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Accelerating peroxidase mimicking nanozymes using DNA 
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DNA-capped iron oxide nanoparticles are nearly 10-fold more 

active as a peroxidase mimic for TMB oxidation compared to the 

naked nanoparticles. To understand the mechanism, the effect of 

DNA length and sequence is systematically studied, and other 

types of polymers are also compared. This rate enhancement is 

more obvious with longer DNA and in particular, poly-cytosine. 

Among the various polymer coatings tested, DNA offers the 

highest rate enhancement. Similar acceleration is also observed 

with nanoceria. On the other hand, when the positively charged 

TMB substrate is replaced by the negatively charged ABTS, DNA 

inhibits oxidation. Therefore, the negatively charged phosphate 

backbone and bases of DNA can increase TMB binding by the iron 

oxide nanoparticles and thus facilitating the oxidation reaction in 

the presence of hydrogen peroxide. 

 

Nanomaterials as enzyme mimics (nanozymes) have received 

considerable attention recently.1-3 A wide range of nanomaterials 

including gold nanoparticles,4, 5 metal oxides,6-9 and carbon-based 

materials10, 11 have been reported to have oxidase, peroxidase, 

catalase, and superoxide dismutase like activity. Among these 

nanozymes, iron oxide nanoparticles (e.g. Fe3O4 NPs) are 

particularly interesting because of their unique magnetic properties 

and applications in magnetic resonance imaging, drug delivery, and 

separation.2 Based on the peroxidase activity of Fe3O4 NPs, 

colorimetric biosensors for H2O2 detection have been developed 

using chromogenic substrates (e.g. 3,3',5,5'-tetramethylbenzidine 

(TMB), and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS)).12 When glucose oxidase is combined with Fe3O4 NPs, 

glucose can also be selectively detected.13 For practical applications 

and fundamental mechanistic understanding, factors affecting the 

peroxidase activity need to be fully addressed.14-17 For example, the 

surface Fe2+ content was found to be vital in its oxidation activity.6 

Prussian blue modified γ-Fe2O3 NPs have an elevated surface Fe2+ 

content and thus a higher enzymatic activity.15 Also, the role of 

surface charge on substrate oxidation was investigated and 

electrostatic interaction was found to be crucial for substrate 

binding.14 The activity of unmodified NPs is often quite low, and an 

important challenge in this field is to promote their catalytic 

activity. We reason this goal might be achieved via understanding 

the surface chemistry of the reactions. 

DNA-functionalized NPs represent an important hybrid material 

in bionanotechnology.18-21 Since the seminal work by the Mirkin and 

Alivisatos groups,22, 23 a plethora of DNA-NP conjugates have been 

reported for various applications, such as directed assembly of 

nanostructures,24-26 biosensing,27-30 and drug delivery.31 DNA 

functionalization not only improves the colloidal stability of NPs, 

but also provides additional molecular recognition ability (e.g. 

aptamers) toward metal ions, small molecules and proteins.29, 32, 33 

DNA-functionalized Fe3O4 NPs have been successfully used for 

detecting arsenate ions,34 and biomolecules.35 However, the effect 

of DNA modification on the intrinsic properties of Fe3O4 NPs is less 

explored. Herein, we communicate that DNA-modified Fe3O4 NPs 

exhibit significantly enhanced peroxidase activity for TMB oxidation 

compared the bare NPs. Further studies show that both surface 

charge and DNA base composition are important for modulating the 

substrate affinity to Fe3O4 NPs, and thus the catalytic activity. 

Peroxidases catalyse substrate oxidation in the presence of 

hydrogen peroxide. Fe3O4 NPs were first reported to have 

peroxidase activity in 2007.6 We characterized our Fe3O4 NPs using 

TEM (Figure S1). The NPs are spherical and  have a size range from 

20 nm to 50 nm. Slight aggregation was observed attributable to 

the unmodified surface. We are interested in studying naked NPs 

without strong capping ligands, so that the surface property can be 

better controlled. No obvious light absorption features were 

observed using UV-vis spectroscopy in the visible region from 400 

to 800 nm (Figure S2). At low NP concentrations used in this study, 

this low background absorption does not interfere with visual 

observation of color change from chromogenic substrates or 

quantitative spectroscopic measurements.  

TMB is a commonly used peroxidase substrate. We next tested 

oxidation of TMB by Fe3O4 NPs. TMB in the reduced state is 

colorless. DNA and Fe3O4 NPs alone do not oxidize TMB (Figure 1a 
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and Figure S2). In the presence of unmodified Fe3O4 NPs, TMB was 

slowly oxidized by H2O2, producing a moderate blue colour after 15 

min (Figure 1a). Interestingly, a strong blue color appeared when 

DNA was added to the reaction mixture. The change of absorbance 

at 652 nm is around 8-fold higher with DNA than that with only the 

unmodified Fe3O4 NPs (Figure 1b). Therefore, DNA has promoted 

the activity of Fe3O4 NPs as a peroxidase. To test the generality of 

this observation, we then employed Fe2O3 NPs. Fe2O3 was reported 

to have a lower peroxidase activity (likely due to the lack of Fe2+ on 

the surface),6 and DNA also induced faster colour change (Figure 

S3). This significant rate enhancement has prompted us to conduct 

more research for a better understanding. 

 

 

Figure 1. (a) Accelerated oxidation of TMB using the C30 DNA-

modified Fe3O4 NPs as a peroxidase mimic. The photographs of the 

reaction substrate and product are shown. (b) UV-vis spectra of the 

reaction products with and without DNA after 15 min reaction. 

 

Our previous work has indicated that DNA is tightly adsorbed by 

Fe3O4 NPs mainly via the phosphate backbone of DNA at neutral 

pH.34 From ζ-potential measurement, Fe3O4 NPs carry a negative 

charge at pH 7.6 and a positively charge at pH 4 (Table S2). Our TMB 

oxidation experiment was carried out at pH 4, and thus electrostatic 

interaction might also contribute to DNA adsorption. To evaluate 

the effect of DNA on the peroxidase property of Fe3O4 NPs, we first 

tested the kinetics of TMB oxidation as a function of DNA sequence. 

Fe3O4 NPs were incubated with 15-mer homo DNAs (A15, T15, C15, 

G15) at pH 4 (acetate buffer, 10 mM) for 10 min, followed by adding 

the substrate TMB. In the absence of H2O2, oxidation of TMB was 

slow and the added DNA did not alter the reaction (Figure S2). After 

adding H2O2, the reaction showed a DNA sequence dependent 

kinetics (Figure 2a). The order of reaction kinetics is: C > G > T > A > 

No DNA. The initial rate of the C15-Fe3O4 NP conjugate is 9 times 

faster than that of unmodified Fe3O4 NPs, showing a significant 

enhancement effect. While we reported the major binding between 

DNA and Fe3O4 NPs are from the phosphate backbone, the 

secondary structure of homo DNAs may cause different 

interactions. C15 was also found to be the most effective probe used 

for arsenate detection.34 The pKa of cytosine is 4.5, and a large 

fraction of the base at pH 4 is protonated, which may assist charge 

neutralization on the particle surface and reduce repulsion among 

DNA, allowing the packing of more DNA and accelerate the 

oxidation activity. 

Next, we tested the effect of DNA length on the rate 

enhancement. By fixing the total concentration of nucleosides, we 

used poly Cn (n = 5, 10, 15, and 30) to modify Fe3O4 NPs (e.g. the 

concentration of C5 is six times higher than that of C30). The initial 

rate exhibits a DNA length-dependent increase (Figure 2b). Poly C30, 

the longest DNA tested here, shows the largest enhancement, even 

though its molar concentration is the lowest. Longer DNAs have 

higher affinity with the Fe3O4 NPs due to the presence of more 

binding sites (e.g. polyvalent binding effect). This experiment 

strongly indicates that DNA adsorption affinity is crucial for activity 

enhancement. The fact that longer DNA provided higher activity 

suggests that the activity enhancement is from surface bound DNA.  

We further examined the effect of DNA concentration. As shown 

in Figure 2c, higher DNA concentration induced faster TMB 

oxidation. When the concentration is higher than 500 nM, the 

enhancement is less significant, likely due to surface saturation 

(Figure S4). This experiment also indicates that it is the surface 

adsorbed DNA instead of free DNA in this system to increase the 

peroxidase activity of Fe3O4 NPs.  

Since the peroxidase activity of Fe3O4 NPs is pH-dependent6 and 

pH may affect DNA adsorption, the effect of pH on the TMB 

oxidation was also tested. For the free Fe3O4 NPs (green bars, Figure 

2d), the reaction is more effective at lower pH (e.g. pH 4) as 

reported in the literature. The presence of DNA does not alter the 

pH-dependent activity trend, but has enhanced the rate at each pH. 

It is interesting to note that at pH 6, the color change of TMB with 

DNA modified NPs is comparable to that at pH 4 with the 

unmodified Fe3O4 NPs. Attaching DNA can expand the application of 

Fe3O4 NPs over a broader pH range. The kinetic data of these 

reactions are shown in Figure S5. 

 

 

 

Figure 2. Effects of DNA (a) sequence, (b) length, (c) concentration 

on the kinetics of TMB oxidation catalysed by DNA modified Fe3O4 

NPs. (d) The variation of absorbance at 652 nm as a function of pH 

values in the presence and absence of DNA. The error bars 

represent the standard deviation from three measurements. 

 

Using polymer coatings to modulate nanozymes activity was also 

reported in a few other systems.14 In those examples, electrostatic 

interaction between Fe3O4 NPs and the substrates (TMB and ABTS) 

was found to be important for the enzyme activity. If TMB 

(positively charged) was used as a substrate, more negatively 

charged particles showed higher kcat values.14 In another example, 
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DNA from PCR products was reported to inhibit o-

phenylenediamine oxidation, as the electrostatic interaction 

between the positively charged substrate and the negatively 

charged Fe3O4 NP surface is blocked by free DNA in solution and on 

particle surface.36 To understand the mechanism here, we first 

studied whether H2O2 and TMB can compete with DNA adsorption. 

We recently reported that H2O2 can efficiently displace DNA 

adsorbed by CeO2 NPs due to the strong affinity between H2O2 and 

CeO2.37 However, H2O2 only inhibited DNA adsorption by Fe3O4 NPs 

at a very high concentration (1 M) and no adsorption inhibition was 

observed at our experimental conditions (Figure 3a). TMB did not 

block and even slightly facilitated DNA adsorption onto Fe3O4 NPs 

(Figure 3b). Second, we examined the integrity of DNA by gel 

electrophoresis. One concern is that DNA might be degraded in the 

presence of H2O2 and iron species (e.g. via the Fenton chemistry). 

The control group (Fe2+/H2O2, lane 6, Figure 3c) indeed shows that 

the fluorophore tag on DNA (6-carboxyfluorescein, FAM) might be 

damaged due to generated hydroxyl free radicals indicated by the 

weak fluorescence intensity. However, DNA on the Fe3O4 NPs 

surface was not cleaved and the fluorophore was not damaged at 

our experimental conditions (lane 5, Figure 3c). Combined with 

fluorescence-based results, DNA remained intact on the surface 

during and after the peroxidase reaction.  

 

 

Figure 3. Kinetics of Alexa-DNA (50 nM) adsorption onto Fe3O4 NPs 

(25 µg/mL) at pH 4 (acetate buffer, 10 mM) in the presence of 

varying concentrations of (a) H2O2 and (b) TMB. The lack of obvious 

kinetic changes indicate that H2O2 and TMB do not inhibit DNA 

adsorption. (c) Gel image of DNA-Fe3O4 treated with H2O2. Lane 1 is 

a DNA ladder with FAM-A5, FAM-A15 and FAM-A30. Lane 2 is an 

untreated FAM-labeled 24 mer DNA. Lane 3-6 are the FAM DNA 

treated with various chemicals as indicated in the lanes. Acetate 

buffer (pH 4, 10 mM) was used for all samples. FAM-24 mer DNA 

(200 nM) was incubated with Fe3O4 NPs (25 µg/mL) or Fe2+ (50 µM) 

and H2O2 (10 mM) was added if necessary. 

 

One possibility is that DNA facilitates the adsorption of TMB by 

Fe3O4 NPs. With two amino groups, the nonoxidized TMB has a pKa 

of ~ 4.2 and is partially positive charged at pH 4 (Figure 4b). This 

may explain its affinity for DNA. If this hypothesis is true, the 

activity of Fe3O4 NPs should decrease when a negatively charged 

substrate is used. To test this hypothesis, we then employed 

another peroxidase substrate, ABTS. ABTS is negative charged due 

to the dual sulfate anions (Figure 4b). As shown in Figure 4a, after 

adding H2O2 (10 min), ABTS was oxidized by the unmodified Fe3O4 

NPs but not by the DNA-modified Fe3O4 NPs. DNA modification 

alters the surface charge of Fe3O4 NPs from positive to negative 

(Table S2). The charge repulsion between ABTS and DNA surface 

inhibits the oxidation reaction. To further prove the charge 

repulsion mechanism, we monitored the oxidation of ABTS at 

different ionic strengths. In the absence of DNA, increasing NaCl 

concentration slightly inhibited TMB oxidation. In the presence of 

DNA, we found that the enzymatic performance was gradually 

recovered by increasing NaCl concentration to screen charge 

repulsion and the activity is even higher than unmodified Fe3O4 NPs 

without additional NaCl (Figure 4c,d). 

 

 

Figure 4. Oxidation of ABTS (1 mM) in the presence of Fe3O4 NPs 

(50 µg/mL) at pH 4. (a) A photograph showing oxidation of ABTS 

producing a green colour. The reaction is inhibited by DNA 

modification. (b) Chemical structures of TMB and ABTS. Kinetics of 

ABTS oxidation at various NaCl concentrations catalysed by (c) bare 

Fe3O4 NPs and (d) DNA-capped Fe3O4 NPs, respectively. The 

absorbance at 420 nm was monitored. 

 

Aside from the negatively charged backbone, DNA can also 

provide hydrogen bonding, π-π interactions via DNA bases. To test 

if DNA bases are involved in substrate binding, we compared DNA 

with other negatively charged polymers for coating Fe3O4 NPs. 

Polyacrylic acid (PAA) and polystyrene sulfonate (PSS) were 

respectively used to modify Fe3O4 NPs. The surface charge 

alternation at pH 4 was confirmed by ζ-potential measurement and 

all modified Fe3O4 NPs exhibit similar negative charge values (Table 

S2). Compared to unmodified Fe3O4 NPs, negatively charged NPs all 

enhanced the activity and DNA modification provides the highest 

enhancement, followed by PSS and PAA (Figure 5a). DNA-modified 

Fe2O3 NPs also exhibited higher activity than PSS modified ones. 

(Figure S3b). To further emphasize the importance of DNA bases, 

we compared Fe3O4 NPs modified by phosphate, guanosine 

monophosphate (GMP), and G15 (Figure 5b). Phosphate also 

changes the surface charge of Fe3O4 NPs to be negative (Table S2); 

however, the activity increase is minimal. As expected, GMP-

modified Fe3O4 NPs facilitate TMB oxidation, confirming the role the 
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DNA bases. The further increased activity by G15 functionalization is 

consistent with our observation that the enhancement is DNA 

length-dependent (Figure 2b). We propose that DNA bases also 

facilitate the substrate binding via hydrogen bonding with the 

amino groups of TMB, and/or the nucleobase interacting with the 

benzene rings of TMB via π- π stacking. 

 

 

Figure 5. Comparison of the peroxidase activity of DNA-Fe3O4 NPs 

with (a) various negatively charged polymers coated Fe3O4 NPs and 

(b) phosphate and GMP modified Fe3O4 NPs. The error bars 

represent standard deviation from three independent 

measurements.  

 

Now that we have changed the polymer coating and substrate, 

we finally also tested a different type of NP, CeO2. We previously 

reported that the oxidase activity of CeO2 is inhibited by adsorbed 

DNA for oxidation of TMB.38 However, the peroxidase activity of 

CeO2 is actually enhanced by DNA modification (Figure S6). This 

might be attributed to that TMB needs to be directly adsorbed by 

CeO2 to be oxidized in the absence of H2O2 (i.e. CeO2 surface works 

as an oxidizing agent).39 However, in the presence of H2O2, CeO2 can 

mediate the oxidation at a distance from the surface. As an oxidase, 

the TMB substrate need to get onto the particle surface since the 

oxidizing agent is the particle surface. As a peroxidase, the actual 

oxidizing agent is derived from H2O2 (e.g. reactive oxygen species), 

which can diffuse near the particle surface. The activity of Fe3O4 

NPs we studied here is the peroxidase activity. In this case, the 

surface is likely to react with H2O2 and then the reactive oxygen 

species produced in this process is used to oxidize TMB. H2O2 is a 

much smaller molecule and DNA does not block its access to the 

Fe3O4 NPs. 

In summary, we observed a significant rate enhancement 

brought by DNA for the peroxidase activity of Fe3O4 NPs for TMB 

oxidation. Such a rate enhancement will make such a nanozyme a 

better material for biosensor development and catalysis. Starting 

from this observation, we investigated the effect of DNA adsorption 

on enhancing the peroxidase-like activity of Fe3O4 NPs. DNA/Fe3O4 

forms a stable hybrid material, and neither H2O2 nor TMB can 

displace DNA from the particle surface under our experimental 

conditions. Among all the tested anionic polymers, DNA affords the 

highest rate enhancement. This is attributed to both electrostatic 

attraction and aromatic stacking with the substrate TMB. The 

hypothesis is further supported by using a negative charged 

substrate ABTS and with CeO2 NPs. The insight from this work will 

be useful for further rational improving nanozyme activity via 

surface modification.   
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