactions or electrical
signals), mechanical
(gravimetric/mass,  piezoelectric
and cantilever), calorimetric,
magnetoresistive transducers

Whole cell Genomic Proteomic
signatures signatures signatures

45 hybridization

Placement: In-vivo, in-vitro, point-of-care

A
P

J) UNIVER SITA I @ CNRNANDTEC

SALEN eriruTe o nanoreenoLner | giUSeppe.maruccio@unisalento.it



Advanced magnetic materials and devices for biomedical applications / Sensors and their integration 12

L L L 'T m EC Opt L L

Two Principal Biorecognition Strategies

Insoluble salt-based sensors S+ + R- —(insoluble salt)

Bioaffinity sensors Igased on change of S+ R _-SR
local electron densities

Metabolism sensors based on substrate S+ R_-SRS>P+R
consumption and product formation

Non-catalytic Catalytic
Biocomplexing Biocatalytic

or bioaffinity Sensors
sens_ors Substrate [:E:] Product (ENZyme-based
(Antibody-based Detection)
Detection)
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_abel-based vs Label-free Strategies
. DISADVANTAGES OF
Preparation “LABEL-BASED ”

Label-Based (Indirect) \ A TECHNIQU.ES

VA > extra-time and cost
-n e % e % > Labeling can interfere with
A : molecular interaction by
Synthesis of labelled samples |

occluding a binding site
(false negatives)

> background binding can
interfere (false positive)

> fluorescent compounds are

-additional steps
-additional costs for reagents
-possible pollution or samples

c
o
=
o
4]
1
1]
(m]

Label-free (Direct)

Real-time Signal generally hydrophobic
> sometimes do not allow
Aclive Ste observation of binding
Label-based Label-free Kinetics
detection detection
o W i Yo
NEiisreacant Optical Mechanical Electrochemical
Immuno *SPR *Micro- *ISFET
Assay (e.g. * Interferometer cantilever +EFET
ELISA) * Elipsometry *Nano- +HFET
*FRET *Resonant mechanical * NanowireFET
*Quantum Mirror oscillator +MPED
Dots «QCM

|| A A /
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Biosensors

sampes i
1731 - Bhﬂmhcgﬁca]: .
! ! l! H Ele ctrochmical ~poten .
. — amperometnce
i — conductimetric
Human Samples Signal N ) :
. ical Amplificati — voltammetric, polarographic
(e.g; bl.ood and Optica mpRiication — impedimetric, capacitive
urine) ~ piezoelectric
.Y Colorimetric — transmission / absorbance [ reflection
Ly B — dispersion, interferometric
Food Samples AN Mass ~ circular dichroism, ellipsometry
— scattering
ﬂ 7 — emission intensity, photon counting
= Aptamers ’ (luminescence) decay time
Magnetic calorimetric
Environmental and Signal acousic / gravimetric:
Agricultural Samples Processing — sarface photo-acoustic wave
— guartz microbalance

(e.g; water and soil)
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Development steps of the sensing surface
1 .Deliver or synthesize the bioreceptors

A. 1BM and Agilent Technologies (A e/ (B)
Inkjet printing of single }_. s Eob - ”’jf;’t:'j.‘f.j“’ ———T
stranded DNA \ ’ 23S o onmatton PR~ giiet > ool {8
B. Photolithography patterning of e séiu 22 !
DNA features Affymetrix, O ==ud. fesTes
GeneChip® Santa Clara ST LT W‘?ﬁﬁ < Tl onde THR
(California) p et f
2. Immobilize bioreceptors :
» Self-assembly of thiols on gold films 3. Passivate the surface
e ) 4. Stock in appropriate conditions
: {-\J ‘\ 7| Thiol solution (CH,),
lAdsorplion - s
L./ A -> 4 e
@ Organization — ‘l{ : ,;.' ‘
1~ ‘;l l-: T8 o1& o] I0]

X =-CH,, -OH, -COOH, -SO,, -PO,H,, N*(CH,);, -(OCH,CH,),OH, ...

) UNIVERSITALf _ : : .
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SAMs for biosensors

Platform for linking biomolecules either using direct chemical linkages
or by encapsulation with the help of polymeric supports.

1. Easy formations of ordered, pinhole free and stable monolayers.
2. Membrane-like microenvironment (cellular) suitable for biomolecule immobilization.

3. Flexibility to design the head group of SAM with various functional groups in order to accomplish
hydrophobic or hydrophilic surface as per the requirement.

4. Only minimum amount of biomolecule (monolayer) is needed for immobilization on SAM.
5. Reasonable stability for extended period, allowing several reliable measurements.

6. Ability to unravel molecular level information about phenomena such as protein adsorption, DNA
hybridization, antigen—antibody interaction etc. using surface sensitive techniques such as AFM.

Disadvantages

1. Immobilized enzymes are very much sensitive towards changes in pH, ionic strength and temperature: a
minor change in one of these parameters can sometimes be responsible to loose the biological activity.

2. The chemical stability of some of the SAMs is not very good as monolayer can be chemically oxidized
during the course of investigations.

3. Electric field induced and thermal desorption of monolayers is detrimental to biosensor applications.

4. Due to high surface energy, hydrophobic SAM surface can accumulate several contaminants and
hence unwanted impurities can adsorb and block the analyte recognition sites.

UNIVERSIT/ IIGGNRNANDTEC
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Strategies - Functional groups

» Many technologically relevant materials possess well-defined surface chemistries, including metals,
semiconductors, oxides, and other complex materials such as superconductors
» avariety of heteroatom containing molecules have been shown to self-assemble on such substrates.

Chemical systems of adsorbates and substrates that form SAMs

Surface Substrate Adsorbate(s) Selected reference(s)
Metal Au R-SH. R-S5-R, R-5R. [17.75-78]
R-NH,. R-NC, R-5e. R-Te
Ag R-COOH. R-SH [18.79]
Pt R-NC, R-SH [80-82]
Pd R-SH [83]
Cu R-SH [84]
Hg R-SH [85]
Semiconductor GaAs (IIT-V) R-SH [56.87]
InP (ITT-V) R-SH [88]
CdSe (IT-VI) R-SH [89]
ZnSe (I1-VI) R-SH [90]
Oxide AlLO, R-COOH [14]
TiO- R-COOH. R-PO:H [91.92]
Y Ba,Cuy; 04 ; R-NH, [93.94]
TIHBa Ca Cu-O R-SH [95]
ITO R-COOH. R-SH. R-Si(x); [96.97]
S10; R-Si(x)s [5]

Y UNIVER \l l Alg Progress in Surface Science 75 (2004) 1-68
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The n-alkanethiolate SAM
sulfides, disulfides [3]), molecules

,f'; Thiol-based SAMSs are attractive
' are stable once adsorbed on the

structures for several reasons.
Aufiil} surface

H Well-ordered SAMs can be
O c formed from a variety of sulfur
containing species (i.e., thiols,

n-dodecanethiolate monolayer self-assembled
on an atomically flat gold substrate

: The structure as well as the placement of
Alkanethiolates on noble alkanethiolate films on surfaces other than gold has
metal surfaces been studied and reported, including platinum

[82,132], palladium [105,133], silver [111,134], and
copper [111,135].

NIVERSITA [B Progress in Surface Science 75 (2004) 1-68
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(a) (b) (c)
FOMS SAM
AFM tip e
l‘lhlnlsm) - 5;‘_5 %
) AREREARE
omn) e e Gy s ! é é ¢ ;
Goae; 0 :'. f':}:.: -"' ‘/mcniscus
[BEwEsE | L !
‘ Ll e e sy ey ar
(d) = = .3 = o (€)  aiaaesis (f) ;%?;?f
X FETEELE . FAIZEERE
T | i | 7700
~~~~~ 4
X i 7
lsolwn’t W Technique Approximate Area Comments
; ’;? ’f’;’?«ff;‘f , resolution (nm)
¢ (-{u KL ¢ i (A) Microcontact printing (nCP) 30 >cm? Fast, parallel
(B) Dip-pen nanolithography (DPN) 10 <mm’ Slow, serial
(9) StTipM (h) (C) Energetic beams (e, 1ons, photons) 100 >cm? Fast, parallel
”lc_ (D) Solvent/heat reorganization 100-500 >cm? IC
............... . (E) Differing functionality 10--50 >um? NC
ffffffffffffff; ;; (F) Electrochemical desorption 10-50 >um? IC
' ‘ (G) STM-assisted desorption >1 nm’ - pm? Slow, serial
l (H) AFM-assisted nanografting =1 nm’-um? Slow, serial

G| S

) U\""""R*”-\|E»4|@CNRNANDTEG
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G: STM-induced desorption
H: AFM-assisted nanografting
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Molecularly imprinted polymers
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Calorimetric/
Thermometric
Sensors
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Calorimetric readouts

» Measurement of heat generated by an enzymatic reaction (enthalpy change).
» Enzyme provides selectivity and reaction enthalpy cannot be confused with other reactions.

GO

glucose + O, + H;0O > gluconic acid + H: 0
AH =—80 K mwnl .
CONHa)2 + H:0—— ™ . €0, + 2NH; Enzyme reaction
AH = —nt k) mal !
CHs + 20- »CO, +2H:0 - Catalytic gas sensor

AH = —%00 kJ mol "

» ldeally total heat evolution by a calorimetric measurement but always heat loss in real systems (not adiabatic
process) = temperature difference before and after evolution measured most often.
» heat capacity of specimen and container assumed constant over small temperature range measured.

» Simplest transducer: thermometer coated with the enzyme.

» Thermistors typically utilized to transform heat into electrical signal (change of resistance with temperature). The
change of resistance of certain oxides is much greater than the change of length of a mercury column or the
microvolt changes of thermocouple junctions.

'.....,...L.__...—.ﬁ F:I.?_'.lnurr wire
Thermal conductivity devices b e Gasout meaace R
(typically gas chromatography) aitis | Wl ot , LB
k] | § piafil—— Heat sink (o A
bt | < B2~ Filament Pt I
Gas in 2y A "~ Caramic
—_— Ry o D
T AaAsaNC Catalyst layer

o & ;;x%f(;\lI@EHEE‘&E‘EIEE'g|useppe.marucmo@un|salento.|t
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Isothermal titration calorimetry (ITC)

Measurement of reversible reactions among biomolecules - determination of binding constants, reaction
stoichiometry and the thermodynamic profile (enthalpy and entropy) of the interaction in a single experiment
without immobilization/modification of reactants and/or labels.

syringe e
ébinding .
" © | i mechanism | / affinity
3 E | a1, 46,85
- g - 3|
= AR istoichiometry
N
._L.---'—E Sy ™ T !TmMmM T
reference sample 0 0.5 1 15 2
cell cell time molar ratio

« Two cells kept at the same temperature: heat sensor detects temperature difference and feedback to the heaters which
compensate to return the cells at equal temperature

 ligand solution titrated into a well-insulated, stirred cuvette containing a receptor kept at constant temperature.

* As heat is released or absorbed during a molecular interaction, a BINDING ISOTHERM is obtained as a plot of the
heat change versus the molar ratio of ligand to receptor.

 control experiments to compensate for bulk effects such as heat of dilution of ligand and receptor and heat of mixing

RSITA [E i . ) |
A FI@CNRNANDTEE| i conne marucciounisalentoi
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Isothermal titration calorimetry (ITC)

Measurement of reversible reactions among biomolecules - determination of binding constants, reaction
stoichiometry and the thermodynamic profile (enthalpy and entropy) of the interaction in a single experiment
without immobilization/modification of reactants and/or labels.

K, = Affinity
(n) Stoichiometry

Molar Ratio
Example: exothermic reaction Malvern video

« Two cells kept at the same temperature: heat sensor detects temperature difference and feedback to the heaters which
compensate to return the cells at equal temperature

 ligand solution titrated into a well-insulated, stirred cuvette containing a receptor kept at constant temperature.

* As heat is released or absorbed during a molecular interaction, a BINDING ISOTHERM is obtained as a plot of the
heat change versus the molar ratio of ligand to receptor.

 control experiments to compensate for bulk effects such as heat of dilution of ligand and receptor and heat of mixing

)- UNIVERSIT/ IIGGNRNANDTEG
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Mechanical/Mass
Sensors
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Plezoelectric materials and their applications

B - TN

The Piezoelectric effect:
Applied force - surface electrical charge

No Stress Tension Compression

G
Gaa

Silicon Oxygen
Atom Atom

Inverse-Piezoelect. Effect

Piezoelectric
ceramics for
hi-resolution
(<nm)  mid-
range (100
um) actuators

Made by JM

MDD DD H £

ERE P S e
H 6 6

il P

> dDOH O LS
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Quartz Crystal — Crystalline SiO,,
Crystalline SiO, Amorphous SiO, Only specific materials, belonging to -certain
(Quartz) (Glass)

crystal classes, show the piezoelectric effect:
quartz, cadmium sulphide, lithium niobate, lithium
tantalate, zinc oxide, lead zirconium titanate
(PZT), HI-nitrides group (GaN, AlGaN).

Piezoelectric effect

Unit Cell at Rest

++ +

[ J ' 3
L} p .
_ S
&
Unit Cell Under Mechanical
|7 3 C H L H n - .
B ompression (“pushing” force):
*Si ®0 ® Electrical polarity as shown
Constitutive equations : -0

I =cS-— eTE = applied stress

D = eS + £ E = electric displacement (polarization)

. Unit Cell Under mechanical S
Tension (“pulling” force):

9
E = electric field Electrical polarity reverses.
¢ = stiffness coefficient matrix
e = piezoelectric constant matrix
. . . Neutral Charge
£= permittivity (dielectric constant) matrix
++ +

)5 UNIVERSITA E{l@ CNRNANOTED

& = induced strain
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Quartz Crystal — cut & AW generation

optical axis First piezoresonator employed as a chemical sensor was a AT-quartz resonator
P » X plate crystals: large voltage generated when compressed and decrease in frequency

\ with T increases
35° 107,

» Y plate crystals: large voltage generated by shear stress and increase in frequency

% & - __;’X with T increases
o | / » X cuts exhibits an extensional vibration mode with AC voltage
1 \ > AT cuts (35 degrees off the Y axis) vibrates in the thickness Sha?i: mode«
e | S
sk Thickness shear mode QCM
Acoustic wave generation -

1. Applied V,. = time-varying mechanical displacement along field direction -
generated acoustic wave propagates until reaching a boundary where is reflected.

gt

2. Piezoelectricity - reflected wave generates charge separation - time-varying
electric field in phase with mechanical displacement - electric potential back in

/ the electrode regenerating an acoustic wave
L AT-cut of quartz crystal
voltage pulses Dhriminn‘ RESONANCE if this induced electric field is reapplied to
' ’ l l - the device in phase with the displacement = standing wave

A A h no net gain or loss in energy through the process of generation,

displacement v % time | propagation, and regeneration. Due to the damped wave motion
(frictional losses, ...), an extra electric energy has to be supplied

to each regenerated wave.

» Two metal electrodes on a thin slice of quartz cut with a specific orientation relative to the crystallographic axes (AT-cut)
» Displacement in a thickness-shear mode, in which entire material subject to displacement

eriruTe o nanoreenoLner | giUSeppe.maruccio@unisalento.it
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optical axis — > First piezoresonator employed as a chemical sensor
. was a AT-quartz resonator
/ » Two metal electrodes on a thin slice of quartz cut with
- a specific orientation relative to the crystallographic
axes (AT-cut)
electrodc
- » Displacement in a thickness-shear mode, in which
» AT-quartz ?\/ entire material subject to displacement
é displacement >
' T Resonance condition: thickness equal
T — to an odd number of a half wavelength
e = e
AT-cut of quartz crystal B < <> A 3 zd
- 2 d=—n = |A="—. n=135..
s _---j 1800 1800 1800 5 2 H
1, = shear wave velocity 1o = Vi — 5 Vi D
(~ 3200m/'s for quartz) 0 A 2d
Typical d = 0.2 mm — f; ~ 9MHz

u et J IEIGCNRNANDTEcl giuseppe.maruccio@unisalento.it
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Mass sensitivity of QCM

Sauerbrey (1959) - For small mass changes, the added mass can be treated
as an additional mass of quartz with its corresponding added thickness.

* The change in thickness, Ad, causes a change in the

between resonant frequency and mass deposited.

% 1V NG
fo = b — 2L oscillation frequency, Af;,
A 2¢ | * Anincrease in thickness and mass produces a decrease in
frequency.
My, = p,V = psAd
> d M, & AM,
S qu Ad = qu For quartz, o, =2.64 g/em’
E,emde v, =3.33cm/s
Thickness shear mode Afo i ﬂ q qu . AMq _Ji";]=IDI"-"IHE1_ A= 11:1112
Electrode fO d qu Mq Mq —J‘"'.J?rl‘] B ‘13[; HZ,-'MB.
mass load AM, Flecitde L —— AMq A AMCI 2f0 juw'" i
Thickness shear mode Ta y p q A vb
g
Electrode jAE = ~ 5
2d , 1AM,
. ] . ; ﬂfu =-2 j:]
Sauerbrey equations describe relationship PV, A

ISTITUTO
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L L

QCM - Lig

77, =viscosity -
liquid
pn

_ .. I;(q
4, = elasticity v, = |

L7 Ve

¢ (V.1
10 ) AT-cut gquartz
crystal

L L

L L L

L L

uid operation

Initially believed impossible due to excessive wave damping by acoustic coupling into the liquid, but
stable resonance can be obtained if only one face of the QCM resonator is in contact with the liquid.
» Due to the strong adhesive forces between the liquid phase and the surface there is a strong
coupling of the wave motion from the surface into the liquid
» Due to the moderate cohesive forces in the liquid (much smaller than in a solid), the motion

damping is very accentuated.

‘ decay rate of liquid compressional waves and amount of liquid-coupled energy depends on

liquid viscosity. The lost of acoustic energy results in a change in frequency/attenuation

:
__ e [P
’Bfu fD \Il 70,11,

[, refers to ligquad

A h frequency
) & wmm ) en
- ©

Afis related to the mass
of the attached film
(Sauerbrey relation)

A N ®

is related to the
viscoelasticity

ATgtide Actide

565 DEL SALENTO [

Frequency signal

,
A
,

'. i ! M/ / \\J//

- o
Fat 0 )
Y i
I ¢ Iy
P
% 44 4% 4
Sk P f a8
Egt 2% g
7 b 8
(] H
il
X 1
I

- -

ngld 77777 Rigid

Soft/Viscoelastic

Dissipation signal

)2 UNIVERSITA EI@ENRNANDTEG
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Quartz Crystal Microbalance (TSM-BAW)
e © . &t

%) UNIVERSITA |E4|© CNRNANOTEC
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QCM transducers
— e

lectrodes (Au) —4
sensitive coating ¥

“* | Quartz plate coated with gold
.} electrode plus a sensitive
layer (e.g. DNA probes)

a) c)

o O Flow channel O Flow channel T T
O —— q—— .
W : aratavatey - of
—eeeey : [
= -10
200 _ d) 200 . E
b) a =20 -
150 L 4% | > )
®]
100 L 2400 E
g S = -30 u -
B £l g u
opb— A = 40| J |
0 50 100 150 200 250 300 50 - - - . L 4
(5 ZRE N O &R [ Absorption- Based Sensors -
l] 200 400 600 80(] 1000 12I(]0
TIME (sec)

" UNIVERSITA [g _ _ _ !
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Acoustic Wave Sensors

Mechanical shift of resonance for detection of mass change (due to adsorption or chemical reaction)

L e External parameters changing resonant
Quars frequency by modifying the characteristics
sta -
k¢ of the propagation path:
» mass of landing material (coating or
Selective particles) on the surface
Piezoelectric Coating
Input Output Substrate . > pressure
Transducer Transducer Input Output > temperatu re
Transducer Transducer o 5
) /| 1'» 1 » geometrical properties
AR AN /
S f R | Frequency range of generated
| .
Plate Modes giiazoelectric Membrane gilli)con eIaStIC Wave: from 1M HZ to feW GHZ
1lm ubstrate

Acoustic waves:

» Bulk Acoustic Wave (through the material) LIQUID ENVIRONMENT (see later) |
i If amplitude normal to surface, energy radiated
— TSM (thickness shear mode-QCM), into the liquid can cause excessive dumping and
— SH-APL (Shear-horizontal acoustic plate mode) energy losses. Mode propagation adapted to
« Surface Acoustic Wave (on the surface) liquid environment:
— SH-SAW (Shear-horizontal acoustic wave) or STW > VSR
— Vertical SAW < SnARLIRETY
> SH-SAW (SAW)
)2 UNIVERSIT
5 DEL SALENT (,l lG,GT,NBNANEIEﬁ giuseppe.maruccio@unisalento.it
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Surface Acoustic Waves

© ol
) SAWproperties  Varou =Vacousic =j — =7

5

Kwave
s< R » Wave bound to the surface -> effectively is an
$= SEE S S : evanescent wave
T3 HhEE HHHTH > Small amplitude (~ 10A) compared with wavelength
— and falls off exponentially with distance from surface
ropagation . . -
K e / > Penetration depth of wave into the substrate varies
Rayleigh waves - - -
e inversely proportional with frequency
"‘d:—m"‘ - A Ravleigh wave 1s composed
L T~ of a longitudinal and a vertical
= ™ N N
J . iy shear component
ul R B Lord Rayleigh, 1881: “On waves propagating
- : : along the plane of an elastic solid”
Longitudinal + vertical shear = Ravyleigh mode aoep
Bulk longitudinal wave  Bulk transverse wave  Surface (Rayleigh) wave A
v = 4000-12000 m/s v = 2000-6000 m/s v = 2000-6000 m/s &0 B N 2 antivody
Electrode > n ¢ B

e ad rtmeane 1]

_ MmmMm

* For f;,~200MHz, 3 pg of biomolecules are detectable ===~ - Sueurae
® 3 Order Of magnltUde maore SenSItIVE than BAW Surface Acoustic Wa\i/e Gold Surface

) UNIVERSIT/ ||©GNRNANDTEG
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Surface Acoustic Waves

SAW Excitation and Detection

Propagating surface wave
|

Receiver

Elastic and Viscoelastic Films
on a SAW Device

Compression

I

Film

Substrate

Substrate

- UNIVERSITA g

* For f,~200MHz, 3 pg of
biomolecules are detectable

* 3 order of magnitude more
sensitive than BAW

giuseppe.maruccio@unisalento.it

#—Antigen
: ® o

N\, # Antibody
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Surface Acoustic Waves - Applications

J) UNIVERSITA \[|@CNRNANDTEE
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Surface Acoustic Waves - Applications

Air Interface

Surface Water Droplet
Acoustic

Wave

Leaky SAW

SAW OFF

= = = Preddury Arlinades (AN)

Y UNIVERSITA ¢
i :
5 DE] ““MOH@GNRNANDTEB

giuseppe.maruccio@unisalento.it




SAW devices In Lecce

0.04 -
Z 003
= 0,031
S 0021
S 0011
2
»  0.004
EMVY v =3=107 mys) § 0011
SAW (v=3e 10" mis) g -0.02
=
. § -0.031
i = 004
SAW triple transit - T T T T T T ]
0.0 5000n 10un 15p 2.0p 25u 3.0u
time(s) —— 500 mirror lines, 20 emitter IDT
-5- = 500 mirror lines, 40 emitter IDT
Time Rezelinie of | Yok A0z Fules Sgnal 250 mirror lines, 40 emitter IDT
% 2 —~ ‘6 1
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SAW Delay lines : High Order Harmonic Mode excitation

157
~th Applications

1" . :
o p f/w Sensing
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SAW-based sensor for the detection of nanoparticles

u art Number of particles(x106) Number of particles (x10%)
00 36 7.3 109 145 182 21.8 254 29.1 0.0 29 58 8.7 11.6 146 175 204 233
0 u v OF =
Z : 200 nm 1 A
-10 : 1 10}
- u n
y T 20 .
_2_ u 6-20 - -
= [ |
30+ - <
. -30 -
-40 = 1 ]
) -40 :
50 + - ]
1 1 1 1 1 1 1 1 1 _50 1 1 1 1 1 1 1 1 1
0 16 32 48 64 80 96 112 128 v 0 16 32 48 64 80 96 112 128
Mass (ng) Mass (ng)
Number of particles (x109) } ‘
0.0 11 23 34 45 57 68 80 91 e
OF = o = = 1pum
i 40 nrn 10 " a = 200 nm
20+ 20F - . = 40 nm
-30 F
40 - . 4 =
~ o -40 + LI
° ~ [ |
~ [] '50 B
- < ]
J-60 7 < -60 +
" -0
| I 80} )
5 = 90 " .
-100 + 1 -100 | )

0 40 80 120 160 200 240 280 320
Mass (ng)

Ei Giuseppe Maruccio
'G CNRNANOTEC
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Cantilever-based sensors

N . ) \
N Y - . \
N\ 5 & YA R YEYER
B ) ,

Read-out schemes: NN LN LN
1. Static bending NN\ D an
2. Frequency change

Reference required in both cases

Giuseppe Maruccio
| |@ NANOTEC

| giuseppe.maruccio@unisalento.it



Advanced magnetic materials and devices for biomedical applications / Sensors and their integration 48

L L L 'T m EC Opt L L

Cantilever as a spring

Harmonic motion, damped by sample interaction

oo oo k
mz=-kz m) z=-—z2
m (1]
test solution: z = Asin o t =) Z = —(0022 —>

spring constant (stiffness) in normal direction

3EI
L? 1 |k
resonance frequency fo = |
K, 2\ mess
bh*

For rectangular cross section:|/ = —

Fx E = Young modulus \ 12
‘b\‘/ | = moment of inertia. ."I Ebh® _ (@ ."II— h
fO_ 1|,'| AL 3 s 3\Vp)L?
Ex. h=0.5 pm, w= 10 pm, | = 100 pm
E = Young modulus: SiO, = 0.6 101 N/m? fo ~ 250 kHz
0 p = density : SiO, = 2.2 103 kg/m?3 (typical in air)

) U\"""—R*”-\|E»4|©CNRNANDTEG
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- produced by microfabrication
Cantl I eve rS using dry- and wet-ething

Read-out strateqgies

| * Mechanical Displacement (Bending)
— induced by surface stress

— detect a single base mismatch between two 12-mer olinucleotides

— analogous to the effect on the lateral tension of a lipid bilayer
produced by the interaction between membrane molecules

surface stress mass sensor .
sensor (dynamic) Heat sensor » Change in the resonance frequency
= e Jf{f/% — induced typically by mass changes
H — analogous to QCM sensor but more easily miniaturizable and suitable
Maaneti . . ) :
Photothermal % o ?:ﬁ;fftam seangslit'c for high density array (a different probe for each cantilever)

Functionalization

reservoir wells microcapillaries  x-y-2 positionini

cantilever array cantilever array

insertion into insertion into individual coating
microfluidic channels microcapillaries with inkjet dispenser

- UNIVERSITA g _ _ _ !
76 DFL SALENTO IGE.NB,NANNEIEE giuseppe.maruccio@unisalento.it
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Mechanical Displacement

Asymmetric Surface
Stress between the
functionalized part and the
opposite one

30

204
1 11 V{\ 11|

10

O'ﬁ‘f |

-104

-20_

'30 T T T T T T
0 40 60 80 100
Time (min)

Differential deflection: about 10 nm
for a 16-mer oligonucleotide target.

Differential signal (nm)

Fritz et al. Science 288, 316 (2000)

L’l\l\ ERSIT. IEIGCNRNANDTEG
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Change In resonant frequency

A cantilever array oscillated at its resonance frequency can be used as a mass
detector. Molecules from the environment diffuse into the coating of the
cantilever. The mass change can be determined from the shift in resonance

frequency.
A typical mass change of 1 pg/Hz is observed.

Tipical resonant frequency: few hundreds kHz.

Frequency shift [Hz)

Mass sensor

microbalance

O 500 1000 1500 2000

Timne (4]

V f ‘7 \
Q | IGGT.NREANETEE giuseppe.maruccio@unisalento.it
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Plezoresistive cantilevers

» Canteon technology (NanoNord)

«Static bending is detected - ——— —
Cantilever with no deﬁechon

*Piezoresistive cantilvers AR toriaining  confing hat
Can be used in referenced mode P ipeciasty ed ssate
*Placed in a fluidic catridge XYY XYYYYY,

/ — 10 pm

Cantilever (green) with piezo resistor (yellow)

.""

— -

=

Cantilever with detection

Molecules bound to the
surface

A » [

Piezo resistor element in
cantilever gives electrical
signals caused by the stress
induced by the binding

- UNIVERSITA g _ _ _ !
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History of Biosensors
Principle of electrochemical Biosensors 1956: Clark paper on the oxygen electrode.
substrate product

1962: "how to make electrochemical sensors

more intelligent” by adding "enzyme transducers
|« Enzyme as membrane enclosed sandwiches”. — First
biosensor where an amperometric oxygen
electrode was immobilized with an enzyme
(glucose oxidase) [1].

Apply voltage Measure current prop.
to concentration of substrate the blood glUCOSG biosensor
GOx: Glucose Oxidase
2_Glucose
Electrod , H,0,

Gluconic Acid

GOx ) )
Glucose + O, — Gluconic Acid + H,0,

Pt

H,0 2H*+0,+2 e

A
1918-2005

?0.6 V vs. SHE
L. C. Clark and C. Lyons, Ann. N.Y. Acad. Sci., 1962, 102, 29-45.

giuseppe.maruccio@unisalento.it
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Electrochemical methods/read-out
Techniques wit|hout current flow Techniques with current flow
Potentiometry

>

Y V

) L}T [\\’\{[H;\\l: (§ ﬁ@ CNRNANOTEC S| etc many options for information display and or recording

Potentiometry: Electrode and solution are in chemical
equilibrium, current flow is near zero, and the the cell
emf (potential) is measured relative to a reference |
electrode. The emf is proportional to the logarithm of Techniques with negligible analyte conversion ~ Tachniquos with complate analyte conversion
the concentration of the substance being determined.

Voltammetry | Conductometry Coulometry

\Voltammetry (Amperometry): increasing (decreasing) potential applied to the cell until oxidation (reduction) of
substance to be analyzed occurs and there is a sharp rise (fall) in the current. Height of peak current is directly
proportional to concentration of electroactive material. If appropriate oxidation (reduction) potential is known, one
may step the potential directly to that value and observe the current.

Chronoamperometry: concerning monitoring of a RC electrical decay of the cell after an input voltage step.

Conductometry: Most reactions involve a change in the composition of the solution. This will normally result in a
change in the electrical conductivity of the solution, which can be measured electrically. All ions in solution
contribute to conductance, so it is not specific.

Coulorometry: analyte specifically and completely converted due to direct or indirect electrolysis, and the quantity of
electricity (total charge in coulombs) consumed in the reaction is measured.

Impedance Spectroscopy: involving complex impe

Field-Effect Device: A transistor is adapted to b ZERREEEIEN N

potentiometric signals, produced by a bio-process o = SERSTVER IR EEiiel R TR ER el VAR

» Electrical signal better suited for signal transmission; multitude of
microelectronic circuits available for amplification, filtering, modulation,

ISTITUTO DI NANOTECNOLOGIA
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Electrochemical Processes

L

At an electrode surface, two fundamental electrochemical processes can be distinguished:

>

CAPACITIVE PROCESS.

no reaction involved but capacitive currents caused by the (dis-)charge of electrode surface as a result of changes in
area size (dropping mercury electrode), by a potential variation, or by an adsorption process.

Under_potentiostatic_conditions, this process tends to be very fast = resulting current usually expires in a few
milliseconds and can thus be reduced by choosing slower scan rates or pulse widths of longer duration.

NB. In high resistance media, capacitive current will need a substantially longer period to fall off (time constant:
RC, where R = resistance and C= capacitance).

FARADAIC PROCESSES.

Faradaic currents I as a result of electrochemical reactions at the electrode surface.
Measuring |- - useful parameters as concentration and diffusion coefficient of a species.
Peak potential (i.e. position) = nature of the species.

Usually under potentiostatic _conditions, faradaic currents are slower to diminish than capacitive currents.
However, when reactant depletion occurs, a faradaic current will also decrease with time. The scan rate/pulse
duration should therefore be chosen slow/long enough to reduce the charging current, without letting the magnitude
of the faradaic current decline below noise level.

To study electrode kinetics another strategy must be followed. Due to limiting effect of mass transfer, influence of
reaction rate, or corrosion resistance only expressed on short time scales, making necessary to employ short pulses,
fast scan rates, or high frequencies. In such cases, there might be an overlap with capacitive current. Usually in
these cases, one will employ a range of scan rates, pulse duration’s, or frequencies allowing for a detailed analysis
of the electrochemical components and their impedances.

EL SALEN |[|©GNRNANPTEB giuseppe.maruccio@unisalento.it
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Cyclic voltammetry

» Probably most popular EC technique for solid electrodes. CV traces electron transfer during a redox reaction.

15
Epe /Final potential
| " * The system starts off with an initial potential at
1 5. ipe —= which no redox can take place.
‘5 pras * Ata critical potential during the forward scan, the
E o0 § electroactive species will begin to be reduced.
o - = 15t eveld\ | ° After reversal of potential scan direction and
-5 y depletion of the oxidized species the reverse
reaction, oxidation, takes place.
-10 . Epa 1 | -~ X ]
1.1 0.9 0.7 0.5 0.3 Initial potential
: -
Potential (V vs Ag/AgCl) Time (seconds) IMPLEMENTATION

> Electrodes in cell containing analyte (undergoing redox > Inclusion of backward scan (2 vertex potentials instead of
reaction) and supporting electrolyte. start- and end-potential).

> Cell also contains two tubes connected to N, tank used to > Olftetn (;nore dc_i/_cle_s repeatedly '? sequg[nceEgs part of
ST Sl o R e electrode conditioning process, or to monitor EC processes

with time.

ADVANTAGES Term Definition
» reproducible results (invaluable for relatively badly defined

electrode surfaces).

» reduction/oxidation waves observable simultaneously (helpful
in the investigation of electrode processes). Epc s inc cathodic peak potential; highest current value

» Several electrode kinetic and electrosorption processes can be E
studied in detail from the analysis of cyclic voltammograms
recorded at various scan rates. SOME APPLICATIONS:

» Probe coupled chemical reactions: particularly to determine
mechanisms and rates of oxidation/reduction reactions.

' ,:f..|[§|©CNRNANDTEc giuseppe.maruccio( » Study electrode surfaces.

ISTITUTO DI NANOTECNOLOGIA

Switching initial and final potentials of working electrode
potentials (cycled potential = V\ye-Vge)-

pa + Ipa anodic peak potential; lowest current value
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Analysis of an Example K,Fe(CN),

» Starting at initial voltage (A), then potential scanned.

> At B, potential negative enough to start cathodic current between
species, reducing the analyte at working electrode.

> Reaction continues until most of the species has been reduced,
peaking the cathodic current at (C).

» Current then decays until potential scan reversed (D).

» Scan in positive direction proceeds similarly: cathodic current
continues to slowly decay until the potential reaches a point to start
oxidation of analyte (E).

» Anodic current then measured as the concentration of the reduced

58

~—E e =6

voltage species is significantly diminished (F).
» Anodic current then decays from this peak.
100 |
. 0
TR
50 J \_‘_ - -_? a0 | _,-‘_"-\
< _/ I oy
> o e T i L et £ %_ 40 rs |
- = &= s AN
= -H-\_\- = {f.-"' TR _‘_:_*;
£ b E 0 e =
5 -50 b £ . '/ o g
© ' | — a S L 4 i
o | - b _ 7 b
oo il 20 \\\ Jl,n’
| S . -
W N/
8D - ot
0 W00 400 &00 800 1000 1200 1400 1600 -0 200 -0 O 100 200 300 400 SDD &M
EIV E/my
Fig. I Cyclic voltammograms for a) a bare gold eleetrode, b) 2 CMM Fig. 20 Cyelic volkammogramms Tor ) @ bare zold electrode, b a gold
5H self-assembled gold electrode and ¢) a 1-dodecanethiol self-assen  cecrode modified with sell~assembled CMV-5H and ¢ the same as b)
bled gold electrode. All scans were performed m 0.1 MH, 580, with  but with additonal |-dodecancthiol treatment. All scans were performed
scan rate of 100mY /s, in aquesus § mhd K Fe(CM)y solution, with a scan rate of 10mV /s,
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Cyclic voltammetry

Cyclic Voltammogram (CV)

& 2. Oxidation O

2+ 3
-® 3+
<
~
©
o
3
v
40
L7}
E
ll_nve ”+”ve
o 1. Reduction o
3+ +e

Fe(CN)63-_D Fe(CNk‘-

>

E applied / V
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How ASV works

Forentiostat \'

AglAga

WE:G.C

CE: Pt wire

Cd**

Hg film

L

Deposition

Current (1)
d E% '

WE during WE during
deposition stripping

Quantitative determination of cadmanm and lead by Anodic Stripping Voltammetry

(b)

Zn

Increasing
Conc.

404

L L L L L

Anodic Stripping Voltammetry

for quantitative determination of specific ionic species.

Two steps:

during the deposition step: the analyte is electroplated on
the working electrode

during the stripping step: the analyte is oxidized from the
electrode.

The current is measured during the stripping step.

The oxidation of species is registered as a peak in the
current signal at the potential at which the species begins
to be oxidized.

The stripping step can be
either linear, staircase, squarewave, or pulse.

(c)

o

A4 A2 10 08 -08
Potential / V (Ag/AgCl)

)2 UNIVERSITA
76 DEL SALENTO

(@

Example: DP-ASV response of the AG-
NA/Bi nano composite modified GCE

4 < -
S Increasing =3 Increasing
E 604 Conc. = Conc. (@) —
o o 404 60
: : A
= 30 - O 20 i:i 40 -4°§
- =
T T T T L) T 0 T T T T T L L) § .20 g
04 44 12 10 -08 06 -04 14 42 10 -08 -06 04 02 ° ] y=0.73:330 ©
Potential / V (Ag/AgCl) Potential / V (Ag/AgCl) o ——|
-14 1.2 -1.0 08 0 20 40 60 80 100
Potential / V (Ag/AgCl) Concentration / pgL™"
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Randles equivalent circuit

1947: Randles proposed an equivalent electric circuit for the a cell containing an electrolyte in water solution:

» Double layer capacitance C in parallel with interface charge transfer resistance R and Warburg impedance Z,,, which is related to the
diffusion process of ions towards the electrode. This combination is in series with the resistance of the solution R..

Ca
(a3 |,

Zy R
B I = I
Ca Cau  Croa
S0
ok
CPE
B C
(-imagl; Re
¢ 2 Zy Rat
100 &//
OR R\ B D == - == 0=
RAu Rmod
S o ﬁ[:ediBERdtﬂ 00 Ra
_ E —— [
Nyquist plot R Ca

Scheme 2. Schematic Faradaic impedance spectra for a modified electrode where :

a) Z is controlled by redox probe diffusion (low frequencies) and interfacial electron

transfer (high frequencies).

b) Z is mainly controlled by redox probe diffusion.

c) Ziscontrolled by interfacial electron transfer within the entire frequency range.
Arrow shows direction of frequency increase.

Resistance of the electrolyte solution, R, and electron transfer resistance, R, are shown.

)2 UNIVERSITA [f
265 DEL SALENTO -

@CNRNANDTEB

Scheme 1. A) General equivalent circuit for impedance
spectroscopy measurements in an electrochemical cell. B)
Equivalent circuit corresponding to the double-layer capacitance,
Cq, that includes the variable component, C,,,4, controlled by the
modifier layer. C) General equivalent circuit for the impedance

spectroscopy with the constant phase element (CPE) depending on
the roughness of the electrode surface. D) Equivalent circuit for the
electron transfer resistance, R, that includes the variable
component, R4 corresponding to the different modifier states. E)
Equivalent circuit for non-Faradaic impedance spectroscopy
measurements in the absence of the redox probe.
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EIS Immunosensors S L —.

» impedance spectroscopy (EIS), including non-Faradaic impedance measurements resulting Non-Fara}dalc and Faradaic impedimetric sensing of
in capacitance sensing, is an attractive EC tool to characterize biomaterial films associated DNP-Ab :
with electronic elements, thus,allowing transduction of biorecognition events at respective |EENEBIo8]o] [SAEVTdor:10F:\01 1 ¢:1a[5-IK O (o]
surfaces. a) bare Au electrode. B
different kinds of EIS, such as non-Faradaic capacitance measurements, Faradaic impedance | l)JnINEET Tl Ry lol o] VY@= [T (oe o8
SuElvrfek{vel )\ AT N Nl lelN ) Ee U RN E N (O @ EE R ER U GEWERY e ER I\ | ¢) DNP-antigen/DNP-Ab layered assembly.

measurements, and transconductance measurements with field-effect transistors. d) DNP-antigen/DNP-Ab/anti-DNP-Ab-HRP  layered
' 2 assembly.
O By 0] e e) After biocatalyzed precipitation of insoluble product
T TA o T 7 on electrode.
‘5 5 . (B)_Faradaic impedance measurements: DNP-antigen
;% . monolayer electrodes treated with
6 - different concentrations of DNP-Ab for 5 min;
° - then anti-DNP-Ab-HRP conjugate for 5 min.
. [ [ . | . - then allowed to stimulate biocatalyzed precipitation
a b c d e of insoluble product (7). Impedance spectra
Modification steps corresponding to
K () DNP-antigen-functionalized electrode and to
B Ailigle g™ . " primary interaction of DNP-antigen monolayer
>. Antibody e, B R . with DNP-AD at :
; 1400 - e (b) 0.5ng mL;
’ Anll?::ﬂr;:?el:‘bod}' //A 1200 + [DNP-Ab]/ Mx 1012 (C) 1 ng mL'l;
1.
| | - | - 1000 - pu— (d) 2ng mL_l,
Interfacial impedance immunosensing: R | & %7 P (e) 8ngmL™.
bioaffinity interaction between an antibody ard | ™ . Inset: Calibration plots: R,, at DNP-antigen monolayer-
an antigen-functionalized electrode increasgs functionalized electrodes upon the analysis of different
double-charged layer thickness, dI, and inhibifs concentrations of the DNP-Ab: a) Ret observed by the
interfacial EC process of redox probe. Electrode direct interaction of the DNP-Ab with the sensing
capacitance, Cy, and Electron transfer resistancg, interface, b) Ret observed by the amplification of the
__ Ry, are changed respectively. initial binding of the DNP-Ab with the biocatalyzed

precipitation of 7. [Fe(CN)6]*/*, 1x102 M was

2 UNIVERSITA E| employed as redox probe.
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EIS Biosensors & biochips

Microfluidic module with
four separate sensing areas,

» 20 pL chambers with inlet
and outlet microchannels
for fluid handling

» each one containing an
array of 4 gold IDEs (with
10 um spacing and width)

= empty
204  mixedsam
4 protein A
¥ BSA
4 negative control
15 4 b antibody against Cholera Toxin

»
i . a ) >
-
*s “ n bb
L] »
\P» b”w«k»
04
T T T T T T T T T
0 5 10 15 20 25 30 35 40
Zre (kQ)

2

Chiriacoetal., Labon a
chip, 11, 658, (2011)
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XMR sensors
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XMR-biosensor
(a) Magnetic Fringe field of
v % microbead magnetic label

Metallic multilayered structure In-plane applied field
of spin valve sensor (Y direction)

N2 UNIVERSITA ¢
265 DEI S;\LliI\"I’()IJ@ CNRNANOTEC

giuseppe. TRENDS in Biotechnology Vol.22 No.9 September 2004



e
Optical sensors

What they can be based on:

» Absorption spectroscopy (UV-VIS, IR)

» Fluorescence/phosphorescence spectroscopy
 Bio- and chemiluminescence

» Refractive index sensing R S

» Laser light scattering T T T T T o

em 1 01 00
ym 1000 W00 10 1 0 om
nm 1000 100 10

Hz 3=10" 310" 3x 10"

UV 190-400 nm
Visible 400 -800 nm
IR 25-16 um

Beers law
Az Cul
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Optical, Optoelectronic Transducers

CONCEPT: Capture analyte and detect binding by optical tag or binding-sensitive optical phenomenon

TECHNIQUES: absorption spectrophotometry, fluorimetry including fluorescence quenching, and reflectometry.

- Detection surface can either be planar (identification based on x-y location of tag; ex. gene chips) or composed of capture
particles (faster kinetics of binding due to reduced distances to be traveled by analyte; identification based on particle-specific
labeling (challenge))

- In most systems a permselective membrane coating allows the detected species to penetrate the dye region.

Advantages/disadvantages B \
. Pros READ OUT._ _ _ .
o Fast measurements » Macroscopic fluorescence, diffraction or interference
Cons Sensitive  Optical bar-coding (ex. QDs loaded capture agent with
ol Cannot perform detection on turbid solutions size-dependent luminescence)

* Optical absorption (colorimetric)

 Surface plasmon resonance and SPR arrays

» Optical fiber-based (most widely published optical sensors
use a miniature reagent contained/immobilized at the tip of
an optical fiber)

+ Ellipsometry is a reflectance technique that depends on the
optical constants and thickness of surface layer. For
colorless layers, a polarized light beam will change its
plane of polarization upon reflection by the surface film.
The thickness can sometimes be determined when optical
constants are known or approximated by constants of the
bulk material. Antibody-antigen surface reaction can be
detected this way.

@CNRNANDTEG giuseppe.maruccio@unisalento.it
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ELISA - Enzyme Linked Immunosorbent Assay

/ Colorless
substrate

Enzyme-linkedf

L\Y antibody

Antigen

)2 UNIVE E\\ll \IEIGGNRNANDTEG
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Refractive index based

« MEAN: Binding of molecules in solution to surface-immobilized receptors alters refractive index of
medium near the surface.

« OUTPUT: An monitored in real time to measure accurately the amount of bound analyte, its affinity
for the receptor and association/dissociation kinetics of the interaction

« ANALYTE: from low-molecular-mass drugs to multiprotein complexes and bacteriophage
« DETECTION LIMITS: interaction affinities from mM to pM in strength

Detecting Refractive Index Changes

* Grating based biosensors APPROACHES

1. Surface Plasmon Resonance (based on
Total Internal Reflection)

2. Interferometric devices

3. Photonic Crystal structures

Axela’s Diffractive Optics “Dot”- technology

dotLab™ Sensor 1) Sample Introduction
" Al 4

IS .

VRe A F @) CNRNANDTEE
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Surface Plasmon Resonance (SPR)

— Most sensitive technique: An < 107,

— Detect changes in a thin layer adjacent to the sensor surface What i
Yhat is surface
Plasmon?

Light adsorbed from evanescent wave by free electron of a thin metal layer. —
—> Electron start to move in a collective oscillation e S Pt
- PLASMON: collective excitation of electrons at metal/dielectric interface. '

Zz

RESULT: induction of photon-plasmon electromagnetic waves (SPW = surface
plasmon wave or surface plasmon-polariton) with the following properties:

> experience higher (and nonlinear) refractive index, cannot be directly coupled to
free radiation

» Transverse magnetic (TM) in character: electric field perpendicular and magnetic
field parallel to the interface Magn field intensity
. |Hﬂ Dielectric

> localized at the metal-dielectric interface, evanescent in perpendicular direction AL g

E.‘\IEI.‘
EutéEp
with  angular frequency and ¢, and «,, dielectric functions of the dielectric and

metal. The real and imaginary parts of the propagation constant describe spatial
periodicity and attenuation of an SPW in the direction of propagation, respectively. WP T ,,;aé(mo,,

for two different wavelengths.
I|@CNRNANDTEG giuseppe.maruccio@unisalento.it

p=2

c

» propagate along the interface with a propagation constant

A>A,
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Optical Read-out / Modulation schemes
WAVELENGTH MODULATION ANGULAR MODULATION INTENSITY MODULATION
Polychromatic Monochromatic d:(::tyor

light source Monochromatic

light source

light source Spectrometer Photodetector

Convergent
light beam LN D,
b)
{}fixed angle § fixeda J fixed A and angle

——

> > | >[" :
@ £ B b b
3 S 5 ke
- m-.sn - 1 AL
[ 3 n. . a ) 4
z / 2 ne+An 2 |} v T AR
3 T L ' " 5 |
H & A# F Qi
v v L1 neAn
Wavelength Angle of Incidence Wweienglh or anglo

PHASE MODULATION
POLARIZATION MODULATION
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Data processing for SPR
EXPERIMENTAL 1. Signal normalization

o OK Fbwchame,% C O RVBUERIN t0t5] igternal reflection

e normalizi

Sensor chip

| -A\— with gold fiim 2. Finding J.\\ .
pda’:fgerﬂ — . ..Bgeh"twed * direct mee g nf oe | B
e polynomi@™ £ s f ez
\ // . Centroid - E _ A fissata | f
Ui Ciotocto Tt |
o unit _

40 42 44 48 48
angole diincidenza 8. (*)

total internal reflection Function of the angle of incidence

Relative response (RU)
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i I

[0}
e
L
7e)
=
7
c
O
<
=

reflected light
%
-
Resonance
Signal (A

E
T

Angle of
incidence
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g
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SPR
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Measurement cycle / Sensorgrams

(b) Analyte solution passed over receptor = n increases —> increase in resonance signal.

 Analysis of binding curve gives observed association rate (K,,).

« If analyte concentration known, then association rate constant of interaction (k) can be determined.
» The response level at equilibrium is related to the concentration of active analyte in the sample.

Sensogram of an analysis cycle

\ (c) Analyte solution replaced by buffer,

v T and the receptor-analyte complex is
RU « %o - c 1< allowed to dissociate. Analysis of these

Dissociation data gives the dissociation rate constant
\ (K4iss) for the interaction.
[

(d) Many complexes in biology

d N have considerable half-lives, so a

“eﬂ‘-‘“e’a“"N pulse of a regeneration solution

L_[ (for example, high salt or low pH)
IS used to disrupt binding and

regenerate the free receptor.
|

Association

Kinetics

(a) Buffer contacted 7/
with receptor, e.g.

through microfluidic I \F
flow cell. a

Concentration

-

T >
10 Time (min}

[
o
=
[=.4]
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SPR biosensing / Formats

» Various measurement formats to ensure that binding event produces measurable sensor response.
» Most frequently used are:

Analyte ~ DIRECT > In direct detection format, analyte in a sample
interacts with a biomolecular recognition element
(antibody) immobilized on the sensor surface, Fig. 6.
The resulting refractive index change is directly
proportional to the concentration of analyte.

1.0
—J [
L [ c=100nM

Analyte Secondary
antibody

ey A

Sensnr su rface coated with antibodies

‘,W e
V ] 0 200 400 600 800 1000
k 4 Fig.7 Direct detection. Binding between antibody and analyte cal-

Time [s]
culated for four different concentrations of analyte, £,=3x10° mol-!
Sample + antibady 20089 28068 Ls: k=510t s

mixture Sensor surface coated with target analyte
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ISFET

MOSFET G
ﬁ Reference electrode
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ISFET/CHEMFET sensors

(1) Reference Electrode

(Vref)
K\A / (2) Solution (Electrolyte)

(3) Membrane (MOSFET gate

LJ/ — metal)
/\/\/—» (4) Gate Insulator

A —— o

S D
VG _— — VD

\
\» Silicon Substrate

giuseppe.maruccio@unisalento.it
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ImmunoFET

Measures surface charge >  Concept by Schenck (1978).

Elecirulyte , g »  Gate modified by immobilising antibodies or antigens (often in
a membrane).

Y YYY %Ab > DIRECT DETECTION CONCEPT. Since a FET basically
3 : represents a surface-charge measuring device, and since

gate insulator antibodies and antigens (or more generally, proteins) are

b DT n* ! mostly electrically charged molecules, the formation of an
| antibody—antigen complex on the gate leads to a detectable
| ! change in the charge distribution and thus, directly modulates
p-Si |; | the drain current.
‘ electrolyte E
» In principle, under ideal conditions, ImmunoFET theoretically : oHP ﬁ
capable of measuring the concentration of immunomolecules with a e d,~10nm | _ &
very low detection limit and a wide concentration range of 10-"-10-1
M with about a 10 mV response signal. a) high ionic strangtl:'nibnj M): G<<d,, T ¢
» ldeal conditions that are required in this coherence are: a truly \V/r

potential

capacitive interface at which the immunological binding sites can be S={ee mzqq}
iImmobilised; a nearly complete antibody coverage; highly charged ' : 4

. N - b) low ionic strﬂngth{ﬂﬂ 01 M): 6-d,,
antigens and a very low ionic strength.

Analyst, 2002, 127, 1137-1151 \ /\\
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GenFET
cumplementary strands
NN Label-free detection of DNA hybridization
N i} > i

well-defined sequences of ssDNA onto a
transducer (poly(dT)).
_— » complementary DNA added to the buffered
C electrolyte.
| '= » denaturisation was performed by immersing

the sensor in boiling, deionised water for 0.5 h.

¢ hybridisation Ve (mV)
50

ssDNA—

ate msulatur

. (1] A

S ——

dsDN
E QE |
g 25

[ gate |nsulato:. ] H ,d----'"]i

] I nt ot ] i |

|i , | 0 .
[ 0 10 30 50
.| |
] .

p-Si Fig. 9 PFesponse of a GeaFET to successive additions of the synthetic

homeo-oligomer poly(dA).=2
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Electrical detection using nanowires

Large surface area to volume ratlo —> whatever happens at the surface WI|| have a huge impact on the
current through th preonE=

NA-DNA 1200

) (D) M
DNA %HOO- 2
§ 1000
.j 900
800 —
] 500 1000 1500 2000
Time (seconds)
Goal: Distinguish F508 mutation (cystic fibrosis) Nano Lett. 4:51
Proteins
- PSA
P , ' 2 3 4 5 6

“\ ll!ll IHII sl IHI ( i 1 11T 1 |
12 PSA ::3'1.950- S “-h_‘——_“-_l—_l\ll\l’\|I1
' n g - ESNSRSTROTey | i SO LTI DO Y 1Y

.” gl ‘\ " 51,( CEA §1.300 |
mllﬂlﬂlllill M mucin-1 , Cresor, Ll e

& B I S I T S

é 101 1: 09 ng,fml PSA 0 2,000 4,000 6,000 8,000
S i 2: 1.4 pg/ml PSA Multiplex, real-time, label-free
“ 3:0.2ng/ml CEA marker protein detection
- : 4: 2 pg/ml CEA o
5: 0.5 ng/ml mucin-1 (F:emtongolarlseps_lrwty
"o UNIVEI 6: 5 pa/ml 1 ompete selectivity
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Cell-based BIOFET

a)

cell
1 gate insulator
|

|

p-Si

»
gate of FET

Fig. 10 ‘Cell—transistor’ hybrid: (a) schematic set-up: (b) videomicro-
scopic photo of genetically modified HEK 293 cells on an ISFET array
(unpublished photo. with kind permission of H. Ecken). In the centre of the
photo one cell completely covers the sensitive gate area of the ISFET.
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EIS Biosensors & biochips
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Multipurpose applications

MEDICAL 1, Immunoassay: PSA & PDAC ~2u2fb
DIAGNOSTICS g '

. S. Chiri .
Lab on a Chip 13, 730 (2013).
Analyst, 138, 5404 (2013)

\

2. Cytotoxicity & Migration assays

rimiceri et al., Biosensors
Bioelectronics 25, 2711-2716 (2010)
Lab on a chip, 11, 4081, (2011)

FOOD / ENVIRONMENT
’ o S P

|

- <«

Allergens, toxins, \
b pathogens, contamination

™\ Celiac disease Talanta 2015, 142, 57-63.
E. Primiceri et al., Analytical

Methods, 2016, 8, 3055-3060.

\.
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Appl. 2: Environmental threats - Xylella

150 - —— Antibody
- Assays on asymptomatic|—=— Asymptomatic 1
. | and infected trees —+— Asymptomatic 2
. —s— Asymptomatic 3
ELISA —v— Infected 1
100 F —¢— Infected 2
Xylella fastidiosa - —«— Infected 3
spiked samples <
E
N
50
Leaves homogenate
0 " 1 N 1 " 1 L 1 N 1 N J
0 50 100 150 200 250 300
Z, (k)
350 - = Antibody] 30T = Antibody
[ = 11 = Negative control T T T 1
300 . " 15 300 |- = 15 Sample | ELIS | PCR | LOC
[ = 1:10 L = 1:10 2 g
250 L . 120 250 L . 120 dilution A
% = 1:50 = 1:50 1:1
—_ L] 175 = m 1:75
g 2001 0 | £ 20T 1:100 15
E ol = " NE 150 L Spiked samples in healthy 1:10
N . = ' HIH olive leaves homogenate 1:20
L] n® 100 |- % HH(senaI dilutions obtained from 1:50
olme= . Serial dilution of stock 105 sof- T§E00k 10° CFU/ml solution). 1:75
&kl CFU/ml solution in PBS. 1100
0L= . —t gy 0 L L L .
0 100 200 300 400 500 600 700 800 300 400 500 600 700 800 11000
Zie (kQ) Zre (k)
B . Chiriaco et al., Scient.

Giuseppe Maruccio Reports 2018, in press
giuseppe.maruccio@unisalento.it
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The sensing element
1. Antibodies @ @&

Crry 2T

2. Aptamers

, ¥ i N\ g
B £.7508" < §§_

: 3R ¢ B b
et \ 0""““'"9 ¢ & ¢ i
AHRRAURARES = $ $ $ $

.
..................

in collaboration with Prof. C.Malitesta
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The transducer / sensor

EIS&EC Magnetoresistive
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What 1s microfluidics

Science/technologies for handling minute amounts of fluids in miniaturized systems

» In microelectronics emphasis on reducing sizes

» In microfluidics on making more complex systems with more sophisticated fluid-handling capabilities.

» Same components as larger scale systems: channels, chambers, reactors and active components (pumps, valves,
mixers, filters, separators, etc.) on the size scale of a human hair or smaller

» Different flows behavior than at large-scale familiar from everyday life.

One dimension of flow is in pm. A natu ral '.l'ﬂUldlC deViCG

Fluid flow in microchannels. Typical The cardio-vascular system; csires e Yorute
range is in nano- and microliters g

1 1 1 Main vet ries
nm m mm s
< J er:10 —

f ) Halr
= (~100 ym)

Cells (~10 pm)

Artery capillaries Tissuecells Wein

Capillar diameter: 5 — 10 um ra——

\
rotid artery \ Left sunclavan artary
<~ R

Virus (~10 nm)
—— Ascending Aorta

e I e Blood speed: 1 — 10 mm/s

Pulmonary
Artery (oleftlung)

Molecules
(~1 nm)

Heart (a pump system): AP

Transistor
(~1 pm)

Chip (~1 cm)

Microfluidics AP =m Q (poiseville law)
100 nm ~ 1mm
.J xygen-poor blood

Heart and vein valves - —T"{-u.& — R

scending aorta

|

le
I |

UNIVERSI] IEI@ CNRNANOTEC
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What 1s microfluidics

» New approaches to synthesize, purify, and rapidly screen
chemicals, biologicals, and materials using integrated, massively
parallel miniaturized platforms.

» Miniaturization of laboratory equipment. Goal is to have a
laboratory on a few square centimeters: LAB-ON-A-CHIP

Concentrations of typical diagnostic Carbamazepine

analytes in human blood or other samples.

I
Theophylline

DNA finger-printing/ genetic
disorder predisposition

||
Creatinine Cholesterol

Cancer detection

Estrogens Digoxin

Cortisol

Uric Acid Glucose Sodium

Detection

I 1 1 | | W Suporticia
s Channels
10 10° 1+o3 10’ 10’°1 10" 110'2 101+ 10' 11017 lof 10’91 10%° i
. . ¥ i . A RITRAR D , ; \futedChamneis
¥ ) 1 ) } e 3 T L L )} Ll Al T LS ﬁ»
Typical molecules or copies/ mL Fig1 STs LabonaChip
HIV in blood

Credit: Dr. Karen Cheung, UBC ECE

1 molecule in 1 uL =

Biothr'eat agents in air (after concentration)

1 moleculein1lnL=1.6x101" M
1 molecule in 1 pL =

giuseppe.maruccio@unisalento.it
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Glass vs Plastic Microfluidics

Glass ot -
" Chea S Plastics/Polymers
P
Chemicallv inert *  Cr/Au/Cr mask
- e_mlca - * HF/HNQO; etchant Advantages:
= apgfa”ﬁ’_ I(?Iear . drilled access holes «  low cost (disposable systems)
R CIRIC * bonded at 440° C . versatility of material properties

— Highly temperature resistant

- (mechanical, optical, thermal
— Known & accepted qualities

stability, biocompatibility, surface
energy, ...)
. ease of fabrication (routine access

to clean room environment not
required)

. ease of sealing

. more accessible to
chemists/biologists

Disadvantages:

. More care to control surface energy
. Incompatible with organic solvents

. Incompatible with high temperatures

| H@ CNRNANDTEG giuseppe.maruccio@unisalento.it
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Navier-Stokes Equation

* Velocity depends on space and time v = v(x(t).t)
* Consider Newtons law for a infinitesimal volume V-

m dv dv
4

F
F=mampo=f,=5a=p = E+V'W)

flow >

For incompressible Newtonian fluids:

0
fa =P av + (‘U ] V)v = fpressure + ffrictian + fvalume Navier-Stokes Equ.
(central relationship
right hand side of fluid dynamics)

Forces acting on fluid

* Change in momentum (Newton) |
» due to change of velocity over time * Pressure gradient

at a given |ocation * Friction forces
» dueto acc_elerlatmn of fluid e.g. e Volume forces
when moving into smaller flow .
Dhan ne| cross sections {a'sﬂ, in Navier (1785 — 1836) Stokes (1819 - 1903)

stationary cases)

L’l.\l\ ERSIT. IEIGCNRNANDTEG

FL SALENTO lerirurs o nanoreenoLae s | glUSEPPe.maruccio@unisalento.it
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. vl Ul
Regimes Re=£0 =
H v
Laminar flow: < Reynolds Number (2100)< 1 Urbulent flow:
fluid flows in parallel layers rough flow, non parallel

p(H,0) =1 g cm-3
w(H20) =10-2 g cm-!s!

E. qui; Rex10-4

Poecilia Ret.;
Re=x102

E.M. Purcell

Life at low Reynolds number

American Journal of Physics

45(1), 1977, 3-11. What is the regime in a
u-fluidic device?

UNIVERSITA E%C CNR
FL SALI ||ﬂ NANOTEC

eriruTe o nanoreenoLner | giUSeppe.maruccio@unisalento.it
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Effects of the micro-domain: laminar flow

) UNIVERSIT. IE I@ CNRNANOTEC

EL SALENTO |5\ is7ituta o1 nano bt by giuseppe.maruccio@unisalento.it
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Microfluidic components
Sample Inlet by:
Proprietary bon{ding technology
| ! ¥ - Coorconpecor e Filrations R0l
|~ Septum L Reaction Separation

Surface Modification:
- Hydrophilisierung
- Hydrophobisierung

"s‘P

i

Fluid actuation:

- Penstaitic pump
: lsvmge :;mo
- Integrated systom ‘. ]
- Micropump \ Detection:
« Active/passive valves \ ol
. Capillary forces IS -

= ". - Electncal

\ - Electro-chemical

A ¥ | - Integration of sensors
\ \‘:’ \ : '
! Big -

Mixing: Storage: —

. gpswﬁnak‘g;yhm - Lyophilized reagent Waste

« Fezo no « Liqui :
Liquid storage Storage Micro valve technology  Management

« Surface waves
- (bister of pouch) - DV rodghith

UNIVERSITA |E4|© CNRENANOTEC
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Centrifugal pumping (lab on a disc)

Spinning the CD creates the liquid flows:

Deformable pinch valves
areas

Exonuclease reagent reservoir

Lysing/clarification and metering chamber

F = mw?r

0.05 -5 ul/s

(Flow-through) 5 kHz FLOW-THROUGH DISPENSER
| H I (OR ROBOTICS)

Self-venting ) cb = 50pl - 1nl/ droplet
Waste
Overflow channel
Exonuclease reaction SPINNER
) ) chamber
PCR — ~ - 2 4
chamber
P g Loading ports
Hybridization / g
microfluidic unit

DNA microarray plastics

Hybridization salt resuspension
parts

Borttom CD PCR buffer reservoirs Washing reservoir and syphon-crest gate

“\“ | lGGNRNANDTEG

ISTITUTO DI NANOTECNOLOGIA

giuseppe.maruccio@unisalento.it
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Droplet Microfluidics

L L

UNIVERSITA g @CNRNANOTEC
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Chemical Research on chip

Microreactor
— High surface to volume ratio creates excellent
mass and heat transfer possibilities
— High process yield and selectivity
Micromixer
— Very short mixing times (milliseconds)

* Reaction kinetics research
— Ideally mixed conditions

* No gradients
Detection
— Electrodes integrated in glass chips
— Electro chemical detection, temperature sensing
Temperature control
— Heaters
— Coolers
— Heat exchangers

Swirl mixing principle

IVERS ._.‘ : l[il @ CNRNANDTEC| giuseppe.maruccio@unisalento.it
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Mixing Iin T-Microreactor

N

) UNIVERSITA [g _ . . !
f} DEL SALENTO |@ET,':4!%M';{E'[EE giuseppe.maruccio@unisalento.it
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H-Filter

SRl i,
|t Eilter

Waste
output
Retention of large &
components
Extract
— 4
Sample Dilutant
_ inflow - inflow

P. Yager et al. Nature, 442, 2006, 412.

)L UNIVERSITA [
56 DEL SALENTO I@ENEN&&EIEE

giuseppe.maruccio@unisalento.it
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Small Particle

i)

Large Particle

CNRNANOTEC

ISTITUTO DI NANOTECNOLOGIA

Module 1:

CTC-iChip1
(deterministic lateral

displacement)

-

Module 2:
CTC-iChip2
(inertial focusing and

magnetophoresis)

| giuseppe.maruccio@unisalento.it

L

L
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Deterministic lateral displacemen

Whole blood

Magnetic beads (CD45, CD66b)

RBCs
PLTs

Free beads
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Centrifugal separation

Step 2: CTCs isolation

Bifurcated outlet 300 um (wide) x 100 zm (high)
? - 300 um (space)

@ Erythrocytes
O Leukocytes

p—E

%

//

o s )

\°o °<-o_o_.°_o-—°’
X Ve

)5 UNIVERSITA |§
765 DEL SALENTO | IGBNRNANDTEC
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DEP separation

UNIVERSITY Of
Southampton

Rupert Thomas, Peter Mitchell

Richard Oreffo, Hywel Morgan

Nicolas Green e
UNIVERSITY OF

Dynamically reconfigurable S h

Dielectrophoretic Virtual Channels OLIt a mpton

15um fluorescent microspheres Rupert Thomas, Peter Mitchell

Flow: 1pL/min, excitation: 12Vpp Richard Oreffo, Hywel Morgan

Nicolas Green

Dynamically reconfigurable
Dielectrophoretic Virtual Channels

15um fluorescent microspheres
Flow: 1uL/min, excitation: 12Vpp

" @)CNRNANOTEC

booer | giuseppe.maruccio@unisalento.it



DEP devices for sorting (in Lecce)

DEP electrodes _ Assembled device

In collaboration with V. Arima and F. Calabi

" @ CNRNANDQTEC Sluseppe Marucelo 2 Q00

TuTO DI NANDTECNDLOGIA | giUSeppe.maruccio@unisalento.it




SAW Separation

(@) 37 mm N
r AU (on LN) IDT Align mark Si
Sheath Inlet = |

—_

flow inlet

Sheath Inlet

SAW microfluidic sorting device able to displace
and separate particles of different diameter in
aqgueous suspension.

Lab Chip, 2015, 15, 43

|g'© CNRENANOTELC Giuseppe Maruccio

ISTITUTO DI NANDTECNDLOGIA | giUSEppe.maruccio@unisalento.it

Lab Chip, 2014, 14, 4277
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