
Leonard Prins 
 

University of Padova 
 

leonard.prins@unipd.it 

Sensing through Signal Amplification 



Disease diagnosis 

DNA diagnostics  

Environmental pollution  

Food contamination 

Explosives detection 

..and more 

The ultimate detection limit 
 

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

The importance of detecting ultralow (bio)chemical concentrations 



Single molecule detection 

to
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single molecule 

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

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

DNA smiley 
 Rothemund, Nature, 2006, 440, 297-302 
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Earth  
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Where is Wally ? 





Signal amplification in Nature - catalysis 

vertebrate visual response 

kcat = 4200 s-1 a single photon can 
induce a membrane 
hyperpolarization 
of 1 mV 



Signal amplification in Nature - multivalency 



Supramolecular sensing systems 

catalysis  

multivalency 

Prins et al. Chem. Soc. Rev. 2011, 40, 4480-4505 



Signal amplification in assays : Radioactivity assays 

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

advantage 
 high sensitivity 
 high specificity  (monitoring selective reactions) 
disadvantage 
 radioactivity 
 no high throughput 

quantification 
standard autoradiography, phosphorimaging, or 

liquid scintillation counting techniques  
32P-ATP 

32 



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

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



Signal amplification in assays : ImmunoPCR  

Cantor et al., Science. 1992, 258, 120-122 

580 antigen molecules in sample 
(x105 increased sensitivity compared to ELISA) 

detection:  
gel+staining (e.g. ethidium bromide) 

in situ by introducing fluorescent markers 

9.6x10-21 mol (in 45 µl) 

Analyte: bovine serum albumin (BSA)  



ELISA vs immunoPCR 

Niemeyer et al. Nature Protocols. 2007, 2, 1918-1930 



Summary 



Quantification of amplification by catalyst activation 

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

operating conditions 
 
• high Kanalyte 
• excess pro-cat ([cat]=[A]0) 
 
catalysis 
 
• low background rate (kuncat << kcat ) 
• detectable P 
• no product inhibition 

• linear relationship 
• signal strength is time-dependent (high TOF) 



Quantification of amplification by autocatalysis 

operating conditions 
 
• high Kanalyte and Kproduct 
• excess pro-cat ([cat]=[A]0) 
 
catalysis 
 
• low background rate !! (kuncat << kcat ) 
• detectable P 

• exponential increase 
(sigmoidal curve) lag phase 

substrate 
depletion 

time 

signal 

)1e(AeP)(P t
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t
0

catcat −+= kkt
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cat −= ktin case P0=0 



Overview examples 

catalyst upregulation 

intrasteric  

allosteric 

autocatalysis 
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Ghadiri et al., J. Am. Chem. Soc. 2003, 125, 344-345 

IDE construct 
 (inhibitor-DNA-enzyme) 

 

Cereus neutral protease (CNP) 
•compatible with DNA-tether 
•high activity (kcat = 165 s-1) 

readout after 80 minutes 
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DNA detection using an engineered enzyme 

24mer-ssDNA 

Issues: enzyme modification, synthesis 



Enzymes versus DNAzymes 

enzymes 
 
• high activity 
• selective conditions 
• isolation/preparation in small quantities 

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

DNAzymes 
(DNA with catalytic activity) 

 
• nonnatural oligonucleotide-based catalysts 
• higher chemical stability 
• easy conjugation to other molecules (biotin) 
• preparation in large quantities using PCR  

HRP-mimic 

blue 
(ε = 3.6x104 M-1 cm-1) 
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Willner et al., J. Am. Chem. Soc. 2004, 126, 7430-7431 

DNA detection using a DNAzyme 

4.3 µM 

0.2 µM 
mismatch DNA (single bp mismatch) 

control (no beacon) 
control (no analyte) 

35 bp ssDNA 



SELEX 
Systematic Evolution of Ligands by EXponential Enrichment 

typical 1014-1016 different molecules 

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.  



Willner et al., Anal. Chem. 2009, 81, 9114-9119 
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Detection of AMP using an aptazyme 

Reason for low sensitivity 
 
AMP-aptamer complex formation 
competes with duplex formation. 
 
Reported: stability of the stem duplex 
(ΔG° = -9.62 kcal·mol-1) was adjusted to 
that of the aptamer-AMP complex (Keq = 
1.67 × 105 M-1; , ΔG° = 7.1 kcal·mol-1).  

calibration curve (3 min) 

0 mM 

5 mM 

50 µM 
500 µM 

2.5 mM 

http://en.wikipedia.org/wiki/File:AMP_structure.svg


Anslyn et al., J. Am. Chem. Soc. 2004, 126, 14682-14683 
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30 nM analyte requires 90 minutes 
 

The higher the binding affinity (series Cu(II), 
Ni(II), Co(II), and Cd(II)), the greater the initial 

rate observed (selectivity). 

Metal detection using a synthetic system 

KCu(II)•PAC >> KPd(II)•PAC 



(in realty 25 times) 

Mirkin et al., J. Am. Chem. Soc. 2005, 127, 1644-1645 
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Small molecule detection using allosteric control 

6 hours 

measured by GC 



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

Cascade reactions 



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



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

A Two-Component Small Molecule System for the detection of Pd(II) 

response to F- 

α reaches 2168(35 for 0.0005 equiv F-) 
corresponding to 11 amplification cycles 

α =  
(Iamp-Ibackground)  

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

Assay development 



catalysis  

from the sensing of small molecules 
to  

the sensing of proteins 



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

Nanoparticle based detection of proteins 



Rotello et al., J. Am. Chem. Soc. 2010, 132,  5285-5289 
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proteins at 1 nM concentration 

Sensing of proteins 



Rotello et al., J. Am. Chem. Soc. 2011, 133,  9650-9653 

Sensing of bacteria 
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enzyme-like saturation behaviour 

Scrimin et al.  Angew. Chem. Int. Ed., 2004, 43, Chem. Eur. J., 2011, 17, 4879-4889 

kcat : kuncat = 33 000 
 
 

KM < 1 mM 

~ 70 head groups 

Catalytic nanoparticles for sensing 
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Monolayer protected Au nanoparticles: cationic surface 

- - - 2 

Prins et al. Chem. Commun. 2012, 48, 1916-1918 
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Catalytic signal generation 
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Enzyme assay 

Subtilisin A 
(3-7 AU/ml) 

pH = 7.5; T = 40 oC
H2O

incubation  
(30 min) 

pH = 7.5; T = 40 oC
H2O

detection - - - 2 : 
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Prins et al. Angew. Chem. Int. Ed., 2011, 50, 2307 –2312; PCT 2012085080  
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GCP II 
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Sensing through signal amplification 

target 
enzyme 

S P 
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Importance: the analyte (enzyme) triggers a cascade of catalytic events 



Supramolecular sensing systems 

catalysis  

multivalency 



Multivalency 

collective property (polymers) 
• electron conductivity 
• helicity 
• stability 

A 

B (solid support) 



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

The ‘Molecular Wire’ approach 



The ‘Molecular Wire’ approach 

Key issues: 
 
• multitude of binding sites (guest binding at low concentrations) 
• very high apparent binding constant 
• polymerization degree 
• mobility of the excited state 
• fluorescence lifetime 

conjugated fluorescence polymer 



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

control 

Stern-Volmer plots (F0/F=1-K[PQ2+] ) 
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Small molecule sensing 

2 

Mean molecular weight (PDI) 
6:  31 100 (1.6) 
7:  65 400 (1.6) 
8:  122 500 (1.8) 



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

Polymer sensor materials 

1. No π-stacking of polymer backbones, thus 
high fluorescence quantum yields 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. 



Swager et al. J. Am. Chem. Soc., 1998, 120, 11864-11873 
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vapour pressure (VP) TNT 
= 10 ppb at 25 °C 
 

Fluorescent Porous Polymer Films as TNT Chemosensors 



Boudreau, Leclerc et al. J. Am. Chem. Soc., 2004, 126, 4240-4242 
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duplex form/aggregate 
decreased fluorescence 
 
triplex form  
increased fluorescence  

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

Fluorescent Polymers for DNA detection 

20 bp ssDNA 

red: target 
blue: one mismatch 
black: double mismatch 

6 - 10 kDa (PDI:1.2-2.9) 



Boudreau, Leclerc et al. J. Am. Chem. Soc., 2005, 127, 12673-12676 
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Ultrasensitive detection using fluorescence chain reaction (FCR) 

capture probe is labeled with a fluorophore 
(Alexa Fluor 546) 

large number of capture probes are available 
(x1010 copies) 

red: target 
blue: one mismatch 
black: double mismatch 
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circle ! 

Goscinny & Uderzo Asterix en de Britten 1966 
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Green et al. J. Am. Chem. Soc., 1989, 111, 6452-6453 

The ‘Sergeants-and-Soldiers’ principle in polymers 



Yashima et al. J. Am. Chem. Soc., 2003, 125, 1278-1283 
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The use of ‘Sergeants-and-Soldiers’ for sensing 

70 ng/ml L-Ala (0.005 equiv to the monomer unit) was enough to produce an iCD at 25 ºC 



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

Detection of small enantiomeric excesses 

majority rules 

e.e.’s down to 0.005% 
could be detected 



Affecting macromolecule stability 

Dendrimers are repetitively branched 
molecules. The name comes from the Greek 
word "δένδρον" (pronounced dendron), which 
translates to "tree". 



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

Dendritic chain reaction 



Shabat et al. J. Am. Chem. Soc., 2009, 131, 9934-9936 
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Sensing of H2O2 



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

Adaptation for enzyme detection 

Critical issue 
intrinsic stability of the probe 

PGA 
penicillin-G-amidase 



Multivalency 

collective property (polymers) 
• electron conductivity 
• helicity 
• stability 

A 

B (solid support –compare to ELISA) 



MB: methylene blue 

Zhuo, Plaxco, Heeger et al. J. Am. Chem. Soc., 2010, 132, 14346-14348 
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Sandwich assay for oligonucleotide detection 



Zhuo, Plaxco, Heeger et al. J. Am. Chem. Soc., 2010, 132, 14346-14348 
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A Supersandwich assay for oligonucleotide detection 



Willner et al. Nano Lett. 2004, 4, 1683-1687 

96 copies 

DNAzyme-functionalized Au NPs for the amplified detection of DNA 

signal amplification 
1) multivalency 
2) catalysis 



Willner et al. Nano Lett. 2004, 4, 1683-1687 
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reference without NP 
 

NPs cause 10-fold increase in sensitivity 

calibration curve 

Response curves 



Lei, Ju et al. Chem. Commun. 2011, 47, 5220-5222 

Signal amplification using multivalent CNT-HRP constructs 
NH2

NH2

H2O2

NH2

N
N

NH2

a) streptavidin–HRP–CNTs probe; b) streptavidin-HRP; c) streptavidin–HRP–CNTs probe (no DNA) 

1 fM DNA 
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Lei, Ju et al. Chem. Commun. 2011, 47, 5220-5222 

Amperometric detection of DNA 

[D
N

A]
 

a= 1 pM 
b= 100 fM 
c= 10 fM 
d=1 fM 
e=100aM 
f = 10 aM 

compl. 
1  

mismatch 
3 

mismatch blank 

10 fM DNA 



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

Bio-bar Codes (assay components) 

NP: 13 - 30 nm diameter MMP: 1 µm diameter 



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

Detection of proteins using nanoparticle-based bio-bar codes 



Mirkin et al. Science. 2003, 301, 1884-1886 
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Signal production 



Mirkin et al. J.Am.Chem.Soc. 2004, 126, 5932-5933 
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Detection of DNA using nanoparticle-based bio-bar codes 



Concluding 

Signal amplification 
 
• catalysis 
 (difficult to reach extremely low concentrations – autocatalysis) 
• multivalency 
 (essential) 
 

Future 
• cascade events 
• beyond DNA, simple devices and readout 
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