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  Abstract   Long considered to serve solely as the genetic information carrier, DNA 
has been shown in 1994 to be able to act as DNA catalysts capable of catalyzing a 
trans-esterifi cation reaction similar to the action of ribozymes and protein enzymes. 
Although not yet found in nature, numerous DNAzymes have been isolated through 
 in vitro  selection for catalyzing many different types of reactions in the presence of 
different metal ions and thus become a new class of metalloenzymes. What remains 
unclear is how DNA can carry out catalysis with simpler building blocks and fewer 
functional groups than ribozymes and protein enzymes and how DNA can bind 
metal ions specifi cally to perform these functions. In the past two decades, many 
biochemical and biophysical studies have been carried out on DNAzymes, espe-
cially RNA-cleaving DNAzymes. Important insights have been gained regarding 
their metal-dependent activity, global folding, metal binding sites, and catalytic 
mechanisms for these DNAzymes. Because of their high metal ion selectivity, one 
of the most important practical applications for DNAzymes is metal ion detection, 
resulting in highly sensitive and selective fl uorescent, colorimetric, and electro-
chemical sensors for a wide range of metal ions such as Pb 2+ , UO2 

2 +,      including para-
magnetic metal ions such as Cu 2+ . This chapter summarizes recent progresses in 
 in vitro  selection of metal ion-selective DNAzymes, their biochemical and biophys-
ical studies and sensing applications.  

  Keywords   biosensor  •  catalysis  •  DNA  •  DNAzyme  •  metalloenzyme  •  metal 
sensing      

    1   Introduction 

 For a long time, DNA’s only function was perceived as being the genetic material for 
all organisms. The genetic information is encoded by certain combinations of the 
four nucleobases: adenine (A), thymine (T), guanine (G), and cytosine (C). Because 
of the limitation of functional group diversity in the building blocks of DNA in com-
parison with other biomolecules such as proteins, and because of the mostly invari-
ant double helical structure, DNA was considered to be incapable of catalyzing 
chemical reactions. 

 The discovery of ribozymes  [  1,  2  ] , which are RNAs that can catalyze chemical or 
biological reactions, in the early 1980s was the fi rst hint that DNA might also be 
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capable of catalysis, because of the structural similarity between DNA and RNA. 
Such reasoning was not unfounded: in 1994, Ronald Breaker and Gerald Joyce iso-
lated the fi rst deoxyribozyme (DNAzyme) via  in vitro  selection  [  3  ] . This DNAzyme 
can catalyze a phosphodiester bond cleavage in the presence of Pb 2+  and had a rate 
enhancement of 10 5  over the uncatalyzed reaction. After this initial discovery, many 
more DNAzymes have been successfully isolated which are able to catalyze various 
types of reactions. Table  1  lists representative DNAzymes that have been obtained, 
including DNAzymes that catalyze cleavage of RNA  [  3–  10  ] , DNA  [  11–  16  ]  or the 
phosphoramidate bond  [  17  ] , the ligation of DNA  [  18,  19  ]  or RNA  [  20,  21  ] , the for-
mation of an RNA branch  [  22–  25  ] , an RNA lariat  [  26,  27  ] , or a nucleopeptide bond 
 [  28  ] , phosphorylation  [  29  ] , adenylation  [  30  ] , and depurination  [  31,  32  ]  of DNA, the 
Diels-Alder reaction  [  33  ] , and porphyrin metallation  [  34,  35  ] . One of the RNA-
cleaving DNAzymes is capable of catalyzing a phosphodiester transfer reaction 
with a  k  

cat
 / K  

m
   »  10 9  M –1  min –1  that rivals that of protein enzymes  [  4  ] .  

 Interestingly, most DNAzymes carry out their catalysis with the aid of metal cofac-
tors and some are very selective in this respect. For example, the fi rst reported 
DNAzyme is about 400,000-fold selective for Pb 2+   [  3,  36  ]  over other competing metal 
ions and the UO     +2

2   -dependent DNAzyme (39E) is >1 million-fold selective over other 
competing metal ions  [  10,  37  ] . This kind of metal selectivity can be found in many 
other DNAzymes. Because of their generally high metal ion selectivity, DNAzymes 
have been converted into fl uorometric  [  10,  36,  38–  46  ] , colorimetric  [  47–  53  ] , and elec-
trochemical  [  54,  55  ]  sensors for metal ions. In addition, they have also been used to 

 Reaction type  Metal cofactor  Refs 

 RNA cleavage  Pb 2+    [  3–  10  ]  
 Mg 2+  
 Zn 2+  
 none 
 Ca 2+  
 Mn 2+  or Mg 2+  
 Mn 2+  or Mg 2+  
 UO    +2

2    
 DNA cleavage (oxidative)  Cu 2+    [  11–  13  ]  
 DNA cleavage (hydrolytic)  Zn 2+  or Mn 2+    [  14–  16  ]  
 Phosphoramidate bond cleavage  Mg 2+    [  17  ]  
 DNA ligation  Cu 2+ , Zn 2+  or Mn 2+    [  18,  19  ]  
 RNA ligation (3′-5′)  Zn 2+  or Mg 2+    [  20,  21  ]  
 RNA ligation (branch formation)  Mn 2+  or Mg 2+    [  22–  25  ]  
 RNA ligation (lariat formation)  Mn 2+    [  26,  27  ]  
 Nucleopeptide linkage formation  Mn 2+  or Mg 2+    [  28  ]  
 DNA phosphorylation  Mn 2+    [  29  ]  
 DNA capping  Mg 2+ , Cu 2+    [  30  ]  
 DNA depurination 

(IO    4
–
  -dependent) 

 none   [  31  ]  

 DNA depurination  Ca 2+    [  32  ]  
 Diels-Alder reaction  Ca 2+    [  33  ]  
 Porphyrin metallation  Cu 2+  or Zn 2+    [  34,  35  ]  

 Table 1    Different types 
of reactions catalyzed by 
DNAzymes.  
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detect and degrade specifi c RNA sequences because of the intrinsic sequence require-
ment for the DNAzyme activity  [  56–  61  ] . 

 Even though DNAzymes have proved their usefulness in many applications, the 
detailed structure and reaction mechanisms of the DNAzyme catalysis are still largely 
unclear. A large number of biochemical and biophysical studies have already been 
carried out for several DNAzymes, but the absence of any high-resolution, three-
dimensional structure for the active conformations of DNAzymes is currently a major 
obstacle for understanding them  [  62,  63  ] . In the meantime, biochemical and biophysi-
cal studies have offered insights into the conserved sequences and structural features 
responsible for DNAzymes’ selective binding of metal ions and effi cient catalysis. 

 In this chapter, we will fi rst introduce  in vitro  selection (a method for isolating 
DNAzymes), then present the results of detailed biochemical and biophysical stud-
ies on RNA-cleaving DNAzymes. These studies have shed some light on how metal 
ions interact with DNAzymes. Finally, we will discuss the biosensing applications 
of DNAzymes.  

    2   In vitro Selection of DNAzymes 

    2.1   In vitro Selection 

 Although not yet found in nature, DNAzymes have been isolated via the combinato-
rial method of  in vitro  selection. This method was fi rst developed in the 1990s to 
isolate ribozymes and RNA aptamers, single-stranded oligonucleotides with high 
affi nities for different target molecules  [  64–  66  ] . In 1994, Ronald Breaker and Gerald 
Joyce used this strategy to isolate the fi rst DNA catalyst  [  3  ] . The fi rst DNAzyme 
used Pb 2+  as a cofactor to catalyze the cleavage of a phosphodiester bond. 

  In vitro  selection starts with a “random pool” containing typically 10 14–15  different 
DNA sequences. The pool is designed by fl anking a random sequence with two con-
stant regions that are primer binding sites (Figure  1 ). The length of the sequence gener-
ally varies from 40 to 80 nucleotides. After the “random pool” is then synthesized, it 
is incubated with the substrate to carry out the desired reaction in the  presence of a 
cofactor. The active DNA sequences are partitioned and collected. The active sequences 
can be separated from the inactive ones by various methods, such as polyacrylamide 
gel electrophoresis (PAGE) or affi nity resin. Polyacrylamide gel electrophoresis 
 separates the reaction products according to their size-dependent mobility on a polymer 
matrix. Affi nity separation normally employs biotinylated DNA and a streptavidin 
resin. After the separation step, polymerase chain reaction (PCR) is used to amplify 
the desired DNA sequences. Since  in vitro  selection normally only utilizes a single-
stranded DNA (ssDNA), such ssDNA is then generated from the PCR products and 
they are incubated under the desired condition with the substrate to start the next 
round of selection. After iterative rounds of selection, separation, and amplifi cation, 
the large initial pool of random sequences can be reduced into a small population of 
sequences that are enriched with active DNAzymes. Typically, it takes 5–15 rounds 
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of selection to obtain an active DNAzyme. At this point, the population is cloned and 
sequenced. The resulting sequences are grouped into different families based on 
sequence similarity and each family is tested for activity. The DNAzyme selection is 
an application of the idea of “survival of the fi ttest”, allowing researchers to fi nd new 
DNAzymes with desirable activities in the presence of intended targets.   

Synthetic random pool

Streptavidin

Initial annealing

Biotin

Biotin

rN

rN

rN

Incubation
and selection

e.g., metal
cofactor

Isolation 
and amplification

Polymerase chain
reaction

After 5-15 rounds

Streptavidin

Biotin
rN

single strand D
N

A
 regeneration

Cloning and identification of active DNAzymes

  Figure 1    The schematic view of an  in vitro  selection process. rN denotes a ribonucleotide (as the 
cleavage site). Grey dotted line denotes the random region.       

 



222 Lan and Lu

    2.2   Examples of Selected DNAzymes 

 Many DNAzymes have been isolated by  in vitro  selection. While most of the 
DNAzymes selected to date involve either cleaving or ligating the phosphodi-
ester bond, DNAzymes with other functionalities have also been isolated, such as 
catalyzing porphyrin metallation and the Diels-Alder reaction. 

    2.2.1   RNA-Cleaving DNAzymes 

 The RNA-cleaving DNAzyme is the most frequently isolated and studied DNAzyme. 
They catalyze the phosphodiester bond cleavage of their RNA substrate. The 10-23 
and 8-17 DNAzymes, fi rst reported by Santoro and Joyce in 1997  [  4  ] , are the best-
studied and most widely used RNA-cleaving DNAzymes (Figure  2 a and  2 b). They 
are named by the round and clone number in their respective selections. The com-
puter algorithm mfold  [  67  ]  has predicted that both DNAzymes have small catalytic 
cores of only 13 to 15 nucleotides. The 10-23 catalytic core is composed of an unstruc-
tured loop while the 8-17 catalytic core is composed of a three-base-pair stem, an 
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  Figure 2    The predicted secondary structures for various RNA- and DNA-cleaving DNAzymes. 
Enzyme strands are in black and substrates are in grey. Black arrows indicate the cleavage site. 
Black lines between the enzyme and substrate strand indicate Watson-Crick base pairing. ( a ) The 
8-17 DNAzyme; black dot indicates a wobble base pair. ( b ) The 10-23 DNAzyme, Y = pyrimidine, 
R = purine. ( c ) Ascorbate-independent DNA-cleaving DNAzyme, black dots indicate formation of 
triple helix; oxidative cleavage occurs on the sugar ring. ( d ) DNA-hydrolyzing DNAzyme.       
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AGC trinucleotide loop, and an ACGA(A) loop. The cleavage site of 10-23 is a phos-
phodiester bond at the 3′-end of a single nucleotide fl anked by two completely com-
plementary substrate binding arms. The 8-17 cleavage site is similar to that of the 
10-23 DNAzyme, but has an unpaired nucleotide with a G•T wobble pair immedi-
ately downstream from it. The initial selection of the 8-17 DNAzyme is only reported 
to cleave a 5′-AG-3′ junction, while the 10-23 DNAzyme is capable of cleaving 
any purine-pyrimidine (5′-RY-3′) junction  [  4  ] . Later biochemical characterizations 
 indicated that both DNAzymes carry out the catalysis in a similar manner: metal 
assisted deprotonation of the 2′-hydroxyl, and the resulting oxyanion attacks the 
phosphate group nearby leading to cleavage  [  5,  56,  68–  71  ] . This strategy is also used 
by naturally occurring ribozymes and endonucleases  [  72,  73  ] .  

 One surprising aspect of the 8-17 DNAzyme is that this DNAzyme has been 
isolated numerous times by different groups under very different conditions 
 [  5,  7,  9,  70,  74,  75  ] . Several later selections were also carried out and isolated many 
more 8-17 variants. All these studies suggest that the 8-17 DNAzyme is a small, 
effi cient sequence that occurs very frequently during  in vitro  selections. The large 
number of 8-17 variants aids later biochemical studies substantially  [  76  ] . 

 The 10-23 DNAzyme has been widely used as a therapeutic agent for suppress-
ing RNA levels in various systems  [  56,  57,  60  ]  and for degrading viral RNA 
 [  58,  59,  61  ] . The 8-17 DNAzyme has numerous applications in nucleic acid detec-
tion  [  77,  78  ] , metal ion sensing  [  79–  81  ]  and DNA computing  [  82–  87  ] .  

    2.2.2   DNA-Cleaving DNAzymes 

 Besides catalyzing RNA cleavage, DNAzymes can also catalyze DNA cleavage 
via different types of mechanisms  [  11–  16  ] . Because DNA is intrinsically more 
stable than RNA, DNAzymes that are capable of catalyzing DNA cleavage 
demand a higher degree of complexity than their RNA-cleaving siblings. The fi rst 
DNA-cleaving DNAzymes were isolated in 1996 by Carmi, Schultz, and Breaker 
 [  11  ] . Both of the DNAzyme classes identifi ed in this experiment catalyze DNA 
cleavage via an oxidative mechanism; what distinguishes them is that they have 
different requirements for cofactors: the Class I catalyst requires both Cu 2+  and 
ascorbate while the Class II catalyst requires only Cu 2+ . However, these DNAzymes 
are not site-selective and their oxidative cleavage mechanism limits their applica-
tion to  ex vivo  purposes  [  11–  13  ] . Other DNA-cleaving DNAzymes were isolated 
in 2009 by Chandra, Sachdeva, and Silverman  [  14  ] . Unlike the Cu 2+ /ascorbate-
dependent DNAzymes, these new DNAzymes are capable of cleaving DNA by a 
hydrolytic mechanism using Zn 2+  and Mn 2+  as cofactors  [  14–  16  ] .  

    2.2.3   DNAzymes that Catalyze Ligation Reactions 

 The reverse reaction of RNA or DNA cleavage, RNA or DNA ligation, can also be 
catalyzed by DNAzymes. The fi rst RNA-ligating DNAzyme was isolated in 2003 
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by Flynn-Charlebois et al.  [  88,  89  ] . This DNAzyme is capable of ligating a RNA 
fragment with a 2′,3′-cyclic phosphate to the 5′-hydroxyl of a second RNA frag-
ment. The phosphodiester bond formed by this DNAzyme is a 2′-3′ linkage, unlike 
the naturally occurring 3′-5′ linkage in DNA  [  88,  89  ] . On the other hand, an RNA-
ligating DNAzyme that formed a 3′-5′ linkage was isolated in 2005. A 5′-triphos-
phate RNA and a DNAzyme that cleaves the 3′-5′ linkage were introduced into the 
selection process to favor the formation of the natural linkage  [  21,  90  ] . Detailed 
information on the RNA-ligating DNAzymes can be found elsewhere  [  56,  91  ] . 
Besides RNA ligation, DNA-ligating DNAzymes have also been reported  [  18,  19  ] .  

    2.2.4   Other DNAzymes 

 Other types of reactions that DNAzyme catalyze are listed in Table  1 . While most 
DNAzymes selected so far catalyze reactions that modify a nucleic acid substrate, 
two DNAzymes in particular catalyze reactions on non-nucleotide substrates: the 
PS2.M DNAzyme and the DAB22 DNAzyme  [  33,  34  ] . 

 The PS2.M DNAzyme was originally isolated as a DNA sequence that specifi cally 
binds to  N- methylmesoporphyrin (NMM), a transition-state analogue of a porphy-
rin metallation reaction  [  34,  35,  92,  93  ] . Later studies indicate that hemin [Fe(III)-
protoporphyrin IX], an inhibitor of porphyrin metallation, can also bind to the PS2.M 
DNAzyme, and the DNAzyme/hemin complex can catalyze the peroxidation of 
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) or luminol  [  35,  93,  94  ] . 
The rate of the DNAzyme catalyzed peroxidation is approximately 250 fold higher than 
the background rate measured in the presence of a control oligo. Instead of forming a 
helical structure, the 18-nucleotide PS2.M DNAzyme is proposed to have a G-quadruplex 
structure due to its high guanine content. This G-quadruplex structure of the PS2.M 
DNAzyme is also crucial for its metallation and peroxidase activity  [  93–  96  ] . 

 The DAB22 DNAzyme was isolated to catalyze a Diels-Alder reaction. It catalyzes 
the carbon-carbon bond formation between an anthracene and a maleimide with a 
rate of 0.7 M –1  s –1   [  33  ] . This rate is comparable to the ribozyme counterpart which 
carries out the same reaction  [  97  ] .    

    3   Biochemical Mass Spectrometric Studies of DNAzymes 

 Among the various types of DNAzymes, the RNA-cleaving DNAzymes have 
been best characterized because of their wide practical applications. These 
DNAzymes have been studied biochemically via activity assays, mass spectrom-
etry, and UV-induced cross-linking assays. These biochemical assays have pro-
vided information about the conserved motifs and catalytic mechanisms of these 
DNAzymes. 
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    3.1   Activity Assays 

 When these DNAzymes cleave their RNA-containing substrates, they generate 
products with different lengths. Thus, their activity can be easily monitored by 
PAGE. Vital information on these DNAzymes can be obtained by combining the 
activity assays with mutational studies. 

 The 10-23 and 8-17 DNAzymes have been studied most extensively by these 
methods  [  4,  68–  70,  98  ] . Basic biochemical parameters and their metal-dependent 
changes have been extracted from these studies and are shown in Table  2  (different 
variants of the 8-17 DNAzymes have also been shown for comparison). Both 10-23 
and 8-17 DNAzymes can catalyze reactions very effi ciently: their catalytic rates 
approach 10 min –1 , which is very close to that of naturally existing ribozymes  [  4  ] . 
Studies on the metal dependence of the 8-17 DNAzyme and its variants are much 
more extensive than that of the 10-23 DNAzyme. A study by the Lu group and 

   Table 2    Activity of the 8-17 and 10-23 DNAzymes in the presence of different metal ions.   

 Metal cofactor   k  
obs

 , min –1    k  
 cat 

 / K  
m
   p K  

a
   Refs 

 10-23 DNAzyme  50 mM Mg 2+   3.4  4.5 × 10 9   11.4   [  4,  71,  98  ]  
 25 mM Mn 2+   1.19  7.0 × 10 7   10.6 
 25 mM Ca 2+   0.863  1.4 × 10 7   12.9 
 25 mM Mg 2+   0.961  2.2 × 10 7   11.4 
 25 mM Ba 2+   0.101  0.26 × 10 7   13.5 
 10 mM Mn 2+   >4  n.r.  10.6 
 10 mM Mg 2+   0.28  n.r.  11.4 
 10 mM Ca 2+   0.12  n.r.  12.9 
 10 mM Sr 2+   0.026  n.r.  13.2 
 10 mM Ba 2+   0.015  n.r.  13.5 

 8-17 DNAzyme  2 mM Mg 2+    » 0.01  n.r.  11.4   [  4,  68,  70  ]  
 0.2 mM Pb 2+   0.47  n.r.  7.8 
 5 mM Zn 2+   12  n.r.  8.96 
 3 mM Mn 2+    » 0.1  n.r.  10.6 
 3 mM Mg 2+    » 0.002  n.r.  11.4 
 3 mM Ca 2+    » 0.02  n.r  12.9 

 17E DNAzyme  0.1 mM Pb 2+   5.75  n.r.  7.8 
 (8-17 variant)  10 mM Zn 2+   1.35  n.r.  8.96   [  68  ]  

 10 mM Mn 2+   0.24  n.r.  10.6 
 10 mM Mg 2+   0.017  n.r.  11.4 
 10 mM Ca 2+   0.015  n.r.  12.9 

 Mg5 DNAzyme  0.2 mM Pb 2+   2.1  n.r.  7.8 
 (8-17 variant)  5 mM Zn 2+   0.74  n.r.  8.96   [  68,  70  ]  

 3 mM Mn 2+   > 3  n.r.  10.6 
 3 mM Mg 2+   0.06  n.r.  11.4 
 3 mM Ca 2+   1  n.r.  12.9 

  n.r. = not reported  
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 others in 2003 demonstrated that the 17E, as well as other 8-17 DNAzymes, has a 
higher reaction rate in the presence of Pb 2+   [  68  ] . Interestingly, although both the 
10-23 and 8-17 DNAzymes were selected in the presence of Mg 2+ , Mg 2+  is not the 
metal cofactor that can induce the highest catalytic activity. Instead, Mn 2+  promotes 
the highest activity for the 10-23 DNAzyme and Pb 2+  has the same effect for the 
8-17 DNAzyme  [  68,  71,  98  ] .  

 In addition to the rate constants and metal dependence, important information 
about the conserved sequences required for the activities of these enzymes was 
obtained through mutational studies  [  98–  100  ] . In these studies, nucleotides in dif-
ferent positions in the DNAzyme were replaced with natural or unnatural bases, 
revealing the importance of the nucleotide or functional group at particular posi-
tions (Figure  2 a and  2 b). A deletion study carried out in 2004  [  100  ] , agrees with the 
original hypothesis that the 10-23 core is almost intolerant to mutations: only C 

7
  and 

T 
8
  deletion remain highly active. A C 

7
 /T 

8
  double deletion resulted in a 10-fold 

decrease in the catalytic rate in the presence of Mg 2+   [  4,  101  ] . Interestingly, a four-
nucleotide deletion (A 

5
 G 

6
 C 

7
 T 

8
 ) from the 10-23 DNAzyme still resulted in an active 

enzyme and the resulting DNAzyme was highly selective for Ca 2+   [  98  ] . Systematic 
mutagenesis of the 10-23 DNAzyme’s catalytic core revealed that the nucleotides 
closer to the borders (e.g., G 

1
 , G 

2
 , T 

4
 , G 

6
 , and G 

14
 ) are the least tolerant to mutation, 

while nucleotides in the center are much more tolerant  [  99  ] . Only a few of the muta-
tions in the region from positions 7-12 reduce the activity of the DNAzyme, which 
is not consistent with the original report in 1997  [  4  ] . In the same study, the authors 
have also tried to replace certain nucleobases with inosine and other nucleobase 
analogs such as 2-aminopurine and purine. The nucleotide analog substitutions 
indicate that the functional groups on certain bases are crucial for the 10-23 
DNAzyme’s activity, such as the 2-amino and the 6-keto groups on G 

14
 , as well as 

the exocyclic amino group on A 
5
 . 

 Similar investigations on the 8-17 DNAzyme and its variants  [  68,  102  ]  suggested 
a sequence requirement that is very close to the original proposal  [  4  ] , including the 
importance of a G•T wobble pair next to the cleavage site, a AGC loop, a 3-base pair 
stem and a single-stranded region with the sequence WCGA(A) (W = A or T). An 
unnatural nucleotide substitution study has also been performed on the 8-17 cata-
lytic core, stressing the critical role of N7 on A 

6
 , O6 on G 

7
 , and N2 on G 

14
   [  102  ] . 

Although the 8-17 DNAzyme was initially reported to cleave only a 5′-AG-3′ junc-
tion, later studies on other 8-17 variants demonstrated their capability to cleave all 
sixteen possible dinucleotide junctions with different rates  [  5,  9,  68,  75  ] . Mass spec-
trometric analysis of the substrate cleaved by the 8-17 DNAzyme suggested that 
different products were formed in the presence of different metal ions  [  5,  68  ] . When 
the cleavage reaction is catalyzed by Zn 2+  or Mg 2+ , the formation of 2′,3′-cyclic 
phosphate (at the 3′-terminus) was observed by MALDI-TOF mass spectrometry; 
when the reaction was catalyzed by Pb 2+ , 3′ (or 2′) monophosphate formation is 
observed at the 3′-terminus  [  68  ] . 

 In a recent mutational study, an abasic nucleotide or C3 acrylic spacer was 
substituted for the key residues within the catalytic core of the 8-17 and 10-23 
DNAzymes  [  103  ] . Besides reconfi rming that certain nucleotides are absolutely 
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required for the activities of these DNAzymes, the authors proposed that many 
other nucleotides within the catalytic core perform a chaperone-like function and 
they are only important for the optimal activity of the DNAzyme. Four nucle-
otides are absolutely required for both the 8-17 and 10-23 DNAzymes and coinci-
dentally, the positions and neighboring nucleotides of these four nucleotides are 
very similar.  

    3.2   Cross-linking Studies 

 The activity assays have provided vital information on the sequence and metal cofac-
tor requirements of the DNAzymes, but very little information about the structure of 
the DNAzymes. Several cross-linking studies carried out by the Sen group have 
provided some insight into the spatial arrangement of the DNAzyme  [  104–  106  ] . 
In these studies, halo- and thiosubstituted nucleotides were used to replace some of 
the nucleotides in the catalytic core of the 8-17 DNAzyme. Upon irradiation with 
UV light, these halo- and thiosubstituted nucleotides formed cross-linked adducts 
with nucleotides that are contacting. These adducts can be treated with piperidine, 
which causes the linked nucleotides to undergo deglycosylation and  b -elimination at 
the 3′ phosphate, resulting in strand cleavage  [  107  ] . The site of the crosslink can then 
be identifi ed via PAGE  [  104  ] . 

 The cross-linking study on the 8-17 DNAzyme in the presence of Mg 2+  revealed 
strong interaction between nucleotides in the A 

6
 G 

7
 C 

8
  loop, and particularly C 

13
 G 

14
  

with T 
2.1

  in the wobble pair (Figure  2 a). This result is in close agreement with previ-
ous mutational studies  [  68,  102  ] , stressing the importance of these nucleotides for the 
catalytic activity of the 8-17 DNAzyme. The authors provided a more interactive 
picture on the active site of the 8-17 DNAzyme based on available data: the AGC 
loop and the WCGAA region bend toward the cleavage site and the G•T wobble pair, 
forming close contacts between T 

2.1
 , A 

6
 , G 

7
 , C 

13
  and G 

14
   [  104  ] . A follow-up study 

addressing the cross-links formed in the presence of Pb 2+  showed only local contacts. 
No global rearrangements, e.g., contacts between the AGC loop and T 

2.1
 , were observed 

 [  105  ] . This Pb 2+ -dependent study, together with the mass spectrometric analysis of the 
cleavage products  [  68  ]  and FRET studies  [  108,  109  ] , suggest that Pb 2+  is a unique 
metal cofactor for the 8-17 DNAzyme. A stereo-chemical study of the active site resi-
dues of the 8-17 DNAzyme have also been reported using an iodine-mediated cross-
link approach. The study revealed that C 

13
  occupies an asymmetrical position which is 

critical for catalysis  [  106  ] . 
 Another study by Leung and Sen used an electron hole fl ow pattern, and suggested 

that C 
13

  and G 
14

  in the single-stranded loop region are highly solvent exposed. This 
observation agrees with what was previously known: that these two nucleotides are 
critical for catalysis. G 

7
 , in contrast, is not solvent-exposed, but is similar to a guanine 

within a double helix. This observation suggests that G 
7
  helps organizing the active 

site  [  110  ] . G 
7
 ’s lesser extent of solvent exposure seems to be in agreement with a 

previous study that indicated that G 
7
  is sensitive to steric hindrance  [  102  ] .  
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    3.3   Conserved Sequences and Motifs of DNAzymes 

 Among all the DNAzymes, the conserved sequence for the 8-17 DNAzyme is the 
most extensively studied. The members of this sequence family isolated from 
 in vitro  selections by several groups  [  4,  5,  7,  70,  111  ]  provide a good starting point 
for analyzing its sequence conservation. The fi rst published study of this DNAzyme 
suggested that its conserved sequence included the G•T wobble base pair, a 
3-base pair stem, an AGC trinucleotide loop, and a single-stranded region with the 
sequence WCGR(A) (W = A or T; R = A or G)  [  68,  102  ] . Later studies have shown 
that the conserved sequence of the 8-17 DNAzyme is smaller than previously 
thought, especially when the cleavage site is taken into account  [  9,  75,  112  ] . Based 
on these studies, only four nucleotides are strictly conserved: A 

6
 , G 

7
  in the tri-nucleotide 

loop, and C 
13

 , G 
14

  in the single-stranded region (see Figure  3 ).  
 Although not as extensively studied as the 8-17 DNAzyme, the motif for the 

10-23 DNAzyme has also been defi ned (Figure  3 )  [  4,  100,  101,  103  ] . Other DNAzyme 
motifs have been identifi ed through  in vitro  selection as well, but the sequence con-
servation of these DNAzyme motifs has not been studied yet in detail.  

    3.4   Reaction Mechanisms 

 Based on the biochemical studies carried out to date, the reaction mechanism of 
most RNA-cleaving DNAzymes is believed to be consistent with metal-assisted 
general acid-base catalysis. However, without the three-dimensional structure of 
any active DNAzyme, a detailed mechanism is still out-of-reach. In the case of the 
8-17 DNAzyme, cleavage product analysis shows that (with the exception of the 
Pb 2+ -catalyzed reaction) the products contain a 2′,3′-cyclic phosphate at the 3′-ter-
minus and a 5′-hydroxyl at the 5′-terminus  [  5,  68  ] . These cleavage products indicate 
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a nucleophilic attack from the 2′-hydroxyl on the scissile phosphodiester bond. The 
attack results in a 5-coordinated phosphate intermediate and the cleavage of the P-O 
bond leading to the formation of the products. In the presence of Pb 2+ , the cyclic 
phosphate is further hydrolyzed to a monophosphate (Figure  4 )  [  68  ] . This second 
step hydrolysis by Pb 2+  is observed in leadzyme (ribozyme) and protein  ribonucleases. 
From other studies, the rate of 8-17 catalyzed reactions plotted versus pH on a 
logarithmic scale is linear with a slope of one  [  5,  68,  113,  114  ] . This observation sug-
gests a single deprotonation event is the rate-limiting step, and this can be assigned 
to the nucleophilic attack of the 2′-hydroxyl.  

 A linear relationship between the rates of the reaction and the p K  
a
  values of the 

active metal cofactor hydrates has also been observed. This observation supports the 
idea that the deprotonation of the 2′-hydroxyl is assisted by the corresponding metal 
cofactors  [  72,  73  ] . Direct metal coordination is probably required for the 8-17 
DNAzyme catalysis, since the cobalt complex [Co(NH 

3
 ) 

6
 ] 3+  (a structural analogue of 

hexahydrate Mg 2+ , but incapable of coordinating to the ribose, phosphate and water) 
does not support the activity of the DNAzyme  [  115  ] . That no signifi cant activity can 
be observed for the DNAzyme in the presence of high concentration of monovalent 
ions, may also suggest that the metal cofactor plays a direct role in catalysis  [  116  ] ; 
in addition, metal cofactors can also assist the folding of this DNAzyme. The 10-23 
DNAzyme also employs a very similar mechanism, except for the hydrolysis of the 
cyclic phosphate to the monophosphate  [  69,  71,  103,  117  ] .   
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    4   Biophysical Studies of DNAzymes 

 To date, no three-dimensional X-ray or NMR structure of a DNAzyme in an active 
conformation has been published. The only crystal structure available is a 10-23 
DNAzyme that resembles a 2:2 enzyme:substrate complex in a four-way junction. 
This stoichiometry and conformation do not refl ect the active form of the 10-23 
DNAzyme. As work to obtain the three-dimensional structure of an active DNAzyme 
continues, the structure and folding of DNAzymes are being studied by various spec-
troscopic methods, such as Förster resonance energy transfer (FRET), circular 
dichroism (CD), Tb 3+  luminescence, and NMR. 

    4.1   FRET and Single Molecule FRET Studies 

 FRET is a widely accepted technique for studying the structural dynamics of biomol-
ecules in solution  [  118–  121  ] . Various types of macromolecule structures, such as 
double-stranded DNA, three- and four-way DNA junctions, hammerhead and hair-
pin ribozymes; as well as dynamic process, such as DNA/RNA folding, ribozyme 
catalysis, DNA/protein interactions, have been studied by FRET  [  122–  134  ] . In a 
FRET experiment, the molecule is labelled with donor and acceptor fl uorophores 
that exhibit spectral overlap between donor emission and acceptor excitation. Upon 
the excitation of the donor, fl uorescent energy can transfer to the acceptor depending 
on the distance between the two. The effi ciency of the energy transfer is highly sensi-
tive to inter-fl uorophore distance. From the change of the FRET effi ciency, the global 
conformation change can be deduced  [  135  ] . Although FRET studies are normally 
carried out with dual fl uorophores, multi-fl uorophore FRET has also been applied in 
protein studies  [  136-  138  ] . 

 The fi rst FRET study on the 8-17 DNAzyme involved a tri-fl uorophore labelled 
DNAzyme  [  135  ] . The 8-17 variant used in the study, 17E, was an inactive construct 
where the ribose at the cleavage site has been replaced with a deoxyribose. The three 
arms of the DNAzyme are labelled with three fl uorophores: 6-carboxyfl uorescein 
(FAM), Cy5, and 6-carboxytetramethylrhodamine (TMR) (as shown in Figure  5 a). 
The FRET effi ciency changes between FAM-TMR, FAM-Cy5, and TMR-Cy5 were 
monitored and the global conformation changes of the DNAzyme were monitored 
in the presence of Zn 2+ . The result indicates that the 17E DNAzyme undergoes a 
two-step folding process in the presence of Zn 2+ : at low Zn 2+  concentrations, the 
FAM-labelled arm folds towards the Cy5-labelled arm with a  K  

d
  of 19  m M; at higher 

concentration of Zn 2+  ( K  
d
  = 260  m M), the TMR-labelled arm folds towards the other 

two arms, forming a more compact structure.  
 Another tri-fl uorophore labelled FRET study emphasizing the folding of the 

8-17 DNAzyme with different cleavage junctions has also been carried out  [  139  ] . 
The study also revealed that the DNAzyme undergoes two-step folding in the 
 presence of Mn 2+ , where the fi rst folding step occurs at 1–10 mM Mn 2+  and is 
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 independent of the cleavage junction, and the second folding step occurs at 
20–200 mM Mn 2+  and is dependent on the cleavage junction. The 8-17 DNAzymes 
with purine-purine junctions folded at lower Mn 2+  concentration than the ones with 
pyrimidine-pyrimidine junctions  [  139  ] . 

 In 2007, two more FRET studies provided a more complete view on the metal-
dependent global folding and folding dynamics of the 8-17 DNAzyme (Figure  5 b) 
 [  108,  109  ] . Global folding of the DNAzyme was observed for both Zn 2+  and Mg 2+  
and lower concentration of Zn 2+  than Mg 2+  is required for the process. This observa-
tion is consistent with the fact that the 8-17 DNAzyme was active at lower concen-
trations of Zn 2+ . However, no conformational change is observed in the presence of 
Pb 2+ , the metal ion cofactor that supports the highest level of activity  [  108  ] . The 
second single molecule FRET (smFRET) study addressed the problem that the 8-17 
DNAzyme construct used in the ensemble FRET was inactive (Figure  5 c). The reac-
tion catalyzed by the 8-17 DNAzyme is followed in real-time in the smFRET study. 
Fluorescence time trace for each individual molecule was recorded and the FRET 
effi ciency was monitored. Changes in the FRET effi ciency corresponded to an indi-
vidual state in the dynamic process. In the presence of Zn 2+  and Mg 2+ , a folded state 
is observed before cleavage. In contrast, in the presence of Pb 2+ , cleavage is observed 

 A A

G
G

C

G G
C C

C

A
A

T

CG

A

5' 5' FAMFAM

TMRTMR

G

3'3'Cy5 5'
Cy5 5'

T

A

G
G

C

G G
C C

C

A
A

T

TC
G
A

5'5'

3'3'

G

3'3'
5'5'

T

Stem III
Ste

m I

Stem II

(T for internal labeling of Cy5)

a

b

c

Biotin

Streptavidin coated surface

rArA

Cy3

Cy5

  Figure 5    The 8-17 constructs used in various FRET studies. ( a ). The construct used for the 
tri-color FRET. ( b ). The construct for the bulk FRET study. Pairs of Cy5/Cy3 are separately 
labelled on Stem I/II, Stem II/III and Stem I/III. A thymine on Stem II is used for internal Cy5 
labelling. FRET effi ciencies between different stems were measured. ( c ). The construct for a 
smFRET study contained a riboA at the cleavage site. The Cy5 and Cy3 labelled DNAzyme:substrate 
complex is attached on the glass slide via a biotin-streptavidin interaction. The time-dependent 
FRET effi ciency was monitored in the presence of different divalent metal ions.       

 



232 Lan and Lu

without a folding step. These results reveal that the 8-17 DNAzyme uses an “induced 
fi t” catalytic mechanism in the presence of Zn 2+  and Mg 2+  while using a “lock-and-
key” mechanism in the presence of Pb 2+ . These results may help to explain why Pb 2+  
can support the highest rate of reaction  [  109  ] . 

 A comprehensive investigation on the folding and activity of the 8-17 DNAzyme 
in the presence of monovalent ions has been conducted by Mazumdar et al.  [  116  ] . 
Folding is observed by ensemble FRET for all monovalent ions examined in the 
study at high concentrations (Li + , Na + , NH  

4
  + , Rb + , and Cs + ), while only Li + , Na + , and 

NH    +4    confer activity. 
 A newly developed, three-color, alternating-laser excitation FRET method has 

been reported for studying the 8-17 DNAzyme with similar results. This new method 
may provide more detailed insights into the folding and reaction dynamics of 
DNAzymes in general  [  140,  141  ] .  

    4.2   NMR Studies 

 Although NMR spectroscopy can provide vital information on the specifi c interac-
tions between the nucleotides in the DNAzyme, only a limited number of NMR 
studies have been carried out with DNAzymes. The  1 H NMR spectra for the lead-
dependent DNAzyme selected in 1994 was fi rst obtained. No signifi cant chemical 
shift was observed when 0–19 mM Mg 2+  was titrated into the DNAzyme in solution. 
Unfortunately, no Pb 2+  titration was performed, since Pb 2+  is the active metal cofac-
tor. NMR spectroscopy has also been attempted on the 10-23 DNAzyme, but only 
the base pairing features between the substrate binding arms can be resolved; no 
information on the catalytic core was provided  [  101  ] . Further NMR analysis on 
DNAzymes could assist the understanding of the specifi c interactions, such as the 
DNA/DNA and DNA/metal interactions, and the catalytic mechanism  [  142  ] .  

    4.3   Other Spectroscopic Studies 

 Lanthanide ions (Lu 3+ , Tb 3+ , Eu 3+ ) have often been used as spectroscopic probes 
for nucleic acids, since they show sensitized luminescence by energy transfer from 
the nucleic acids  [  143–  149  ] . They are used in many ribozyme studies to probe the 
metal binding sites by competing with other cations. Luminescence lifetime measure-
ments can be used to determine the number of water molecules coordinated to the 
lanthanide ions. 

 Tb 3+  luminescence spectroscopy was recently used to study the metal binding in 
the 8-17 DNAzyme  [  150  ] . Tb 3+  can competitively and reversibly inhibit the Zn 2+ - 
and Pb 2+ -dependent enzyme activity. This property of Tb 3+  allowed a further study 
of the metal ion binding of the DNAzyme. Luminescence lifetime measurements 
indicated that 6–7 water molecules were coordinated to Tb 3+ . Since nine water 
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 molecules are normally coordinated to Tb 3+ , 2–3 water molecules were replaced by 
functional groups in the DNAzyme. A competition study indicated that Tb 3+  com-
petes differently for the Pb 2+  binding site from binding sites of other metal ions such 
as Zn 2+ , Mn 2+ , Co 2+ , Ca 2+ , and Mg 2+ . This study provides additional evidence for a 
unique interaction between Pb 2+  and the 8-17 DNAzyme, which has been indicated 
by all previous biochemical and biophysical studies. 

 In contrast to the inhibitory effect observed for the 8-17 DNAzyme, lanthanide 
ions are able to support the RNA-cleaving activity of the lead-dependent DNAzyme 
selected in 1994  [  151  ] . However, the mode of catalysis appears to be different from 
that of the lead driven catalysis. No pH-dependent activity was observed for any of 
the lanthanide ions tested, while a pH dependent activity is generally observed for 
Pb 2+ . The luminescence measurements indicate that the substrate alone is suffi cient 
for binding the Tb 3+  ion. Absence of the 2′-hydroxyl group on the substrate elimi-
nated Tb 3+  binding. 

 CD spectroscopy has also been used to study structural changes of the 8-17 
DNAzyme  [  116  ] . The transition between the right-handed B-form DNA to the left-
handed Z-form DNA can be monitored by CD spectroscopy. Formation of Z-DNA, 
as indicated by a negative peak at 294 nm, can be induced in the presence of molar 
concentrations of monovalent ions, such as Li + , Na + , Rb + , Cs +  or NH    +4    for DNA 
sequences with alternating GC bases  [  152–  157  ] . More importantly, the Z-DNA 
formation is also observed in the presence of micromolar concentrations of Zn 2+  and 
millimolar concentrations of Mg 2+ . The Z-DNA formation is attributed to the three-
base-pair stem in the catalytic core, since the mutation of the middle GC to AT 
eliminates the Z-DNA formation. No Z-DNA formation is observed in the presence 
of Pb 2+ . The CD study correlates very well with previous FRET studies showing that 
Zn 2+  and Mg 2+  have a different mode of interaction with the DNAzyme from Pb 2+  
 [  108,  109  ] .  

    4.4   Structural Features Learned from the Biophysical Studies 

 Without any high-resolution crystal or NMR structure of an active DNAzyme, the 
precise structure of the DNAzyme responsible for the catalytic activity is largely 
unclear. However, from the biochemical and biophysical studies, certain important 
structural features of DNAzymes, especially those of the 8-17 DNAzyme, can be 
deduced and are summaried below. 

 First, global folding of the 8-17 DNAzyme in the presence of Zn 2+  and Mg 2+  (as 
well as high concentrations of monovalent ions) can be observed and this folding is 
required for activity. Second, a local B-to-Z DNA transition occurs in the stem 
region inside the catalytic core. Third, the cross-linking study points out that several 
key nucleotides make contact in the catalytic core: the AGC trinucleotide loop folds 
back and contacts the dinucleotide cleavage junction; C 

13
  and G 

14
  are also in close 

contact with the cleavage junction. Fourth, the metal binding site appears to be in 
the WCGAA region as mutagenesis studies indicated. Last, Pb 2+  is the exception to 
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all four points mentioned above as no global folding or B-to-Z DNA transition is 
observed in the presence of Pb 2+ . In addition, limited nucleotide contacts are detected 
via the photo cross-linking study and the site of Pb 2+  binding, as indicated from all 
the studies, is different from that of Zn 2+  and Mg 2+  binding. 

 Some of these structural features can be also observed for the 10-23 DNAzyme, 
such as the structural rearrangement to a more compact structure upon Mg 2+  binding 
 [  158  ] . The nucleotide responsible for metal binding is also deduced  [  117  ] . However, 
these studies on the 10-23 or other DNAzymes are much less comprehensive in 
comparison with those of the 8-17 DNAzyme.   

    5   Biosensing Applications of DNAzymes 

 Heavy metal ion contamination can often pose signifi cant hazards to the health 
of the general public and the environment. Developing analytical tools for their 
detection is an important way to monitor contamination. Currently, heavy metal 
ions are analyzed by various instrumental techniques, such as atomic absorption 
spectrometry, inductively coupled plasma mass spectroscopy, anodic stripping 
voltammetry, and X-ray fl uorescence spectrometry. Although these instrumen-
tal techniques are very sensitive to heavy metals (often lower than ppb level) 
 [  159  ] , they require advanced equipment, skilled operators, and pretreatment of 
samples, and therefore, on-site and real-time monitoring is diffi cult to achieve 
 [  160–  162  ] . 

 The rational design of small-molecule based chemical sensors for metal ions 
are challenging because it often involves try-and-error processes. The combinato-
rial search for metal ion sensors presents a new opportunity. Isolated from combi-
natorial  in vitro  selection experiments, DNAzymes often possess high metal 
selectivity, such as the 8-17, 39E, and the classic lead-dependent DNAzyme 
 [  3,  5,  10,  68  ] . These RNA-cleaving DNAzymes are specifi c for a wide range of 
metal ions, have small catalytic domains, and have a fast reaction rate  [  163–  167  ] . 
Combined with the high stability and the low cost of synthesis for DNA, DNAzymes 
represent good candidates for biosensing applications. 

    5.1   Fluorescence Sensors 

 Fluorescence-based sensors can provide high sensitivity with common benchtop or 
even portable fl uorometers. Fluorophores and quenchers are normally covalently 
attached to DNA in fl uorescence-based DNAzyme sensors. Recently, fl uorescence 
sensors without chemically linked fl uorophores have also been developed. These 
labelled free sensors without the chemically linked fl uorophores have benefi ts due 
to their lower cost. 
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    5.1.1   Labelled Fluorescence Sensors 

 The fi rst fl uorescence DNAzyme sensor was reported in 2000 by Li and Lu based on 
the 8-17 DNAzyme for the detection of Pb 2+  (Figure  6 a)  [  38  ] . In this sensor, the fl uo-
rophore 6-carboxytetramethylrhodamine (TAMRA) was covalently attached to the 
5′-end of the substrate strand and a quencher (4-(4′-dimethylaminophenylazo)ben-
zoic acid, or Dabcyl) was attached to the 3′-end of the enzyme strand. As a result, in 
the absence of Pb 2+ , the enzyme and substrate were held together by Watson-Crick 
base-pairing because the melting temperature was above room temperature, result-
ing in a low fl uorescence quenched state. In the presence of Pb 2+ , the 8-17 DNAzyme 
catalyzed the cleavage of the substrate. The cleaved substrate was unstable at room 
temperature due to its lowered melting temperature with its complementary strand, 
and therefore it was released from the enzyme strand. The end result was that the 
fl uorophore was separated from the quencher and an increase in the fl uorescence 
could be detected with a fl uorometer. By this design, the DNAzyme based biosensor 
is able to detect Pb 2+  at concentrations as low as 10 nM, which is lower than 72 nM, 
the maximum contamination level for drinking water as defi ned by the U.S. EPA.  

 The sensor also has 80–1000 fold selectivity against other metal ions because of 
the intrinsic selectivity of the 8-17E DNAzyme  [  68  ] . One drawback of this design 
is the high background fl uorescence even when the assay is carried out at 4°C. As a 
result, only a low fl uorescence enhancement is observed (60%). In a new design, a 
second intramolecular quencher was introduced into the system and an over six-fold 
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increase in fl uorescence was obtained at room temperature (Figure  6 b)  [  39  ] . Because 
of the robust performance, many of the newer fl uorescent sensors have been based 
on this dual-quencher design  [  10,  36,  40–  42,  168  ] . 

 Some of these sensors possess extremely high sensitivity and selectivity, in some 
cases they can surpass many instrumental methods. For example, a fl uorescent sen-
sor based on the UO    +2

2   -dependent 39E DNAzyme with incorporated asymmetric 
 substrate binding arms and a dual-quencher can detect as low as 45 pM of UO    +2

2    in 
solution, which is lower than the detection limit of ICP-MS for uranium (420 pM) 
 [  10  ] . The toxic level in water for uranium is 130 nM defi ned by the U.S. EPA. 
Besides its high sensitivity, this sensor also has an over 1-million fold selectivity 
against the next best competing ion Th(IV) and hundreds of millions fold selectiv-
ity over other metal ions  [  169  ] . The improved Pb 2+  sensor based on the lead-depen-
dent DNAzyme can also offer a 40,000-fold selectivity against other metal ions 
 [  36  ] , which is a signifi cant improvement over the 8-17 DNAzyme-based sensors. 

 Besides modifying the termini of the DNAzyme and the substrate, internal label-
ling of the fl uorophore and quencher can also be used (Figure  6 c). Both rational 
design and combinatorial selection methods have been used for such a sensor design. 
In the rational design study, different fl uorophore and quencher pairs were placed on 
various positions across the cleavage site of the 8-17 DNAzyme. In general, higher 
fl uorescence enhancement was obtained from the internally labelled fl uorophore 
and quencher, with the strongest signal producing an 85-fold enhancement  [  170  ] . 
Combinatorial selection of metal sensors can be accomplished by introducing a 
fl uorophore and a quencher into the  in vitro  selection of metal-dependent DNAzymes. 
This type of selection has been carried out by Li and coworkers and they have iso-
lated DNAzymes with high fl uorescent enhancements and high catalytic rates 
 [  171,  172  ] . 

 Replacing organic dyes with quantum dots (QDs) has become popular. Quantum 
dots have advantages over organic dyes in terms of their size-dependent emission, 
single wavelength excitation, higher quantum yield and higher photo stability 
 [  173,  174  ] . Therefore, using QD can potentially give higher sensitivity and allow 
multiplex detection. Using QD-linked DNAzymes, Wu and coworkers demonstrated 
the simultaneous detection of Pb 2+  and Cu 2+  with very high sensitivity (0.2 nM for 
Pb 2+  and 0.5 nM for Cu 2+ ). In this study, QDs with different emissions were attached 
to the substrates of the 8-17 DNAzyme and a Cu 2+ -dependent DNAzyme; the 
 substrate was also covalently attached to a quencher at the 3′-terminus. Both 
DNAzymes also had a quencher attached at the 5′-terminus. Before cleavage, the 
fl uorescence of the QDs were quenched; after addition of metal ions, cleavage of the 
substrates released the quenchers and fl uorescence enhancement could be observed 
when the QDs were excited with a single excitation wavelength  [  175  ] . Replacing 
the quencher with gold nanoparticles can also achieve a lower detection limit 
because of the better quenching by gold nanoparticles compared to organic dyes 
 [  176,  177  ] . A recent study has demonstrated that use of a gold nanoparticle, a fl uo-
rophore dual-labelled substrate, and the 8-17 DNAzyme can achieve a detection 
limit as low as 5 nM  [  178  ] .  
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    5.1.2   Label-Free Fluorescence Sensors 

 Labelling the DNAzyme with fl uorescent tags costs extra time and materials and 
they may potentially interfere with enzymatic activities. Therefore, fl uorescence 
sensors without these external tags will have an advantage in these aspects. Recently, 
several label-free fl uorescence sensors have been developed by various groups. 

 One of the methods for designing label-free sensors involved DNA intercalating 
dyes. The extrinsic fl uorophore 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) 
was demonstrated to be a general route to design label-free fl uorescence sensors. In 
two different studies, an abasic site or vacant site was introduced into the double-
stranded region of the 8-17 DNAzyme-substrate complex. The fl uorophore ATMND 
can bind to the opposite nucleotide of the abasic or vacant site via hydrogen bonding 
and base stacking. When ATMND is bound, its fl uorescence is quenched. Upon 
cleavage, the release of the substrate causes the release of ATMND into solution, 
resulting in a fl uorescence enhancement. This design was applied to both the 8-17 
DNAzyme and 39E DNAzyme to develop sensors for Pb 2+  and UO    +2

2
  . Both sensors 

retained high sensitivity and selectivity  [  179,  180  ] . 
 Another label-free fl uorescence sensor was reported by Zhang et al. utilizing 

the double-stranded DNA chelating dye Picogreen and the 17E DNAzyme for the 
detection of Pb 2+ . The dye binds to double-stranded DNA in the absence of Pb 2+ , 
producing a high fl uorescence state; after addition of Pb 2+ , catalytic cleavage of the 
substrate causes dissociation of the enzyme-substrate complex, releasing the che-
lated dye and reducing the overall fl uorescence. Because of the “turn-off” nature of 
this system, a higher detection limit of 10 nM is reported when compared to the 
ATMND system  [  181  ] .   

    5.2   Colorimetric Sensors 

 Although fl uorescence sensors can offer high sensitivity and selectivity for detec-
tion, they still require instruments for signal output. Even a small portable fl uo-
rometer can be a limitation for on-site and real-time detection because of cost 
issues. Colorimetry is ideal for its convenience because the presence of the ana-
lyte can be seen directly by a color change. Metallic nanoparticles, especially gold 
nanoparticles (AuNPs), display strong distance-dependent optical properties and 
very high extinction coeffi cients  [  182  ] . The change from a disperse state to an 
aggregate state of 13 nm AuNPs causes a color change from red to blue. Due to 
the polyanionic nature of DNA, aggregation of DNA-functionalized AuNPs can 
be prevented even in molar concentration of NaCl while bare AuNPs are less 
stable because of the salt-induced screening effect  [  183  ] . In addition, DNA has 
also been demonstrated to control the assembly or disassembly of AuNPs  [  184–
  186  ] . These properties have been utilized to design colorimetric sensors 
 [  182–  185,  187,  188  ] . 
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    5.2.1   Labelled Colorimetric Sensors 

 The fi rst colorimetric sensor for Pb 2+  detection was based on the assembly and dis-
assembly of gold-nanoparticles in the presence of the 8-17 DNAzyme. In this 
design, both substrate arms were extended and the two extended regions were 
designed to hybridize to their complementary strands on DNA-functionalized 
AuNPs (Figure  7 a). In the presence of the enzyme strand, aggregate of AuNPs 
linked by the enzyme-substrate complex can form after a heating-and-cooling 
hybridization process. This DNA-AuNPs aggregate has a blue color. To perform 
sensing, the aggregate is heated to 50°C and then followed by a cooling process 
controlled by the presence of Pb 2+ . If Pb 2+  is present, cleavage of the substrate can 
prevent the formation of the blue aggregate again and a red color can be observed 
by spotting the sensing solution onto a TLC plate  [  47  ] . The initial colorimetric sen-
sor required multi-step operation and long detection time; additionally, the detec-
tion limit (~100 nM) was about 50 times higher than the fl uorescence sensor. Since 
this design was originally published, several improvements to the original sensor 
have been made. The heating-and-cooling process was eliminated by designing a 
tail-to-tail arrangement of AuNPs and the detection time was decreased to 5 minutes 
by increasing the size of the AuNPs used from 13 nm to 42 nm. These improvements 
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  Figure 7    Designs for labelled colorimetric sensors. Grey circles denote gold nanoparticles 
(AuNPs). ( a ) The fi rst colorimetric DNAzyme sensor based on the assembly and disassembly 
of AuNP-DNA aggregates. In this design, the AuNPs were arranged in a head-to-tail maner. 
( b ) Improved design based on a head-to-head AnNP organization. ( c ) Colorimetric sensor design 
that utilizes an invasive DNA.       
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to the kinetics of the sensor came at the price of changing the original “turn-on” 
sensor to a “turn-off” sensor, since no color change can be observed in the presence 
of Pb 2+  (Figure  7 b)  [  52  ] .  

 To achieve fast and “turn-on” sensing with DNAzymes, small fragments of inva-
sive DNA have been used to assist the disassembly of the DNA-AuNPs aggregate 
(Figure  7 c)  [  189,  190  ] . Later, by using asymmetric substrate binding arms, the disas-
sembly of the DNA-AuNPs aggregate can occur without the presence of invasive 
DNA at room temperature  [  191  ] . A similar design has been applied to the 39E 
DNAzyme to develop a UO    +2

2    sensor  [  48  ] . 
 Other than cleaving DNAzymes, a Cu 2+ -dependent ligation DNAzyme has also 

been used for designing colorimetric sensors by similar methods. The use of a liga-
tion DNAzyme has the advantage of an extremely low background and therefore a 
high sensitivity  [  192  ] .  

    5.2.2   Label-Free Colorimetric Sensors 

 The colorimetric, label-free detection of an analyte is probably the most favorable 
method from the end user’s perspective. Such a detection method is possible with 
DNAzymes and AuNPs. A label-free sensor employs the different absorption prop-
erties of ss- and dsDNA on citrate-coated AuNPs. Single-stranded DNA can adsorb 
onto AuNPs via its nucleobases and enhance the salt stability of AuNPs. Without 
exposed nucleobases, the negatively charged phosphate backbone of dsDNA repels 
the negatively charged AuNPs. Therefore, no enhanced salt stability can be observed 
when dsDNA is present to AuNPs  [  193  ] . 

 Both Pb 2+  sensors (8-17 DNAzyme) and a UO    +2
2    sensor (39E DNAzyme) have 

been developed  [  48,  49  ] . Since no modifi cation is required for detection, after the addi-
tion of metal ions to the solution containing the DNAzyme and the substrate, the reac-
tion is quenched by addition of EDTA or adjusting the pH after a period of time. 
Detection is performed by addition of 13 nm AuNPs to the reaction mixtures. The 
presence of cleaved products then can protect AuNPs from aggregating due to salts 
present in the reaction system and as a result, no color change is observed. Although 
being a “turn-off” sensor, this system can achieve very low detection limits (1 nM for 
UO    +2

2    and 3 nM for Pb 2+ ). A similar label-free Pb 2+  sensor has also been reported 
using bare gold nanoparticles, but with a higher detection limit of 500 nM  [  50  ] . 

 All of the sensing methods described above require careful and accurate ali-
quots of small microliter amounts of solution, making it diffi cult for the general 
public with minimal scientifi c background or training to carry out the experiment 
successfully. Toward this goal, a dipstick test has been developed based on the 8-17 
DNAzyme and AuNP conjugates for detection of Pb 2+  with practical application 
for detecting Pb 2+  in paints (Figure  8 )  [  53  ] . In this study, the substrate carried a 
3′-biotin modifi cation and the 5′-end was extended with a thiol group. The sub-
strate was conjugated to the AuNPs via thiol-gold chemistry. The dipstick is made 
of four overlapping pads: the wicking pad, the conjugation pad, the lateral fl ow 
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membrane and the absorption pad, held in place on a backing sheet. The enzyme-
substrate was annealed and spotted onto the conjugation pad of the dipstick. 
Streptavidin was spotted on the membrane at the control zone. Capture DNA which 
is complimentary to the releasing part of the cleaved substrate was spotted as the 
test zone. After all the components dried on the membrane, the dipstick can be used 
for sensing. If no Pb 2+  is present, all the DNA-AuNPs conjugates were captured by 
the streptavidin at the control zone, and one red line results; if Pb 2+  is present, the 
cleaved substrate with the conjugated AuNPs can travel up the membrane with the 
buffer fl ow and be captured by the capture DNA. Since the cleavage reaction is 
generally not 100%, two lines can often be observed. With this procedure, a 5  m M 
detection limit is obtained. With a modifi ed procedure, in which the reaction is car-
ried out in solution and detection is performed on the dipstick, a 500 nM detection 
limit is achieved.    

    5.3   Electrochemical Sensors 

 Besides sensors with optical detections, electrochemical DNAzyme sensors have also 
been demonstrated. Electrochemical sensors have the advantages of high sensitivity, 
low cost of the electronic device detector, and convenience due to its miniaturization 
 [  79  ] . The fi rst electrochemical DNAzyme sensor was reported by Xiao et al.  [  54  ] . 
In this study, the 8-17 DNAzyme was modifi ed with a 3′-methylene blue (MB) group 
and it was 5′-thiolated. The DNAzyme was then conjugated to a gold electrode. When 
the substrate hybridized to the enzyme strand, the relatively rigid complex prevented 

Membrane backing
Control Test zone

Lateral flow membraneWicking pad

Absorption padConjugation Pad

Lateral flow direction

  Figure 8    Design of the dipstick for lead detection. The star denotes a control line with streptavidin 
and the black lines at the test zone denote the capture DNA. The dipstick involved has four overlap-
ping pads on a membrane backing. Buffer fl ows from the wicking pad towards the absorption pad. 
Uncleaved DNAzyme-substrate-AuNP conjugates are captured at the control line by streptavidin 
while the cleaved substrate-AuNP conjugates are captured at the test line by the capture DNA.       
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the MB group from approaching the electrode, thus preventing electron transfer. In 
contrast, the cleavage and release of the substrate allowed the MB to transfer elec-
trons to the electrode. The detection limit for Pb 2+  with this sensor was 500 nM. 

 Another electrochemical sensor based on the 8-17 DNAzyme was also reported 
but using a [Ru(NH 

3
 ) 

6
 ] 3+  and DNA-AuNPs for signal amplifi cation  [  55  ] . The ruthe-

nium complex can bind to the phosphate backbone of the DNA and the DNA-AuNPs 
hybridized to an extended region on the releasing arm of the substrate. In the absence 
of Pb 2+ , electron transfer from the ruthenium complex to the electrode was maximized 
and amplifi ed by the AuNPs; in the presence of Pb 2+ , the cleaved substrate was released 
from the DNA-AuNPs conjugate, resulting in a reduced number of ruthenium com-
plexes close to the electrode surface and loss of the amplifi cation from the AuNPs. 
Although being a “turn-off” sensor, this sensor was still highly sensitive, demonstrat-
ing a 1 nM detection limit because of signal amplifi cation.  

    5.4   Other DNAzyme Sensors 

 Instead of using other molecules to generate a fl uorescence signal, a hemin DNAzyme 
(PS2.M) has also been used. This DNAzyme was fi rst isolated as a cofactor to bind 
 N- methylmesoporphyrin  [  92  ] . Later, it was found that this sequence is able to catalyze 
porphyrin metallation  [  34,  94  ] . The hemin-DNAzyme complex has peroxidase activ-
ity, and as a result, its activity can be monitored by using common peroxidase sub-
strates, such as luminol and ABTS  [  93,  95,  96  ] . The Willner group was the fi rst to apply 
this DNAzyme in biosensing applications  [  194,  195  ] . The strategy for using the hemin/
DNAzyme complex as the signal module generally involves splitting the DNAzyme 
into two portions and each portion has an extension that can bind to the target  [  196  ] . 
In the case of a “turn-off” sensor, the presence of the trigger DNA will sterically hinder 
the formation of the hemin DNAzyme, and thus result in a “turn-off” state; when the 
trigger DNA is absent, the hemin DNAzyme is in the active state and can produce 
signals when luminol or ABTS is present  [  196  ] . A “turn-on” sensor was developed by 
fi rst locking a portion of the hemin DNAzyme using its complimentary sequence; in 
the presence of the target, the fully functional DNAzyme is released and produces a 
signal  [  197–  200  ] . More detailed reviews of this system are provided elsewhere  [  86  ] . 

 Other than solution phase sensors, DNAzyme-based sensors can also be prepared 
by surface immobilization. Surface immobilization allows lower background and 
sensor regeneration since unhybridized and cleaved substrate can be washed away. 
By covalently attaching the 8-17 DNAzyme with a fl uorophore-labelled substrate to 
a gold surface, a detection limit of 1 nM was achieved  [  201  ] . This detection limit is 
about ten times lower than most of the solution phase fl uorescent sensors using the 
same DNAzyme. Besides a lower detection limit, immobilization of the DNAzyme 
on a gold-coated nanocapillary membrane can retain the activity of the sensor for a 
30-day period at room temperature in a dried state  [  202,  203  ] . Other than gold sur-
faces, carbon nanotubes and silica gel have also been used to immobilize and entrap 
DNAzyme sensors  [  204,  205  ] . One step further for immobilized DNAzyme sensors 
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is the application in micro- and nanofl uidic devices. Immobilizing DNAzyme sen-
sors in these devices allow detection with a very small amount of materials. Generally, 
less than 1 nL of DNA solution is needed for sensing  [  44,  206  ] .   

    6   Concluding Remarks and Future Directions 

 In summary, a large number of studies have been carried out to understand the basic 
biochemistry of DNAzymes using the 8-17 and 10-23 DNAzymes as model sys-
tems. Many sensing applications based on these DNAzymes have been demon-
strated and some of these sensors are now available commercially  [  207  ] . 

 However, many aspects of these DNAzymes still remain to be understood, such 
as the nature of their metal binding site, their exact catalytic mechanisms, and most 
importantly, their active structures. Many more studies on these aspects will be 
needed to obtain a more complete picture of these DNAzymes. 

 The RNA-cleaving DNAzymes only represent one member of the DNAzyme 
family. Fundamental studies on the other DNAzymes are important to be able to 
understand this new class of enzymes. 

 Besides the basic studies on existing DNAzymes, we look forward to see more 
DNA catalysts, which can catalyze new types of reactions. New reactions, where 
the substrates are no longer nucleotides, are highly exciting, since they expand the 
practical application of DNAzymes into new territories. 

 For sensing applications, a major challenge is to apply the success of  in vitro  tests 
to sense and image metal ions in cells or even the human body. The study of the 
structure and mechanism of DNAzymes and their applications in sensing is a pri-
mary example of scientifi c endeavors that expand both our fundamental understand-
ing and exploration of the frontier of practical applications. Further advances in this 
fi eld will have great impacts in many areas of science, engineering, and society. 

 Abbreviations 

  ABTS    2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)   
  ATMND    2-amino-5,6,7-trimethyl-1,8-naphthyridine   
  AuNP    gold nanoparticle   
  CD    circular dichroism   
  Cy5    a cyanine dye   
  Dabcyl    4-(4′-dimethylaminophenylazo)benzoic acid   
  DNAzyme    deoxyribozyme   
  EDTA    ethylenediamine-N,N,N′,N′-tetraacetate   
  EPA    Environmental Protection Agency   
  FAM    6-carboxyfl uorescein   
  FRET    Förster resonance energy transfer   
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  hemin    Fe(III)-protoporphyrin IX   
  ICP-MS    inductively coupled plasma-mass spectrometry   
  MALDI-TOF    matrix-assisted laser desorption/ionization-time of fl ight   
  MB    methylene blue   
  NMR    nuclear magnetic resonance   
  NMM     N- methylmesoporphyrin   
  PCR    polymerase chain reaction   
  PAGE    polyacrylamide gel electrophoresis   
  QD    quantum dot   
  smFRET    single molecule Förster resonance energy transfer   
  ssDNA    single-stranded DNA   
  TLC    thin layer chromatography   
  TMR = TAMRA    6-carboxytetramethylrhodamine          
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