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Abstract 

RNA-cleaving DNAzymes provide a unique platform for developing biosensors. However, a 

majority of the work has been performed in clean buffer solutions, while the activity of some 

important DNAzymes in biological sample matrices is still under debate. Two RNA-cleaving 

DNAzymes (17E and 10-23) are the most widely used. In this work, we carefully studied a few 

key aspects of the 17E DNAzyme in human blood serum, including hybridization, cleavage 

activity and degradation kinetics. Since direct fluorescence monitoring is difficult due to the 

opacity of serum, denaturing and non-denaturing gel electrophoresis were combined for studying 

the interaction between serum proteins and DNAzymes. The 17E DNAzyme retains its activity in 

90% human blood serum with a cleavage rate of 0.04 min-1, which is similar to that in the PBS 

buffer (0.06 min-1) with a similar ionic strength. The activity in serum can be accelerated to 0.3 

min-1 with an additional 10 mM Ca2+. As compared to 17E, the 10-23 DNAzyme produces 

negligible cleavage in serum. Degradation of both the substrate and the DNAzyme strand is very 

slow in serum, especially at room temperature. Degradation occurs mainly at the fluorophore label 

(linked to DNA via an amide bond) instead of the DNA phosphodiester bonds. Serum proteins can 

bind more tightly to the 17E DNAzyme complex than to the single-stranded substrate or enzyme. 

The 17E DNAzyme hybridizes extremely fast in serum. With these understandings, detection of 

DNA using the 17E DNAzyme is demonstrated in serum.  
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Introduction 

Developing functional DNA based analytical tools has recently become a key topic in bioanalytical 

chemistry.1-6 DNAzymes are DNA-based catalysts, representing an important class of functional 

DNA. DNAzymes have been widely used because of their excellent activity, programmability, 

signal amplification through catalytic turnovers, and stability.6-9 The analytical application of 

DNAzymes can be classified based on target analytes. Some DNAzymes are active only in the 

presence of certain metal ions, and are used for metal sensing.10-16 Other types of analytes 

(including nucleic acids, small molecule metabolites and proteins) can be detected using the 

aptazyme technology, where an aptamer is coupled to modulate DNAzyme activity.17 

Most analytical applications of DNAzymes have been demonstrated in clean buffer solutions, 

while applications in biological sample matrices such as serum or cells are less explored.18-23 On 

a parallel research front, RNA-cleaving DNAzymes are used for intracellular mRNA cleavage in 

antiviral and anticancer applications.24 So far, these studies were performed by measuring only the 

final outcome (e.g., mRNA or protein suppression) without following the reaction steps. Results 

from different assays are sometimes inconsistent, and it is often difficult to identify a reason for 

such inconsistency. For example, concerns have been raised regarding DNAzyme activity in the 

presence of physiological concentrations of Mg2+.25-27 

An important aspect of expanding the analytical application of DNAzymes is to involve biological 

sample matrices.28 For example, a common perception is that free DNA might be quickly degraded 

by nucleases in biological fluids, keeping many researchers away from related studies.29 To move 

forward, a few important reaction steps need to be studied, including DNAzyme degradation, 

binding to proteins, hybridization kinetics, and finally, DNAzyme cleavage activity. Only once all 
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of these aspects are fully understood, can one confidently use DNAzymes for in vitro or in vivo 

sensing.  

We reason that serum is a suitable starting point for a systematic understanding of biological 

sample matrices.30, 31 Serum is readily available in large quantities compared to mammalian cell 

extracts. The overall chemical composition of serum is comparable to the intracellular environment 

in terms of ionic strength and protein concentration (Table S1), although the species of metal ions 

and proteins is quite different. 

For the purpose of RNA cleavage, two DNAzymes have been studied extensively.32 The 10-23 

DNAzyme was reported to have excellent activity for RNA cleavage, while the 8-17 (or 17E) 

DNAzyme has been researched more as a model for Pb2+ detection.10, 33 Both enzymes have 

excellent substrate generality and they cleave both full RNA and RNA/DNA chimeric substrates.32, 

34 The 17E DNAzyme is a well-characterized system,35-38 and various methods have been 

developed to engineer it into biosensors.1, 13, 16, 33, 39 In this work, we aim to study 17E in undiluted 

human blood serum. A brief comparison with the 10-23 DNAzyme is also made. Our results 

support the activity and analytical applications of 17E in such a complex matrix. 

 

Materials and Methods 

Chemicals. All of the DNA samples were purchased from Eurofins (Huntsville, AL). See Table 1 

for sequences. The metal salts were from Sigma-Aldrich. Sodium phosphate, 2-(N-morpholino) 

ethanesulfonic acid (MES) free acid monohydrate, 4-(2-hydroxyethyl) piperazine-1-

ethanesulfonate (HEPES), EDTA disodium salt dihydrate, and sodium chloride were from Mandel 

Scientific (Guelph, Ontario, Canada). Sodium dihydrogen phosphate dihydrate, and disodium 
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orthophosphate heptahydrate were from Fisher Scientific. Gel loading dye (6×) was from New 

England Biolabs. Human AB serum was from Mediatech (Manassas, VA, USA). TBE buffer (10×) 

and urea were from Biobasic (Markham, ON, Canada). All buffers and solutions were prepared 

with Milli-Q water. 

DNAzyme stability assay. The stability assays were performed with a final concentration of 90% 

serum and 0.5 μM labeled DNA. DNA was dissolved and diluted in 5 mM HEPES (pH 7.6). At 

designated time points, 1 μL of 5 μM FAM-labeled substrate or Cy5-labeled enzyme was mixed 

with serum. After incubation, a quenching solution containing 8 M urea and 1×gel loading dye 

was added. The degradation products were separated on a 15% denaturing polyacrylamide gel and 

analyzed using a ChemiDoc MP imaging system (Bio-Rad). 

Serum protein binding assay. Gel-based protein binding assays were performed with a final 

concentration of 0.5 µM inactive DNAzyme complex ([3FAM-sub] =0.5 µM, [17Ec] =1 µM). 

This complex was annealed in MES buffer (50 mM, pH 6.0, 25 mM NaCl). Human blood serum 

of different concentrations was diluted with 10 mM PBS buffer (pH7.5, 1 mM Mg2+, 2.5 mM Ca2+, 

150 mM NaCl). 1 µL of the complex was added to various concentrations of serum and incubated 

for 20 min. The products were analyzed using non-denaturing (no urea added) or denaturing 

(containing 8 M urea) polyacrylamide gel. For protein binding kinetics, 1 µL substrate (5 µM) and 

1 µL 17E (10 µM) were separately added to 8 µL serum. At designated time points, the quenching 

solution was added, followed by gel electrophoresis analysis. 

Activity assays. For a typical gel-based activity assay, 1 μL DNAzyme ([3FAM-sub] = 5 µM, 

[17E] =10 µM) complex was added to 9 μL serum or PBS to initiate the reaction. At designated 
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time points, samples were quenched with 8 M urea containing 20 mM EDTA and separated using 

15% denaturing polyacrylamide gel for analysis.  

DNA detection in serum. Prior to the assay, 3FAM-sub, 17E-F1 and 17E-F2 were mixed at a 

ratio of 1:1:1, and then diluted by serum with a final substrate concentration of 2.5 μM. The target 

DNA and mismatch DNA were diluted to various concentrations with serum. Then 1 µL of each 

of the abovementioned solutions were added to 7 μL serum, and 1 μL of 500 mM Ca2+ was added 

to accelerate the reaction. After 1 h incubation, the reaction was stopped by adding 10 μL 

quenching solution (8 M urea containing 20 mM EDTA) for gel-based analysis.  

Table 1. DNA oligonucleotides used in this study. 

DNA Name Sequence and modifications (from 5-terminus) 

3FAM-sub GTCACGAGTCACTATrAGGAAGATGGCGAAA–FAM 

5FAM-sub FAM–GTCACGAGTCACTATrAGGAAGATGGCGAAA 

17E  TTTCGCCATCTTCTCCGAGCCGGTCGAAATAGTGACTCGTGAC 

17E-Cy5 TTTCGCCATCTTCTCCGAGCCGGTCGAAATAGTGACTCGTGAC–Cy5 

17Ec TTTCGCCATCTTCCCCGAGCCGGTCGAAATAGTGACTCGTGAC 

17E-F1 GCTGGTCATCCAGCAGCGGTCGAAATAGTGACTCGTGAC 

17E-F2 TTTCGCCATCTTCTCCGAGCGTGTTCGACAATGGC 

10-23 GGTATCATCTTGAGGCTAGCTACAACGAGGTCAGACCGTCA 

10-23-sub TGACGGTCTGACCrATCAAGATGATACC 

Target DNA GCCATTGTCGAACACCTGCTGGATGACCAGC 

Mis-match GCCTTTGTCGAATTTTTTTTTGGATTTCCAGC 
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Results and Discussion 

Sample matrix considerations. Serum represents a very complex sample matrix for analytical 

chemistry. The activity of the 17E DNAzymes is strongly affected by pH and divalent metal ions.32, 

35, 40 However, these parameters are fixed in serum. The main chemical composition of serum is 

shown in Table S1. While additional metal salts can be added for analytical assays, adjusting pH 

appears to be less practical, especially for a small sample volume. For in vivo RNA cleavage 

applications, the physiological condition has to be used. Therefore, we performed most of our 

studies in the original serum without dilution or doping.  

Serum contains a higher concentration of Ca2+ than of Mg2+ (Table S1), and the 17E DNAzyme is 

more active with Ca2+.41 This also favors our studying 17E. The opacity of serum precludes the 

direct use of common fluorophore labels for in situ monitoring.42, 43 Instead, gel electrophoresis 

was employed, and the coefficient of variation (CV) is below 10% for most of our measurements. 

 

Figure 1. The secondary structures of (A) the 17E DNAzyme, (B) the inactive mutant 17Ec with 

a T base replaced by a C (in blue), (C) the substrate forming a duplex with the cDNA, and (D) the 

10-23 DNAzyme. The arrowheads point at the cleavage site.  
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DNAzyme stability in serum. Since nuclease-induced DNA degradation is a major concern, we 

first tested DNAzyme stability in serum. The 17E DNAzyme complex is comprised of a substrate 

and an enzyme strand (Figure 1A). The enzyme is a pure DNA chain and the substrate is a 

RNA/DNA chimera with a single RNA base (rA) at the cleavage site. 17E cleaves both full RNA 

and the chimeric substrate with similar activity.32 The substrate strand was studied first. To track 

degradation, its 3-end was labeled with a FAM (carboxyfluorescein, 3FAM-sub in Table 1). At 

22 C (i.e. room temperature), the substrate is quite stable in serum (90%), degrading only ~5% in 

2 h (Figure 2A, D). However, at 37 C (i.e. body temperature), degradation is much faster, reaching 

~30% in 2 h. A control experiment in PBS buffer shows no degradation at 37 C (Figure 2D, green 

dots, and Figure S1). We reason that degradation at higher temperatures might be due to protein 

enzymes in serum, which are more active at 37 C.  

The degradation pattern does not indicate cleavage at the RNA nucleotide position, which is a 

weak linkage susceptible for cleavage.44 This is concluded by comparing the degradation pattern 

to the RNA cleavage product after base treatment (the last lane of Figure 2A). Most degradation 

occurs near the FAM label, since the darkest degradation band corresponds to a very short piece 

of DNA or even the fluorophore alone. Therefore, this single RNA base does not seem to 

compromise the stability of the substrate in concentrated serum.  
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Figure 2. Gel-based stability assay (A-C) and quantification (D-F) at 22 C and 37 C for 

degradation kinetics in 90% human blood serum of 3FAM-sub (A, D), 5FAM-sub (B, E), and 

17E-Cy5 (C,F). See Table 1 for DNA sequence. The OH- treated lanes represent the product of 

cleavage at the RNA base (rA) position. In (C), three bands are observed in each lane and the top 

bands are DNA trapped in the well without migration.  

 

To confirm the effect of the FAM label, we also measured the same substrate bearing a 5-FAM 

(5FAM-sub). Interestingly, the same degradation pattern is observed (Figure 2B, E), further 

supporting that degradation occurs at the FAM label and the substrate itself is quite stable. Finally, 

the enzyme strand was tested with a Cy5 label (Figure 2C, F). It has slightly faster degradation 

kinetics compared to the substrate, and degradation also occurs near the Cy5 label. Therefore, the 

phosphodiester bonds in DNA are quite stable in serum (much more stable than that reflected from 

the degradation profile). Serum contains nucleases, but their activity is affected by DNA binding 

to proteins,45 which may contribute to the high DNA stability we observed. The fluorophores are 



10 
 

linked to DNA via amide bonds, which appear to be cleaved more easily in serum, possibly due to 

proteases in serum.46 We noticed that a fraction of the enzyme stands were retained in the wells of 

the gel without migration, indicating its complex formation with serum proteins. Overall, the 

DNAzyme is stable in serum for hours, which should be sufficient for most analytical work at 

room temperature. For long-term in vivo RNA cleavage, however, degradation needs to be reduced, 

which might be achieved via conjugation to nanomaterials,29 or using modified DNA.47  

Binding to serum proteins. The protein concentration in serum is quite high (60-80 g/L),48 

creating a crowded environment. In addition, proteins may bind the DNAzyme and affect its 

activity. Therefore, serum binding to DNAzyme was studied next. A few DNA complexes were 

prepared for this study (Figure 1A-C), and they were analyzed by both non-denaturing and 

denaturing gel electrophoresis. 

Figure 3A shows the non-denaturing gel. Lane 1 is the free 3FAM-sub in PBS buffer; lane 2 is 

the same substrate in serum, for which no migration occurs. Therefore, serum proteins can 

completely sequester the substrate strand under the non-denaturing condition.49 On the other hand, 

under denaturing conditions (denatured by 8 M urea, Figure 3B), all the substrate is released and 

migrates at the same speed as that in the PBS buffer. Since urea disturbs hydrogen bonds, hydrogen 

bonding appears to be important for the substrate-protein binding. Both types of gels contain 

EDTA, which chelates divalent metal ions and thus metal mediated interactions can be ruled out. 

To further confirm the binding mechanism, we then used urea alone or EDTA alone to treat the 

mixture before running a non-denaturing gel. The substrate was bound in the EDTA sample, but 

was free in the urea treated sample (Figure S2), supporting the critical role of hydrogen bonding. 

We further studied the effect of base composition, and a 15-mer poly-G DNA is fully retained by 
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serum even in the denaturing condition, while the other three DNA homopolymers are dissociated 

(Figure S3). Therefore, guanine is largely responsible for the binding interaction.49-51  

 

Figure 3. (A) Non-denaturing and (B) denaturing gel electrophoresis analysis of serum binding to 

the DNAzyme and control complexes. The composition of each lane is described in the table. (C) 

Non-denaturing and (D) denaturing gel of the inactive DNAzyme (3FAM-sub/17Ec) binding to 

different concentrations of serum. Quantification of the DNAzyme binding for (E) non-denaturing 

and (F) denaturing conditions. (G) Gel image for studying DNAzyme hybridization in serum using 

denaturing gel. Lane 1: 3FAM-sub in serum; lane 2: 3FAM-sub treated with NaOH; lane 3 and 
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4: mixing 3FAM-sub with 17E in serum for 2 sec and 2 min, respectively, before gel 

electrophoresis. 

 

Lane 3 is the full duplex consisting of the substrate and its cDNA in PBS buffer. Since it has a 

higher molecular weight, it migrates slightly slower than the free substrate in lane 1 of Figure 3A. 

In the denaturing gel (Figure 3B), this duplex is denatured and the substrate migrates the same as 

the free substrate. Lane 4 is the same duplex but in serum, and it is fully retained in both gels. 

Therefore, the duplex is maintained in serum even under the denaturing condition. Otherwise, the 

denatured single-stranded substrate should migrate as in lane 2 of Figure 3B. We can also conclude 

that the binding of the DNA duplex to the serum proteins is more stable compared to the binding 

of the single-stranded substrate alone under denaturing conditions.  

By searching the literature, a number of serum proteins were identified for specific DNA binding, 

such as DNA-binding protein 1 and 2. The amount of DNA binding proteins occupies ~1.5% of 

the total serum proteins.51 While these proteins can bind both single- and double-stranded DNA,50 

the duplex binding is less affected by urea based on our results. 

Lane 5 is the 17E DNAzyme complex in buffer, where cleavage occurred as expected, producing 

a shorter segment of DNA. Lane 6 is the DNAzyme complex in serum, and full retention was 

observed in the non-denaturing gel, similar to that in lane 4. The denaturing gel indicates that the 

DNAzyme is still active in serum: a fraction of the substrate was cleaved, and the rest was retained 

in the well. Therefore, even though the DNAzyme contains a large bulge, it still behaves like a 

duplex and can be tightly bound by serum proteins. Lanes 7 and 8 are the mutated inactive 

DNAzyme 17Ec complex (Figure 1B) in buffer and serum, respectively. In both cases, no cleavage 
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occurred, confirming the specific cleavage in lane 6. The last lanes are the NaOH treated substrate, 

showing the position of the cleavage product. These experiments indicate that serum proteins bind 

more strongly to the DNAzyme complex than to the single-stranded substrate.  

To quantify binding affinity, we used the inactive 17Ec DNAzyme (Figure 1B) to construct a 

binding curve. This complex was incubated with various concentrations of serum and denaturing 

gel was used for analysis (Figure 3C). More binding was observed with increasing serum 

concentration. From the binding curve (Figure 3E), the middle point is 9% serum. Next, we 

quantified binding under denaturing conditions (Figure 3D), and a similar pattern was observed, 

although the middle point is at ~25% serum (Figure 3F). The DNA-binding proteins occupy ~1.5% 

of the serum protein mass, and the molecular weight of such proteins is around 100,000.50, 51 We 

estimated the molar concentration of DNA binding proteins to be ~10 µM in undiluted serum, 

assuming total serum protein is 70 g/L. If all the DNAs were bound by these proteins, the Kd’s 

under non-denaturing and denaturing conditions are 0.9 and 2.5 µM, respectively. This affinity is 

comparable with previously reported for long duplex DNA.52 Taken together, concentrated serum 

proteins can bind the DNAzyme complex but such binding does not inhibit the DNAzyme activity. 

DNA hybridization kinetics. In a typical DNAzyme assay, the substrate and enzyme strands are 

pre-annealed to form the complex, which can be activated by adding divalent metal ions. In some 

applications, however, the enzyme strand needs to be added separately (e.g. for cleaving viral 

RNA), and DNAzyme hybridization is important in this case. We next studied the hybridization 

reaction. For this purpose, we need to separate the free substrate from the DNAzyme complex. 

Since in non-denaturing gel, the free substrate is associated with serum (e.g. lane 2 of Figure 3A), 

denaturing gel electrophoresis was employed.  
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The first lane (Figure 3G) is the substrate alone in serum, which migrates normally under 

denaturing conditions. Lane 2 is the NaOH treated sample showing the position of the cleaved 

substrate. Lanes 3 and 4 are the substrate and enzyme mixed in serum for ~2 sec and 2 min, 

respectively. Interestingly, hybridization was complete even after 2 sec (otherwise, the non-

hybridized free substrate should appear). Therefore, concentrated serum proteins do not impede 

DNAzyme hybridization. In fact, the crowded serum environment may even assist hybridization 

due to the macromolecular crowding effect.53-55  

Activity in serum. Even though serum proteins bind the DNAzyme, very fast hybridization can 

still occur and we also observed cleavage in some assays. To gain a quantitative understanding of 

DNAzyme activity, cleavage kinetics was measured. A typical gel is shown in Figure 4A, where 

time-dependent cleavage is observed in 90% serum. The cleavage rate is 0.04 min-1 (Figure 4C, 

red dots). When EDTA was added as a control, no cleavage was observed. Serum has a fixed pH 

and metal composition with a total Ca2+ and Mg2+ concentration being ~3.6 mM (Table S1). A 

similar rate (0.06 min-1) was observed in PBS containing a similar divalent metal concentration 

(Ca2+ = 2.5 mM and Mg2+ = 1 mM, Figure 4C, black dots). When an additional 10 mM of Ca2+ 

was used, the rate reached ~0.3 min-1 (Figure 4D, black dots). Therefore, the reaction rate is largely 

determined by the metal concentration. With 10 µM Pb2+ in buffer (no serum), the rate is estimated 

to be greater than 10 min-1 which is too fast to measure by manual pipetting (Figure 4D, green 

dots). However, Pb2+ was not added to serum because of its toxicity and it might be sequestered 

by serum proteins.56 We did not observe enhanced rate with additional Pb2+ or Zn2+ in serum 

(Figure S4). At physiological temperature of 37 C, the DNAzyme is also slightly faster (Figure 

S5). Overall, the physiological concentration of serum metal ions is useful for supporting the 

activity of the 17E DNAzyme. 
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Figure 4. Gel images for activity of (A) the 17E DNAzyme and (B) the 10-23 DNAzymes in 90% 

serum. (C) Activity of 17E in PBS and 90% serum. (D) Activity of 17E in 10 μM Pb2+ in 50 mM 

of MES buffer (pH 6.2), in 90% serum and serum with additional 10 mM Ca2+.  

 

To date, most RNA cleavage work was carried out with the 10-23 DNAzyme.24 This might be 

related to the initial biochemical characterization of this enzyme.32 For comparison, we also 

measured the cleavage of the 10-23 DNAzyme in serum (see Figure 1D for structure), and found 

that it barely cleaved any substrate (Figure 4B). Similar observations were also made in buffer 

(Figure S6). This supports the concern that RNA cleavage by the 10-23 DNAzyme in biological 

buffer conditions is hindered due to a lack of metal ions.25, 26, 57 On the other hand, the 17E 

DNAzyme is reasonably active in serum, making 17E a better choice for use in biological systems. 



16 
 

 

 

Figure 5. (A) Scheme of MNAzyme-based DNA detection. (B) Cleavage of the substrate strand 

as function of the target DNA concentration. (C) Specificity test with a non-target DNA.  

 

Detecting DNA in serum. An important application of DNAzymes is metal detection. While such 

applications have been demonstrated for intracellular metal detection,18-22 detection of non-metal 

targets is also important. After understanding various aspects of the DNAzyme in serum, we aimed 

to test its application for DNA detection. The main goal of this work is to study the sample matrix 

effect instead of designing new sensing strategies. Therefore, the previously reported MNAzyme 

technology was used.58 The enzyme strand was split into two halves and extended, which abolished 
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its activity (Figure 5A). Activity is achieved only in the presence of a target strand that can 

assemble the two enzyme halves. Indeed, we observed target concentration dependent cleavage in 

serum, with a detection limit of 6 nM (Figure 5B). The sensitivity can be improved by 

incorporation of other signaling methods such as lanthanide luminescence,43 gold nanoparticles or 

polymerase enzymes.59 We also observed high specificity; if a non-target DNA was added, no 

cleavage occurred (Figure 5C). Therefore, DNAzyme-based assays can still occur in undiluted 

serum.  

 

Conclusions  

In summary, we employed the 17E DNAzyme as a model system to study a few important steps 

of DNAzyme reaction in undiluted human blood serum. In general, DNA oligonucleotides and 

DNAzymes are tightly associated with concentrated serum proteins even under denaturing 

conditions. Degradation of the DNAzyme in serum is moderate and takes place at the fluorophore 

label instead of in the DNA backbone. Hybridization of the DNAzyme complex in serum is very 

fast and the activity of the 17E DNAzyme in serum is similar to the activity of that in PBS buffer 

with similar divalent metal ion concentrations. A faster reaction rate can be achieved by adding 

Ca2+ above the normal level in serum. Detection of DNA in serum is demonstrated based on the 

MNAzyme method. This work may stimulate new analytical opportunities for the DNAzyme 

community to develop biosensors in biological sample matrices.  
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