Optical and Electrochemical
Sensing of Biologically
Important Analytes with

Novel Receptors

Vliadimir Kral

Institute of Chemical Technology,
Department of Analytical Chemistry

Zentiva a.s.



Definice senzoru

Chemicky senzor je prevodnik, ktery poskytuje primo
informaci o chemickém slozeni svého okoli. Je tvoren fyzikalnim
prevodnikem a chemicky citlivou vrstvou.

Janata 1988

Chemical sensors contain two basic functional units: a
receptor and a transducer part. IUPAC Orange book 1997

SSS (Selectivity, Sensibility, Stability)

Selectivity by design of receptors



Sensorova analyza:

Chemické metody analyzy: Klasické
VErsus

Sensorova analyza jsou zalozeny na
selektivni interakci analytu s receptorem
Sensory spojuji metody chemické a
fyzikalni analyzy, citliva vrstva -
receptor a fyzikalni prevodnik -
zesilenl = analyticky uziteCny signal
(opakované pouzitelné¢)
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Chemicke sensory

jsou pristroje (devices), které
kvantitativné a reversibilné méri
sledovany analyt. Cely proces je
zalozen na rozpoznani analytu
(molecular recognition) a nasledné
transdukci, Kktera tento proces
prevadi na analyticky wuziteCny
signal.



3. CHEMICKE SENSORY - PREHLED
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Aplikace supramolekularni
chemie pro vyvoj senzoru:

Design Receptori
-Kation,

-anion, polyanion
-neutralni molekuly
(sacharidy)



Molekulovy (iontovy selektor) | Princip selekce

Semipermeabilni membrana Permeace, P=Dk

Molekulové sito Velikost Castic

Chemicka reakce, nevazebné

Iontomeénic, katalyzator, sorbent .
interakce

Biochemické rozpoznavaci

Enzymy, protilatky reakce

Tvar a velikost molekuly
(iontu) analytu

Vtisténé (imprinted) polymery

/Q—" _b'
kﬂmpﬂﬂeﬂf&‘ analyl polymerace extrakoce
monomert



prevodnik elektronicka [ vystupni signal

(transducer) || jednotka -,

biorekognicni vrstva

analyt



Supramolecular Chemistry: spatial

and charge complementarityChemistry
Lock and key principle
’}r}:grfﬁ;?r%gg electrostatics
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Komercné nej dulezi1t¢;si elektrody

/QL?*

LK

X5

valinomicine, 5.0 wt. %
1,2-dimethyl-3-nitrobenzene, 25.0 wt. %

sebacic acid dibutylester, 68.0 wt. %

potassium tetrakis(4-chlorophenyl)borate, 2.0 wt. %




Side view
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Top view
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Free receplor Chemistry - Cation Complenmion

Potassium complex



Sensing and Molecular Recognition

The Most Specific Molecular Receptor for an Ion:

* cyclo-depsi-peptide, containing 3 of each L-valin, D-valin, L-lactic acid and
D-a-hydroxy-isovalerianic acid; * 36-ring

undergoes conformational change on complexation of K*




ISE=iontové selektivni elektroda

» Senzor — reagujici na zkoumany analyt

> Cast:

- receptorova (v citlive vrstve) SR
- pfevodnikova (pfenasec signalu)

prevodnik
nal
rozpoznavaci

N o

analyt” g O -




Sensing and Molecular Recognition

Crown + cation =— complex

complex

[crown][cation]

optimal spacial fit

Log Ka =432 Log Hi":'l - 6510 Log Ha = 462

In methanol



r-‘\D K*-(benzo-[15]-crown-5)o

3 /? sandwich complex
: :4:} J

benzo-[15]-crown-5



(Na™)z-dibenzo-[24]-crown-8



Komercné nejdulezitéjsi elektrody

nonactine, 5.0 wt. %

1,2-dimethyl-3-nitrobenzene, 25.0 wt. %

sebacic acid dibutylester, 68.0 wt. %

potassium tetrakis(4-chlorophenyl)borate, 2.0 wt. %



Komercné nejdulezitéjsi elektrody
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2-nitrophenyl octyl ether (o-NPOE), 89.5 wt. %
sodium ionophore (ETH 227), 10.0 wt. %
sodium tetraphenylborate, 0.5 wt. %




Molecular Recognition and Sensing: Na, K

Molecular Sensing of Na* Using an Immobilized Fluoro-
Ionophore; H. He et al.; Anal. Chem. 75 (2003) 549;
similar for K*: JACS, 2003.
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. Figure 4. Dynamic response of a sensor disk to various sodium
Chemical Structure chloride concentrations at pH 7.40 HEPES buffer, Excitation at 470
nm, emission at 540 nm.
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ISE

detegovany | aktivni membrana pozn.
iont
H* sklo Corning 015 (22hm% od 10-! mol/l do 1013 mol/l, kirehké
Na20+6%Ca0, 72%Si02), nebo
lithné sklo (14,3%Li20, 7%BaO0,
78,7%8S102)
Na* sklo NAS 11-18 (11mol%0Na a 18 10-1 az 10-%, nutno konstantni pH! mezi
mol% Al) 6al0
NH,* plasticka s nonaktiny 10-! az 105, analyza krevniho séra
K* plasticka s valinomicinem 10-! az 10°%, analyza krevniho séra
Ca?* bud’ membrana s iontoménic¢em typy | dtto, stanoveni izolovaného Ca?*
hydrofobniho esteru k fosfore¢né v krevnim séru, soucast automatickych
(srovnej K (Ca,PO,)) ¢i neutralni analyzatori
ionofor
NO; plasticka s organickymi dusi¢nany dtto, piivodné firma Orion Research,
vadi vysoka koncentrace Cl-, stanoveni
nitrati v zemédélstvi
F- LaF, + EuF, 10! aZ 105, bud’ s vnitinim elektrolytem
nebo s pevnym vnitinim kontaktem,
vadi OH- - nutno pufrovat
Cl AgCl monokrystalicky ¢i 101 az 105
polykrystalicky lisovany za zvySené
teploty a tlaku
S?- Ag,S v beta modifikaci az 10" mol/l, extrémné selektivni




Spherical
F-, ClI, Br, I
Linear
Mg, TN, SCN-, OH-

T'rigonal Planar

CO4%, NOy

|
Tetrahedral
043, VO, 80,7,
Mu::t:lf Se 2,
| MOy

Clctahedral
Fe(CN)g*, Co(CN)g*



a)

DEN; ;

Ma?t
r--\N D= 1 ] . : . Y T
[,._-3 'B o\ New wave in CV
0
0 .S )
"0
k/o 37 \ 37-Na*
reducible
b)
OzM - +.-I".a|;I
0—N
Na' No effect on electrochemistry

Angel Kaifer
1AM, Chem, Soc, 1953 1057168



Design of hydrogen
receptors: bonds

Lewis acids electrostatics

hydrophobic
effect



How does Trp192
nature bind

anions? \
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Supramolecular Chemistry

2H7
—

sapphyrin may
be diprotonated




Anion Binding: New direction in porphyrin research:
PURE AND APPLIED CHEMISTRY
65 (3): 393-398 Times Cited: 87



Kral V, Furuta H, Shreder K, Lynch V, Sessler JL
JACS 1996, 118, 1595-1607: Times Cited: 84

View of the 1:1 complex formed between sapphyrin
and dihydrogenphosphate anion






Construction of multitopic receptors

Analytica Chimica Acta 437 (1) 39 - 53, 2001



Kral V.,.. Tetrahedron 1995, 51, 539-554



Selective recognition and transport
of 5-GMP

guanosine-5"-monophosphate GMP selective receptor

into-cell transport of nucleotides, MP, TP.

 guanidine-cytosine Watson-Crick
complements

e coulombic interaction of phosphate group
with cationic motif of receptor, e.g.
protonated sapphyrin

Kral V., Sessler J. L., Furuta H.,
J. Am. Chem. Soc., 1992, 114, 8704



1,3-alternate

JACS 1996, 118 (21): 5140



Indicator Competing

; ie
Y= =@+3

Receptor Complex



SIEE SELECTIVITY

log K (water)

Cl =40

=Br <=1.0

E. Graf and J.-M. Lehn,

J Am. Chem. Soc., 1978, 98, 6403.

H‘N(\qu'H
* -

N N=N=N) N

NG A > 3
NAe N
HA___/\__/"

SHAFE SELECTIVITY

log K (water)
Na 4.6
cr <1.0
Er 2.0

J.-M. Lehn. E. Sonveaux and ALK, Willard,
JAm. Chem. Soc., 18978, 100, 4914,



Supramolecular Chemistry

This compound extracts
sodium pertechnetate from
simulated nuclear waste
streams



ISE pro uvedené analyty

Skupina analytu lontove-selektivni elektroda
Anorganické H*, Li*, Na*, Rb*, Cs*, Mg?*, Ca%*, Sr?*,
kationty Ba?*, Cu?*, Zn?*, Cd?*, Hg?*, Pb?, ....
Anorganické CO,%, HCO,, SCN-, NO,, NO;", OH, CI,
anionty I, ClO,, SeO,%, fosfaty, ....

Organické kationty |1-fenylenathylamin, efedrin, norefedrin,
amfetamin, lokalni anestetika (lidokain,
prokain), guanidin, kreatin, ....

Organické anionty | salicylaty, ftalaty, nukleotidy,
heparin,....

Neutralni analyty CO,, NH;, SO,, ....

Bakker, E.; Buhlmann, P.; Pretsch, E.: Chem. Rev. 1997, 97, 3083




1,3-alternate

JACS 1996, 118 (21): 5140



Lisplacemeant assay

NG

colourless




The Higher Affinity For F- over CI™ Initially
Heported in Apolar Solvents |s Supported

none = Cl Br I HoPO4 HSO4

mmm
wvv

| [

Studies in Dichloromethane with 100 Equiv. TBAF, TBACI, etc.

Angew, Chem. Int. Ed. 2000, 39, 1777



Competitive indicator methods for the analysis of citrate using
colorimetric assays




Supramolecular Chemistry

91-32 91—citrate

A. Metzger and EV. Anslyn, Angew. Chem. Int. Ed. 1988, 37, 649
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N=
H ,-O jN OH Cytosine
. _H AN .
N N O OH substituted
[l\ n-H N calix[4]pyrroles:
N ’lo« HN H Neutral receptors
O :
for S'-guanosine
monophosphate

Chem. Commun.
1998, 1-8
Times Cited: 97

PNAS 99 (8) 4848 —
4853, 2002




(a)

metalloporphyrin

2 8= Ca (1l
3 =2l

COrg. Biomol. Chem., 2004,2 1168-1175

Cytosine-substituted metalloporphyrins: receptors for recognition
of nucleotides in ion-selective electrodes

Viadimir Kril.*® Tatiana V. Shishkanova,” Jonathan L. Sessler *® and Christopher T. Brown®
® Department of Analviical Chemistry, Institule of Chemical Technalopy, 106028 Prague o,
Technickd 5, Czech Republic, E-mail: viadimir kralimvschit. cz; Fax: +4200 2 2431 (352;
Tel: +42002 24354227
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Heparine sensing




Vyzvy: NK
sekvence,
Dédicné
choroby,
Mutace p53
Geny nadoru,
infarktu |

Robert A. Freitas Jr.

Nanomedicine

Volume |: Basic Capabilities



Analyza lidského genomu

akademicky, firemni vyzkum (Celera)

-analyzovany fragmenty DNK lokalizovan¢ na

jednotlivych chromosomech (50-250 milionu paru

bazi).

-Analyza sekvence ukazuje, ze genom cClovéka
obsahuje asi 40 000 genui.

-celkovy pocet je asi 3,2 miliardy paru bazi

-sekvence lidskeho genomu neni definitivni, protoze

obsahuje mnoho chyb

-uplna analyza, ktera bude obsahovat méné€ nez jednu
chybu na 10 000 bazi, 2004



-projekt, byl obrovskym prinosem pro vyvoj
novych metodik analytické a bioanalytické chemie

1.Lander, ES., Linton, LM., Birren, B. Nature, 2001,
409, 860-921.
2.Venter, JC., Adams, MD, Myers, EW. Science 2001,
291, 1304-1351.
-nové smeéry a vyzvy postgenomiky

proteomika
-analyza mutaci, diagnostika,
vyuziti DNK c¢ipu — jednoduchost, rychlost a velka
kapacita (misto pracne separace a sekvenace
fragmentu
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Monitorovani DNK hybridizace s pouzitim ferrocenylové skupiny na
funkcionalizovaném polypyrolu (detek¢ni limit je 107" mol)



J. Am. Chem. Soc. 1993,115,
11022

J. Am. Chem. Soc. 1996, 118, 1608

J. Am. Chem. Soc. 1996, 118, 12322

Bioorg. Med. Chem. Lett.
1997, 7, 1433

Photochem. Photobiol. 2000, 57, 51

Collect. Czech. Chem. Commun. 65
2000, 65, 631

J. Phys. Chem. B 2002, 106,
6784

Tetrahedron Letters 2003, 44, 2083



Tuning Porphyrin/DNA Supramolecular Assemblies
by Competitive Binding
J. Am. Chem. Soc.; 2004 ASAP
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Immobilization of biomolecules
(DNA, enzyme etc.) on diamond

surface using local oxidation

Hydrophobi
surface

Fig. 1 Immobilization of biomolecules (DNA, enzyme etc.)
on diamond surface using local oxidation
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SUPRAMOLECULAR CHEMISTRY
AND ANALYTICAL APPLICATION
OF FLUORESCENT RECEPTORS
FOR SACCHARIDE RECOGNITION




Cell recognition based on
oligosaccharide binding




Cell-Cell recognition and communication
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Oligosaccharides : The nice view...




Carbohydrate interactions on the
cell surface

RBacteria

Glycoproteins
Enzymes

Toxins
Hormones X

Antibodies oo
Lectinsg



BINDING MODES IN LECTIN-SACCHARIDE

COMPLEX
F
O/l\OR
/o — .
~n) ¢ \hydrophobic interactions
HO\% >~IH .
H\6/3\
° [ ° ° 4 / \I:')HN
coordination interactions \ d. __
O--mmeeeees
O// ,,', ; I‘\‘ \‘::\\ /)\\
R : A
Glu1s3 R
O\ O /O Asnl187
N d\ OH \Q
R Y R
Asn205 Glul85 ege o .
R hydrophilic interactions
Asp206

Adapted from: R. U. Lemieux, F. R. S., Chem.
Soc. Rev. 1989, 18, 347.



Natural saccharide receptors

] Subunit 11

Asp 10 (B)
Asp 102 (A)
HOH 152 (H}D Val 118 (M

~ HOH 243 {H}
S {:}HOH 253 (H)

é Trp 52 (B}
HCOH 53 {H}

GLN 8 (B) "'-‘-‘-':; .............
- - “EHOH 130 (H)

HOH 153 (H)
ALA 111 (B) ‘?%i:mm}
Leu 112 (A
TYR 108 (&)

HIS 24 (B

n.
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.

EEY
& Nitrogen
& Oxvygen
72 Carbon







Syntetické sacharidové receptory
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Chemistry Eur. 1., 8 (3) 655 - 663, 2002



Novel porphyrin receptors




Interaction of tetrabrucine porfyrin derivative
with glucosamine

380 390 400 410 420 430 440 450

A [nm]



Interaction with neutral saccharides
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0,5 4 °
saccharide logK
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fructose 2,2
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Interaction of porphyrin octacarboxylate with
maltotriose

0.7
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Interaction of octacarboxylated porphyrin with
maltotriose and Cd(2+)
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Steroid-porphyrin conjugate for saccharide sensing in protic media

Drg. Bromol. Chem., 2002,1, 3458-3463




SYNTHESIS AND SPECTRAL CHARACTERIZATION
OF A NOVEL QUATERNARY ALKYL AMMONIUM
PORPHYRIN CHOLIC ACID AMIDE

ERKKI KOLEHMAINEN, JUHA KOIVUKORPI and VLADIMIR KRAL



Modification of receptors and their
immobilization on the PS surface
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INTERACTION OF CYCLOPORPHYRINS WITH
SACCHARIDES II

D-gal
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V. Krél, O. Rusin, F. P. Schmidtchen,
Org. Letters, 2001, 3, 873.




SCHEMATIC REPRESENTATION OF NON-COVALENT
PROTEIN LABELING

Label

> @ NO SIGNAL
[NON- SPECIFIC LABELING] ‘m
Label
> Label
[SITE-SPECIFIC LABELING |

ANALYTICAL SIGNAL




SCHEMATIC REPRESENTATION OF COVALENT
PROTEIN LABELING

Label

‘ ' [NO ANLYTICAL SIGNAL)|
Label/v PROTEI% @
Lab el
[ALLOSTERIC CHANGE]
p ROTEIN [LOSS OF ACTIVITY]

Label

(ANALYTICAL SIGNAL|
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glucamine

OH
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OH

D-glucose

Porphyrin- glucosamine and mannosamine conjugates
3R- glucosamide residue
4R-mannosamide residue




INTERACTION OF LABELED LECTIN ConA
WITH D-MANNOSE
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Optical Chemical Sensing
Using Conducting Polymers

HO
\

A Polyaniline I
with Near- ol o w
Infrared Optical 1 :
Response to

Saccharides

l 10 mM (NH,)S,0, in 1 M HCI

E. Pringsheim, E. o,
Terpetschnig, S. A. —

Piletsky & O. S. C C C C ),
Wolfbeis, Adv. <:>

Mater. 10 (1999) 865
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Maltotriose Q

VISUAL DETECTION OF OLIGOSACCHARIDES

Maltoheptaose

Maltohexaose B(G")z (HO)28
I Maltopentaose @/ H\J@

Maltotetraose

CH;OH

CH,OH
Maltose wATO AT : : : :
monohydrate 5 A I Gl Rhodamine his-boronic acid
H  OH H  OH

Compound 2



UV-Vis SPECTRA USING ORTHOGONALLY-

REACTIVE CHEMOSENSORS
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Relative absorbance changes vs. concentration of
various monosaccharides in phosphate buffer (0.1
mL, 60 mM, pH 7.4) after incubation with C4BA and
then added to RBA (0.04 mM) in DMSO (0.9 mL) at
356 nm
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VISUAL DETECTION OF RIBOSE




Challenge:
Neutral saccharide detection using
artificial receptors at neutral pH

STRATEGY: Use Water Soluble
Salophenes

— — 7 ; “OCHj,
HO O O N O
N/
HO O O N ©
LA u f S

1Ln=La%"
2 Ln = Eus*



HYPOTHESIS: Lanthanides with smaller
ionic radii will detect anions more effectively

Bruce, J. L., et al. (2000) J. Am. Chem. Soc. 122, 9674-9628.

Sillerud, L. O., Prestégard, J. H., Yu, R. K., Schafer D. R. &
Konigsberg W. H. (1978) Biochemistry 17, 2619-2628.



Strategy: Test GM1 vs. asialo GM1

HO O O HO
0 o)
HO CH,OH HO CH,OH e
Or -,

asialoganglioside (asialo-GM1), R = H

OH
monosialoganglioside (GM1), R = o N

/

Na*-0O0C



Glucose added to La(lll) Salophene:
buffer solution pH 7

9000000 - T
8000000 -
7000000 -
6000000 | /4
5000000{;”
4000000
3000000
2000000 -
1000000 -
0 ‘ ‘ ‘ ‘ ‘ ‘
370 390 410 430 450 470 490

Fluorescence Intensity

Wavelength (nm)

Fluorescence changes observed upon titration of 1 with D-
glucose in 0.1M HEPES buffer, pH 7.0. The concentration of
La-salophene =6 x 10°° M. The concentration of glucose is
increased to 6 x 104 M. Excitation is at 360 nm, emission is
monitored at 400 nm.



= BSA+glucose
[ BSA

[ pyrophosphate
] phosphate
(= citrate
] maltopentaose

H maltotriose

H Sucrose
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H maltose

H mannose

H galactose

H ribose

H fructose

H glucose
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Neutral Sugars vs. Common Anions



Elektronicke jazyky
a nosy

Multikomponenti
analyza



Umeélé jazyky




Pouziti jazyku

Rozpoznavani
lidskych chuti

 kontrola napoju

« kontrola odpadnich vod (zivotni prostredi)
* rozbor moc€i (medicina)

* sledovani technologickych procesu



What is an electronic tongue?

/ Biological taste system \
Taste compounds
AR, Electric Brain
Taste cell y‘y’y’ responses Taste
i " reception

\Nerve cell /
/ Artificial liquid system - electronic tongue \

P A . SenSOI’ e & R o
Sensor + +A. responses Computer Pattern
2iliEy) + recognition

A @

K Y. Vlasov, A. Legin, A. Rudnitskaya, Anal. Bioanal. Chem. 2002, 373, 136. /
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electronic | ' pattern
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sansor array "ﬁng Elﬂ:n':nt“

Figure 1. Parallel between the operating principle of the electronic
nose and the human olfactory system.
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Olfactory receptors: molecular basis for
recognition and discrimination of odors

Odorant-binding proteins
Open side
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Wucus

Perireceptor events in the mucus layer of the olfactory epithelium influence the entry, exit, or residence time of odorous molecules in the receptor
environment. These ancillary processes are integral components of the chemical sensing systems and include the interaction of odorants with
specific soluble binding proteins which may act as shuttles for the volatile, lipophilic odorous molecules through the aqueous mucus layer and lead
to inactivation of odorants by degrading and/or biotransformation enzymes, thus clearing the system between consecutive sniffs



Metalated Active State:
Before Odorant Binding

neutralized loop

T,

loop
panetratiuri‘
A
odorant odorant
released b:nds‘tﬂ
metal ion
Metalated Active State: \ 4
Odorant Bound
o
J ) structural
response.

loop ejection
€

g-protein
activation



Proposed membrane topology of an odorant receptor. The seven transmembrane domains
(TMD) are supposed to form a "funnel” which accommodates the odorous ligands. The
specificity of the binding site is determined by amino acid side-chains of the central TMD



Distribution and projection patterns of olfactory neurons. Olfactory sensory cells
expressing a distinct receptor type are spatially segregated in an anterior-posterior zone of
the olfactory epithelium (OE) and project their axons to common glomeruli (g/lom) in the

olfactory bulb (OB)



Applications of electronic noses and tongues

in food analysis

Transducer

Sampling areas 1

Electronics
- control and referencing
- signal processing

Table 1 Taste sensations (Marieb, 1998)

1

Signal = f (identity, concentration)

Sensation Elicited by these compounds
Sweet Sugars, amino acids, alcohols
Sour Acids, e.g. acetic, citric

Salty Table salt

Bitter Quinine, caffeine, aspirin, nicotine
Umami Monosodium glutamate (MSG),

disodium Inositate in meat and fish
disodium guanylate in mushrooms



Multikomponentni analyza

- Vice, témeér 100% selektivnich, senzoru
integrovanych do jednoho cidla

 Kolik senzoru - tolik informace o
chemickém slozeni

* Ma vsechny klady senzorove analyzy

» Oproti diskrétnim senzorium vede
pouziti senzorového pole k zrychleni
analyzy



Multikomponentni
analyza

- Pouziti neuplné selektivnich
senzoru

* Nasleduje matematicke zpracovani
dat

 PCA analyza

» Zpracovani dat vytrenovanou
neuronovou siti



Umely jazyk

umely (elektronicky jazyk):
 vlastni senzoroveé pole

» prevodnikova elektronika
» digitalizace signalu

» software pro rizeni mereni

* vvhodnocovaci software



Hardware - jazyk

Y
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Digital smells!

An example of the electronic nose 1s given below, where an
array of 8 sensors output different patterns for each gas. If

the array 1s “trained” properly it can recognise the individual
gases 1n mixtures (chemometrics).

ACETONE BENZENE CHLOROFORM

SENSOR Fioure 1.



Klasifikace dle velikosti relativnich citlivosti (rozliSeni
latek se stejnym obrazem odezev):

1 1-ta latka

J, K sensor J a sensor K v souboru sensort

R odezva sensoru

a citlivost sensoru

r relativni citlivost

latka (i) A B

obraz odezev + + + +
sensoru jak

citlivost sensoru | R, |

jak jI & J I ------ kI """"




Pokud maji sensory ruznou selektivitu k
podstatnym slozkam roztoku — ziskame
multivariantni data.

-data z matic sensorovych elementu mohou
byt dale  zpracovana:

-statistické metody, klastrova analyza, NN.
-Analyza principialnich komponent (PCA),
-Regrese principialnich komponent (PCR),
-Analyza klastru (Cluster Analysis)
-Artificial Neural Network (ANN).
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beer

0.5
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Fig.3 Discriminating abilities of *“‘electronic tongue™ in different
types of beverages. Data processing has been performed by prin-
cipal component analysis (PCA). PC 1 and PC 2 are produced dur-
ing PCA when data dimension is reduced from 30D (number of
sensors in the array) to 2D presentation shown in this picture.
PC I and PC 2 are the most significant components containing the
most adequate information about analysed objects
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Application of metalloporphyrins
for electrochemical anion sensing

scores, (datafile: porfixt)
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Nano-
technology
on the cell
level




Near-Field
Scanning Optical
Microscopy led
us to use pulled
(tapered) fiber
optic probes as
intracellular
SEeNsors.

;._'_1__ .. ¥ Vs zsuring £ el g o
The tips of these fibers were either coated with a layer
of plasticized PVC containing sensor materials, or

they had a small bit of sensor material. Optodes can be
inserted 1nto single cells to sense analyte levels.



Meuroblastoma
:I_ Le u ol

-f_:,]- P

» Pebble
1+ Biosensors

instead of the whole fiber, it would be ideal to take just the tip of the
sensor and implant it into the cell. Fluorescent constituents would

allow us to probe the signals on a standard microscope or
fluorimeter.




Stanoveni NO v biologickych vzorcich - bunkach.
(Polocas zivota NO v biologickych vzorcich je 6-30 sec.)



Diagnosis:

individual molecular probes (free sensing dyes) are
physically small enough

-suffer from chemical interference between probe and
cellular components.

PEBBLE sensors (Probes Encapsulated By Biologically
Localized Embedding) are nano-scale spherical devices
consisting of sensor molecules entrapped in a chemically
inert matrix.

-protective coating eliminates interferences such as
protein binding and/or membrane/organelle
sequestration which alter dye response.

-the nanosensor matrix also provides protection to the
cellular : can be used for intracellular sensing.

- inclusion of reference dyes allows quantitative,
ratiometric fluorescence techniques to be used.



Recognized
Targels

Acrvlamide
+ Molecular Probe
+ dextran

+ Magnetic Dipoles

Hs=

Ab, cDNA,

/ur Peptide

Schematic of a general PEBBLE nanosensor along with three
most common matrix materials and options. PEBBLE sizes
can range from 20 to 200 nm in diameter.



Example of a ratiometric
PEBBLE using Ru-DPP sensing
dye and Oregon Green as a

reference dye.
As a first example of a PEBBLE sensor, we take a ratiometric oxygen sensor. This
has a Sol Gel (silica glass which is formed at low temperatures in solution) matrix
and two different dyes embedded in its core. The Ruthenium dye (orange)
fluorescence is quenched very efficiently in the presence of oxygen, so its intensity
goes down with more local oxygen concentration. The Oregon Green dye (green)

fluorescence is not sensitive to oxygen, so its intensity stays the same and can be
used as a reference.

20 nm




Ratiometric Imaging with Oxygen PEBBLESs

o

LR

dall = LB ]

Oxygen PEBBLESs have been used for ratiometric fluorescence imaging in C6 glioma cells. This figure shows a
Nomarski (differential phase contrast) image (top - a) of the cultured cells on a coverslip. The next set of images are
the green and red channels (b,c) of a confocal image showing the separate fluorescence from the reference dye and the
oxygen sensing dye. Computer software has then be used (d,e) to superimpose the images, showing where signals are
coming from within the cells. Changes in the red fluorescence can be used to show local changes in oxygen
concentration, and ratio images can be generated showing oxygen concentration based on test-tube calibrations of the
Sensors.



Recognized
Targels

Acrylamide
+ Molecular Probe
+ dextran

+ Magnetic Dipoles

Hs=

Fluorescent

Ab, cDNA,

/ur Peptide

Schematic of a general PEBBLE nanosensor along with three most common matrix materials

and options. PEBBLE sizes can range from 20 to 200 nm in diameter.



Materials for Use in Optical pH Sensor

pH indicator polymer exc/em pPK, or
pH range
chlorofluorescein polyurethane 470/525 nm pK, 6.8
octadecylester hydrogel (D4)
HPTS ion exchange resin | 408,468/515 nm pH 6.2 - 8.8
beads im hydrogel pK, 7.75
HPTS polyacrylamide film 460/520 nm pH4-9
N9 (azo dye with cellulose acetate or | 460 and 590 nm (2A- 5-9

reactive vinylsulfo
group)

hydroxy-terminated
polyurethanes

reflectometry)

phenol red

polyacrylamide
beads

540 and 630 nm (2A-
reflectometry)

physiolog. range;

From: O. S. Wolfbeis, J. Mater. Chem. 15 (2005) 2657




Quenchable Probes for Oxygen

R

Probes (Indicators) for Oxygen i R )

Metallo-Porphyrins (also fluorinated)

Ruthenium-Diimine Complexes such as Ru(dpp) S -
R R

Others: decacyclene, pyrene
Al-oxine complex
campher quinone




Dual Sensing of pH and Oxygen

Nanoparticles acting as nanocompartments for indicator
chemistries

Oxygen: platinum(II) octaethlyporphyrin in poly(acrylonitrile)

pH: MCcFOE (a fluorescein derivative) in poly(acrylamide)

All contained in a hydrogel layer (Hypan)

Signals separated via spectra and decay times




Conclusion

* Optical sensing enables numerous new sensing schemes
(from planar sensing to fiber optic systems and to imaging)

* Optical sensing enables new enzyme-based biosensing schemes

* Optical sensor design requires substantial expertise in
- material sciences, - spectroscopy, - data processing

* Implementation of optical sensing schemes requires close
interaction with experts in other areas
(such as biochemistry biology, medicine, electronics, clinicanl
chemistry, environmental analytical chemistry, ...)

University of Regensburg, Institute of Analytical Chemistry, Chemo- and Biosensors



lon+
Summary of o
PEBBLE
accomplishments: » T

Ab, cDNA,

,r_m-r Peplide

*20 nm radius Optochemical Biosensors (1 ppb of cell
vol.)

*Non-Invasive Chem Lab inside Live Cell

*Cell Viability 97%

*Response Time <1 ms.

‘H*, Ca’*, K*, Na*, Mg**, CI, NO,~, O,, NO, Glucose...
*Targeted Photo-Dynamic & MRI Contrast Platforms
using similar technologies



Priprava nanocastic

 Redukci soli kovu

KIAUCI,] C'Zat - AU

 Nanocastice
Kovil (Au, Ag, Cu, Zn, Ni, Pt, Pd)
Oxid( (SiO,, TiO,)
Sulfid@ (CdS)

Selenidu (CdSe) Obrazek 1. Snimek z TEM

Bimetalické (Ag/Au, Ag/Pt) 5 d”flfssct:fr ;t'::ﬁ Zeler

Polymerni (kopolymery, dendrimery)




Modifikace, charakterizace

5
Modifikace
@HS WSQS\/\/\/I —> /////P

ngx.

Obrazek 2. Schéma modifikace povrchu nanocastice,
X — funkeni skupina, Y — latka majici funkéni skupinu interagujici s X

Charakterizace

TEM, SEM, AFM, XFS, RLS, DTA, SERS, IR, NMR,
elektrochemicke metody




Elektrochemické metody

Au

» Voltametrické metody

Elektrody a mikroelektrody
s imobilizovanymi nanocasticemi

 Potenciometrie

lontove selektivni elektrody,
senzorické pole, elektronicky jazyk

* Pouziti
Stanoveni As3* (LOD = 0,09 ppb), ??@??@
Cu?*, NO*, S, pesticidy, herbicidy, g g g g g g
tekavé organicke latky, stanoveni s & & 4

koncentraci IéCiv, analyza biologic- S T —
kych vzorku (hemoglobin, glukosa), nanocastic zlata na povrch

detekce sekvence DNA modifikované zlaté elektrody




Spektrometrické metody 13

* Absorpcni spektrometrie

Vyuziti plasmonové rezonance — selektivni stanoveni iontu
alkalickych kovu ve vodném prostredi

Biomolekularni interakce (modifikace peptidy, enzymy, leCivy);
LOD =1 nmol/l

* Rozptylove techniky

SERS, RLS (identifikace barviv, detekce biomarkeru rakoviny,
detekce IeCiv)




* Luminiscencni techniky

NP modifikované fluorescencnimi
latkami (detekce sekvenci DNA,
lysozymu, Hg?*, Cr¢*)

Obrazek 4. Pouziti ve vodé
nerozpustné fluorescencni znacky

pro stanoveni analytu ve vodnem ®  analyt

prostredi. (A) pouziti fluorescencni .
znacky bez imobilizace na (_  fluorescencni selektor
nanocastice, (B) po imobilizaci na

. ( zo;srizpr;i| sielek’ror vazany




RUMAN GENOME RESEARCH INSTITUTE
Single-stranded nucleic acid
molecules passing through a
nanometer-sized pore modulate the
ionic conductance across the
membrane. This observation may
one day lead to a device for single
molecule DNA sequencing.

%
Il- C s iy b I =1
Vestibule \
Limiting



QUANTUM DOTS

MNature Biotech.. 2003, 27:41-46

Semiconductor
quantum dots
are being
developed for
use as probes
for
intracellular
structures.

Use: to label
the breast
cancer marker
Her2 on the
surface of fixed
and live cancer
cells
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Sources of Human Cellular Samples for
Biomarker Analyses

CSF Hair

Sidransky. Horizons in Cancer Therapeutics. 2004;5:13-26.



Establishing/validating biomarkers

- Identity candidate

e Assays to determine biomarker

e Assays to diagnose disease

* Detect pre-clinical disease (prediction)
* Prospective screening

* Quantification of overall impact on
disease



Biomarker examples

e P53 mutations

e anti-apoptotic enzymes (€.g. survivin)
* Luteinizing hormone receptor

» Adenosine receptor

* Folic acid receptor

» Chorosterol receptor

* Sialic acid

* Hyaluronic acid

» Heparan sulphate



Translational Cancer Research & Clinical
Bioinformatics

data

}T{ clinical - tissue

genomic  proteomic transcriptomic histology images ‘

V patient

HETEROGENOUS DATA ’
DATAMINE ‘ biomarkers ‘clinical trial
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Microarray (MA) Gene Expression Analysis

RNA
B
—_—
Purify
Sample A Sample B cDNA
Normal tissue Tumor tissue B
RNA
A D . b
Label with X
fluorescent probe Rk
cDNA
A

® Sample A>B

() Sample A<B ‘L.’
g 2

Sample A=B

Mix labeled cDNA

0000
, o
Computer Scanner "L',
\ / :
Wash, image, @ — Apply and
and analyze ~ hybridize to MA

Use MA with known
genes in each well

Trink and Sidransky. Horizons in Cancer Therapeutics. 2004;5:4-12.



Proteomic techniques and biomarker discovery

Technique High-through | Labour Cross Cost | Aplication in

put intensive | Experimental diagnosis
comparasion

2D-PAGE/ ++++ ++++ ++++ TEEEF |

MALDI-MS

LC/MS/MS ++++ +++ ++ |+

SELDI-TOF ++++ +++ ++++ P |

Ab microarray ++++ ++ ++++ e e ] e

Tissue microarray | ++++ ++ + F | H

Negm at al Trends in Molecular Medicine 2002; 288-293



Pre-Cancer Cancer

v

Genomics

! !

Functional Genomics Proteomics
(Gene Expression Profiling) (Protein Profiling)

Qveraxpression Biomarkers
Loss of expression

1. Biomarkers: Pre-Cancer and Cancer
2. Biology

. Translational research
. Patient-orientad research
. Fathogenesis

Ll

. Diagnostics

- Molecular epidemiclogy

. Therapeutics (novel targets)
. Mechanism

4 L0 PD ==

UCLA/JCCC

HNC



Saccharides tumor marker
*Sialic acid
*Lewis structure
*glycan
*Hyaluronic acid

Heparan sulphate

Sensing of cancer saccharides in water

1) Boric acid sensor- pH problem
2) Sensor of lanthanide
3) Sensor with hydrophobic cavities



Lanthanide

K@ SENSOI'S o -
|E00000
HO 1400000 1
200000
HO Tifin p
200000 _r'
1 Ln=La% Kij/ B0 1 -
2 Ln=Eu®* 400000
200000 1
OH NHAC CHZ0H 0 4

L Fluorescence intensity
’ change(Ex. A=360nm) of

menosialgangiose (GM1).R= [ NHAC 2 (5.53*10° M), GM(10-
Na"00C > “M), sialic acid (103 M),

pH 7, 0,1M Hepes

HO 0 0 HO ;i g 430 450
Q
o & %\“
HOCHOH  HO CH,OM b HzOH : :

aslaloganglicside (aslale-GM1), R=H

The structures of asialo GM1 and GRT.

Alpturk, Rusin*, Fakayode, Wang*, Escobedo, Warner,Crowe, Kral,
Pruet, Strongin PNAS 2006, 103 9756-9760



Polymethinium salt

0.35 4

0.3 1

0.25 +
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0.15 ~
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—0
—0.015523501

0.031047002
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——0.093141006
——0.108664507
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0.186282012
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——0.93141006
——26.85565672
———33.06505712
——48.58855811

64.11205911
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(CH,CH,0),CH,
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Titration of 3(¢c=4.9*10-°mol/l) by heparan sulfate(HS) in solution of

85% H,0/13% PEG n=9 2% MeOH, 1mM phosphate buffer pH = 5.53,
number of eqivalents are included in legend
C of 3 and HS are 1.4*10-> and 5*10-6 in cuvette respectively



control TB-26
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HL60 cells (human promyelotic leukemia} with 2.5uM 1. -1 hour - live

light field TB-30 fluorescence LysoTracker
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cells localization of 2 (violet),lysosome-specific probe LysoTracker
(green fluorescence) in mammary carcinoma cells 4T'1



Bile acid porhyrin conjugate

R
R1 R2 R1R2°
1a H3 b H
2H a4 Hob

Sensor for saccharides cancer marker(sialic acid, hyaluronic acid,
Heparan sulfate)



Enhanced Tumor Detection Using Saccharide
Receptor-Targeted Fluorescent Conjugates

Receptor 4 Receptor 5



Cell surface recognition with
porphyrin-cholic acid conjugates

A B
A431NS HELAS3 1




A431NS HELAS3

-, nhormal

PRRSBL Cancer

cef pormal

cerrsv. CANCET

normal

SW480

Cancer

Cellular localization pattern. (A) Fluorescence images
of cancer cells (A431NS, HeLaS3, 4T1) (B) tumor cells
(PRRSBL, CEF-RSV, SW480) and ‘“normal” cells
(3T3, CEF, CHC) with 1 uM 2



