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Abstract
Over the past few decades, the enzyme-mimicking activity of metal–organic frameworks (MOFs) accompanied with struc-
tural characteristics has aroused much attention. However, pure MOFs have low affinity with DNA. Here, iron-based MOFs 
with acidized carbon nanotubes (CNTs) via a simple hydrothermal process have been synthesized, named as MIL-88(NH2)-
Fe@CNTs. CNTs can enhance the affinity between MOF and DNA, achieving flexible regulation of their catalytic activity 
benefiting from the strong π − π stacking between CNTs and DNA. Meanwhile, in comparison with conventional iron-based 
MOFs, the addition of CNTs, which contributes to the acceleration of electron transfer, endowing as-prepared nanocomposites 
remarkably enhanced peroxidase-like activity to achieve an ultrasensitive detection of H2O2 with the LOD of 17.64 μg/L. 
Notably, the as-prepared nanocomposites with adsorbed DNA displayed excellent affinity towards both TMB (3, 3′, 5, 
5′-tetramethylbenzidine) substrates and H2O2 as well as high catalytic velocity. On the basis of their switchable peroxidase-
like activity regulated by different length or sequence of ssDNA, it is believed that our-prepared MOF-based nanomaterials 
would be promising for fabricating versatile and sensitive label-free colorimetric assays for diverse targets.
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1  Introduction

Nanozymes, a new kind of artificial enzyme based on nano-
materials, which possess low cost, high stability and adjust-
able catalytic activity compared to natural enzyme, has 
always been an interesting topic [1–5]. To date, a wealth 
of nanomaterials including carbon-based nanomaterials, 
metal oxides, nanoparticles, and MOFs have been reported 
to possess unique enzyme-like catalytic properties and 
widely explored for various purposes, including environment 
monitoring, bio-sensing, disease diagnosing and therapeu-
tics [6–9]. Especially, researchers have put great efforts on 
mimicking oxidase or peroxidase and successfully explored 

their applications in sensing field. Recently, MOFs, emerg-
ing as a subclass of porous coordination polymers, have 
shown the high potential of in storage, chemical catalysts 
and biosensor [10–12]. Particularly, benefiting from their 
unique structure of providing a large number of biomimetic 
active sites accessible to substrates, a series of MOFs have 
been developed as different enzyme mimics and success-
fully applied in sensing field [13, 14]. In addition, some 
iron-based MOFs have also been employed as peroxidase 
mimics and developed for colorimetric detection of H2O2, 
glucose and some other reducing agents [15–17]. However, 
most of current works are difficult to meet the requirements 
of high sensitivity and high selectivity at the same time, 
which may hinder the potential applications of MOFs-based 
enzyme mimics. Therefore, the construction of a sensitive 
and specific sensing platform for detecting various targets 
on the basis of MOFs-based peroxidase mimics still needs 
discussion.

Notably, aptamers are a kind of functional DNA or 
RNA structures commonly used as recognition elements, 
which are able to recognize specific targets [18]. Inspired 
by this, the specific detection of diverse targets was real-
ized by using matched aptamers/targets integrating with 
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switchable enzyme-like activities [19]. Nanozymes with 
DNA are considered as an appropriate way to build sensing 
platforms with recognition elements [20]. Through surface 
functionalization, MOFs may have a better affinity to DNA 
[21, 22]. Generally, it was found that carbon-based nano-
materials such as graphene, CNTs and carbon dots exhibit 
high affinity to biomolecules (e.g., nucleic acids, antibodies 
and protein) [23], which provides a new idea to improve the 
interaction between MOFs and DNA. Among them, carbon 
nanotubes (CNTs) have tubular morphology with the merits 
of large surface area, excellent conductivity and great sta-
bility, which attract extensively attention in various fields 
[24, 25]. More importantly, the peroxidase-like CNTs can 
be regulated by DNA and applied for exosome colorimetric 
detection [26]. Besides, acidified CNTs with better water-
solubility owing to their rich carboxyl and hydroxyl groups 
[27], which holds great potential for expanding application 
range of their composite materials. In addition, the surface 
of CNTs was easily functionalized by a large number of 
oxygen functional groups (e.g., –COOH, –OH, etc.) [28, 
29]. The modification of MOFs with CNTs is regarded as 
an effective way to acquire dramatically improved catalytic 
performance. For example, Peng reveals that Low concen-
tration MWCNTs-COOH exhibited good catalytic ability to 
TCS (triclosan) oxidation [30]. Very recently, MOFs/CNTs 
nanocomposites have been explored as peroxidase mimics 
for visual detection. The utilization of CNTs can improve 
peroxidase mimics catalysis process [31]. Despite the above 
process, the peroxidase-like of CNTs modified with MOFs 
may be regulated through altering DNA, which may further 
broaden the possible application range of nanozymes with 
high selectivity.

Herein, we have synthesized iron-based MOFs modi-
fied with CNTs via a hydrothermal route. CNTs enhance 
the affinity of MOFs to DNA. The flexible regulation of 
peroxidase-like activity of CNTs modified MOFs achieved 
through altering DNA sequence, length and concentration. 
The corresponding regulated mechanism was discussed. In 
addition, CNTs improved peroxidase-like of MOFs, and the 
composites achieve a simple detection of H2O2. Also, the 
change of bandgap before and after modification have been 
discussed. Furthermore, MOF/CNTs modified with DNA 
are anticipated to employ the as-prepared nanocomposites to 
develop label-free, sensitive and highly specific colorimetric 
platforms.

2 � Experimental

2.1 � Materials and Chemicals

DNA oligomers were provided by Sangon Biotech Co., 
Ltd (Shanghai, China). TMB was obtained from Aladdin 

Reagent Co., Ltd (Shanghai, China). Carbon nanotubes with 
diameter of 10-20 nm (CNTs purity > 97%, length > 5 nm) 
were provided by Shenzhen Nanotech Pore Co., Ltd. Sulfu-
ric acid, nitric acid and sodium hydroxide were purchased 
from Tianjin Fuyu Fine Chemical Co., Ltd. The other chemi-
cals [ferric chloride hexahydrate (FeCl3·6H2O), 2-aminotere-
phthalic acid, acetic acid (CH3COOH), acetic acid, sodium 
salt (CH3COONa), DMF, methanol] were obtained from 
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) 
and used without further purification. All solutions were pre-
pared with ultrapure water from Millipore water purification 
system (Laikie Instrument Co., Ltd., Shanghai, China).

2.2 � Instruments

The morphologies of the samples were acquired by using a 
field-emission scanning electron microscopy (SEM, Hita-
chiS-4800). X-ray diffraction (XRD) was performed on 
a Rigaku SmartLab 9 with Cu kα radiation at 45 kV and 
200 mA. The chemical structures of as-prepared samples 
were obtained through Fourier Transform Infrared (FT-IR, 
iN10). Jasco V-550 spectrometer was employed for ultra-
violet–visible (UV–vis) absorption spectra. Zeta Potential 
was obtained through Laser Particle Size and Zeta Potential 
Analyzer (zs 90). UV–vis spectrophotometer (UV-2450) was 
employed for diffuse reflectance spectra. Transmission elec-
tron microscopy (TEM) images were gained from high-mag-
nification TEM (FEI Tecnai G2 F30 S-Twin). Fluorescence 
intensity was gained from Fluorescence spectrophotometer 
(F-4500).

2.3 � Preparation of CNTs

The preparation of CNTs was based on reported work [32]. 
10 mL nitric acid and 30 mL sulfate acid were added into 1 g 
CNTs at 80 °C for 30 min. After natural cooling, CNTs was 
collected by filtration and washed by ultrapure water several 
times until pH of the filtrate was nearly neutral. Lastly, CNTs 
were dried in the vacuum freeze drier at 60 °C for 12 h.

2.4 � Synthesis of MIL‑88(NH2)‑Fe@CNTs

The synthesis of MIL-88(NH2)-Fe@CNTs was followed 
by a previously reported method with some modification 
[33]. 2-Aminoterephthalic Acid (0.725 g) was dispersed 
in DMF (20 mL). The mixture and 4 M NaOH (0.8 mL) 
were injected dropwise for continuous stirring. Then, 
FeCl3·6H2O (1.081 g) and acidified CNTs (200 mg) were 
added. The mixture was stirred for 30 min. Subsequently, 
the above mixture was transferred into 50 mL of autoclave 
and hydrothermal reaction for 12 h at 100 °C. After reac-
tion, the materials were collected by centrifugation and 
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washed by DMF, methanol and ultrapure water for several 
times. The materials were dried in the vacuum freeze drier 
at 60 °C for 12 h.

2.5 � DNA Adsorption and its Flexible Regulation 
of Peroxidase‑like Catalytic Activity

For analyzing the effect of CNTs on the peroxidase-like 
catalytic properties of MIL-88(NH2)-Fe, TMB (0.18 mM) 
and H2O2 (0.18  mM) were mixed with DNA, MIL-
88(NH2)-Fe and MIL-88(NH2)-Fe@CNTs in 0.20  M 
acetate buffer (pH 4.00), respectively. DNA with different 
bases (A22, T22, C22, or G22, 0.29 μM each), Poly-G 
DNA (2, 5, 10, 22, 30 mer, 8.824 μM) and Poly-G DNA 
(22 mer) with different concentration (1, 3, 5, 10, 15 μM) 
were incubated with MIL-88(NH2)-Fe@CNTs (0.03 mg/
mL) in shaker at 37 °C for 2 h. Then, TMB (0.18 mM) and 
H2O2 (0.18 mM) were added into the mixture with acetate 
buffer (pH 4.00) at 37 °C. To investigate the influence 
of pH, MIL-88(NH2)-Fe@CNTs (0.03 mg/mL) and poly 
G22 (0.29 μM) were incubated in shaker at 37 °C for 2 h. 
TMB (0.18 mM) and H2O2 (0.18 mM) were mixed with 
above mixture in 0.20 M acetate buffer (pH 4, 5, 6, 7, 8), 
respectively. All of the reaction conditions of the above 
experiments were at 37 °C for 10 min. The UV–vis absorp-
tion spectra of the solution were recorded with a UV–vis 
spectrometer in absorbance-dependent mode.

For exploring the effect of CNTs on the affinity of MIL-
88(NH2)-Fe to DNA, DNA (Pb-sub-NO) labeled by FAM 
was mixed with MIL-88(NH2)-Fe and MIL-88(NH2)-Fe@
CNTs respectively in shaker at 37 °C for 2 h, after that, 
the supernatants of mixture were obtained by centrifu-
gation and the fluorescence intensity of supernatant was 
measured.

H2O2  det e c t i on :  M I L - 8 8 ( N H 2) - F e @ C N Ts 
(0.029 mg/L), TMB (0.18 mM) and H2O2 (0.18 mM) at 
different concentrations were mixed in 0.20 M acetate 
buffer. After reaction at 37 °C for 10 min, the UV–vis 
absorption spectra of the solution were recorded with a 
UV–vis spectrometer in absorbance-dependent mode.

3 � Result and Discussion

3.1 � Characterization

MIL-88(NH2)-Fe was obtained on the basis of previously 
reported method with a rods-like shape. From the SEM 
image in Fig. 1, our-prepared MIL-88(NH2)-Fe@CNTs still 
maintain the original morphology, evenly distributed, with 
the introduction of acidized CNTs. Crystalline structures 
of as-prepared samples were characterized by XRD. Sev-
eral peaks of MIL-88(NH2)-Fe are agree with the reported 
works [34–37]. The similar diffraction peaks between 
MIL-88(NH2)-Fe and MIL-88(NH2)-Fe@CNTs in Fig. 2a 
reveals that the crystal structure of the prepared nanocom-
posites have no obvious change. To explore the effect of 
modification on the chemical structure especially the func-
tional groups, FT-IR was performed. The peaks located 
at 769 cm−1 and 1258 cm−1 were clearly observed on two 
samples, which should attribute to C-H bending vibration 
of benzene ring and C–N, respectively. And the peaks cor-
responding to the asymmetric stretching of the carboxyl 
groups were also identified at 1383 cm−1 and 1575 cm−1. 
Note that the peaks of CNTs are invisible [38], maybe due to 
the small content of SWNTs. In MIL-88(NH2)-Fe@CNTs, 
the peaks show slight movements, indicating the effec-
tive hydrogen bonds and π–π interactions between MIL-
88(NH2)-Fe and CNTs [31]. In this regard, the structure of 
CNT-modified MIL-88(NH2)-Fe remains unchanged. The 
difference between MIL-88(NH2)-Fe and MIL-88(NH2)-
Fe@CNTs can been seen through TEM. As depicted in TEM 
image (Fig. 3), it was found that some tubular architecture 
(CNTs) interweave with the MIL-88(NH2)-Fe of rods-like 
shape. The above results reveal the successful synthesis of 
MIL-88(NH2)-Fe@CNTs.

3.2 � Effect of CNTs on the Peroxidase‑like Activity 
of MIL‑88(NH2)‑Fe with or without DNA

It was found that the peroxidase-like activity of MOFs could 
be promoted or inhibited by DNA through influencing the 

Fig. 1   SEM images of a 
MIL-88(NH2)-Fe and b MIL-
88(NH2)-Fe@CNTs
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interaction between the enzyme mimics and substrates 
[39–42]. Hence, based on the typical TMB-H2O2 catalytic 
chromogenic reaction, the effect of CNTs on the catalytic 
activity of MIL-88(NH2)-Fe with or without DNA was 
explored. As shown in Fig. 4, the peroxidase-like activi-
ties of as-prepared samples were determined with TMB as 
the substrates in the presence of H2O2. The typical absorp-
tion band of oxidation state of TMB (oxTMB) at 652 nm 
was clearly observed in the system containing catalysts. 
Interestingly, the peroxidase-like activity of CNT-modified 
MIL-88(NH2)-Fe was superior to that of MIL-88(NH2)-Fe 
alone in the absence of DNA (curves c and d). Here, the 
Tauc plots were fitted in Fig. 5. The band gaps of MIL-
88(NH2)-Fe and MIL-88(NH2)-Fe@CNTs were tested to be 
1.25 eV and 0.33 eV. The narrower band gap promotes a 
faster electron transfer process, and thus helps the enhance-
ment of catalytic activity. In other words, the modification 
of CNTs can effectively improve the catalytic activity of 

MIL-88(NH2)-Fe, which is consistent with reported works 
[31]. Therefore, based on the higher peroxidase-like activity 
of our-prepared nanocomposites, the ultrasensitive detection 
of H2O2 as an example was achieved. As shown in Fig. 6a, 
the absorbance intensity at 652 nm (typical absorption peak 
of oxTMB) increased with the increasing concentration of 
H2O2. And the detection limit (LOD) of H2O2 was calcu-
lated to 17.64 μg/L (3σ/k), representing the highly sensitive 
performance of the MIL-88(NH2)-Fe@CNTs-based colori-
metric sensors.

Furthermore, it was confirmed that the CNT-modified 
nanocomposites further enhance the oxidation degree 
towards TMB substrates while the adsorption of DNA 

Fig. 2   Structural information of MIL-88(NH2)-Fe@CNTs and MIL-88(NH2)-Fe: a XRD pattern; b FT-IR spectra

Fig. 3   TEM of MIL-88(NH2)-Fe@CNTs

Fig. 4   UV − Vis absorption spectra of different reaction systems. 
a is MIL-88(NH2)-Fe @CNTs + DNA + TMB + H2O2, b is MIL-
88(NH2)-Fe + DNA + TMB + H2O2, c is MIL-88(NH2)-Fe @
CNTs + TMB + H2O2, d is MIL-88(NH2)-Fe + TMB + H2O2, e is 
DNA + TMB + H2O2, f is TMB + H2O2
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has brought the higher peroxidase-like catalytic activity 
(curves a and b in Fig. 4). Accordingly, it can be inferred 
that the desirable affinity of CNTs to DNA via π − π stacking 
strengthen the adsorption of DNA on the MIL-88(NH2)-Fe, 
which contributes to the TMB substrates binding and cata-
lytic activity enhancement.

3.3 � Possible Mechanism Analysis

As mentioned above, DNA adsorption is an important fac-
tor affecting catalytic activity. In the following experiments, 
ssDNA (single-stranded DNA) was adopt unless otherwise 
stated. First, the effect of different sequence of DNA on 
activity enhancement was explored. As shown in Fig. 7a, 
poly-C22 and poly-G22 effectively promoted the catalytic 
oxidation of TMB substrates. However, similar to condition 
of without DNA, both poly-A22 and poly-T22 have no effect 
on the catalytic activity, which may be contributed to the 
acidic environment in this reaction system. According to the 

pKa values, protonation of guanine and cytosine enabled the 
surface charges change, thus strengthening the interaction 
between the catalysts and DNA and the catalytic oxidation of 
TMB. G22 has regulation on both of MIL-88(NH2)-Fe and 
MIL-88(NH2)-Fe@CNTs, while MIL-88NH2)-Fe@CNTs 
with G22 has a better regulation (Figure S2). Moreover, the 
improved catalytic activity was also related to the length of 
DNA. One can see that the oxidation degree of TMB gradu-
ally enhances with the increasing DNA length in Fig. 7b, 
showing that the poly-G30 with more binding sites exhibited 
the strongest effect on the catalytic activity. In addition, the 
absorbance intensity of oxTMB did no longer increase when 
the concentration of DNA beyond 5 μM (Fig. 7c), which 
may be caused by the saturation of DNA on the surface of 
MIL-88(NH2)-Fe@CNTs.

Considering that pH value may play an important role 
in the catalytic reaction, the oxidation of TMB under dif-
ferent pH ranging from 4 to 8 was determined. From the 
Fig. 7d, it can be concluded that the adsorption of DNA 

Fig. 5   UV–Vis diffuse reflectance spectrum a and corresponding Tauc plots b of MIL-88(NH2)-Fe and MIL-88(NH2)-Fe@CNTs

Fig. 6   Absorbance change at 652 nm as a function of H2O2
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on the prepared MIL-88(NH2)-Fe@CNTs depends on pH 
values. As the pH value increased, the absorbance inten-
sity distinctly decreased and the optimal pH were set as 4. 
The surface charges on the prepared nanocomposites would 
be altered with the pH-induced protonation of the carboxyl 
groups contained in the prepared nanocomposites.

To further verify the mechanism of DNA adsorption on 
MIL-88(NH2)-Fe@CNTs, zeta potentials of different com-
ponents have been measured. As expected, the adsorption 
of DNA altered the surface charge of as-prepared nanocom-
posites, MIL-88(NH2)-Fe@CNTs is more negative (− 5.9 to 
− 23.8 eV) than MIL-88(NH2)-Fe (10.2 eV to − 18.7 eV), 
which is conductive to the binding between the catalysts and 
TMB substrate via electrostatic interaction (Fig. 8). Further, 
the comparison of fluorescence intensity of supernatant indi-
cating MIL-88(NH2)-Fe@CNTs absorb more DNA, which 
shows MIL-88(NH2)-Fe@CNTs has a better affinity to DNA 
(Figure S4). As a result, the above results suggest that the 
introduction of CNTs not only improve the catalytic perfor-
mance of MIL-88(NH2)-Fe via promoting the electron trans-
fer, but also have an effect on the adsorption of DNA (Figure 
S4), which could be devoted to the flexible regulation of 

catalytic activities. Furthermore, in terms of zeta potentials 
Km and Vmax, were determined based on Michaelis-Menton 
equation as follows: V0 = Vmax [S]/(Km + [S]), where Km is 

Fig. 7   Effects of a different sequences (0.29 μM, 22 mer each), b poly-G length (8.824 μM guanine for each), c concentration of poly-G22 (22 
mer, 0.29 μM) and d pH on peroxidase-like catalytic activity of MIL-88(NH2)- Fe@CNTs (0.029 mg/mL)

Fig. 8   Zeta potentials of different components. Group A represents 
nanozyme, Group B represents nanozyme + DNA, Group C repre-
sents nanozyme + DNA + TMB; yellow histogram is MIL-88(NH2)-
Fe, red histogram is MIL-88(NH2)-Fe@CNTs
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regard as Michaelis constant, representing the affinity of 
enzyme or enzyme mimics to the substrates. Vmax refers to 
the maximum reaction velocity while [S] is the concentra-
tion of substrates. And we have fitted the Lineweaver–Burk 
curves with TMB as single variated factor, as well as H2O2, 
respectively (Figure S3). The calculated value of Km and 
Vmax are listed in Table 1, compared with MIL-88(NH2)-Fe, 
Vmax of MIL-88(NH2)-Fe@CNTs towards H2O2 is an order 
of magnitude higher than that of MIL-88(NH2)-Fe, while for 
TMB substrates, Vmax of MIL-88(NH2)-Fe@CNTs is com-
parable with MIL-88(NH2)-Fe, indicating the introduction 
of CNTs indeed enhance the catalytic reaction. In case of 
TMB substrates, Km value of MIL-88(NH2)-Fe@CNTs with 
ssDNA is 1.24 times lower than that of HRP, indicating that 
the our-prepared nanocomposites excellent affinity to TMB. 
Moreover, with H2O2 as substrates, the Km also decreased by 
10.57 times compared to HRP. Importantly, the Vmax values 
for our-prepared nanocomposites even increased by four or 
five orders of magnitude. These results indicated that the 
MIL-88(NH2)-Fe@CNTs with ssDNA exhibit excellent 
affinity and catalytic velocity towards both TMB substrates 
and H2O2, which affirmed the above hypothesis.

4 � Conclusions

In summary, we fabricated the MIL-88(NH2)-Fe@CNTs 
with controlled catalytic activity by ssDNA. Compared 
with pure MIL-88(NH2)-Fe nanorods, the introduction of 
CNTs enables the nanocomposites’ better affinity to DNA 
and enhancement of peroxidase-like activity, which achieves 
flexible regulation of their catalytic activity. It was because 
that the negatively charged ssDNA altered the surface charge 
properties of the nanocomposites to increase the electrostatic 
interaction between catalyst and substrates. Beyond that, the 
significant enhancement of the adsorption capacity towards 
ssDNA in the presence of CNTs was verified. We explore 
the switchable catalytic activity regulated by different length 
or sequence of ssDNA. Besides, the narrower bandgap of 
MIL-88(NH2)-Fe@CNTs is indeed conductive to acceler-
ate electron transfer process, thus have a positive effect on 

the catalytic oxidation of substrates. Our study revealed that 
as-prepared nanocomposites with adsorbed ssDNA showed 
excellent affinity to substrates and high catalytic reaction rate 
according to Michaelis–Menten kinetics. More importantly, 
with the aid of good affinity of CNTs to DNA, our-prepared 
MIL-88(NH2)-Fe@CNTs exhibit enhanced DNA adsorp-
tion capacity, which pave the way of achieving ultrasensitive 
assays of various pollutants in actual environment.
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