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The importance of detecting ultralow (bio)chemical concentrations

S i
DNA diagnostics

The ultimate detection limit

‘Naked eye detection of a single molecule in a complex mixture’

/

Food contamination

Explosives detection

..and more

Environmental pollution



Single molecule detection

TEM, SEM, AFM
SPR, SERS, X-ray

.3

pentacene
Gross et al. Science, 2009, 325, 1110-1114

DNA smiley
Rothemund, Nature, 2006, 440, 297-302
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Signal amplification in Nature - catalysis

vertebrate visual response

e

11- cis- retinal

Light hits a rod cell

and isomerizes retinal.

!

Rhodopsin converts to
metarhodopsin I1.

!

Metarhodopsin 11
activates transducin,

]

Transducin activates
phosphodiesterase.

]

Phosphodiesterase
hydrolyzes cyclic GMP.

l

Cyclic GMP is scarce,
so Na'channels close.

1

The membrane is
hyperpolarized.

!

An electrical impulse
is sent to the brain.

O
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o . Rh Rh* W all-trans-retinal

G-protein

transducin Gap
k_ =4200 s a single photon can
- ° Phosphodiesterase  induce a membrane
hyperpolarization
of 1 mV

cGMP Hydrolysis
closure of cGMP-gated Nat/Ca2* channels



Signal amplification in Nature - multivalency
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Supramolecular sensing systems

catalysis
substrate
O 0= @ C
pro-cat analyte
multivalency
A
v J
0—<@ >
analyte b \v/ 4

I
Prins et al. Chem. Soc. Rev. 2011, 40, 4480-4505
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o O O %O? quantification
AT standard autoradiography, phosphorimaging, or

Knase liquid scintillation counting techniques

MHMQ Photomultipller tube
lonizing radiation Phesen
VVVVVVN
Sodium lodine
erystal
Optical window Anode
Wash to remove remaning
ATP* and add scintilation fluid advantage
1 high sensitivity
| high specificity (monitoring selective reactions)
Quantitate by disadvantage
@ scintillation counting radioactivity

no high throughput

I
Yalow and Berson, J. Clin.Invest. 1960, 39, 1157-1175



Signal amplification in assays : Enzyme-Linked ImmunoSorbent Assay (ELISA)

.DESC[:H_H: Y™

GEH 5 CEH 5
ABTS

One-electron Oxidation

Engvall, Perlmann, Immunochem.. 1971, 8, 871-874



9.6x102 mol (in 45 pl)

cnimerie ,epo,,e, B detection:
.\ gel+staining (e.g. ethidium bromide)
A
SVBLQ@J’@@W Ma123456789101112b

Amplification

~-—260 bp

Signal detection ]

Capture Ab

Analyte: bovine serum albumin (BSA) in situ by introducing fluorescent markers
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Cycle Number
Molecules of antigen
580 antigen molecules in sample —

(x10° increased sensitivity compared to ELISA) Cantor et al., Science. 1992, 258, 120-122



ELISA vs immunoPCR

qlPCR, standardized (NC = 10)
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Niemeyer et al. Nature Protocols. 2007, 2, 1918-1930
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Quantification of amplification by catalyst activation

Q + O u—KanEME' @ K.

pro-cat analyte cat P—» {Z

operating conditions d|P| _ _
? = keat _Eﬂtl - kcat_ﬁlﬂ

¢ hlgh KanaIyte
e excess pro-cat ([cat]=[A],) @

Pl, = k.,
catalysis [ :|r Ldl[A]“r
* low background rate (k. << Kot )  linear relationship
e detectable P e signal strength is time-dependent (high TOF)

* no product inhibition

B
Anslyn et al. Angew. Chem. Int. Ed. 2006, 45, 1190-1196



Quantification of amplification by autocatalysis

pro-cat analyte P tﬁ?
operating conditions dr KeatCat] = Keat|Aly + Kear P(2)]
* high Kanalyte and Kproduct k t{} K.t
e excess pro-cat ([cat]=[A],) P(t) — I:)oe "+ Ao (e “ _1)
catalysis incase P,=0 P(t) =A, (ek=' —1) substrate

depletion
* low background rate !! (k

!! uncat << kcat )
e detectable P signal
e exponential increase
(sigmoidal curve) lag phase

time



Overview examples

intrasteric

catalyst upregulation ——> allosteric

autocatalysis
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IDE construct
(inhibitor-DNA-enzyme)

.. Complementary
Inhibitor DNA
Substrate C
S ereus neutral protease (CNP)
ecompatible with DNA-tether
*high activity (k. = 165 s7)
24mer-ssDNA
— ] 10 uM -~ 3
%16—__.2_1610UMM A %451 1
- 1 —e—1 — 40"
x 147 10 n& / o = . _
] 1 nM o :
§ 124 —— 190 g T 87 M 100pM 10pM IDE
é 10 - IDE Only e P é 30- 1n 00pM 10p
s g 25
E —~+ 3201
T L — TS
2 g™
© e T 10
é 19 g 5: I l
150 200 1nM 100 pM 10 pM IDE
Time (seconds)
readout after 80 minutes
Issues: enzyme modification, synthesis

Ghadiri etal., J. Am. Chem. Soc. 2003, 125, 344-345



Enzymes versus DNAzymes

OH

enzymes

* high activity
e selective conditions
e isolation/preparation in small quantities

035 _ - S0y
=™
£

CaHs

blue
(€ =3.6x10* M1 cm™?)

ABTS

One-electron Oxidation

CeHs
ABTS-*

DNAzymes
(DNA with catalytic activity)

* nonnatural oligonucleotide-based catalysts
e higher chemical stability

e easy conjugation to other molecules (biotin)
e preparation in large quantities using PCR

review: Willner et al., Chem. Soc. Rev. 2008, 37, 1153-1165; Mauk, Sen et al. 2001, 123, 1337 - 1348



DNA detection using a DNAzyme

ABTS?
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M Willner et al., J. Am. Chem. Soc. 2004, 126, 7430-7431




Detection of small molecules using aptazymes

Aptamers are nucleic acid molecules (DNA/RNA) with specific binding functionality.
In the presence of targets, aptamers adopt a complementary 3D conformation
which can preferentially bind the targets

Aptazymes are rational combination of DNAzymes/ribozymes and aptamers.

initial library typical 1014-101® different molecules
838889829983 pool generation
822520080000 -
gegassscesss| evaluation @ toroet
Seaeses0000 D
W LN~ Cg

N\
\\
Aneration binding

O
10-15 /\/P/CS

o times
amplification wash

SELEX
Systematic Evolution of Ligands by EXponential Enrichment
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Detection of AMP using an aptazyme

H.M

ABTS*™

Reason for low sensitivity

AMP-aptamer complex formation
competes with duplex formation.

Reported: stability of the stem duplex
(AG® = -9.62 kcal-molt) was adjusted to
that of the aptamer-AMP complex (K, =
1.67 x 10° M1; , AG° = 7.1 kcal-mol?).

AAbs.

0.12 @ 5 mM
0.10+
0.08- @2.5 mM
0.06 - €500 Y
by 50 uM
0.04 -
@ O0mM
0.02-
0.004 T T T g 1
0 (-] 120 180

0.12—-
CI.1CI-
Cl.l:lﬁ—-
CI.CIE—-
0.04—-

0.02 -

0.00

calibration curve (3 min)

1 2 3 4 5
c(AMP) / (mmol/L)

I
Willner et al., Anal. Chem. 2009, 81, 9114-9119


http://en.wikipedia.org/wiki/File:AMP_structure.svg
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e e J = (Cuj=0.3uM
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-l M 1?
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™ HN NH HUH

Cyclam ( M(I1) = Cu(ll), Pd(ll) )
2 30 nM analyte requires 90 minutes

0 0.1 0.2 0.3 (:-1.4 0.5 06
M The higher the binding affinity (series Cu(ll), (cul p
Ni(ll), Co(ll), and Cd(ll)), the greater the initial L ee—

M rate observed (selectivity). Anslyn et al., J. Am. Chem. Soc. 2004, 126, 14682-14683
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Product (mM)

Time (min)

8.0 0.0 0.8

—————A—

Relative Fluorescence

Mirkin et al., J. Am. Chem. Soc. 2005, 127, 1644-1645




Cascade reactions

Starting point
+ =
PhoF s-commmmms s ppn |2 2BF4
Rh

Rh Rh cat. (n-Bu)4NOAc
Ph,P__S— T T#=S PPh; CO, CH,Cly
Closed (Inactive)

1

The firstcycle e <
e

PhyP FI:FE-EQ
1 CO .
Aco~R! AcO™
Ph,P, PPh;

S-S
Open (Active)
=

Mirkin et al., J. Am. Chem. Soc. 2008, 130, 11590-11591



PCR-like amplification
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Phillips et al., J. Am. Chem. Soc. 2011, 133, 5170-5173
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Assay development

transfer aliquot to
the detection solution

/)

allow F~ and/or
color to deuelop

aqueous detection
sample solution

of Pd(ll) L A“DCN

1. add amplification
reagent 1

—

2. allow color
to develup

( activity—based )
.\ detection reagent

time (h): 25 27 29 31 33

(Rexp/Rmax)100

33

[PA(IN] reaction with 11 then 1
(ppm):

0.00

0.36

reaction with 11 only

20% of the colorimetric signal occurs at ~29 h

approximate limit
of detection without
signal amplification
|

120 ¢
136 10 36 + [Pd] (ppm) — 0.36 0.0
100 [ (XY YY)
1:.'.'-. ° 3 .o'
L ) o o,
80 (g 0 . o °
. * .
.. . a®e®
60 * ®
L ]
18 oe
L
40 -, . . .
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ZDT e $ o
] e 0 '
0 08 #—c —
7 17 27 37 47 57 67
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I

Phillips et al., J. Am. Chem. Soc. 2011, 133, 5170-5173



pro-cat

catalysis
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analyte

substrate

from the sensing of small molecules
to
the sensing of proteins



Normalized activity

E
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OH OH
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p-Galactosidase HO OH

I
Rotello et al., . Am. Chem. Soc. 2010, 132, 5285-5289



Sensing of proteins

Table 1. Physical Properties of the Proteins Used As Sensing
Targets in Phosphate Buffer Solution at pH 7.41%2

protein? My (kDa) pl
o-amylase (a-Am) 50.0 5.0
bovine serum albumin (BSA) 66.3 4.8
cytochrome ¢ (CytC) 12.3 10.7 -
ferritin (Fer) 750.0 4.5
human serum albumin (HSA) 69.4 5.2
mM lipase (Lip) 58.0 5.6
lysozyme (Lys) 144 11.0 ¢
myoglobin (Mvyo) 17.0 12 £
alkaline phosphatase (PhosB) 140.0 5.7 20'
UM “ Proteins in italics are commonly found in human urine. E
=
nM
© w-amy
2 -2
pM s_ @ BSA A BSA  CyiC Fi HSA Li L M PhosB
. o-Amy er ip ys yo 0s
0
N @ Cyic
2 @ Fer B vp1 B ve2 B8 e B e B nps NP
- @ © HsA ' '
5 @ Lip proteins at 1 nM concentration
*g 9 Lys
L @ Myo
aM PhosB
s
zM
B
v Rotello et al., . Am. Chem. Soc. 2010, 132, 5285-5289
\4




Sensing of bacteria
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Rotello et al., . Am. Chem. Soc. 2011, 133, 9650-9653
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~ 70 head groups

enzyme-like saturation behaviour

1.00E-07 -
[
_ [\ =
W@ = S N_ ,NH O 5.00E-08 - Keat © Kyncar = 33 000
Zn £
NH g
> Ky <1mM
0.00E+00 T T
0.0E+00 1.0E-03 2.0E-03 3.0E-03
[substrate] /M
T

Scrimin et al. Angew. Chem. Int. Ed., 2004, 43, Chem. Eur. J., 2011, 17, 4879-4889
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I
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Prins et al. Chem. Commun. 2012, 48, 1916-1918



Catalytic signal generation

: ATP
1.00
@ %o i 1.00
— Q@ '
L )
o 0.75 - ) 0.75
~ [ |
(=] . o
o - (o)
© 0.50 A ] =~ 0.50
m [ | o
N '
= om
L
< 0.25 A 0.25 A
= f
[ |
e m mm % o oo ®e0
0.00 0.00 r Ly '
1.00E-07 1.00E-06 1.00E-05 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02
[ATP] (M) [inhibitor] (M)

[TACN Zn(Il)] =5 uM, [substrate] =1 mM, [HEPES] =10 mM, pH =7.0, T= 25 °C.
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Prins et al. Angew. Chem. Int. Ed., 2011, 50, 2307 -2312; PCT 2012085080



Subtilisin A
0.15
| 2.6 uM
S P < o0w0; " m | 13w
’/ [ <;§ . " 660 nM
mM < . m O n
0.05 - [ |
O
. A T " g
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Importance: the analyte (enzyme) triggers a cascade of catalytic events
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Supramolecular sensing systems

catalysis
substrate
O o= @ C
pro-cat analyte
multivalency
A
v J
0—=<© "
A 4

analyte \v/



Multivalency

1 2 i n=1 n
5= analyte
A .
l{ Kanalﬂa
collective property (polymers)

* electron conductivity W W ¥

;e ® o% O 5

B (solid support) m .




Isolated Fluorescent Chemosensors

h V' }:7

N CH,

33 % reduction in emission

Fluorescent Chemosensors “Wired in Series™

~eT f—o_) £
-

5 "
/ l i ) 1PS+:‘hx/f{ CHeN
U T
/

100 % reduction in emission

I
Swager et al. Acc.Chem.Res., 1998, 201-207



The ‘Molecular Wire’ approach

conjugated fluorescence polymer

| Conduction

O — Band

8 ) conorge
\\‘ —) LUMO PQ

—

000 00
@ o
Key issues:

* multitude of binding sites (guest binding at low concentrations)
* very high apparent binding constant

e polymerization degree

* mobility of the excited state

* fluorescence lifetime
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Small molecule sensing

R ﬂ"‘wﬂuﬂﬂ'gnﬁ-fﬂwu

— — —

R UWDP"‘MUV"‘D'&UQ
6.7.8
R=COMN(CgH 1)

K =1600 M’

K =75,000 M !
K =101,000 M’
K,=105,000 M '

] £0 100 150 200
(PO*™] X 10° (M)

250

Ux-x_,‘___.ﬂ u""“{)*""“‘uﬂ*ﬂv"‘@

050 3

ﬂmﬂ .---.w,,ﬂ Uﬁﬂwﬂ
i
R=0C3Hzs
control

Mean molecular weight (PDI)
6: 31100 (1.6)

7: 65400 (1.6)

8: 122 500 (1.8)

Stern-Volmer plots (FO/F=1-K[PQ?*] )

I
Swager et al. J. Am. Chem. Soc., 1995, 7017-7018



Polymer sensor materials

cavities

pentiptycene group  conjugated polymer backbone

1. No m-stacking of polymer backbones, thus
high fluorescence quantum vyields and
spectroscopic stability in thin films.

2. Second, reduced interpolymer interactions
enhance the solubility

3. The cavities generated allow diffusion of
small organic molecules into the films.

—

583888'

Quenching (%)

Fluorescence Intensity
MR |

CHj
O,N NO,

600

Wavelength (nm)

NOE -
INT Swager et al. J. Am. Chem. Soc., 1998, 120, 11864-11873



Fluorescent Porous Polymer Films as TNT Chemosensors

@’ @ Saa<aliisn @@@

T CDNB DNT* PDNB mDNB NT cna
rel. VP 4 18 10 70 3 110 2x10* 3x103 3x10*
Eweg (V) -0.7 -1.0 -0.8 -1.0 0.7 -0.9 12 11 -1.15
0 0
mM cl Cl HiC CH3 ‘/u\‘ @
Cl Cl HiC
o] 0
DCNB DCIB DMB
uM
rel. VP 1 x10° 950 360 0.015 200 700 1x10% 1x10*
Eea (V) -05 0.0 -0.8 -0.9 1.6 1.7 -1.8 <-2
nM
100 el T T e T T T
e ? /{{f.‘ o
il - A vapour pressure (VP) TNT
— 80 i R e 5 min =] _ o
pM o el % | = 10 ppb at 25 °C
£ 60 -
fM - 3 i .
2 -— 1 min
o 40y 2 .
C:'J o ]
aM ‘
20 -—10s -
- L 1 1 i
Al TNT CDNB pDNE NT NE CA AQ DCNB DMB
DNT DNT* mDNEB CNB BQ DQ BP nriR T
y Analytes (Quenchers) swager et al.J. Am. Chem. Soc., 1998, 120, 11864-11873
y
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o

o e e®
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® STaN SE= On s =S
= @ ® ) ,/"I o9 = 3
® @ eci ® ©/ ®2.0 Hybridization OO ®
@ 1 : ( : -4 ‘;
) 4 hat | i 7
® -~ <
Positively-charged Single-stranded SFEAC] (OR S8 @
Polythiophene DNA probe = X
@0 SIECKC)
= S
20 bp ssDNA <
“Dunlex” “Trinlav”
100 - ]

Normalized fluorescence signal (%)

// o

— 1 — 1 1
0 100 200 300 400 500
Time (min)

1T+ 1 1
600 700 800 900

H3 O-CH E{: HE@
I\

N

n CH5
6 - 10 kDa (PDI:1.2-2.9)

S

duplex form/aggregate
decreased fluorescence

triplex form
increased fluorescence

red: target
blue: one mismatch
black: double mismatch

The limit of detection for
the perfectly matched 20-
mer target is 310 molecules,
or 0.54 zmol, in a volume of
150 ul.

Boudreau, Leclerc et al. J. Am. Chem. Soc., 2004, 126, 4240-4242
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The ‘Sergeants-and-Soldiers’ principle in polymers
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Green etal. J. Am. Chem. Soc., 1989, 111, 6452-6453
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The use of ‘Sergeants-and-Soldiers’ for sensing

N e
o /<C‘ b CH33
Hydrogen Bond /"

poly-1—L-Ala Complex

Induced One-handed Helix

Yashima et al. J. Am. Chem. Soc., 2003, 125, 1278-1283



Detection of small enantiomeric excesses

majority rules

I
Yashima et al. J. Am. Chem. Soc., 2003, 125, 1278-1283



Affecting macromolecule stability

activation
—_—

Dendrimers are repetitively branched
molecules. The name comes from the Greek
word "6€évépov" (pronounced dendron), which

translates to "tree".



Dendritic chain reaction
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Shabat et al. J. Am. Chem. Soc., 2009, 131, 9934-9936



Sensing of H,0,
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PGA
penicillin-G-amidase
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Multivalency
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A Supersandwich assay for oligonucleotide detection
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DNAzyme-functionalized Au NPs for the amplified detection of DNA

S—(CHg)sOH S—(CHz)sOH A/Q,\ 5
S—(CHz)sOH (2) S—(CH2)50H Au ,\”‘ (3)

§—(CHz)gOH M/\ S=(CH2)sOH ?_f’
A = LN LTy

5—(CHz)sOH S=(CH2)sOH

HzDg Luminol

S=(CHz)sOH
S—(CH)soH signal amplification
= 1) multivalency
= (LH2)0H .
~ ﬂ Light 2) catalysis
Au NH, O

=—{CHz)s0H DH
DH

o]

H (o]
: 96 copies

(1) = 5-HS(CH,)gCGATTCGGTACTGG-3'
(2) = 5-TTGAGCATGCGCATTATCTGAGCCAGTACCGAATCG-3'

(3) = 5-ATGCGCATGCTCAAT1oGGGTAGGGCGGGTTGGGT17(CHo)gSH-3' S —
(3a) = 5'-ATGCGCATGCTCAATTTGGGTAGGGCGGGTTGGG-3' Willner et al. Nano Lett. 2004, 4, 1683-1687
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Willner et al. Nano Lett. 2004, 4, 1683-1687



Signal amplification using multivalent CNT-HRP constructs "
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Lei, Ju et al. Chem. Commun. 2011, 47, 5220-5222



Amperometric detection of DNA

— i Nl E;: 0.60 10 fM DNA
-0.60- E 0.45) i
- I '<Z_El 3 -0.30, < 4
E e =} A8 -6 14 12 E:L ]
nM 5 Log ¢/ mol L @ -0.30 —
© .0.30- 5
3 ]
i . 0.15 -
0.004— —_— 0.00
. 060 -055 -050 045 -0.40  -0.35 1 3
eIV compl. mismatch mismatch blank
a=1pM
2 b= 100 fM
c=10 fM
M d=1fM
e=100aM C —
” f=10aM Lei, Ju et al. Chem. Commun. 2011, 47, 5220-5222




Bio-bar Codes (assay components)

1. ...

2, Bovine Serum Albumin

1. 7 \_-sH
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.. rervme.

AT
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-' 3%
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(. Gold Nanoparticle “\_~5SH Capture DNA  ~— Bar-Code DNA

Amine-Functionalized

YMnmnlunalAmi-PsA Ypmymnalnnﬁ-mﬁ ( | Magnetic Particle

I
Mirkin et al. Science. 2003, 301, 1884-1886



Detection of proteins using nanoparticle-based bio-bar codes

Step 1.

Target Protein Step 2.

Capture with Sandwich Captured Target
MMP Probes

Proteins with NP Probes

Target Protein

(PSA) e L

13 nm NPs for Bio-Bar-Code PCR
30 nm NPs for PCR-less Method

Step 5.

Chip-Based Detection Step 4.

of Bar-Code DNA for “®—— Polymerase Step 3.

Protein Identification Chain Reaction MMP Probe Separation

Bar-Code DNA and Bar-Code DMNA

Dehybridization
.«‘"" <

Step 4.

PCR-less Detection <
of Bar-Code DNA from
30 nm NP Probes

Mirkin et al. Science. 2003, 301, 1884-1886
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Concluding

Signal amplification

e catalysis

(difficult to reach extremely low concentrations — autocatalysis)
* multivalency

(essential)

Future
e cascade events
 beyond DNA, simple devices and readout
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