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Abstract

ThiPhDhesis focuses on the design, fabri
mol ecul arly I mprhased pohyimeg gIMadtPflor ms,
devel oping highly selective and sensitiyv
ul # mav concentrations.

Mol ecul ar i mprinting offers a powerf ul a
receptors with biomimetic recognition ca
natural receptors with theyaoh@eitgygamerand |
Within this framework, the research pres
ai med at enhancing théaswdr slelnspersf or man
The first part of-ddhmteh tthlreesorsetpiroali dleasc lag!
and mol ec ulparl yifdmbpersisnetcaosngde mlaleedes esear ch r e
whi ch are il 1l ust r aptuebd itcharéochuogmhs dfecsucrr isbcii negn t
strategy devel oped t b hoevneprraol vie ptehref- osremasnicte
basseednsor s

Papepresents the devel opment of f}l uor esc:¢
| ow detection of protein contami-mdant s, u
concept. The work iIintroduces a strategy
fluorophomeé y ment onatthmre xpt o maxi mi ze si gna

tuning t het-ofdnupolraotpeh orraet i o duri ng pol ymer.

enhanced sensitivity and demonstarsatdes tF
recognition eftesmehvedwilhot e@esneence spect:
optical transduction approach

Papernvéstigates how the structural homo
influences the analytical -bpesrefdosmasoe sof
architectures were compared: an electrop
representing an i nhomogeneouspodiysatnriilbiuntei

| ayer deppeyntwhaddshi ze d aunnoipfao rtinsdMeePst & @ di ol
as analyte, the s tcuodnyf idgeunn dam sntooma v B Unts h a t

nanopaprtawvildeesd sehantéevity and | ower det e
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Ri assunto

Questa tesi di dottorato  incentrata sul
analitica di piattaforme sensorial./| bas
(Mol ecul arly I mprinted Polymers), con | 0
sel etsteinvsii bd | i per l a rilevazione di ana
tecnica dell 0i mprinting molecol are rappr
| a realizzazione di recettori sintetici
bi omi met i col, ,a coanbd tntaindiot © t i pica dei rece
chimica e fisica dei polimeri sintetici

presentato esplora diverse strategie vol

dei sensorliPshasat. su M

La prima parte della tesi fornisce un app
e sui pol i mer. a stampo mol ecol ar e. L a
speri mentalii, il ustrati attraverso quat
descrisppecuinfai ca strategia sviluppata per
prestazioni complessive dei sensor.i basa
| Paperesicrive | o sviluppo di nanoparticel
di contaminant i proteici, uti |l i ®fdando |
concept. I |l avoro introduce una strateg
fluorofatiricel palmmerica, di mostrando ch
fl uointodmploat o durante | a polimerizzazi on
sensor e e consent e | 6efficace Il ntegraz

ri conoscimentotirmsumzapmreootiocadi basato

fluorescenza risolta nel tempo.

| Papeanallidziznaf | uenza del | 6 omogedeecii tMI Rl ei

sull e prestazioni analitiche di sensor.i

architetture: uno stratom@lrecmdmatptoe i imezat

da wuna distribuzione non omogeeameatdait os
pol i ainml caia sono shabpatlt nNnicoslpheaiMiePz ptre

omogenee. Utbielsit 2 maln dd oi lcomeé anal i ta mode

NN



che |l a configurazione contenente nanopal
sensibilit”™ e | imit.i di rilevazione pi %
| Paperprlelslenta | o svilMIphpor ele ntnanompart é c
sintetici biocompatibili e sostenibili pe¢

bi omarcatore chiavelldelldwWwarnd aprt @ponmne cana

sintesi dei MI P bacmampamdemti & atudbi dazbpodi di
i mpi egamonomfeerozi onal e che consente di C
stabili e dotate di el evate prestazioni
| PapkeMdescrive | o sviluppo di un sensor e
rilevazione della troponina cardiaca |,

Afgreend derivattemdat ohsdutdi omre cplnaasmoni ¢

basato su fibra ottica in plastica. Lo s
nanorecettori sostenibili in configurazi ¢
sensi bili e sel eantii vdei aagdnaebdttai rcahde appopil nitc a z

Z
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Chapti&renlsor

Sensors have become an integral part of

unnoti ced. They ar e everywhere: t emper ¢
Ssystems; pressure sensors monitor oil | e
street blasghdt iomg ambi ent |l i ght condi ti on:¢
hi ghlights the crucial role of sensors a
worl d and digital contr ol systems, enab|
comf or it nmamamspspibd eBe ymsd physi cal sensor s,
directly to changes in physical par amet e
intensity, an i mportant class of anal ytic
and biosensors, whicbrcbnwveehemsepatbtifntec
measur abl[lpTeddyye,a letssihsadetli ni ti on of t he t
chemical sensor, or biosensor. This | ack
degree of confusion and inconsistency in
Il n 1991, it was officially adopted by th
Chemistryf(flidkAQ)hg a chemical sensor as

chemical dat a, ranging from the concentr

compl ete composition anal ys23hciemcosa&n ar
definition captures the core function of
of chemical i nformation iIinto a measurahb
guantitative orAngaalditawoinaé ,awmaldegsiyscit e
the |l iterature, often referred to as tl}
operati onal capabilities of chemical sen
devices whichticmea dmrdhriver matetiadn on t he p
specifigdsompouwons i n e/ 8hT hd eampd eefxi ng & mj
hi ghlights two key strengths of chemical
cont i nutoiunse rnecanli t or i ng e@wnaeohiakei engppyi €aim
matrices.

Al t hough different definibabigesepnphl sensse
has emerged onthberrfanchi beral uuoneder st an

N O



on the analysis of Btalsesidr e nnettefrinsag n soorrg ama

described in terms of three fundamental ¢
an input stimulus into a measurabl e out
(receptor), the transduc.edT ha&nd etcleg tsoirg n avll
can be of Dbiological or synthetic origin

with the target analyteiggbhrs wmolpdysl @
responses Whieamh converted into a measur a

Ther etftosreec,ond terl @meelnat es t he recognition

signal, waéaleht maehemipdiadcc,al , t her mal , or
natur e, dependingTbheri ghal tiypesolbs seunesrotrl
amplified, and interpreted by the proces
gualitative output.

1 2 3

- @ o)

= = 7 Signal

Q. o 5] s

@ %] o

8 = O

o 2 a

=

Fi glr®echeme of the architecture of a sens

processaor.

The recognition el ement, or receptor, 1is
for the selective interlatctdam e tdf tihieola
syntheticteonapmuireci pald 1iole is to ensure s

the target mol ecul e tsopebciinfdi,c whnitleer antitniionm
receptors, widely used in biosensor s, i n
and even whole cell s.

Enzymes are among the commonly wused bi
bi osemasortehaetiarl yti c activity ensures hi g

substrates while simultaneously providin

N I



single enzyme mol ecul e can convert numer
consumed. Despite these advantages, t hei
environmental changes, such as temperat ul
shelliffde] Anti bodi es represent anot her I my
recognition el ements widely employed in |
clinical diagnostics to environmental mo
anal ykeisr. i ntrinsic ability to bind spec
selectivef ddthecetgipoanl yithe c¢c o mpHloewe v mat r it hes
performance can be affected by factors s
storage, awhech mhginranbcien dainmdg speqbbfidiri ty ov
Whol e cel l s can al so act as bi ol ogi cal
responding to external stimul i through p
t hereby enabling the detection of target
informatiehf eat st hemrcel |l ul ar functions.
particularly wvaluabl e I n phar macol ogy,
functional responses such as variations i
are of pri8nary interest |

Al ongsi de enzymes, antibodi es, and whol e
anot her i mportant c¢class of biological r e
defined structures and tunabl e physicoch
hi ghly om®pesi ffiocr phrybri di zati on with comp
selective receptors capable of binding a
Unl i ke-bmprs®tder ecept ors, nucleic acid reco:
produced and rreegemereadt ascs ef,o of f eri ng si gn
of stability, repfeduacivieinleistsy ;sltarnadnded s tc L
DNA or RNA probes, commonly employed in ¢
the detection osf, nmaundatgieonnest,i ¢ abtihoongaernk er s ,
in clinicalO,diAnDpnaorsttiiccusl arl y versatil e c
receptors IS represent-etdr abnyd e d p tDadNmMe r e, I
ol igonucl eoti des tdheafti ne-d@dn mdmdkeieo niant os t weaul
capabl e of binding selectiivrecdlyudticnga s ma t
mol ecul es, proteins, and even whohe <cell

NP
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vitsred ection process known as SELEX (Sys

EXponenti al enri chment), wdaif ¢ hniat Yy otws nd «
without the need for i mmuni zDaetsipoint eorb éii rod
composed of natwural biomol ecules, their :
position them at t he interface between

el emdamrt]s.13

Al t hough bi ol ogi cal receptors exhibit f
frequently i mi ted by factors such as

denaturati on, and high production cost s.
interest ignsynbtheeli emerts, which provid
t her mal stability, simpsl er manufacturing

A prominent exampl e of synt hetic recog
mol ecul arly i mpr jwhtiech paaldyirdeeniis méetMil ®Rshat er
t ai Ilwirtehd moilnnepcruitratvead i es compl ementary in

functi onal groups$liat,h 1dheasaegetmpmolneg edl & a:

speci fic recognition sites, anal ogous to
domai mondred the ability to selecthvely b
addition to their selectivity, Ml Ps off
effectiveness, and the ability to operat e
versatil i t-ogadaen dn actuusrteommake them suitabl
a

ppl i ddatei dros.t heirt hes iMd rsc evi t ¢ diepitdhi s c u s
n Chapters ||l and 111

Once the target analyte has been sel

el ement |, the subsequent step in the sen

=

ecognition event IArst of nd r mel alsiesdatetagl s ieg
erformed bywhiheh tocamwarmutcert he chemi cal ¢

© T

ccurring at the mol ecul ar Theev enlatiunrteo oaf n

—+

ransduction mechani sm | argely defines t|

type of si@nagle )ljerer at ed

N >



Potenziometric

Amperometric

)
)
Conductometric ]
)

—[ Electrochemical Impendimetric
‘ . SAW
— Piezoelectric QcM

—{  Fluorescence |

Optical ‘ [ Absorbance |

—{ SPR )
Thermal |——{ Calorimetric |

Figurl als s2i fication of the main tran

El ectrochemical transducers measure el e
reactions or <changes in charge distribut
amper omet r i c,c opnod uecnttaomuemaertirwiead,i met ri ¢ devi
are widely employed due to their high se
mi ni atur i z@pdt ipd alt ftorramssducer s rely on var
such as absorbancesurfhoer d amsmmoa a mraelsytne
bi ndFlnugo.r elsceenct emet hods offer high sensit]
and suitability for imaging applications
external | abels. I n contrast, -Siumé aared pl
| adalecenint or i ng of moHieeczud ealre citnrtiea atcrta nosndsu
guartz crystal mi crobal ances (QCM) or S |
convert mass changes on a sensing surfac
detection odutanladlyedelsnahgi .t m ansducers det e
heat resulting from exothermic or endot |
Among t hesfe tcl asselsect oncheami eapaanndcaopna
relevant to the present thesis and wil |l

The selection of a suitable transducti or

including the physicochemical nature of

NT



the sample matrix, and practical aspects

and the feasibility of i ntegr dtf ohninto
practice, this choice is often guided by
| evel of i ntegr agpemni,fiandcoagplriacatison A

Figur&di fferent sensing approaches can be

of i ntegration allmaecgt he efnleeabtfifrogr btéhecabed n
sensi ti vi toyf, scaormppllee xpirteypar ati on, and pot e

c

2

o

@

@

©

e

g

L

o

QD

=

increasing integration

c
9
%]
k]
@
o
©
=
-
@
B
L))

labeling label-free
I . decreasing sample preparation

FigurGholi.c3e of transduction methods accor

sample pfé&phrati on

The signal pr octelsisrod aedmpesméaitisr ohe i s t

condition and interpret the primary si gns:
it i ntrceaadabder out put. Signal processing
filtering, noise reduction aadi shpgoviahg z
the accuracy, reliability and resolutio
pl atforms often incorporate microcontroll

NY



embedded al gotriimé mdatipd8avinelagsitshe recogn

el ement |, transducer, and signal processec
analytical performance is assessed throu
A :
Dynamic range Saturation
=)
; Linear range \
c Additional analyte does
§- \ not increase response
g
|5 Limit of linearity /
E
2
. :
Signal | . N/ B e R
>
Concentration (unit)
FigurMailn 4sensor 6s op[elr9]t.i onal par a
The dynamic range defines the overall <cor
provides a measurable response to the a
concentration distinguishable from backg
where addatybeaho | onger produces an i nc
this broad interwhilcH iiess tthhee d d meeeant m atniga
the sensor response is directly proporti
accurateidmd oe@dheal yesnsi ti vity represen:
sensor to generate a measurable signal [
concentration and corresponds to the sl o
anal yte concentrationsr,titchud askgpsictrii tii tcya
determines the ability to resotlowei sanal |
ratio is minimal . The §Yg)psdadn vhea ye xapir & sosw
Y .
V]
Wh e we and are the sensor responses at t|l
concent20atlidlhel | i mit of detection (LOD

N &



anal yte concentration that can be distin

cal cul at ed as t hree ti mes t he standar d

sensitivityl[2pt | ow detecti on
560 oY Q&
PUYNGET QR REDE ® 0QE 01 G0 Q&
Closely related to the LOD, the I imit of

analyte concentration that can be guant
precision latnd sacccoumnaocnyl.y esti mated as ten
of the blank divided by the sl ope of t h
| ev[f2PR s

p TDY80 Q&
YQE T QORAEWE G wWQE 01 OO0 Q¢ &
An additional emasxdrmapt cerf fiesc ttDbvpe Wwhoinéche nt r

is a parameter obtained directly from th

000

anal yte concentration that produces 50%
systems operating wunder € q wiolnid®a& ii pomscon

typically approxi mates tbe¢whpphreeprdbsen

the equilibrium concentration of analyte
are occupi ed, thus providing a thermodyn
The i s often used together with its recip

consbvaht (

+

L3
+

Al t h o u g Isfatf H da mtidet rgm s orcOtmecotommonl!l y empl oy ed
t he biosenstihregy Isihtoeurl adt ubree ,r egar ded as a
bi nding strength rat her t han a true t#h
senap.

Selectivity reflects the sensoro6s capabi
presence of potential interferent-s and c
reactivity toward structurally similar ¢
dur artagpwmi red for the sensor to reach a s

Reproducibility and Repeatability assess

Il
<



either across multiple devices, operator

Finally, stability and | ifetime describe
over time and usage. These parameters ar
suref afcoul i ng, or dri ft2pPi.n the transduct i c

Il
=z
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ChaptieMolldcul arly 1 mprint

Hi st oBraicckaglr ound

The <concept of mol ecul ar 1T mprinting can
synt hetic strategies for pol ymer product
Pol yilk oHe reported unusual adsorption pr
using a novel synthesis procedure, resul:t
mat eri al 6s uptake capacity for specific
hypot hesti zae dprtohcess si mil ar to mol ecul ar
selectivity wbodwaarndt i bloeii e [2.e sPleics i vdeaniv

supported by experiments conducted by hi

selective adsorption of dyes in silica m
however, is attribldt]elifdt Wodtutednt hkeca:t
using covalent bonding interactions betw
mol ecul e during polymerization, ispecific

covaapmntoaclkffective only, i &l ltdheadpntdha <
extraction of the template. A deeade | at
covalent I mpiinnwhnghapmreopohymeri zati on

i nteractions bet ween sel[®,4.teeTd aenomahmenrts a
approach proved more versatile t-han the
monomer complex can form rapi-dbyakhedt be
approach facilitated practical applicati
pol ymer i zhaet icorne aatnidont o f i mprinting caviti
sizes and typEks, marcclomdl rgiudlesasnd even

mi croorgani $lnfi)s &Swmhbs eed d tolvya | etnhte apemioact
introduced by Selllerame& nWhLiRd clAmdotelriss osnt r a

the template is covalently bound to a fu
as in the covalent approach, but frebindir
coval ent interactions, combining the adyv
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Since these pioneering studies, mol ecul a

2.1), driven by the continuous$i deges opm
polymerization techniques, and combinat ol
t he vemgatielrifioy mance of MIPs, establishi
anal ytical chemi stry and materials scien

1500
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Documents

500
250

0
1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025

Year

FigatTerend of the publication regarding |
Scoups.

FundamentalmecoanMishns | ehadgk s

Mol ecul ar | y i pupsruian tl eytd or pemfdl eyraore¢rdsf | @air @1 ant i
defi neyintalpet iyener i cd ensaitgenreidaltso r epl i cat e
recognition capabiljtseshodas baontioboadiaésr
Whil e biolodispal ayecembokabl e selectivit
affinity for target molecules, they ofte
sensitivity to envegquwameptati c®endit brage
handbawgthat ch vamd aehx de ntsyti vnet eannsdi M ea bporuord u ¢
I n cont rafsfter Md ser al admhhhagés ghs mbhe
selecarvetwunyg f-nockhelya kd ockcogni,twiotnh mec h
exceptional robustinpegsansd mecklkaniidalt yal

stability and are rctasni beastotedpHoeXxtKEME
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degradataownevandbe tailored to recogni ze
receptdmabxj@ges 1)

Tabl €omphibies oitlelhs and bi ol ogi cal recepto

Feature MIPs Biological Receptors

Molecules obiological
origin
Limited to biologically
compatible or immunogeni
targets

Nature Synthetic polymeric materials

Theoretically prepared for any

Target range template molecule

High, depending on imprinting

Selectivity quality Intrinsically high
Highly robust and stable in multipl Limited stability and
Stability conditions (high/low pHs, pressur susceptibility to
and temperature) environmental changes
. . . : Complex,time-consuming
Production Simple fast and inexpensive andexpensive
Stora}ge Long-term storage Require ppntrolled
conditions conditions

The high specificity and selective recog

synthetic processpolwhmeri 2 aatviod v esf tfhwen acto

and ¢nokers in the presence of the targe
Duringrode ssdi memnshircereal pol ymeric net wor Kk
templ ate, creating binding sites that ar e

functionality tOFtdePaatgetthhafr Fyptseanesgtep
t empl atcaulmoli nteracts with select-ed func
pol ymerizati on Demehnaeixngnos ol bei omemi cal
the monomers, these interactions -may r el
coval ent forces such as hydrogemcliomding
hydrophobic effects or Thhemt e peWmaba lesd i
complarxeepsecloy meri zed with -thekemhidichi conéd e
t hrdaemensigndl ty t o faha pooll ywmeerr inzaattriioxn pr
the template remaf osmatiter amped Twiet hi nat he

of t empl avhe crhe mevaale s isth iea s o doenpil eanle nt ar y
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to the ori,giwltddnistteintpdtae et he fAmol ecul ar me
and enabl e MIPs to snedleecddllveel[y rebind th

4 5

J—

Template

(V removal
Template

Template : Template —
Functional —
L' _) monomers Cross- Rebinding
linker

fompita
[S®)

Figa@rynt heti c prtrabessabf oMl Ps

The choice of i ngredients in MIP design
affects the polCmemerrbéasl pteor fMIrPmasnycnet hesi s i
templ ate mol ecul s,howhidchmeeto skeeerdbalcy i
sol ubl e under t he i mprinting condition:¢
pol ymerizatnentpsoceass not toainehpsetfere
i mpor tsahrotplod,sess funcapahbmlaé gfobips ming r
irreversible insenatunohns otwh{]hTthéeh esmezies

and structur al characteristics of the te
i mprinting strategy. For smal | organic
pesticides, amino acids, peptides, nucl e«
i svel | established andl ngecnoenrtarlal syt ,s tirnap rgihnt

bi omacromol ecul es pos[@g Psotgaims camtor cha

possess complex tertiary and quaternary

weddlefi nedgbicadi ties due to their | arge s
Moreover, theynmay mandem@d changes or de
i mprinti hgvercdess. | i mitations, the epit

can be emph awlmidoht and stable peptide fr
as the template instead of the entire b
val uabl e not stomdmys eflovre sp rbautteianl so f or con
virusbacteri a, andpacsd | shamwdetcerr iofttiem per:
sur f[A8 gs19
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Functional monomers represensgymtnoeatsesr cr
they interact with thepadleynpe aitzamiodmecad myg
serves as a structural guide forThtthe cav
sel ecappnoptinat eonal monomers requires a
t heir chemical functional i ties to guar al
certain cases, the use of multi pdid hmono me
the templ atal mbbeghiltehi s strategy introd:
necessinteaotped mifazati on of t he formul at i ¢
condi[2 02dnsMor eover, another key factor 1in
tmonomer aaltow rati o may | ead to insuffic
domi nant -mmomnmoneer i nteractions, whereas a

het erogeneous cawvspeceisf idainddb]ii lh&irregase non
Computati onal mom epd e cdhigctciang aasd sopti mi z
bet ween t he templ at e and potenti al fu
identification of the most stable compl
calcul ating theqGN2&j]lbb4s free energy (

The drnonker is a crucial, yet someti mes

syntheass si stpucviudas$ rigidity to the poly

removal, thereby preserving the shape

cavifl,dsl@heandypamoun-t i mkercrdisrsectl y inf
pol ymer s rigidity, porosity, alnidnkaicncge s s i
density generally results in a more rigi

wedkefined cavitieh,cenveéint iuondss,r wWwhi | e exc

someti mes | i mit t he gacscietsessi btid i t feof antd
Conversely, a Il-loweki dggireer @edses ofslsexi bi l
bi nding site accessibility but at t he ¢
potenti al | mosoojs fua6éti onal

The choice of solvent, or porogen, i s an

not only dissolves the templiatker sf budt iad
strongly influencpelymerstzabinbocogesmp wbhlee
the taeampgl anoemomer s i nteract primarily thri
water is often preferred as the solvent,
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i mprinting onealkyldyr qopoH ialsi,JdVe@rp batles $ol ven
pl ays a key role in defining tahse iptorcoasni t
promote the formation of a porous networl
the target molecule to and from the binc
kinetics anpgerofvoerf2adinic eMluftnmaer ydoesi gn of a
requires the careful sel ecémphabed bahamn
monomer (s), acnrdo sssblloivrakedhrj(esv)e, a pol ymer net

selebt@athéjnity recognition of the target

Pol ymeri sation Methods ivi PMol ecu
For mat s

The pol y meertilkoad ti sothes how t,hetseempluatl a,i nfgu rbd
monomer dndchkeeoadsssembl ed -diinneon sai osntaa b Inee ttw
thenedy uromtci oyl y the efficiency of | mpri
and final ©perf orlmarmsd® adtfeh dhtteet mant e riisalno u
accepted classification of polymerizatio
them according to distinct criteria such

pol ymerization medium or tlhhe morphol ogy

For clarity, in this paragraph polymeriz
compl ementary perspectives: the chemical
net work is formed and the physical for ma
From a chemical perspective, MI' P synt hes:s
pol ymeri zation mechani sms, each offering
terms of control over network structure,

templ atesmosTh widely empl oy ed-r aadpipcrad a ¢ h «
pol ymeri zati on, controll edeli pirongersaecgisg a
el ectropol ymeri zati on.

Freadi cal pdqlFRPegpreaenbs the most widely

for the synthesis of MIPs, owing to its
and compatibility with a {amdcke ngamoatoyneo
FRREevel ops through four fundament al st a
transfer, and 2)e¥minkae iiomi fiFaguoe step,
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generated by the thermal, photochemical ¢

These radctamwsndhasmeameadi ng to the for mati

radi calDusrpencgi epsr.opagati on, successive add
growing radical extend the polymer chain
at i ts rFiarcalilvye, etnedwimenat wonfoeeumrsadical
one i s quenched, thus halting the growth

Initiator —m= I’

[ R /\fo R |\/.\f0

monomer

1)

3)

Pn o+ XA ——» PnX + A
o}
R
R o
a b
4 Pn & En % Pn Pn —_— 3 R
R F Pn
o \ 2
o}
FigurMechani sm of free radical pol ymer i
propagation, (3) c¢chain transfer, (4) ter

combi nRaitcitounr.e r ep2rBo.duced from [

FRPancoder iuvsdi mgutdi fferent Bl gmeei 2a4) on
T Bul k polymerization is based on the <co
monomer-li chkers,s initiator, and porogen
| eading to the f orlmantkieodn noofn odQntcheg ktl yp od
pol ymerization is complete, the bul k ma
obtai nl pafesusabl e spirzoec.esBhing poetp oft e
particles with irregul arnbethvaeper 2ahdOmra
50 )amd can parthell mpdiamage binding s

het erogeneous rdXx,gn3x i on properties

OM



T Precipitation polymerization is perforr
serves as a dispersion medium. The pol
stages of the reaction remain soluble u
beyond whecihpitth®&tye pout of solution, giywv
part iTchliess. approach produces rel ativel.y
nanospheres wi tmeowaltantihceal neggaed nfdomg, re:
homogeneous binding sitg3)l.and i mproved

T Suspension polymerization involves disp
nosol vent continuous medi um, wher e p ol
suspended droplets. This technique enab
yi el di ngprair¢cwiatdhezreedl at i vely uni form mor
presence of a continuous phase often r
surfactants to preverth cramplpet enddlad d ¢ye
the i mpffntgdadgcdy3

T Emul si on polsy meaistesmlat s enowhsohfacéaneé sst
emul sion o6fh mMona@amemrous continuous phasce
withiemuhes@nseducing highly uniform anc
usually rangind34,joxb 50 to 500 nm

Bulk Emulsion

& polymerisation <‘:k polvmel isation

spherical
Suspension ©

Precipitation particles
polymerisation polvmensat:on
polymer
*a
)
LX)

Fi gurDei f2f.edr ent pol ymeri zation techniques
reproducdéd from |

initiator

| R

monomers

sulfactants

Whi FRPemains the most common approach, a
devel oped. Among these are controlled or
(CRP)i ncluding ATRP (atom transfer radicsa
addi-ftriamgoment at i on chain tranmdagirgt,ed anc

pol ymerwkhiathoal)l, ow preci se con[Bwdl over
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Al t hough CRP techniqgues provide enhance
ter mi pabcesses, they often require spec
agent s, or ¢ awaiagkt ihsey stypse eanesdur e mor e co
and someti mes | ess compati bl e wi t h C ¢
mo n o nj¢ 143

| n addition t o organgecl ppodlyymeerr i zat womk

compl ement acgry ppeparaichg[#BAnhorigmnt kti Ml gpr

met al oxi de precursors undergo hydrol ysi
conditions, | eadingitnoe nshieo d tol pnlakt i+ gomlo yod a ra
based p®%ddyemerpsol ymeri zation all ows the pi
high ther mal and mechani cal stability du
met hod does not typically require initie

procedure andcosfifcddDevpieral It hegel advan
pol ymeomnz@aener ally proceradi ecnolr ep il yorwd ryi :
and the resulting materials may exhibit |
[4 T

Anot her methodpiod,whnieéarivzod tvieosn t he oxi dati v
pol ymeri zation of omonduoseursfvada eseuclttliyn g nitno
MI P f(iIFi gur Bhe2.m®m3ain advantages of t his ¢
formati on, strong adhesion to the el ect
controll ed deposition. Furthermore, the
finely tuned by adjuapplinige ¢ apddEa deirtail csnu ¢
ti meHowever, the techniqgue al so presents
of electroactive monomers and the templ a
within the applied potentiral ntamdglkeaten cper
i mprinti.ngMprecesr s, el ectropolymerizatio
conductive or s whesnircaotnedsu,ctliiviai ti ng i1 ts a
pl at 408 Ins

O
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‘, Template
B8 Functional menomer .jf_*r Seff assembly
{complex formation in sclution

c{:}b Molecular cavity ‘-u‘-
'ﬂ( Gross-linking monomer T B
WA W nterfarents j
[ Electrode ) o 3
4—| Electropolymerization
Template removal
¥
Analyte determination
Piezoelectric microgravimmetry
Voltammetry
Patentiommatry
Chronoamperommetry
Electrochemical impedance spectroscopy
Conductometry
SRR Fluorescence
Fi gure n2e r5al procedure for mol ecul ar 1 mg
functi onal monomer and typical signal t

I n
hav
acc
al t
i n
S
Au,
str

wh i

detedtiicomr e fegpdojoduced

addition to the classical pol ymeri zat

e been developed to further enhance ¢

essibility Aamodcdgr e hiedaey dicimimieiri wt i ng r e
ernative strategy to electi{Fogoalemér bz .
which the polymer i1 s formed on the su
ica, polymers, or materials with spec
Ag, Pd) , magneti c [SRpsTtheatres prorvi ders
uctural supphbet]| wbnt ai heet Mé Pmol ecul
ch are readily accessi bl eat itchnesr edryd r

enhancing bibldi ng kinetics |

00O



Synthesis techniques:

(2)
[
Surface protection
and functionalization

1
Co-precipitation #.,
Solvothermal/hydrothermal | Synthesis of MNPs
Thermal decomposition

3)
% Biomacromolecule
g attachment

(5)

Template
removal

(4)
| —
| Polymerization

Fi gure n2e r6a l steps forshelel pMMIpRSs aft a ron

bi ommelr®cul es. Pictbbe reproduced

Hi g¢gh |l uti on pol ymeri zation represents an
uncontroll ed aggregation phenomena dur i n¢
diluted monomer and template concentrat.i
tdr epryevent i ng premature precipitation an
even at the Bé&nom@&tric scale

Final l-ghase!| s@hit dpersreesp2.e7s)ent s an advance
designed to enhancei thleontisiomdigrgeatftfyi mif t W
simultaneouslhey agddrbeaska gogi of tempkeate mc
di stinguishing feature of this approach |
a solid suppo,rtgl asyspibcemd thsygmetliotectmer f unc
partb8]]ld$d s configuration ensures that t
a distinct phasewuchngopoloywmgr if aatiil on,at
process but adlbasceanasklpas adfifoinniof yt he r es.|
according to their bindheagmgual itmita@niobd
technique are its relatively | ow yield ar

| arge ostcogdlue xs
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_Lo/S\/\/ \AVAVARY (W
" Initiation
ﬁw.
e g
S AV "_(m
Glass beads with
immobilized melamine

w&%ww
MD HJ)D

0 °C: elution of
unreacted monomers 60 °C: elution of
Polymerization mixture Polymerization and low-affinity NPs high-affinity nanoMIPs

Fi gurSolpihdhse synt hesis and separati on

phot opol ymerngamebami ne as a model t empl

froomB.[

The type of polymerization mechanism and
in MIP spyhtbesiysdetermine the chemical n
al so strongly influence (Tablpéy2Zidze)eld,f drhi

pol ymerization method | argely dictates wt
of a bul k monolith, -arthanopaltmiolediscr
These formats can also be viewed in term
a more functional classification of MI Ps
nanostructured materi al s. The earl i est

macrostrurcitalre,d omatta&i ned through bul k po

mechani cal grinding of the monolith to
before, alsyhwotugms thecevodedc ¢ nte fparoomol e
recognition in syndrhedgermre gws ybmemrdi,ng hsii tr
' i mited diffusi on, and poor reproduci bi
l'imitations [ 29, 6 1]

I n response to these challenges, -the fie
scale formats, |l eading f-andt subseé heerdtelv
nanostructured MI Ps. This transition rep

i mprintinigmprad edvi opgmltymdr oareahi t ectur e
formats better suited to modern analytic
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Tabl kRe2a2i onship between polymerizati on
Polymerization Typical MIP
method format Pros Cons
Macroporous Grinding damages
Bulk (FRP) monoliths Simple gnd .blndlng sites and
(macrostructurec versatile yields heterogeneoL
MIPSs) particle sizes
Long time required
o need of a high
PreC|p|tat|_on / . . : amount of template
Suspension Micro or Uniform particles
) ) . . and solvent
Emulsion nangarticles and hgh yield Required
polymerization (FRP) purificationanduse
of a stabilizer
Lack of control of
the nanoparticles
Control of size; limited range

Controlled / Living
radical
polymerization (CRP)

molecular weight
distribution and
stereochemisyr

Micro or
nangarticles

of suitable
monomersrequires
specific catalysts or
initiators and more
complex reaction
setups

I High
Inorganicmicro
or nang@articles

Solgel

polymerization stability

thermal/mechanice

slower process,
sometimes limited
sensitivityand
response time

Thin films or Control on MIPs limited FO
. conductive
Electropolymerization nanolaye_rs on s1ze, _excellent substrateand
conductive adhesion and fast electronolvmerizable
surfaces response poly
monomers
Control on MIPs synthesis can be
Surface . I |
Core-shell imprinting imprinted size, excellent complex NOt
adhesion and fast effective forbig and
nanostructures

response

conplex templates

Produces uniform

High-dilution nanoparticles nanoparticles with  High amount of
polymerization P minimal solvert
aggregation;
Very high affinity;
homogeneous low yield and

distribution of the
recognition sites;

Solid-phase synthesis nanoparticles

recycle of the
template

limited to small or
mediumsized
templates

O



|l n particular, at t he nanmvooslcuanhee rraatnigoe ,e nthh
the exposure and accessibility of i mpr i
efficient analyte diffusion throughout tI
di f nugpiada hs typical of nanometric archit e
di ssoci ation of target mol ecules, yieldi.]

ti mes compared to bul k or mi crostructu

standpoint, naa®iMI s hamdl ebde and | mmobi |
substrates, which facilitates their inte
pl atformanoméerrc di mensions all ow direc
optical, plasmonic, and el ectrochemical

hi ghly sensitive anéBcoWpabt nsehei bgoddyv
nanostructured MIPs, t wo main morphol og
nanoparticles and nanol ayers or nanofil m
MI' P nanoparticles (nanoMIlIPs) are defined
spanning diameters from 10 to 500 nm, dep
and formul at 68n] .padNameNIle®yn tflaens ibzeed t hr o
vari ety of rout es, mo s t commonl vy usi n
pol ymeri zati on process. I n chemical pol vy
triggered by redox pairs such as- ammoni
tetr dmdthlyy enedi ami ne ( TEMED)pni toat obyg

azobisisobutyronitrile (Al BN), enabl ing
net wor ks under mil d conditions. Phot opo
photosensitive i phef2g#obsmestuhcyhl baesn 4 a vt lhp hua
(LAP), which gener at e 6bhal]d.i6&@d mmaimployn d mplhad
functional monomers include acryl amide d
teButyl acryl amiNMieso(pTBAAM)a,cr yl ami de ( NI P
met hyl enebi sacr yl eahnyidd eo x(yNBeA Ary)N HHadAdy )INa mi d e
whi ch provudet aonmali ti es capabl e of forn
wi de range 6o0/f,] t6e8@p hatr esvi[del y wused monom
synt hesi s i ncl ude met hacrylic acid ( MA A
met hacr whacté are used due to thehirclecar bo)
enabl e hydrogen bonding and ionic inter.
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Similarly, acrylic acid (AAB(FNdFdytls) de
acrylic acid, introduce <carboxylic and
hydr bogewni Nigi andractions, thus enhancing
heteroaanbgat ¢ Styreneomandodvi ny lrbyahsiesda z d i @
monomer s, -vwsiuncyhl pgsviPdizvnieAy( oy WViPJdi naend( 21

vinylimidazol e, provide aromatid and ba
stacking and el ectraspaltarc dfialeytaead@insi
to conventional synt heti c monomers recer

bi opol ymers and ot her sustainabl e monome
mat erials provide several advantages, i ni
ad reduced environment al i mpact, which a
applications and gb6PenRebpembamdygtgpreenbi o
monomers i +thalsedle podgarer s such aancel |l ul
and algindeesyedrpoleymers including gel at
zeins; as well as nucleic acidserpokdphe
monomers have also recently attracted at
of wextrati on, biocompatible, and enviro

with the principles of <circuwuloglr.7dconomy

Nanol ayer sc amrfei rseud fiamcper i nt ed coatings, ty
30 nm in thickness, grown directly onto
conductive or optically active substrate:
glsay carbon, gold nanoparticles, and opt
are concentrated at the interface, thin I
mol ecul es across the matrix, resulting ir
advantage of this approach i1 s the mini ma
preparation, combined with relatively si
recent years, severiah pwaltyhmersi hatvieom e@fori

thin fil ms by a wvarietyoati n-pgtlalyegaes,
deposition, surface gr afetxitreq si v alnyd ,
el ectropolbyOmernBi.zati on

Among el ectropolymeri zablieamomgoméhse, mpsl
widely employed materials in electroche]
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conductivity, stability-Phamyl emedci amfi nel

benzenedi ami ne) tiad | adamsohtelde rmoweolner , f or mi n
pi nHaleee MI P films with good permselectiyv
Phenol and its derivatives, as well as ar
situ electrooxidative polymerization, yi

t hi ophene (Th) deri vat-ewvegl eniedi @raytthical
( PEDOTv)e, bheaen expl ored as functional mo n
combining high conductivity with chemica
includampwnloyhnyl boronic acid), which pr .
Vi a el ectrostattiecr aandoncsovagreanidpsi nBa@aold)
poly(mercaptobenzi midazol e) ( PMBI ) , whos
contribute to selective binding and enh
dopami ne klekeawwese gained attention as el ect
preparation of nanometric MIP films, the

highly attractive 500} .7bdi osensing interfa

MI Ps applications

The intrinsic ,ver geatrimsi toyf obfotMWMl Ptshe wi de
mol ecul es they can recognize and the di v
formats avail abl e, transl ates i[Abho their
Besides the sensor applicaltlilommtshdrhakewidrl
of application for MIPs include analyti c:
and drug delivery.

Among the earliest and most consolidated
separation. I n this context, MI Ps have
stationary phases in chromatographic tec
front al chy omehteager aphgy enabpar atthieo n s eolf
anall[yfesand as sel ecphasesefiyealtns itiohne slod ti:
case, mol ecus$ alpihsase mpmrit htaevd i d o r the enr
cl eanup, and precointelndidiang odir wdgs ,anmd tyd k
acids, peptides, nucleic aci[@ds8D proteins

oo



MI Ps proewern ent i al as cat aleyntziyomemeattiea i al
cat aMyBRsasn be designed to facilitate a ve
stereosel ecti ve -iasae scfaotrarap e nopatsa o icba raecdi all
processes. In some cases, the i mprinted
activitytranabitlioni s¢g ates or mi mi cki ng e
cases, the sites mainly serve to concent
regul at e amchceedsdse dt oc aatdd deg/ t i onabl g, certai
enhance reaction efficiency by selective
equilibrium in favo&X,]o§2the desired out
Mol ecul arly imprinted polymers are also
del i very, where they offer the possibil |
therapeut8B dabgeptessents an emerging and
application of MIPs Ilim part iphalrara,c eMIt P cra
have attracted attention due to their ab
environmental changesi j nspdtHh oas t emper at ui
del i ver drugs odt afBitfle omhleesiim esdpltsertiec al geo
i mproves performance by avoiding the ani
other polymer formats, thereby ensuring
profil e. Il n parall el , moleedc uloa roydnepdrgient i
systems, such a[8hsdfnt tchamnst accats el,e nsswees | 1 n ¢
not a | imitation but rat her a function:
engineered to respond touegtetealpetatgg
concentration gradi emndrst, rraelhleerdsen alb Ir iah ¢ ga

nmM
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Chapt é MI blalsed sensor s

MI Ps have emerged as one of the most ver :
recognition materials for sensor devel opt
originated i n tthhee agarlliy alt9 700ns ,ofbul P mat e
only two dwictahd etshd aftievisB a e d npe esoedr | y

9 0H]. Il n 1994, Piletsky et al . reported
el ectrochemi cal tMleP dseemmosndsi tr a@ridovnigrnd v s ul
sel edit Poley mermba ane coul d act as a synt h
det ect rrmog e ¢ wédwviag h t organi cineciAd®t nglt es

Phney | al, amit a@adh cmleeBt emot hat poi ntMlIdswar d,

as syntheitmcsdmsiepgpanded exponentially,
to emul ate biological recognition proces:
operational setfafbeicltiitvye, saynndt hcecss ts , MI Ps h

foundation for tphlei edde stiog nmeodi csealn sdoirasg nags t
monitoring, food safety and q,uaasi trye pcoorntter
in sever al compnehe@sdli opi cevi ews

As shown ina€@6haptercal, pehbeamdeipgea dasf oo s
t he detshregrc ogmi t iaonnd eolne metnati t mMeegr.ansdoce
Hi egplrer f or mi sgosédsensure fast dtbhesi on ¢
receptset traaipn d r e swhoinlsee tthenemr,esence of h
oriented binding sites allows efficient

di ct attheedn b y-or ¢ @an,d amén t (ek, a c¢gtrein@enr at i ng s ha

and reproduci bl e Aédioginonalohy prrodgudierse mer

of | ow n cesvpeelcsi foifcsliemtdenpapobtaieddectte a htdoo n

mi niendmn anpeci ficFimiaddhyangmd t od over all s e
sensictalme urystuherdkough t he urseec oogfman expan si v
capabl e of amplifying the transduction s
MI Pispri npopsess al l the mentioned charac
recognition el eAsenft gl Ifooavsh s s inng wi | | b

individually.

nT



Concerning t beceff atshe rmepto nsiegn Md dePHiagqin  adv
has been the mi ni aturizati,onenamdnp amsan mg
formats such as nanAgacgutilcil reesdraandiu cOlaagotl e
the i mprinted drhehineaemcasucel e fundament al
accessibility amidn okimBaitnegvikaihnsd thiick.ness o
anometers up to nanoparticles of few t
recognition sites | ocated predominantl y ¢
transport andiehf wci adnt,airwietthh anod recar s r

ti mestometshwe If mavo fImi[ WuRreassm a t echnol ogi cal
t he nanoscal e for mat of fers additional

Nanostructured MI Ps can be it maobiduicered

i ncluding metallic and semiconeéeucsteadr sur
el ectrodes, t hrough simpl e physi cal a
el ectropol ymerization, enasauvangebBgcefl en
pl at f9lrLms

Whil e nanoscale miniaturizati o,yhesnicegni fic
response dynami an,d achpireowiurcg bd estsdrgmal a
control over the quality a@afnurmkkenr eacfogmtirta
are available to produce MIPs wndédddhomog

of sensor technol ogy.

Us uamdsyt, BIFPtohent hesi s prhoxzeautrkres dChalpae
fommndi ng ciavtrnniresi ewitént erogenei ty. This
sever al factor s, including random temp
pol ymeri zati-omi mMoxmudiest niobuti on or exce
and differences i n poltyemarcicésmatowe s klyt wi
all i mprinted sites exhibit identical aff
l eading to vari ataingde$ eicandviiwlgn mmatse v glnygt
affebeingptroduci bislpiotnys eo f[ 1t2h]e.c sle@nmsaborn terda s
sur fcaomnd i ned polymerization betbhevgubsghe
homogeneity and accessibility o f t he [
el ectropol ymeri zatdmaabpeddcasea Mot f ol mesv ¢
thi ckKk&e®Ossmam)d t he density of the binding

ny



mb er o f pol ymerization cycl es. The r1 e

stribution of recognition <cavities, i

reproduci bil ity i n [1s3deh sHunrgt h eremcsrueg ,e mean t
el ectropol ymeri zed na,nowhaeyresir sthhedrsipemg @ me i
of the tethelianhedi Bepoerreapodmenrega dz ad s oan
strategy to further enhance the unif or mi
Il n practice, oriented imprinting is typi
support used for pol ymerization with fu
interacting wiThi shteuhatgenhaadnalhyien al |
anchored in a spatially defined orient ez
subsequent removal | eaves directionally
geometry afndncthieonh actathei esar get mol ecul e.
One of the most est abkalfifsdaideyetxeadnpil repr ii rst
which boronic acids for m cridsiveb rsti il rei nggo v
compounds such as sugar s, gl ycoproteins
conditions, while the compl ex[g&4di.ssoci a
Ot her chemi stries have been explored to
oriensaclhoasaziN)-@asgiBsted ori 2ht @ chei mprei rotf
cycl oeeaxsterdi mnc hdxfomg iseynsttaetimessn wdxtiprt doti & g
speci fi-lci pamd eiimt eractions to2Bui de t empl
Al t hough surface functionalization strat
templ ate orientation, t he degree of s p
i nherentdsypddimaltled in the case of. | arge |
Thi s l i mitation arises because, during
bi omol ecules can still i nteract with mul:'t
monomers, resulting in multipoint bindin:g¢
geometry.

Al terappiewophbl oy templ attehseengt pggritog azdh
i mproved or i emt athidoec acgoend mttodt.i on al contr
directly through chemical functionali zat
i mmobilization or Il nteraction wi t h t h
polymerization. This concepeaf usnicgniofniad d rete

noeo



surfaces, as the template itself carri es
selective i[n&®AimMoingattiloem vari ous templ a
strategies, one of the most widely wused i
acid residues, such as cystei3d@6jor hi sti
A representative example of tbatsatwhoat eg?
proposed a refined orient atmoodn fmeetdh gode pbtai:

used to -assemhbl| seédl monol ayer (SAM) bridge
to polymerization. I n -tamidd e€Cc mhhagurcytsit @
resi duescweal ently anchored to -ltihke gol d
templ at e on whi ch t he MI P | ayer wa s
el ectropol ymerizationor mhg orisehtecdgpolhy
exhibited I mproved recognition site h om
anal ytical, pmpearatbdrn mgnadet ecti on of analyte
ti mes | ower than the clinical threshol d,

and mini-maadctcirwistsy toward f[dU]Jr. nonspeci f

Il n summary, str atceqnfeisnesducpholaysmesuzfadac ®n
i mprinting have significantly i mproved t|
of binding sites, | eading to more consi
perf or manwxeer., Htolwe s e approaches remai n

el ectropol ymerized thin fil ms, l i mi ting
configurations. I n this context, it Dbeco
prseynt hesi zed MIP nahapleti ebhses| ywtdelpr
templ at es, and characterized by excel | e
compar abl e I|seivted hoofmdg enmddintgy and, consequ
or even superior sensing per fywyr mance

el ectropol y[@84i zed | ayers

Beyond i mproving anal yte di ffusion and
orientati on tohfe Kiewmdialsnp essaanseisng I s t he am)
t he stihganeaalbl|l i ng t he detection of analyte
advanced sensing technol ogies such as org
and el gattredé i eedtd t r-RBBES )s,t otrtse (skdbnsseil g i n
by converting ion changes into | arge curr

PM



whol e semicooadontctibgt sl ko signal- ampl i f
sensitive earol ece@h e s3iPbg § BeOmii.o mr [-yasad Ml P
sens,ortshi s goal can be pursued by designir
target but also actively modul ate the tr
A particularly effective approach in this
of hy-darnadg enfdbracs gal MI Ps chararcsgoefrti-zteldr g
di mensi onal pol ymer networks that can r e
swelling or shrinking ,inhreegsponsaec ttiags me
amplificati @rid4djechani sms

Within this classesfpomaiteei BIl]l B, nanafggtes

particularly interesting subgroup, i n whi
i mprinted sites i nduces | ocal conf or mat
vari atimpalsymer thha&tri x, effectively trans|
event into a meag$dust abl &] physi cal signal

A representative example i s the defor mabl
et al ., in which soft molecularly imprint
(HTR) , were synthesized and integrated i

sensorn blmspgtditocal fiber (POF). Upon analy
rearrangements within the nanogel net wor
the plasmonic spectrum, clearly demonstr
MI Ps diréectlked tonthe sigaad acteddastamni

amplifier of th[8 .pl asmonic response

Beyond -iamadogyddke def or mati on, further ampl
sensing response can Iibreespohseved Mt Rs pu
structural or chemical properties change
temperatur e, pH, or i ght . These mat er i
transduction signal, either byiamplaitfwpwpgn
sensor regener da®damh.and reusability

Therrmeosponsive MIPs constitute a <class ¢
structur al transitions upon temperatur
i ncorporatisgnsiempee amonmManseorpsr opytacragl at
( NI PAAmM) within t[be&g3]Jnpesientmanamearrs xendo

PN



pol ymer wddfhi medwelldwer criti cal solution

which hydrophil i cmainntetr lneitp golnysmealro nminn aat es,w
hydrated state, whereas above this tempe
causing network coll apse and chahlles i n i
Il n a simil-aesmanseve MHPs are obtained

monomers whose protonationhsetabhtewvaal esh
di stri buhydmbaedi nigehet Wwe ImMpelsyemanra.t er i al s
reversibly swel | or contract depending
modul ating anal yte di4f8,bs50on and binding
Parti cudtaird i, c,i ppidicytmemat i on of basic fun

generates electrostatic repulsion along
expansion, while at higher pH values, de
favour s-ppbymeer i nt enrgacitn oaxent mactuil dn. C
anionic polymers, acidic groups are prot
hydrophobic interactions and network sh
di ssoci ate insto cacbeaxngli age change repul
swel[bBreg .

Photesponsive MIPs, on the other hand,

capabl e of reversibly modul ating the str
i rrad6atmT&] use of | ight as a stimul us i
provides -ancasgianwe aod precisely tunabl e
spatially and temporally, witha8t [PHOrntur
6 9Among photoactive monomer s, azobenzene
empl oyed dvel&k ntoovatvie etigiadnilpgdh ot oi someri zat i on
Thi s -ilnidglkkcted transition can significantly
i mprinted cavities, alter their polarit.y
rel ease t hus all owi ng optical control
procé¢gdds .

-
Il



References

[ 1] Piletsky, S. A. Par homet z, Y. P. , Lavry
(1994) . Senweirghtf oor glamw c mol ecul es based 0
t echnSeguseo.r s and Act,t@Bor S8R9 Chemical

[ 2] Wackerlig, J., & Lieberzeit, P. A. (2015)

i n chemitSaylntsheerssiisng charact@emnsans oandanActapatl
Che mj2d0arl 115647 .

[ 3] Ahmad, 0. S., Bedwealulz,, MA.. ,S.& PHden,sk@,.,
Mol ecul arly i mprinted pol ymer s Tnenedlsecit noch
bi ot ec,BYa&I) q-§ §299. 4

[ 4] Sayl an, Y. , Akgone¢gl |l ¢, S. , Yavuz, H. , b
i mprinted polymer based Semslodr6) ,f or2 7mPe.di c al é
[5] Lowdon, J. wW. Dili£n, H. , Singl a, P. , Pe
Eersel s, K. (2020) . MI Ps -d@mst coenmeadiksd adndapps
overview of the&eanwsroreantangdt Atcd,8 3dwWb2s8 9B7:3.Ch e mi
[ 6Tlon, X. A., Tse Sum Bui , B., Resmini, M. , B
K. (2013). A Versatile Fiber Optic Fluorescet
Mi crostructures ARaglewraardit, 2 (&3 HRiem8 &ir407us.

[ 7] Cennamo, N. , Pasquardini, L., Arcadi o, F

(20D%S)h.aped plastic optical fibre aptasensor
rangei.enti folt) repdrds.

[8] Cennamo, N. , Mani gl i o, D. , T aDtetfio,r mRA.b,l eZen
mol ecul arly imprintedgaiamoigr!| gl pnoksito semss it |
and Bioelg6étrlohl 6.

[ 9Qhi appini, A., Pasquardini, L., & Bossi, A.
coupled to photonic strucBangdiss) ,biokEN.sor s:
[ 10] Ma , J ., Yan, M. , Feng, G-At yY,i nAg, M.. , ( 2ZChzel
An overview on molecul ar i mpriemhadcedl Raeasn

spectroscopy chemical sensial ahd mwa2r2d) 3alnal yt i ¢
[ Asi f, . M., Di Giulio, T., GaAlgdviamcdes F. ,
in the Direct Nanoscal e Il ntegration of Mol e
Transducers for t hRe rdeovrentaonpcnee B K a soef & §HBi$gshr s .
5009.

PO



[1wé¢i, S., & Mizaikoff, B. ( 2p@eGa).adBioddiinmprsiin
pol ymMeros.ensors an2g3B) LeOP@Ltronics

[ 13] Mal i test a, c., Mazzott a, E. , Pi cca, R.
(201m) P setnhseor €1 ectrochdé&miat gkt i cadpraadh.bi oar
chemj4sO(2b y , -1 888 7

[14] Lahcen, A. A., & Amine, A. (2019). Recen
on mol ecul arly imprinteH epcolryddrad y2s0il® 8nanomat
[ 15] Pal l adi no, P. , Bettazzi, F. , & Scarano,
mol ecul ar i mprintindgsucaeredsfallectamp@pdh emitdtomnys
perspectives Ainml ybi el amaldy $ji4g€d(dIn%)| 4 343382a1 chei
[ 4 Unger, c., & Lieberzeit, P. A. (2021) . M ¢
sensing: ChancResaathidve hahd ehiglessit 1L6A88Bb5Pol ymer
[ 7 Wang, L., Pagett, M. , & Zhang, W. (2023) .
based electrochemical sensors anSend@eris amden
Actuator,5 Repadr5t3s

[ 1®%hng, S., Ye, J. Bi e,t Znabl& Lsipugcid.i c( 204
glycoproteins Vi a-basheod onavetralfifamligy ori er
i mpri@heéemigcal589i,d41d85

[ 1B] e, Z., Chen, Y., Ye, J., Wang, S., & Liu,
surface imprinting: a new strategy to mimic
gl ycoprotein and it sAngramnadt er i €Ehemi ef r lagme
Edi t5403n5) ,-102251

2D Liu, Y., & Yu, J. (2016) . Oriented i mmobil
in biosensors amMdchbioodbh mpdg3h)l®dct avi ew.

[ 21] You, M. , Yang, S. , Tang, w. Zhang, F
el ectrochemical detection of glycoprotein ba
signal amplification wi t h funcAQS nappkedd Si
materials ,  %16htA4B2B8886s

[ 22] Lang, J . Y. , Bai , C. Cc. , Yu, S. S. , Cher
H. (2022) . Fabeakiahgomaoghetsiecl fnanoreceptors

i nt egr at ranfgf idmdirteymtag & and s e queAntailaylt iscuar fcahciemii
actl221340108.

[ 23] Chen, F., Lv, c., Xing, Y., Luo, L.,
El ectrospinning car bon fibers b-aspgormoil negc ul

P



el ectrochemical sensor forSesmrmancridg i ard dAedtewd ti
Chemi39®l 134552,
[ 4 Li, D. , Wan g, Y. , Zhang, F. , Zhao, Y.

i mpr i nweldl 9rbi-bcarsoepd at lkuor escent bi osensor for

, Zor

boronate affinitylnteamawi omal asdaw.rnal of
Macr omo,l2¢/Qul 85128.

[26¢tinkaya, A., Unal, M. A., Nazeéer, H., ¢orm
Devel opment-asosfiosbhtbeedaz ede mol ecul arly i mprinted

for the detection of wumifenovir 3ennssoerrsumnm nadn d
Actuators ,820 ABé&mildal

[ 26] Longsompur ana, P., Wol schann;ArBp.o,r nSubanr
R. P. (2025 nte€egchoddx tmoil e c utbarsleyd Q@M isnetnesdo r

for sensfineeedet eadBeiloosne nsfor Ga ladh.d 1Bi7addl2ectroni

[ 27] Kamon, Y. , Mat suur a, R. , Kitayama, Y.,
controll ed mol ecul ar -stirmpmrs fnedriansge oby gd it ean tha
i mmobilization usi ng speci fic i nteraction
subs.Poatyemer ,GhZEeni s4t747Y16.4

[ 280 da, N. , Sunayama, H. , Kitayama, Y., Kamor
mol ecul arly imprinted cavities with dual bin
recogni ti oo yoafl cSoorctiiestdyl8. ppet78680D6nce

[ 29] Ma, X. T., He, X. W, Li, W Y., & Zhar
i mprintedbape®d ymepuart z crystal mi crobal ance
cTal alng la 2238 .

[ 30] Kalecki, J., Iskierko, Z., Cieplak, M. ,
of protein templates: aA S ws etfr e )ds3i73270lsur f ac e
[ 38 nwu, L., Kai guang, Y., Jianxi , L., Bo, J

|l mprinted Nanopart iTcalgensc hPr epa rEepd t wipteh aas Hihse
[ 32] Tchinda, R. , Tut sch, A. Schmid, B. , S
Recognition of proteimedbiatmar kreorlsscwsiamdg yepimtp
Hi stidine or cystBiosemodri §i egqid2PiZidipect?r oni c
[ 33] Pirzada, M. , Sehi t, E. , & Altintas, Z.
serum sampl es using nareap artteidc IBey bdseeadosrivl tPe da nedy
Bi oel ecltéf6ohi 246 4.

PP



[ 34] We i |, H. , Wang, Z. , Wang, Y. , Ma , J . , Che
of depression marker ASS1 in uri peeply dgs!l d I
i mprinteAdhadgnsecra. CRi7B3ctd 4X0Ot a

[ 35] Han, wW. Chai , Y., Du, YOri ®&Wahgd &urp f &a
i mprinting of epitopes anchored on silica nal
di sul fide exchange reactions for t he enh
protBdlnah8® 126636.

[ 36] Hasabni s, G. K., & Altéesapanssi Ze nfaM&ad g mp

materials for voltammetric moACS oo,B@2p&h)af acui
307-30750.

[ 3bf zazgowska, J., Schmid, B., Sassmuibi.,e dR. [
monol ayer epitope bridges for mol ecul ar [
sensAmagl.yti ca9them8@e sy

[ 38prinangel i, A. Chianell a, ., Radicchi,

Mol ecul arly I mprinted Polymers Electrochemic:
Binding Sites on the Measurement s. A Compari s
nano-Mbped Polyaniline El ectrof-Est rfabdtiSot he EI
sens%®©3,-48983

[ 39] Macchi a, E. , Manol i, K., Hol zer& B. , Di
Torsi, L. M0 &8uUl e Sidrdgleet i-ehz evd t hbNaanusmesltloirme
communi,®alt)i,on¥223.

[ 40] Macchi a, E. , Pi cca, R. AL, Ma&n orlloir ,s i K. , C
L. (2020) . About the amplificatiMat efraicatlosr s

Hor i, Z(0o4)s ,-1 091939.

[ 4 X]u, S. , Lu, H. , Zheng, X.e,spaan€hea, mal e c(u2l
i mprinted pol ymer s: velourtndle ofunbdat endahl sma
C,1( 29) ,4 442420.6

[ 42] Pinell i, F. , Magagni n, L., & RoOssi, F.
applicati oMast:erA alesviTepdd/ayl ChxImd st ry

[ 4 3] Herr mann, A. Haag, R. , & Schedl er, uU. (
appl i chadtviaonncse.d heal,tfdaddje DA0VOOBRIL s

[44] Silva, A. T., Figueiredo, R., Azenha, M.
(2023) . | mprinted hydrogel nanopa®BCiScl es f

sens8By,-22208

P



[ 4Bt sui , J ., Akamat su, K., Ni shiguchi, S. , |

Sugi mot o, N . (2004) . Composite of Au nanopar !
as a sensAngl ymategr@ashemB350y

[ 46] Cul ver, H. R. , Clegg, esRons&veeppdsopg
intelligent material s forAckhioanessi of ahdmi
reseéapeh -17187.0

[ 47] Cennamo, N. , Bossi, A. M., Arcadi o, F.,
of soft molecularly imprinted nanoparticles

for Dbiomedi cRarlonatpipelrisc aitn oBiisaengi 9% e 8r0ilmMdg@ 9and B

[ & Xu, S., Lu, H. , Zheng, X.e,sp&n<c€hea, mal e c(u2l
i mprinted pol ymer s: velourtndle dofundMat enbdhl sma
C, 1 29) 4 442420.6

[ 49] Chen, L., Wang, X. , Lu, W. , Wu X. , &
perspectives Caredniamd! iscoxthi&kny.2 E¥Y ews

[5Q]F , zZ. , Deng, J. Ma , P. , Bai , H. , Jin, Y.
Sti muli Responsi ve Mol ecul arl vy | mprinted
Applichduromal of Sedp@IR), om2 B4 k0Ll

[ 51] Li, zZ. , Deng, J. Ma& H®Bur erBjaar,gaH.,, M.i ng
Sti mulii Responsi ve Mol ecul arl vy |l mprinted
Applichduromasl. of Sedp@Xd)r, om2 B4 EOhLLL.

[ 52Hes ki ns, M. , & Guillet, J. E. F1968) .

i sopropyl domuylnami dod) .Ma c rooOnnoel me, Kut8nayr-1 4S8 le nc e

[ 53] Li, J. He, W. D. , He, N. , Han, S. c.,
Synthesis of PEG PNI PAM PLyYys hetero arm star
responsibility after the formationooaff npbl yel
of Polymer Science PAaFi) Ar4126&D0d ymer Chemistry
[ 541, S., Pilla, Mddul&t@adngnol cu(l 2009 )e.cogni ti

sensitive mol ecul d@mluy niathproifntkRdl ypnelry nsecri.enc e
Chemist9)y,-22386b62

[ 55] Qi n, L., He , X. W. , Yuan, X., Li, W. Y. ,
beads with double thermosensitivdAnghyebscdlor
and bioanal y389@lal) -8 B&HAiI5St r y

[ 56] Zhang, w. He, X. W, Li-seMsi tYi ve &i hbang
pol ymer coating CdTe quantum dotGhefnoircatlar ge
Communi ,c4aBtli20 n-§ 715795.7

PT



[ 57] Li, S. , Yang, K., Deng, N. |, Mi n, Y. , [
Ther moresponsivenpepint eple naummofpace i cl es for sp
of target protelACSf apm!| h ema map aB)mds.B 34 7i nt er f

[ 58] Li, H. , Wan g, X. , Wa n g, Z. , Jiang, J. , V
responsive molecularly i mgmihmtned ds Rrmsnarm lsasad «
for selective det e@dlitocmn oTr 4RB63GA ) tAl DB 2wat er .
[ 59] Wu , Y., Yan, M. , Lu, J., Wang, c. , Zhao,
functionalized design of thermally responsi Vve
f or t e ndpeepreant duer net recognitionChemni ca&lpaEmagi mnaera
Jourdhamd -p@7 .

[ 60] We i , Y., Zeng, Q. ., Hu, Q. ., Wa nega,n eMd. , T
el ectrochemical protein imprriegspomgsilbviecosmamornr

hydr 8@8gelsensors aned9 B&e&l. ectroni cs
[ 61] Hong, L., Pan, M. , Yang, X. , Xi e, X. , L
UCMPs @-IMIOL b as esde ntshietrinvoe mol ecul arly i mprintec

effective dbe tae d toigd o b ud fi n all ergewnr naln onf | k
Nanobi ot g2c0hln)o,| o5gly.

[ 62] Yang, X. ., Hu o, c. , Ji, Y., Xu, S., Zha
mol ecul arly imprinteespensovebasédi am Bhgi mat
for lysozy@Gel IdeitcecamadnBD(ly me2r3275¢i enc e

[ 6 &R o, F. X. , Zhao, X . L., He , X . W. , Li, W.
temper atrierseppodsale macroporous mol ecul arly it
recognition capabiAniatlyy tti cvas r2dbe FehTeeds80u mi n .

[ 6MBt sumot o, K., Kawamur a, A, & Miyat a, T.
mol ecul ar binding and release of molecularly
hefcioxi | t Macs bmb,tbE)BY |, 252 4 8 6

[ 65] Li, Q. , Wan g, M. , Jin, Y. , Lu, Y., Xiong
synt hesiresmpdnspiH e mol ecul arly imprinted sild@
sensing t ar gFeoto dg | Ghcdo@pbrsdtBréyb i@ 0 .

[ 6 6] Wang, C. , Javadi, A. Gharf Siatrii v e Mmao |l e& uG
i mprinted nanospheres/ hydrogel composite
bi oseBisomat3afi &) st 945914 4

[ 6 RRd, J. K., Bal zade, Z. , & -Wathaldavbdumanded
photoswitchabl e material s: A fasespahshnge pa

PY



devidcoeusr.n al of Photochemistry and Phbt obi ol o
100487.

[ 6 8] Zhang, Y., Zhao, X., Yuan, J., An, X. ., S
seldcoverabl e photoinduced deftonmai nhong beloany
(aryl ene ether) s wliotuhr nkail n aopfh t Maatl edhi® & gsr oQlpesn
141-B9145.

[ 69] Tomat su, I ., Peng, K., & Kros, A. (2011
appl i chadtviaonncse.d dr ug, 6dBeHU5Y e FIR BBEV i e ws
[ 70] Gong, Cc. , Won g, K. L., & Lam, M. H. (200

hydrogels for the photoregulated release and
medtChemi stry ,204Ma-1888B3al s

[ 71] Takeuchi, T., Akeda, K., Murakami, S., S
T. (2007) . Photoirmmpponsiede ppbymbysi nprepared
functional monomer having di amiOrgmynriicdi & e a
Bi omol ecul a5 1 &h e2nBR7846.8 y

[ 72& ng, W. Shen, J. Zhu, S. , Si, H. , Song,
Preparation and characterisation of photoresfg
on-[ §(dmet hacryl oyl oxy) phenyl) di azenyl ] i sop
sul f ameMiharza cnhree mi,d &2 1J007u8r 2n3a. |

[ 73] Chen, M. J. Yang, H. L., Si, Y. M. Tar
holl owl v g eislploemsi ve surface molecularly 1 mpri |
chlorpyrifos inFoegdetdtbbd s1t28056d5 6f.r ui t s .

[ 74] Sun, Y., Yin, X., Zhang, L., & €ao, M.
responsive hollow SnO 2 molecularly imprintecf

kaempfAermdlyt i c all8 7N e-9 B922dbs

P®



Chapt EdMet NVods and I nstru

Thi s chapt ewaiepxrpeesreinmesn ttahle met hods and i ns
empl oyed t hroughout t he research descr
met hodol ogi es alplhoywseidc aflo ra odl a df eutmacefli eodhat i «

MI Pmat erials and t o evalbuaasteed tsheen spoerrsf.or ma

Dynamic Light Scattering

Dynami cs clait g RtrSi mgvia(d eilsy d t etcoh nd egtueer mi ne s
di stribution in dieamsom®f madgyrdo nalyemauni e€s o
di sper sedlilm alruti nteua saurh,e sDBrSowni an mot i o]
particles suspended in a |iquid by illun
sour ce, suchr alatae sl amscetri, oana atdoy st imepe $ hee
dependent fluctuati on¢ 2T me t phrei Bsrcoawnlti eameefd |
mot iiesn pamati cles in a suspension are <cor
mo |l ecaunlde stahusse a certain amount of energ
i nduces par tAsclteh emogwaamtednay. ®tsa nmot i on, t h
intensity scatteradtbyonbéapar bud.l wsl I f
As a smslul¢rr particles exhibit faster di
fluctuati ons, whereas | arger particles ¢
variations in thégToeatstcat ¢ @ rlaidsg hciod ¢$litegont aeitd
at def i iceodnmaonnglbye s9a0 Ahbackscatter Admt ect i on
158 pending on instramdntheonkeisglutanigony
processed by a correlator to d4bAain the

Theaut ocorrel desoni besctihentempor al corre
' i ght 1 ntenksaw yl amgl a eddretcitcsl e. ilsniltoicaaltleyc
t heudcdmr rel ation function i s | imiemirmadnd &
par tdii slpé acement. As time progress, the f
due to particle movement, and the decay

di ffusi onD)c ooeff ftihce epnatr t(i5cl es (Fi gure 4.1
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Sample
solution

=0 [Ty

cln’m«:ln?0 time
g E‘E
Correlator 3 % gg
— i
time Hydrodynamic radius
Fi gur(eARpXresentation of dynamic | ight s
reprodudedB) rbmodess from dynamic | ight

obtaining particle size dvV]stribution.

This value is then used to calcul-ate the

Ei nstein equation

QY :

0 0 Eq
I n wQideBcribes the hydrodynamic Qdisameter
the Boltzm&nsn tcloe stt-eansg g rheet wries,cosi ty of t
Ois the translational diffusion coeffici
The output of a DLS measurement t-ypicall
average di ambBitseperanidDly)hlerdieskr v gPe i s an i nt
wei ghted har monic mean derived from cumu
reproduci bl e measurement t habDl ioguaretliaftii evs
the breadth of dhealsues 2ddrisstwii Mauitci aotni v e

homogenewnhtiyl e hi gher val ues suggest pol

aggreogratmrecs uni f[8l.Fmr mhteemoale, t he measur e
di ameter is influenced not only by the ¢
el ectrical doubl e I ayer that surrounds t}
| ayer i s compressed,ed exiddae,g wli lae slmaw | ie
results in a more extend[@dOl ayer and a |

2 N



Al t hough the primary size distribution pr
be convert-ed tnhewebiedrhutmeed di st r i-vbeuitg hotnesd. Tt
di stribution reflects the relative prop:¢
vol ume, whiiwei gheedudcbstri bution represe

particles iMPpeach size <c¢cl ass
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| sot her mal Titration Calorimetry
| sot hermal titratiohresloduit metnb asedcdh Talng uies
t hckei rect measur ement of heat rel eased ot
all owing the deobompindeamodprnaathimla¢heec ul ar

i nt er adt icoonnsst antA tsecnhpeeneapttiacs eria rd tTiCo n

instrument | &4.2hown in Figure

Tirme{min)
0 20 40 B0 80
L] T T L] T

0
Stirring syringe -4
=3
1

=1.0 - -

Raw data
-2.0 T T T T
[ 2 Affinity:1/Kd
. | = £
Adiabalic — 5 6 = A
shield I E -
T = tochlometry:N &
Reference o ,.._____,... [| - Sample -10-+ .
cell cell T T T T T
0 0.5 1.0 1.5 2.0
Molar ratio
Needle flattened /‘ Reaction enthalpy
for mixing Output
Constant power supplied Feedback power supplied /
to reference cell to sample cell
FigurBasi.c2 principle of isother mal titr
representation of the isothermal titratdi

t it reaxtpieonn ment (upper right)Piwdttthr @ t s e
reproducldd from |

The caliogiomempased of two cel,dsrensirdepcar
ceadnd a saanpd earceilthjection syringe. Bot h
feedbaatkkemaitnheeato mfteammper at ur e, and t he t wc
by a thermocoupl e, dewhiicceh imont her sni ddy e
di f f erethdiedessamThe i njection syringe has a

into the sample cell, and the whirdlmge i

>0



sures the complete mixing of the sol ut

ringe astpefepconst ant
ring an | TC experiment, the titrant i ¢

(¢
=)

T g o
- o <

ecisely comtaobiaedialgi ffuntced 2aipieo at wc cU

(7))

mpl e cell changes depending olhhethe ty

—+

er mocoupl et dd ecvhiameg edse tieemcdt samp e vatt erset he
ter to apply a dadij e ste ntaimggh moeaimof e rod t proe

a
e sample cell back to iThe tpomper ategmue r
S

=y

tore thermaal egqdi di bresendiratt pygwpr ofl
t haes shoecaitat ed wveivtefhBAbae rbeisnuditn,g when t he

side the sample cell i s endothermic, t

_‘
(7]

ulting iDPaoauti puwetr.e aWhen nt he reaction

ot hermic, the feedback haeatdesulpRabees nl

q
c X ® - o o =T O o 9

o o

t put. When the reaction inside the sam

=

action is complete), then the DP retur
at applied to the sample cell and the

ch injection produces a t herrneaail npeul s e,

o m =
w 9 @O o

powetsiume resulting in a series of pe

>

tegrated to obtain the ,hevaht breerdiepalscetdt eod
against the molar ratio of titrRBmamto an
this cdriwe,arndn t thiynga | sSodpteeamdtraaarcdd key par
the binding¢é)sttheef £t tiomm@tamy f(r om whi ch t he
commonly wused equil i b@Mi)ouwaan dbe sachelreaty e dn ¢
t hermodynamic paramet seunushofast hdnlepyndhagg
@HA, the entropy chang@A,eScalaflitl &Gti déd sa g r

3d  YYa: YO VY Eq.
WhelYies the gasYicbestadbsobl an@e temperatur e

A crucial factor in determinidpgrameteuali

defined as:

w €0 0 Eq.

2 I



whe&ies t he stiiicshitdnee tcroyn,breonltercautls @mphodt h e
cel IKi santdhe bi nTdhien g hcaopnes taanndt .s hias pnlkesismof
depend stroewmglibyetoveetnhel 0 and 500 is cons
reliabl e ,cuwlvielt sfiidtet jtnhge s dabagemay be | ess

di fficult to interpret duseottfodrimlaét t eni ng
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Optical t rnmenshdudcst i on

Opti cal transduction encompaxswsead anod amcgd
i nteractions or chemical chgngaepliontt o nme
fundament al i nteractionBhebseet weevtaeelacgthito

modul at ed banaohnec eprrtersaetniceen of speci fi c mo
monitored through chhhAewi dem VYargihet ypr ofp
transducti on approachesi nhcdavbesiom@ & n o mikd v s
refl ectfolmearrepsacseendc et eChneée quefsl uorescence
pol ariodatfiedn me ,decayf é¢nonmagtry, surface p
i nfrarRadmanmndspectroscopy andueidlmaremnedanc e
Raman schB.tering |

The core physoifcal lfpftehaepspetpddagrshlesde absor pt
l umi necsrcefmmicdgB i on.

Absorption is a physical process in whic
up nboyl esutesul ting in the promotion of th
This occurs only when the photon energy
bet ween two quantised states of the sys
radiation, dahbtetéeonstgpasbefi nhduced: el
ultraviolet or visible |Ilight, vibrationa
transi tmioaasowaveéflPpAaAdsat ppnon is directly
properties of the mat emiaals atnhdr d usg g uvahnitci ht
descri bed-Llaynbteh@&@hiB®aevi aw st at es o)t haft t he
collimated monochromatic | ight passing t
medium i s proportional atnod tthoe tohmdt iacdanlc epnat!

the absoraccorspegi ¢® the equation:

b at0g - b =a-
WheiOes t he itrmhteen icti@ snft hlei gimt ensi ty of t
| i ghti,s atnde mol ar ab2spor pti on coefficient
Lumi nescence refers to the emission of
absorpti obepenghontgoms. t he el ectronic spi |

| umi ne s aan chee classified as eit her fluo

22z



FIl uorescence occurs when the excited el e
a change in spin orientation. Thi®0 proce:
ns . Il n icpmd g msd jffehsec erxacea t ed el ectron under
resulting in an wunpaired spin relative |
mi smatch, the return to the ground state
frddwoo® and it often continues even aft .
removed.bot h casesl umihreelsitrewmecadslbysipm g f
speci eGbc(ak< ble. @&l cul at ed

0 QO [AA Eq.
WheiOd s the | uminescence tihnet eanf@d Isytteh,e t h
i nstrumentiagd moest ambéiosrlgaeameytih yof t he | i g

t he samplqwhaent um effi ci encanafs tthe lammil ye
concenHowe Vva@mmitrhescteaneani tdyevi ate from | ir
tohe presence ofThgwe necfhfiencg sipse ccioensmonl| y
St eviorl regru at i on

% o0 B Eq.
Whemwe i s Sthevfod mer comgsitsanttheanadoncentr at.i
guenfgmM®el .21

Refl ection is the redibreewtktieantafo Idi ghera
andccurs when incident | ight encounters a
into the original medi um r atTtherr et mamr Kewmo

main types of refleawbicbonopcspescsuldarkemel &
surfaces where | ight ,r eafnide caisf faulsiez hrperfel dei
arises from rough or compl ex surfaces w!
mul tiple directions due to sur flancet hirsr eg
cont extubeiMue k Kf uncti on rel™ Mt es anhkytreef

concendvriaat:i on

p Y - ® Eq.
oY —«v ¥

Wh e iYies t he coaaiftétfiedr,]. n2g2
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Il n the following sections, weaded usse mqi g

whiicrhc | fuldiessr escence i nte&wRi.ty and | ifetin

FIl uorescence Spectroscopy

FIl uorescence is a photophysical phenomen
| umi nescence and more specifically to phc
of certain substances t.oyphbhsadbyel e@ct he me
or visi,bBh'dubaeageentl y emit part of t hat
wavelength am@dB | ower energy

This process i nydelfvese daaedderoitigBrmatidseoved lon s
typically illustrated using a Jabl onski
representation iorfv otlhvee deanier gy p tkheavted tesa

rel axati on laingimts s ® 5 ie g w Refl in this diagram, thick

horizontal linegepresentlectronic statedypicallythe singlet ground statéY),

the first and second excited singlet stat&sand"Y), and the first excited triplet

state (Y), while thinner linesndicatethe vibrational sublevels associated with each

electronic stateUpon absorption of a photoa,molecule is promoted from the

ground stat€Y to an electronically excited singlet state, usuagr Y, typically

reachinga higher vibrational sublevel of that state. AImost immediatelg

molecule undergoes vibrational relaxation, dissipating excess vibrational energy
nonradiatively as it relaxes to the lowest vibrational level™f If the initial

excitation occurs to a higher singlet staseich as’Y, an additional internal

conversion takes place, transferring the moleculévtahrough norradiative
transitiong10?s or less)Once in the lowest vibrational level of théstate, the

molecule may return to the ground statdoy emitting a photon in Huorescence

process. The radiative decay fromto °Y typically occursn a timescaleanging

from 10° to 107 secondsindinvolves transitions between singlet states, where the
electronspinsare pairedAlternatively, the molecule in thef state may undergo

intersystem crossing to the triplet stateaspinforbiddenprocess that involves a

change in electron sponfiguration From™Y, the moleculenay return to théY

either nonradiatively orthroughphosphorescence, a slower radiative protieats

2Y



occurs in a timescalangingfrom 10° to 100 secondsiue to the spifforbidden
nature of the transitiof21, 23.

Absorption
A

A
- ~ Internal
S \ conversion
2 A
‘\
~
HERE
HE Intersystem crossing
A v vy -
>. 81 . .
Vibrational _— T‘|
8 relaxation
wl Fluorescence Triplet state
P
w
v Phosphorescence
A 4
A 4
A
Sy :
Excitation Emission

Figure 4.3Perrin Jablonski diagram of fluorescence and phosphorescence
Picture fep2nhboduced

The photophysical basis of fluorescence,
exploited for anal yti cal pur poalelsedusi n
fluorescence spectaspmeteof( Blogoréhreéwnd) as
systemsoifstas | i ght sourcmomochrsamptel extc it
speci fic waveXxein@itsssesmiogphat hs ampihed ol der
det ectucsrumphHdtyonaul ti pl i ecapudreck §aPrivipih)e, f itehsat
emi tted fsliuggopdld ceance omponents such as fi
to select specific emission Wadv,elPebngtzh7s
The |l ight source is typically a xenon | a
spectrum spanning over a broad range (ap
modern systems increasingly employ | ight
or pulsedrtceghtemicht aegl digbbdes (LEDs) or
not only i mprove stability and precisio

advantages such as | ower power consumpt:.

2P



mi ni mi sed photodamage to t he sampl e
il lumination [ 23, 261] .

Sample

—

Light
source

Excitation
monochromator or filter

Emission
monochromator or filter

Detector

Fi gud eSAhemati c representation of a
reproducégd from |

du

typi

Il n standard fluorescence spectroscopy s
col | e©t0éAd aantglae r el at i ve tion tdred énmearia e nt

the amount of excitation | ight t hat reé
el i mi nathiexmi bhti on | i gahstcast$ emion g, pmisesn drf
originating from solswemptetnard palrdted FmcIt ¢

i ndex mi smatcwlkescdnt rinkb wetrd atcesa resi dual

that must der icogp qa6dal3e&i s

Depending on the type of detection syste

Sspectroscopy can -bttatcemans off ivmkédnt msasigysady

state fluor es,cetnltee sgpmElte oiscopyci t ed
| i ggntthet mai n measurabl e parameter i s

recorded as an emission spectrum at

TM

a

wi t |
t he
fi



excitation spectra can be obtained by mo
wavelength while dzZhnn2nhgpatrihe caxairtt att i o
spectrumtrhepredgerct €£ncy with which the fI
di fferent wavelengths, while the emissio
emitted | ight i ntensities aesxcada tfasasmotni. o
example of excitation and 4end ssi on spect

Excitation
Spectra

I

Emission
Spectra

Arbitrary Units

Wavelength

FigurEexadmpl e -9f asé efaldyorescence excitatioc

Picture rep8oduced from [ 2

The fluorescanaoecithntye miseiiteantiendsi ¢ properti
fluorepbboras mol excaidn cagn tsrtatuicamu,r egabsor pti
yi el d, but al so on a [2vlar2@,t patof i rexlt ed e
envir abhomedsstuicchn as t3ePmp itHa§ond ei pB2,c stren
sol vent[33paondartiteyeopr gssencbers or energy t
sucphas oi nduced el ectron trensefgy (PBMN}EIT:
( FRET2)1, 4,253, n 3partthiec plreers,ence of ¢€thnooresce

| eadr gdoucat i on i n tehmiosusg ho ndyinnatneincs i(tcyol | i s
static mechani sms. Il n dynamic quenching
fluorophore &uraitreg |iitfsetd xroai,diidadt a dvien gl etacc ta

TN
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of t he exciwhtedlteiscs agueenching i nvolves t he
fluorescemnat groamdl ex bet ween tRe fluoro
On t he o tthieme shod nvde,d fslpueocrt er sSmoseeroapay € s t he
fluor @decaryceover time foll owinghexeithei o
pul se width is typically shadrhteerr etshudn itnlg
tiwependent signal reflf®Rc¢ctwhibéd iludeésa
average time a fluorophore remains in t|
ground?23tlashee f |l uorestemcepopaid @t i on of f
typically fol bewawaadd Xumorneesndtenade t y at a
ti tcean be described by the equati on:

(o Mool Eq.

whe®ies itnhidétliwdr escerBgye tihntse ndsdifltiwoir teisc®,n c el

|l ifetime corresponds tostheetpmpulraeguone

t oe(lapproxi mately 36.8%) of its initial
and the | ifetime can be expressed as:
P Eq.
f 1Q

whehQeepresent sthheratum obnat bhartasdiodt irvaed i
deactivat i[o6,].p¥Fcesses

A typiceaebotivmel fl uorescence measur ement g
the emission intensity decreases exponenit
fluor escefctaen Ilbief exitmacted by fitting the
Figare.

FIl uorescence | ifetime is an intrinsic pr
| argely i ndependent of external factor
phot obl eaching or | ight scattering. |t i:¢
incl dduocguati ons in the excitati-on sourc

mul ti photon excitation, det2xXxtd7%] .sensiti
Compar ed -dtoanesa wrdg mernd ssg | vteidmef | uor escenc
access t o addi evehal nmot maul any nlayni capt
behaviour ofthéuvuexopPhedest ahe. priscipal

t haebi | esprhiviet r pl e fl uorlrscemeal iinQet hmepr

T



of heeetggwent hin thsushsemthrdeonexti sdyen
conformational states or binding modes, t

aver aguer enmeeanst s [ 23] .

10000 T L ) T ' I ) E
Instrument Response 1
—— Measured Decay
— Fit
1000 -
)
o=
=
Q
S 100 -
= 3
‘w
=
i)
£
10 §

R T Mi\

Time [ns]

80

Fi gurEex edmppl e of a fluorescence decay curyv
responsd rfeun dti men me a(stulr ieed nldiertel)g exponent

used to felxuagraecscdrhee | i fetime (black | in

3B .

Two met hods o fr enseoa svuerdi rf di uhoi rweesdceesnpcree aadr eu s
ti e mai n ane ofnrad oqhu g8t yh od s

| n t hceomaime aned dh okdmo ws e d s rheet s@adnpl e i s exc
a short |l ight pulse and the subsequent de
a functi[o2n3 ,Af3wtiliddd pt ed appdoaahnf br f et me
measur eme+Ctos ried aTtiemde Si ngl e RhoicshnbLoeadt i
on dthaet i st iocfalmeananltyesrivsal s bet ween excita
of i ndividual (fTICBdr@elsiceesn coen pthhoet ornesp.et i t i v
sample using aepultdedgl il glgthd e fpwn ese st iwmit m
angdhort deuarcaht iexncs it ait apdi gnu ngeseqou,eakpr

TO



which is subsepaurntdétyectioppedf &t sp ngl e
si guslranle) operating principle 4f7 FOSPEaich
excitattihhen pwdtseem r e choertdwse etnh et htei neex cdietl aatyi
the detection of aadsiasgigneni tbed ghetor:
wi d®#oh i ncrementi ng t he . Reopreraetsipnogn diihnigs beixnc
det ecti on pr,oycpei scganitiayh yhQ@ ® @@ d8d oandic s mul at ed
in the pedk oowsannheel constwlhietti®eo nn wmhb ear ha fs
count s fpleecfbsent) wg@rhoy onf ar r itviatheslsaafitt esrpe c i f
excitation. The reswuletsiohgthboeat ogpamsest
fluorescence decay curve, showing the pr
ti mes haabhe extcat e ddyrhaemifd suo2r3o,.p h4o0r]e

)
T\ Ji\

Time

L B B B B
L B B O

slart-stop-time 1 ' : start-stop-lime 2 ¥
LR I

@ 34 ns @ 4.7 ns Counts d

FigurSchemati c repr esConrtraetliaotne do fSitnhgel eT iF
Counting (TCSPC) met hod. For each excit a
ti me del ay bet ween excitation (start) an:i
(stop), progr edxsedaye |l hyiPdbtud dgind@miuge p3tBed uc e d |

The final decay curve obtained frem the h
exponential) funcomphefdetplyails snrgt tome tdcheec ay
i's single exponential and the fluorescen
excitation pulse width, the | ifetime can
decay curMegamrialdsieani pl ot

Al ternative approach -dempiromvmethkod,y itmew
excitation |ight is sinusoidally modul at
emi tted fluorescence i s @nadrnyd edle mad utleartr

relative to th23]lex&7tation signal

TN



These two parameters are mat hematically

respect the foll owing equations:
OAd 1t Eq.
0 p 1t Eq.

whelries t he angul ar moldiug at he®@ nmoé dTelgeae ho g |
degree of modul ation and the phase shift
i nformation about the decay kinetics, anc

preci sion.
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Surface Pl asmon Resonance

Su
be

i s

o o =
> 5 o O »w o ©

pr
me

w h
ar
di
de
Co
bi
s e
w h
bi

S i

rface pl asnmnonanr eocspotniachacle phenomenon t hat
t ween a thin metal film, typical gol d,
il'luminated by opal aninz ed ctad igMittedaise d ¢ 1«
cific angle of incidence, known as th
i dent phot ons matches whatclohedetievesdu

il l ations of f-dieel @d tercit ¢ oinrst eant f d he. men

5 O O o

di ti on,ghparetneafgyt hes Uirfaancsed eplraesdmd ros ,t h
a sharp decrease in [th2] intensity of

par triecswlpnaarh,bb eatmoment um of the incident
e surface plasmon wav-ei @lre@@targiad iinmgt earl fc
opagat ifoonf ctohnisst annatve depends on the die

dia and is given by:

Eq.

elries the angolart he egpeadyof- an-dght in v
e dielectric funct iroenssp eocfit2itviedlayci¢e If @at r
el ectér,i ctshe propafgatainan tdarssttaret resona
pends dirredcotalcyéiavie tihlmeel emedi um i n cont ac:
nsequentl yg amgh cdangkat ncaused by mol
nding near the met al surface,Thsihsi ft s
nsittoi wrietfyr acti veor mdexk he albaasnd & o n sSiPrRg
iaerhy | ocal variatijiomduonédhebwmelf aacleagrve
ndmongdi fies t he r € s otnraamro @ lu y cdotmielni gtSiP drn
g(nkail g 8){4e4 ,¥ .45
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@, Detector
Light Source
Prism
i I

=
@
=
- : 11 . =
Polarized light Z Reflected light
Sensor chip with Angle
gold film ol o2
s w7+ Dissociation
3 v
]
| =
h=
W .
g \
@ " Baseline
(= i
x -..m PRepeat
1 | | | 1 1 1 1 1
Time(S)

Fi gu8Tehed .schematic -séhsigdgtram.i oIPRfde&tPRct s
i n the refractive index in the I mmedi at e

chiPpcture reprtfoduced from |

The mostcaemfmmgpur ati on empl oyed i n commer
Kretschmann condf.i)9gaur dt icoms( Bitggurod a pri s
(typi eadl Inym 4G gol d) deposited on a gl ass
(usually the sample soluti om) pion acbomedc
monochromatic | ight beam, often from a |
the prism and r edfileelcetcetdr i &t i nbher macal un
reflection condctdense Whghetbhatisfies t
part of the incident | ight energy is abs:
t o a sharp di p i n , Wwhiec hr eif § e crteecdor d @ ¢t ¢
phot oddddebdAdhoal t appatomrchme pbyye sveat-kegls e d e

syst(eFmsg Bbj,ien 4wthh € hl i ghtthricanngghoptdedal waveg
coated with a thin metallic | ayer. When
adjacent to teveanmestcglenfili i efst $ hr ough tt

excites a surface plTahsinso nc cantf itghuer aotuitoenr ii¢

TT



attractive for i-onmntbepbat eda smpitti cal lamws | fadr
pl aaachi tceccmmpuarteisbl e widew ijdie4gy Af urit hed
var i agtthgogrmiciongl| ed SPR(¢comgfad,gbhelaei bhe met ¢
surface is perioddcalt gcpaddthegpyadhitindegt or |
amddi ti onal momeattam trhkeeg uwaveedv d ®t or of t |
with that of the surface pl asnmointshouther e
total i nterfdal sreket@dpdicahad dafshaahbe!| i € yon
condition can be cogmntatohlgagmeghyoad usntcii dg
[45] .

a) Light b)
Wwave
Etealprismi(r, Dielectric
hspw Waveguiding
layer
Guided
Dielectric medium &, mode Substrate
c) Dielectric medium &,

Light
wave

Metal layer &,

Fgur @EXci t ati on ofpoduarrfiacoensp!l dsamormy a | i ¢
coupling, (b) by a guided mode of optica

on a diffraction gr atd4ibng. Picture r

A further aaglcdhd ¢ exft USSR i s r-kegpgsed eocnduwepd ibry
syssvehm ch expl oi t egputiidc anlg feil beetrPdnrtass HliFs gghutt
approach, l i ght propagates through the
appropriate modifications of the fiber a

and the plasmpnic structure [
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Fibre cladding n

Broadband 7§\\ \\\ /L ] \ I._l \r

|

light source |

\\
» ]

n+dn

Fibre core Metal Sample, n

Figult@i #bearsed SPR sensor. BiBcture repr

The fiber caccbednug igk@®amett o i esabl e ef f i
coupling between the guided(FighjLeanad 1t h
Among the most investigad4Pd pDperpowmbBichesha
is stretched redbDsha@eitdepe nc owhei cdhi aameptoerrt, i
the cladding and core is removedand expo:
U-s hapegdwhfeirbeert he c¢cl adding is striippped i n
which the cladding is removed in the cury

[51L

Fibre dadding sp ’/— Metal

Fibre core Large core fibre Small core fibre
a) b)

sP Metal

Metal Fibre dadding .« 575 -
SP ¢

Fibre core

o <

FigutBchemati cs-mofdi §éeemetopyi cal (B)ber S
Tapered fiber S-PRrgr ele uschaupreeddieIReER) opD obe;
Ushaped SPIRcpuoéerepirBoduced from |
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El ectrochemicméthodssducti on

El ectrochemi cal trrealnys dounc ttohben ed eetcetcmtiiiqaag s s
(such as currentorpompgédnata)ednbdyct adar
or il oni ¢ tr anTsyppoircta | pl hye, n canme yealtcemamt sri osct hse ma fc
three ebewbréadeg,amdcoaehe ee n(cd eggaltpreo dde.

i mmersed in an [BR2kctrolyte solution
i' Potentiostat i Potentiostat
: i
| i
: E Connector
I cH |IRE
"‘5‘\
RE WE CE .
Electrolyte Solution | |
Electrochemical cell Screen-printed electrode
(SPE)
Figut ® ectrochemical sensors with three

wor king (WE), and counterPi( € €CEppeodneeded
from [53].

The wor ki {gVEe| @ st tdvdee core component of t
siwheere the r edolky ppiVeanletsesreisa lo o brueetcd lud e

(e.pd.ati num oacbagwdd nNatgegramhigtt e@s¥yandr bon
semi conedugt o)rTshie irceofner ence el ectrode ( RE)
weddlefi ned potenti al against which the p
me as VArmmeodh.g ddcteommonl|l y useddar g&irlowmers/esi | ve
chl oAg/dg Cdl ectTrhoedecsount er el ectrode (CE),

pl at,i ngpolM dc ar bon, compl etes the electrica

Y M



el ectrons necessary to balance the curr.
Al t hough it does not directly participat
ne
Th

utrality and supports currempt, .66w dur
e
el ectrode conf i ¢gureattiron ,ybtueh isaH suptrioowni tdlee t
v

proper functioning of an el ectroche]
environment necessary for eihoamr geonducmtsipm
bet ween el ectrodessr ¢ damxt ¢ vec tsrpeloyntees| ¢ on
refer rmeditaot tahsgat act as artificial- electr
tramrdfferdbipAmcy deal medi ator shoul d di spl e
kinetics at the el ectrode -rseudrufcatcieo,n alylcd

wit hout degradati on. |t skegehéer att sd dte
overpotentials, ensuring | ow energy cons
conditions. Further mor e, both its oxidi
chemically and el ectrochemically stabl e
i nor gadiiat oor s, the ferril/lfelfkolcheéf(hCM)e r ed
i's widely used dulkelhayvyibowrtewxirciitby eamcd
availability. Ot her common medi at or s in
gui nones, vi mlaeg emres,, arsd wmeHd as met al

rut henium or osmiufpbi pyridine derivatiywv
El ectrochemical transduction methods can
the electrical process being monitored. |

cat ed»kk i es
A) Conduct omegt rwihd cthe aothemaasmerges rtth e r oper t i e
t he bul k Blhdud imment hods rely on the vari at
or resistance of the electrolyte and ar e
concentration, mobility or total i oni c s
B) I nterfacamsf erhhargehohgwmeokt @onr capaci
processes occureliegtrael yhe ehtkeet rade
These can be further subdivided into:
1.Staticametl@adsi ed out under condition
in the system andttheRepoeasnai abl di $if gm
el ectrodes (i .e. potentiometry).
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2.Dynami c imevtohlovdes t he application of an
to the working electrode, whi ch pert
inducing electron transfer processes ¢

measur abl e responses r rsuwdhlmnagescumr anmpe

(i .e. voltammetirmpedimmer ometry and
In t he foll owing secti ondedipchaott @ ctyucl lairc a
voltammetry and el ectrochemical i mpedanc
Cyclic Voltammetry
CycVolct ammegitsvyal (t QWtneecrascgdef or i nvesti gal
processes and-tirmnesffeacipaknomange I n this
applied to the working electrowe tios avar.i

finalwwaldusubsequent!| o, rgeaesatdihgchkh thbal

symmetrical tr(Rngui[@afa4 whveform

E>E" »
1
re &\
s x A
3 ‘" \
IS '3 Ch £
O |eE" & g g
°
e 3
potential
E <EY
time

(a) (b)

Figurd@dypi tal potential va-Ei atrwvae. aRdct bt
reproduced from |

As the potenti alacitd vmo dpleaxti ed, |lroecd»x d n
surface undergo el ectron trancffgpi calact.
anodic or <cat hlolde cr esglrtetinogvpelaktsa voltanm
typi cal Itycedn s@aista ya(s f uvanpcptliioend Opfbh @ ns h ap e (

positiiomt eoanidt Wese peaks provide critic:

<
Il



behawifontahlee ¢ ul B stlhuedoirnnga | P reecevretrivdalb,t het y
redox ,preolceecstsr on t rdainfsffuesri okni[Sxqeoteifcfsi canednt s
In a rever,shpdolte nstyisatlemt whi ch oxidation o
t he Nernst equation:

oYY b Eq.
0O 0 =§8tvaqo

wheiOei s the forémasiheonwemhbheral of el ectrons

D6 fYQQ ¢ he concentration ratio of oxi di z
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Scope of the thesis

The aim of this PhD thesis was to exploit the potential of MIPs for the development
of highly sensitive and selective sensors. MIPs, due to their intrinsic molecular
recognition capability, chemical stabilithnd costeffectiveness, represent
promising alternatives to biological receptors. fnenary objective of this work

was to design anslynthesizéIP-based sensors with enhanced sensitivity, capable
of detecting extremely low analyte concentrations across various application fields,
including food safgy and control, environmental monitoringnd medical

diagnostics.

To reach this goal, several strategies were implemented and experimentally
validated through the research studies and publications included in this thesis. Each
study represents a specific approach aimed at improving the sensor performance,
mainly by optimzing the synthesis of the MIP materials and by tailoring their

integration with suitable optical or electrochemical transduction methods.

One of the strategies pursued in tiissisfocused orcontrolling the morphology

and dimensiosof the MIPs to obtain nanostructurgghericaimaterials with high
surface area and improved diffusion kinetics, thereby increasing the accessibility of
the recognition site$n addition to tunindMIP size and morphology, further work
was carried out to introduce additional functionalities into the MIP nanostructures,
in particular, fluorescent features aimed at enabling optical detection. Within this
framewok, the strategy focused on modulating the fluorescence properties of the
MIPs by optimizing the ratio between the fluorescent probe and the template

molecule, in order to achieve an efficient and stable signal response.

Building on this optical design, the work further explored the potential of-time
resolved fluorescence spectroscopy, introducing fluorescence lifetime
measurements as a transduction method for nandid#ed sensors. Although
rarely applied to MIP technolggthis approach proved particularly suitable for

developing ultresensitive detection.

©
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Another key aspect of tls PhD thesisvas the evaluation how the quality and
homogeneity of the binding sites influence the sensing response. The study aimed
to verify whether improving the uniformity of the recognition sites within the MIP
structure could effectively enhance the sensor'sitheibg To this end, different

MIP architectures were compared, from conventional imprinted polymer layers to
conductive matrices incorporating nanoMIPs, confirming that the development of
more homogeneous binding sites leads to a more efficient andivebte signal,

ultimately improving the overall sensor performance.

The work also explored the design of stimrdsponsive hydrogel and nanogel
MIPs, capable of undergoing shrinking or swelling upon analyte binding. This
deformablébehaviouwas exploited as a mean to amplify the transduction signal,

particularly in plasmonic configurations.

Finally, special emphasis was placed on the use of green and sustaionbleers

for the synthesis of nanoMIPAnN innovativegreen monomewas used with the

aim to prepare homogeneous and stablg g r e BandillPs, combining
environmental sustainability witkelective recognitionThe resulting nanoMIPs

were tested using different transduction approaches to assess their versatility across

sensing platforms
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| mprinted Nanoprobes as an Ul tr a

Tool for Protein Contaminants
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Abstract: Currently, optical sensors based on molecularly imprinted polymers (MIPs) have been
attracting significant interest. MIP sensing relies on the combination of the MIP’s selective capability,
which is conveyed to the polymeric material by a template-assisted synthesis, with optical techniques
that offer exquisite sensitivity. In this work, we devised an MIP nanoparticle optical sensor for the
ultralow detection of serum albumin through time-resolved fluorescence spectroscopy. The Fluo-
nanoMIPs (©~120 nm) were synthetized using fluorescein-O-methacrylate (0.1x, 1x, 10x mol:mol
versus template) as an organic fluorescent reporter. The ability of 0.1 x and 1xFluo-nanoMIPs to bind
albumin (15 fM-150 nM) was confirmed by fluorescence intensity analyses and isothermal titration
calorimetry. The apparent dissociation constant (Kapp) was 30 pM. Conversely, the 10x fluorophore
content did not enable monitoring binding. Then, the time-resolved fluorescence spectroscopy of
the nanosensors was studied. The 1xFluo-nanoMIPs showed a decrease in fluorescence lifetime
upon binding to albumin (100 fM-150 nM), Kapp = 28 pM, linear dynamic range 3.0-83.5 pM, limit of
detection (LOD) 1.26 pM. Selectivity was confirmed testing 1 x Fluo-nanoMIPs against competitor
proteins. Finally, as a proof of concept, the nanosensors demonstrated detection of the albumin
(1.5 nM) spiked in wine samples, suggesting a possible scaling up of the method in monitoring

allergens in wines.

Keywords: lifetime decay; molecularly imprinted polymers; time resolved fluorescence spectroscopy;
Nanosensor; wine; optical sensor

1. Introduction

Optical sensing based on synthetic artificial chemosensors has led to promising results
and developments are foreseen [1-4]. Emphasis is on molecular probes that rely on a
variety of chemical structures, such as host-guest macrocycles, cavitands or nucleic acids,
which are exploited as chemosensors and share high affinity as a common signature. When
provided with optical-responsive reporters, a quantifiable optical signal change, such as
the emergence or disappearance of a spectroscopic feature, is measured upon their binding
to the targeted analyte [1]. Molecular probes are exploited as standalone, or combined
with nanoparticles, singly or in multiple copies, homo- or hetero-, leading to different
photophysical features, and falling under the broad definition of optical nanosensors.
Some polymeric biomimetics, which belong to the class of synthetic receptors, ought to
be also included among the alternative and emerging category of nanosensors. In par-
ticular, molecularly imprinted polymers (MIPs) [5] are a class of synthetic receptors that
provide tailor-made recognition toward a target analyte, that is conveyed by means of a
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template-assisted synthesis [6,7]. For the synthesis, functional monomers and crosslinkers
are solvated together with the targeted analyte, this latter acting as a molecular template.
Throughout the polymerization, molecular cavities stereo-chemically complementary to
the template are imprinted in the nascent polymeric network. The formed MIP is able to
selectively and specifically re-bind the analyte [8]. MIPs offer several advantages: they are
cheap and easy to produce, possess mechanical and thermal stability and are resistant to pH
extremes [9]. Recent advances in polymer synthesis permitted preparing nanometric sized
MIPs (nanoMIPs) [10,11], leading to recognition materials with a higher surface-to-volume
ratio. These materials were characterized by faster binding kinetics, which is a characteristic
that suits sensing. MIPs have been included in a variety of optical sensor designs, ranging
from optical fibers [12-14] to photonic structures [15] and spectroscopic readouts [16,17].
The combination of molecular imprinting, as a method for generating chemically selective
binding sites, to fluorescence, as a means of signaling the presence and the concentration
of a target analyte, is particularly attractive [18]. In fact, on one side, fluorescence is a
widespread technique in sensing due to the high sensitivity, the low detection limits, the
real-time response, and the simple format [19]. On the other side, MIP materials can easily
embed fluorescent functionalities through a variety of synthetic routes [20]. Both organic
fluorescent monomers, such as N-allyl-4-ethylenediamine-1,8-natphalimide, anthracene-
based monomers, or 3'-Methacryloxyspirobenzo[c]-furan [1,9']xanthen-3-one, as well as
inorganics fluorescent materials, such as quantum dots (QDs), lanthanides, metal nanoclus-
ters and upconverting nanoparticles, have been combined to the MIPs, as widely described
in [17,18]. Indeed, when a fluorophore is integrated in the MIP polymer network, it effec-
tively reports upon the binding of the analyte by changing the overall optical response. In
one of the first examples, a polymerizable trans-4-[p-(N,N-dimethylamino)styryl]-N-vinyl-
benzylpyridinium chloride was used as an organic fluorescent monomer in the synthesis of
an MIP targeting adenosine 3,5 cyclic monophosphate (cAMP); the presence of cAMP was
detected in aqueous solutions in the range between 10 nM and 100 uM as a quenching of
the fluorescent emission [21]. Later, hybrid MIP/QDs materials were introduced [18,22-24].
In an example, composite nanospheres made of Mn?*-doped ZnS QD/MIP were prepared,
showing an ability to recognize the pesticide diazinon with a linear response in the range
50-600 ng/mL [22]. Another strategy proceeded through the polymerization of MIPs thin-
layer membranes, in which the fluorescence was entailed embedding L-cysteine-capped
an*—dcped ZnS QDs, as reported in the case of a lysozyme-templated MIP [23]. Upon the
binding of the lysozyme (100-1000 nM) to the MIP, the electron transfer between the QDs
and the protein resulted in a fluorescence quenching proportional to the concentration of
the analyte, addressing a limit of detection (LOD) of 10.2 nM [23].

In addition to the possibility of determining the target analyte via fluorescence ampli-
tude changes, fluorescence decay times, or fluorescence lifetime, is an additional tool for
optical sensing that is worth exploring. Lifetime measurements provide unique information
about the system under consideration and have the advantage, unlike amplitude, of being
considered as absolutes. In fact, for low concentration values, lifetime is a phenomenon
largely independent from fluorescence intensity and/or the fluorophore concentration [25].
Moreover, fluorescence lifetime can be considered as a state function, since it does not
depend on the initial perturbation conditions, such as excitation wavelength, duration of
light exposure, single- or multi-photon excitation, measurement method, nor it is affected
by photobleaching [26]. Despite the foreseen advantages, to date, sensing based on MIPs
and fluorescence lifetime seems seriously under-explored.

Wandelt and colleagues prepared a fluorescent MIP, integrating the polymerizable
trans-4-[p-(N,N-dimethylamino)-styril]-N-vinylbenzylpyridinium chloride moiety as a
fluorescent reporter and using cAMP as the template [27]. The bulk MIP was ground into mi-
croparticles and used as suspension; when challenged with cAMP (107° to
1073 M), the MIP microparticles showed a decrease in the fluorescence lifetime from
2.79 to 2.70 ns [27]. Using a similar recipe, fluorescent MIPs were also prepared in the form
of sensing surfaces for the recognition of cAMP by the photopolymerization of an MIP thin
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film on a quartz support. Results showed a change in the fluorescence lifetime from 2.11 to
1.99 ns upon the binding of cAMP (103 M) [28]. Later, inorganic fluorophores based on
rare earths and QDs, characterized by the advantage of extended lifetimes, were integrated
into MIPs [25]. QDs were embedded into MIP silica-based microparticles of 25-30 um in di-
ameter and imprinted for the recognition of malachite green. Challenging these micro-MIPs
with malachite green (10 uM) resulted in a decrease in the lifetime from 79 to 60 ns [29].
Quilez-Alburquerque and colleagues developed a sensor for tenuazonic acid mycotoxin
(TeA) using a tailored multifunctional Ru(Il) complex as a fluorescent probe [30]. An MIP
nanolayer was polymerized onto 200 nm silica beads, using the trifunctional luminescent
acrylate-Ru(IT)-biimidazole monomer. The MIP core—shell nanoparticles had a lifetime of
72 ns, while in the presence of TeA (0.5-400 uM), a 30% decrease in the average emission
lifetime was observed [30].

In the present work, we studied the effect of entailing an organic fluorescent moiety,
i.e., fluorescein methacrylate, to water-soluble MIP nanoparticles (Fluo-nanoMIPs) of
about 120 nm in hydrodynamic diameter that were selective for the protein human serum
albumin (HSA), with the aim of devising a lifetime-based nanosensor for the assessment of
protein traces. It is anticipated that Fluo-nanoMIPs nanosensors’ time-resolved fluorescent
spectroscopy enabled attaining an ultralow detection of proteins, suggesting the potential
for future applications in clinical, food and environmental areas.

2. Materials and Methods
2.1. Chemicals

Acrylamide (Aam), N-fert-butylacrylamide (tBAm), methacrylic acid (MAA), N,N'-
methylene bisacrylamide (BIS), N,N,N’,N’-tetramethyl ethylenediamine (TEMED), am-
monium persulfate (APS), fluorescein O-methacrylate (FluorMAA), human serum al-
bumin (HSA, Cat. No. A9731), human transferrin (HTR, Cat. No. T3705), bovine
serum albumin (BSA, Cat. No. A7906), lysozyme (Lyz, Cat. No. 10837059001), oval-
bumin (Cat. No. 05440), trypsin, phosphate buffer (PB), saline phosphate buffer (PBS),
tris(hydroxymethyl)-aminomethane (TRIS), 1-Ethyl-3-(3-dimethylaminopropyl) (EDC),
N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethane-sulfonic acid (MES), ethanol, ace-
tonitrile and N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) were from Sigma-Aldrich
(Darmstadt, Germany).

2.2. Synthesis of Fluo-nanoMIPs

The synthesis of the fluorescent nanoMIPs (Fluo-nanoMIPs) was carried out using a
total monomer concentration of 0.2% (w/v). The monomers Aam, MAA and tBAm were
used in a ratio 8, 8 and 4% moles, respectively, and admixed to 80% (moles) of BIS in
20 mM PB at pH 7 4, as described in [16]. Fluorescence was entailed adding fluorescein
methacrylate in a quantity of 1.3, or 13, or 130 nmol with respect to the total monomers.
The template, HSA, was 15 nmol. Vials were closed with rubber caps and bubbled with
N for 10 min. The catalysts, APS (0.04% w/v) and TEMED (0.03% w/v), were added and
the polymerization was carried out overnight at room temperature under mild stirring.
At the completion of the polymerization, the removal of the template was carried out by
enzymatic digestion with trypsin (100 ug) for 2 h at 37 °C, which was followed by dialysis
(M.W.C.O. 14.000 Da, Sigma-Aldrich, Darmstadt, Germany) with 3 x 3 L of MilliQ water.
Next, the Fluo-nanoMIPs were freeze-dried and stored. The yield of polymerization was
85%, as estimated from the weight of the lyophilized nanoparticles with respect to the total
weight of the monomers used in the synthesis.

2.3. Calibration Curve for FliuorMAA

The fluorescence intensity of increasing concentrations of FluorMAA (81.25, 162.5,
325, 650 and 1300 nM) was measured using a spectrofluorometer (FP-8200, Jasco Ltd.,
Heckmondwike, UK) with an excitation wavelength at 488 nm and reading the emission in-
tensity at 514 nm, corresponding to the emission peak. The calibration curve for FluorMAA
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and the associated equation are reported in Supplementary Section S1. The fluorescence
intensities at the emission wavelength Aem_max = 514 nm of the Fluo-nanoMIPs samples
(1 mg/mL) were measured, and the calibration was used to estimate the amount of fluo-
rophore incorporated within the polymeric network during the synthesis. Measurements
were in triplicate.

2.4. Dynamic Light Scattering (DLS)

Size distribution and the polydispersity index (PDI) were determined using a Zetasizer
Nano ZEN3600 (Malvern Instruments Ltd., Malvern, UK) equipped with a 633 nm He-Ne
laser at a detection angle of 173°. Fluor-nanoMIPs were suspended in water to the final
concentration of 1 mg/mL. The material refractive index (RI) was 1.490 and the absorption
value was 0.01; the dispersant RI was 1.332 for water, while the viscosity was 0.89 cP as
reported by the Zetasizer V.6.32 software (Malvern instruments Ltd., Malvern, UK). The
temperature was set at 298° K. Measurements were in triplicate.

2.5. Scanning Electron Microscopy (SEM)

Images were collected with a secondary electron detector at 15 keV beam energies
on a Supra 40 Field Emission SEM (Zeiss, Oberkochen, Germany). Prior to SEM analysis,
samples were suspended in ultrapure water at 150 pg/mL final concentration and briefly
ultrasonicated. Then, 5 uL of the suspension were deposited on a silicon wafer substrate
mounted with carbon double tape on an aluminum stub, after which it was dried at 60 °C
for 24 h or 30 °C for 72 h. A platinum/palladium ultrathin coating (2 nm) was deposited
by means of plasma sputtering to ensure electrical conductivity.

2.6. Fluorescence Intensity of Fluo-nanoMIP

Fluo-nanoMIPs, respectively, synthetized with 1.3, 13 and 130 nmol of FluorMAA,
were dissolved at 0.2 mg/mL and incubated with increasing concentrations (from 15 fM
to 150 nM) of human serum albumin, or with the same concentrations of human serum
transferrin, i.e., a non-template protein chosen for selectivity tests. The equilibrium time,
previously tested over 60 min, was reached in 20 min. After 30 min of incubation, samples
were plated in triplicate on a 96-well plate hydroGrade (BRANDplates, Germany) with a
volume of 60 uL per well. Steady-state measurements of Fluo-nanoMIPs were carried out
using the microplate reader Infinite 200 PRO (Tecan Group Ltd., Mannedorf, Switzerland)
at the emission wavelength of 522 nm. Emission intensities were measured as relative
fluorescent units (rfu). Isotherm was fitted with OriginPro 9.0 using the Langmuir model
equation: y = START + (END — START) x x/(k + x), where START and END were the
initial and final y values; x was the concentration of HSA; and k was the half-saturation or
apparent dissociation constant (ECsq or apparent dissociation constant Kpp).

2.7. Fluorescence Lifetime of Fluo-nanoMIP

The fluorescence lifetime of a population, measured in the time-domain, also called
fluorescence intensity decay, follows the equation:

I(t) = Ipe ™" (1)

where I(t) is the intensity at time t; Iy is the intensity at t = 0; f is the time after the
absorption; and T is the fluorescence lifetime. Time-resolved fluorescence intensities were
collected using a single photon counting spectrometer Nanolog/Fluorolog-3-2iHR320
(Horiba-Jobin Yvon, Kyoto, Japan) equipped with a NanoLED source with a wavelength
of 453 nm. The emission was monitored at the angle of 90° with respect to the excitation.
Data were collected in 1023 channels to 10,000 counts in the peak, while the calibration
time was 109.73 ps per channel. The voltage at the photomultiplier (PTM) was set to 950 V.
Measurements were performed in a 1 mL quartz cuvette, using a fixed concentration of
0.2 mg/mL of nanoMIPs in PBS (10 mM pH 7.4), adding increasing concentrations of HSA
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(100 fM-150 nM). To allow binding kinetics’ stabilization, a 20 min incubation was awaited
before performing each measurement.

A 0.2 mg/mL Fluo-nanoMIP suspension was excited at Aexc = 453 nm to obtain the
instrumental response (prompt) for the deconvolution. The sample decays were recorded
at Aem = 522 nm.

Data were elaborated with the Decay Analysis Software V. 6.8 (Horiba Scientific, Yvon,
Kyoto, Japan), choosing a biexponential fitting equation model:

I(t) = A+ Be™!/™ 4 Bpe /72 @

The biexponential fitting was used to take into account the heterogeneity of the system
due to the random incorporation of the fluorophore in the Fluo-nanoMIPs polymeric
network during the synthesis. The two components, Ty and 12, are used to describe the
presence of two different populations of fluorophores: one integrated inside the stamped
molecular cavities and the other outside the binding cavities, randomly distributed in the
nanoMIP, according to [30,31].

2.8. Sensor Parameters

The lifetime values (72), plotted as a function of HSA concentration, described the
binding isotherm for the sensing system. Data were fitted with the Hill equation model
(OriginPro 9.0):

x"

T = Tz,nm_xm 3
where T, is the lifetime at concentration x of the ligand (i.e., HSA); T>_max is the T value at
binding saturation; n is the Hill parameter, which correlates with the number of binding
sites, and K is the apparent dissociation constant derived from the law of mass action,
which is represented by the following equation:

[A][B]

K= TAB] @

where [A] is the molar concentration of the receptor which in our case consists of the 1xFluo-
nanoMIPs; [B] is the molar concentration of the analyte and [AB] is the concentration of
the complex between the 1x Fluo-nanoMIPs and the analyte.

2.9. Selectivity of 1x Fluo-nanoMIPs

Different competitor proteins were chosen for the selectivity of fluorescent nanoMIPs.
A solution of 1xFluo-nanoMIPs at 0.2 mg/mL was incubated for 20 min in the presence of
18 pM of BSA, or 20 pM of HTR, or 11 pM of ovalbumin, or 17 pM of lysozyme. Fluorescence
lifetime was measured as explained above. Measurements were performed in triplicate.

2.10. Fluorescence Lifetinte of 1x Fluo-nanoMIPs in Wine

Measurements were performed in a 1 mL quartz cuvette, using chardonnay white
wine, spiked with 1.5 nM of serum albumin, diluted 1:5 in PBS 10 mM pH 7.4 into which
1% Fluo-nanoMIPs were dispersed at a concentration of 0.2 mg/mL. In this case, the prompt
was prepared with the same wine dilution and nanoparticles but without the spike and
recorded according to Section 2.8. Selectivity was tested using the same concentration of
human transferrin. Measurements in triplicate were performed as described above.

2.11. Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) was performed on a MicroCal PEAQ-ITC
(Malvern Panalytical Ltd., Worcestershire, UK) instrument. All solutions were filtered
and degassed prior to use. The 1xFluo-nanoMIPs, human serum albumin and human
serum transferrin (HTR) were solubilized in 10 mM PBS pH 7.4. Then, 1 uM of 1 xFluo-
nanoMIPs (200 pL) was titrated with 30 nM to 10 uM of serum albumin at 25 °C, and the
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heats of the interactions were recorded. Dilution heats were estimated from the titration of
the proteins in buffer. Raw heats were subtracted from the dilution heat and integrated.
Integrated heats were plotted as a function of the molar ratio between the titrand and the
titrant and fitted with one set of sites modeled with the MicroCal PEAQ-ITC Analysis Soft-
ware 1.22.1293 to estimate values for the binding constant (Kp) and the enthalpy variation
associated with binding (AH).

2.12. Atomic Force Microscopy (AFM)

For the AFM, nanoMIPs were covalently coupled to support surfaces with the protocol
reported in [14]. The surface topography of the of Fluo-nanoMIPs was studied using a
NT-MDT Solver Pro system equipped with a Nova scanner. Samples were imaged in
semi-contact mode using super sharp diamond-like carbon tips (NSG01_DLC, NT-MDT,
1 nm nominal tip radius, 150 kHz, force constant 5.5 N/m), collecting 1 x 1 um, 512 points
resolution topography images. AFM data were analyzed with the support of Gwyddion
analysis software [32].

3. Results and Discussion
3.1. Effects on the Lifetime Due to Interaction between the Fluorophore and Albumin

Initially, the effects on the fluorophore lifetime due to the interaction between the
chosen organic fluorescent monomer (FluorMAA) and the target analyte was studied
by time-resolved fluorescent spectroscopy (SI Section 52). FluorMAA (155 pmol) was
incubated with increasing concentrations of albumin (15 fM-15 nM), and the lifetimes (1)
were measured (Figure 1).

B

Parameters FluorMAA
Ty(ns) 3.086+0.018
T e (NS) 3.457 £ 0.002

ECs, (pM) 0.10 £ 0.05
n 0.885+0.998

R34 0.9952
T105 10° 107 10' 10° 10%
HSA [pM]

Figure 1. (A) Fluorescence lifetime of FluorMAA as a function of albumin concentration (n = 3)
fitted with Hill model equation. (B) Fitting parameters of the fluorescent decays of FluorMAA in the
presence of albumin (monoexponential model, SI Section S2).

The lifetime increased with the albumin concentration following a sigmoidal profile,
with values shifting from 3.086 £ 0.018 to 3.457 = 0.002 ns and plateauing for protein
concentrations around 10 pM (Figure 1; fitting parameters in the inset table). Such a behav-
ior was indicative of an interaction taking place between the fluorophore and the protein.
In line with previous observations, increments of T values of the protein’s endogenous
reporters (tryptophans) were observed in the case of non-specific interactions with the en-
vironment, such as bovine serum albumin adsorbing to ZnO core-shell nanoparticles [33].

3.2. Synthesis and Characterization of Fluorescent NanoMIPs

A library of fluorescent nanoMIPs, herein called Fluo-nanoMIPs, was synthesized
using a total monomer concentration of 0.2% w/v. In particular, acrylamide (Aam), fert-
butylacrylamide (tBAm), and methacrylic acid (MAA) were admixed to N,N'-methylene
bis-acrylamide (BIS), used as a reticulating agent, as reported in [14]. Human serum
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albumin (15 nmol) was chosen as a model template and added to the pre-polymerization
mixture (Vina = 10 mL) [34]. According to the scheme reported in Figure 2, fluorescence
was entailed by using the fluorescein-methacrylate (FluorMAA) monomer, which was
added to the syntheses at 1.3, or 13, or 130 nmol to the final synthetic volume, in order to
study the effect of the molar ratio between the fluorescent-reporter (0.1x, 1x, 10x) and
the template on the fluorescent readouts (Table 1). At the completion of the syntheses, the
degree of incorporation of the fluorophore into the MIP nanoparticles was estimated by
means of the calibration curve: y (Aem@522 nm) = 0.82 x ([FluorMAA], nM) — 0.12 (details
in SI Section 51 Calibration Curve). Results indicated the FluorMAA incorporation for the
0.1x, 1x and 10x FluorMAA was, respectively, 28, 23 and 52% (Table 1).

Fluorescent monomer : Template (mol:mol)

Monomers Fluo-nanoMIP

Vet B* o Ch
Iv." *: @

' Y
0.1x  (NEFCH
AAmM \)k X \T{* W)

NH, Pl

FluorMAA

Human serum

0
albumin tBAm \)l\ AR
OH A )

R

0 0 f ;
10:1 BIS \/”\NANJK/ 10x ,.“
H H R

Figure 2. Scheme of the polymerization conditions used to prepare the library of Fluo-nanoMIPs.

Table 1. Fluorescence and physical characteristics of the nanoMIPs.

FluorMAA Added to FluorMAA
Sample Name Polymerization Incorporated Zaverage (nm) PDI
(pmol/mg) (pmol/mg)
0.1 x Fluo-nanoMIP 65 20+ 5 115.6 + 0.8 0.20
1x Fluo-nanoMIP 650 155+ 20 1239+ 0:1 0.22
10xFluo-nanoMIP 6500 3380 + 300 176.6 £ 0.4 0.34

The Fluo-nanoMIPs dimensions were characterized by means of dynamic light scat-
tering (DLS), and the estimated sizes are reported in Table 1. The hydrodynamic sizes
of the nanoparticles were about a hundred nanometers, while the polydispersity index
(PDI) indicated a homogeneous distribution. As a confirmation, Figure 3 reports the
scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the
Fluo-nanoMIPs, showing spherical nanoparticles with dimensions in agreement with
DLS data.
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