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A B S T R A C T

ZIF-8(zinc-methylimidazolate framework-8), one of the zeolitic imidazolate frameworks (ZIFs), as quenching
platforms for detection of HIV-1 DNA, which was identified to be effective for highly sensitive detection of HIV-1
DNA. The enhanced fluorescence signal has a relationship with the ssDNA concentration, the detection limit is as
low as 1.2 nmol L−1 with good selectivity. This study is an important step toward rational design of materials to
achieve specific interactions between biomolecules and synthetic particle surfaces.

Introduction

The Human Immunodeficiency Virus (HIV) is a deadly virus which
infects many people worldwide. Often, the virus can present inside a
subject for many months before being detected. This property of the
HIV virus, which is asymptomatic inside the human body for long time,
is the main reason for the wide spread of the virus. According to the
recent statistics, 36.9 million people worldwide are living with HIV, 2
million were newly infected, and 1.6 million died [1–4]. This number of
infected people clarifies the need of increased awareness about this
virus and the need to find a proper method capable of detecting HIV
earlier in order to prevent the spread of the virus.

There are many kinds of HIV virus detection methods available,
such as the HIV antibody test, P24 antigen test, Nucleic acid detection,
Test paper detection and HIV Viral Load test. However, their further
applications suffer from high cost, risk of contamination and false ne-
gative results [5–8]. Therefore, it is in urgent need to develop a new,
simple, fast, sensitive and low-cost method for the detection of HIV
DNA.

At present, Various types of biological probes have been developed
to detect DNA sequences, this method has also been paid much atten-
tion by most researchers, The fluorescence detection of nuclei acids
based on fluorescence resonance energy transfer (FRET) or a quenching
mechanism with fluorescently-labeled nuclei acids has been widely
developed [9–13]. Numerous materials have been employed as
quenching platforms to detect DNA sequences, including coordination
polymers [14], macroporous silicon [15], carbon nanomaterials
(CNMs) [16–18] etc. Chen employing metal–organic frameworks

(MOFs) as quenching platforms for the detection of proteins and nucleic
acids based on fluorophore-labeled oligonucleotide probes for the first
time [19–21].

As a unique class of hybrid nanoporous materials, MOFs are mate-
rials which consist of metal ions or clusters connected by organic linker
groups, and have attracted considerable interest in recent years owing
to their potential in gas storage and separation, catalysis, and other
emerging applications [22–25]. Zeolitic imidazolate frameworks (ZIFs)
are a sub-family of MOFs that also have tunable pore sizes and chemical
functionality [26]. Moreover, ZIFs possess the exceptional chemical
stability and rich structural diversity found in zeolites. ZIFs are based
on metal imidazolates, and their structures are similar to the SiO2 fra-
meworks of silicate zeolites [27,28].

In this study, we utilize as-synthsised ZIF-8 as the sensing platform
to detect ss-DNA (HIV 20-bp oligopyrimidine·oligopurine proviral DNA)
in vitro. The results demonstrated that the adsorption is primarily
brought about by a specific favorable interaction (electrostatic inter-
action) between ss-DNA and ZIF-8 surface. The schematic diagram of
this senor is shown in Scheme 1. ZIF-8 contains stacking Π-electron
systems of the bridging five-membered imidazolate ring, which strongly
adsorbs fluorophore carboxyfluorescein (FAM)-labeled single-stranded
DNA (ss-DNA) through Π-Πstacking and quenches fluorescence of FAM
due to the photoinduced electron transfer (PET) process [29]. Mean-
while, the electrostatic interaction can not be ignored, electrostatic
interaction and Π-Πstacking interaction are together contributed to the
whole process of adsorption. After addition of the complementary ss-
DNA, the probe DNA interacted with the bases of the target ss-DNA to
form a ds-DNA, the probe DNA is desorbed from ZIF-8 and the
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fluorescence of the probe DNA is recovered, Enhancement of the
fluorescence intensity is related to the concentration of the target ss-
DNA.

Experimental

Materials and physical measurements

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (purity 99.8%, Sigma-
Aldrich), 2-methylimidazole (purity 99.8%, Sigma-Aldrich), Deionized
water (H2O, home-made), were used as obtained from commercial
sources and used without further purification.

The human imunodeficiency virus (HIV)-1 U5 long terminal repeats
(LTR) DNA and other ssDNA were synthesized and purified by Sangon
Biotechnology Co. Ltd (shanghai, china), and all DNAs were used
without further purification. The sequence of the probe DNA (P) was 5′-
AGT CAG TGT GGA AAA TCT CTA GC-3′, with 6-carboxyfluorescein
(FAM)-labeled at 5′-terminal. The sequence of the complementary
target DNA (T0) was 5′- GCT AGA GAT TTT CCA CAC TGACT-3′.
Mismatched oligomers were employed to confirm the specificity of our
strategy, including, one-base-mismatched oligomer (T1), 5′- GCT AGA
GAT TTT ACA CAC TGA CT-3′; two-base-mismatched oligomer (T2), 5′-
GCT AGA GAT TTT ACA CAC TAA CT-3′; three-base-mismatched oli-
gomer (T3), 5′- GCT ATA GAT TTT ACA CAC TAA CT-3′.

All the samples were dissolved in 100 nM Tris-HCl buffer solution
(pH 7.2, 100mM NaCl, 5 mM MgCl2). DNA was stored at 4 °C for use.

All the other reagents and solvents were obtained from commercial
sources and used without further purification. All the instruments used
for the detection of DNA sequences were sterilized in an autoclavable
container.

Powder X-ray diffraction (PXRD) spectra were recorded with a
Rigaku 2500 VBZ+/PC. The X-ray generated from a sealed Cu tube was
monochromated by a graphite crystal and collimated by a 0.5 mm
MONOCAP (λ Cu-Kα = 1.54178 Å). The tube voltage and current were
40 kV and 40 mA, respectively. Thermogravimetric analysis (TGA) was
performed on a PerkinElmer Pyris Diamond TG Thermogravimetric
Analyzer at a heating rate of 10 °C min−1 under a nitrogen gas flow in
an Al2O3 pan. Nitrogen physisorption isotherms were measured at 77 K,
on a Quantachrome Autosorb Automated Gas Sorption instrument.
Infrared spectra were acquired from a Nicolet 6700 FTIR-ATR (Fourier
Transform Infrared Spectroscopy-Attenuated Total Reflectance) spec-
trophotometer. Fluorescence spectra were measured on an Cary Eclipse
fluorescence spectrophotometer. Zeta potential measurement was car-
ried out on a NanoZS 90 zetasizer. PHS-3CPH pH meter (Shang Hai,
China) was employed to adjust the pH values.

Synthesis of adsorbents

ZIF-8 was synthesized using 2-methylimidazole as a linker ac-
cording to the previously reported protocol [30,31]. The synthesis so-
lution, which had a molar ratio of Zn2+:2-methylimidazo-
le:H2O=1:8:1000, was prepared as follows: First, 6.56 g of 2-
methylimidazole was dissolved in 120mL of DI water, and the pH of the
solution was adjusted to approximately 9.5 using TEA. Second, 2.95 g of
Zn (NO3)2·6H2O was dissolved in 60mL of deionized (DI) water. Then,
the Zinc nitrate solution was mixed with the 2-methylimidazole solu-
tion under stirring. All of the operations were performed at room
temperature (20 ± 2 °C). After stirring for 20min, the reaction solu-
tion was delivered to a filter using an air compressor. Then, the solution
was filtered and washed with (DI) water several times. To accelerate the
filtration rate of the entire process, the system was pressurized using
nitrogen. Finally, a product was obtained. The as-synthesized product
contains large amounts of 2-methylimidazole and water. The activation
procedure leading to a clean, empty and stable material was achieved
using the following in-house procedure. Excess 2-methylimidazole and
pore-occluded water were completely removed by sonification of the
microcrystalline product three times in deionized water for 2 h. Then,
the ZIF-8 sample was heated to 120 °C under vacuum for 3 days to
remove the solvents and other guest molecules in the pores. The yield of
ZIF-8 was 1.804 g. The resulting void-cleaned sample is referred to as
the “activated sample’’.

Fluorescence measurements

Briefly, 50 μL of Tris-HCl buffer (pH 7.2), 25 μL of NaCl solution
(3M), 100 μL of FAM-labeled probe DNA (100 nM) and 75 μL of ZIF-8
solution (3mg/mL) were sequentially added into a 1.5 mL tube, and
kept at room temperature (25 °C) for 60min. The fluorescence intensity
of the solution was detected. Later on, a certain volume of target DNA
(0.1 μM) was added into the mixture and further diluted with ultrapure
water to 500 μL. After 120min incubation at 35 °C, fluorescence mea-
surements were carried out on the Cary Eclipse fluorescence spectro-
photometer with an excitation wavelength of 480 nm and emission
intensity at 520 nm was recorded.

Results and discussions

Characterization of the as-synthesized ZIF-8 adsorbents

ZIF-8 was synthesized in 79% yield from the reaction of Zn
(NO3)2·6H2O with 2-methylimidazole in water at room temperature.
ZIF-8 is moisture and water stable. The prepared ZIF-8 was character-
ized by PXRD, TGA, FT-IR and N2 adsorption experiments. ZIF-8 par-
ticles were successfully prepared with pure phase as demonstrated by
PXRD patterns in Fig. 1. The powder X-ray diffraction (PXRD) pattern of
a fresh powder of ZIF-8 immersed in H2O for one week is in agreement
with that of the simulated one, indicating its bulk phase purity and
water stability (Fig. 1). The IR data reveals that the bands at 3135 and
2929 cm−1 are attributed to the aromatic and the aliphatic C-H stretch
of the imidazole, respectively(Supporting Information Fig. S1). The
peak at 1584 cm−1 can be assigned as the C=N stretch mode specifi-
cally, whereas the intense and convoluted bands at 1350-1500 cm−1

are associated with the entire ring stretching. The bands in the spectral
region of 900–1350 cm−1 are for the in-plane bending of the ring while
those below 800 cm−1 are assigned as out-of-plane bending. Due to the
limitation of our IR apparatus (i.e., for mid-IR measurements only), the
most interesting Zn-N stretch mode which is expected at 421 cm−1 was
not observed. The TGA traces in Fig. S2 reveals that the ZIF-8 are stable
up to 500 °C. The BET surface area (pore volume) of framework was
calculated with N2 adsorption data in Fig. S3 and found to be 1408m2/
g (0.627 cm3/g) (Supporting Information Table S1). The pore size dis-
tribution (PSD) analyzed with HK method demonstrated the existence

Scheme 1. Mechanism for the target HIV DNA fluorescent biosensor based on ZIF-8.
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of microporous in ZIF-8 framework. The average particle size of ZIF-67
was approximately 237.8 nm in Fig. S4.

Optimization of condition and dynamic studies of the sensor

In terms of the structures of ZIF-8, 2-methylimidazole usually con-
tain a conjugated Π-electron system, be able to strongly interact with
fluorophore carboxyfluorescein (FAM)-labeled single-stranded DNA (ss-
DNA) through Π-Πstacking in theory, and then quench the fluorescence
of FAM, which mechanism is similar to the interaction between GO and
biomolecules. To test this, we chose FAM-5’ -CATGTGTCCAGCTGATT
GCC-3′ as a probe ss-DNA (P-DNA). As shown in Fig. 2(a), addition of
ZIF-8 led to a decrease in the fluorescence intensity of P-DNA, sug-
gesting that ZIF-8 can efficiently quench the fluorescence of P-DNA,
possibly via the formation of a non-covalent complex. It is found that
the fluorescence intensity decreases gradually until the concentration of
ZIF-8 reaches 3mg/mL, indicating saturation of the adsorption of P-
DNA in the 60min. The quenching efficiency (QE, %) of P-DNA is 66%,
which was calculated according to the equation QE % = (F0 -FM)/F0 *
100%, where FM and F0 are the fluorescence intensities at 520 nm in the
presence and absence of ZIF-8, respectively. In this case, we calculate
the molar ratio of Zn element to P-DNA is 97996:1. This high ratio may
be due to the long chain of FAM-5′-CATGTGTCCAGCTGATTGCC-3′
bearing a large FAM tag with a diameter of 9.4 Å, which prevents P-
DNA to enter the narrow six-membered-ring pore windows of 3.4 Å.
Thus the pore of ZIF-8 cannot adsorb P-DNA efficiently. It may be

adsorbed on the outsurface of ZIF-8 through Π-Πstacking.
Fig. 2(b) characterized the fluorescence emission spectra of the

FAM-labeled ss-DNA as a function of incubation time with ZIF-8. In-
creasing the incubation time caused a gradual decrease in fluorescence
intensity implying that more ss-DNA was adsorpted by ZIF-8.

Mechanisms of DNA-based biosensor

In order to gain further insight into the quenching properties of ZIF-
8, we measured the quenching efficiency of Zn(NO3)2 and 2-methyli-
midazole (Hmin) toward P-DNA. The data are shown in Fig. 3 (a) and
indicate that Hmin results in negligible fluorescence quenching (QE

%=1.3%). In contrast, the presence of Zn(NO3)2 led to significant
quenching (QE %=81.5%) with a saturation concentration of 1.5mM.
These results suggest that Zn(NO3)2 is also efficient in quenching the
fluorescence of P-DNA. This may be a consequence of the intercalation
of Zn2+ ions into the base pairs of P-DNA and the electrostatic binding
with the phosphate back bones, triggering a photoinduced electron
transfer (PET) process from FAM to Zn2+. Through zeta potential
measurement, we found that ZIF-8 is positive (+25.1 mV) when the pH
is 7.4 (Supporting Information Fig. S5), and DNA is significantly ne-
gative due to phosphate the backbone, so an electrostatic interaction
between ZIF-8 and P-DNA should not be negligible. Thus, it is reason-
able to deduce that ZIF-8 can absorb P-DNA through electrostatic and p-
stacking interactions to form the P-DNA@ZIF-8 complex [32–34], and
thus quench the fluorescence of FAM, in which Zn2+ may play a critical
role in triggering photoinduced electron transfer (PET) from FAM to
Zn2+ (Scheme 1). Acoording to the experimental results, the time
needed to reach stable quenching is 60min (see Fig. 2(b)), We can
theorize about that electrostatic interaction and Π-Π stacking interac-
tion are together contributed to the whole process of adsorption, and
the process of adsorption through Π-Π stacking interaction is the con-
trol step.

When the selected HIV-1 DNA sequences are complementary to the
P-DNA sequence, they can form a stable DNA duplex. Thus, the addition
of complementary HIV-1 DNA sequences to the P-DNA@ ZIF-8 or P-
DNA@ Zn(NO3)3 system may compel P-DNA away from ZIF-8 or Zn
(NO3)2, leading to fluorescence regeneration. In such a sense, the P-
DNA@ ZIF-8 and P-DNA@Zn(NO3)2 systems can serve as sensing
platforms for HIV-1 DNA. This hypothesis was tested by the fluores-
cence regeneration induced by the addition of HIV-1 DNA sequences
(5′-GCT AGA GAT TTT CCA CAC TGACT-3′, T0), a complementary
target DNA to P-DNA. As shown in Fig. 3(b), the fluorescence is re-
covered upon addition of T0 to the P-DNA@ ZIF-8 system. However, the
fluorescence of the P-DNA@ Zn(NO3)2 system could not be recovered,
presumably due to the strong interaction between Zn2+ ions and P-
DNA. These results suggest that it is the unique structure of ZIF-8 that
plays an essential role in fluorescence quenching and regeneration.

Fig. 1. PXRD patterns of ZIF-8 showing agreement between the simulated (a), synthesized
(b) and fresh powder of ZIF-8 immersed in H2O for 7 days (c).

Fig. 2. (a) Fluorescence spectra of P-DNA
(100 nM) incubated with ZIF-8 of varying con-
centrations in 10mM Tris-HCl buffer (pH 7.2) at
25 °C. Inset: plot of the fluorescence intensity at
520 nm versus the concentrations of ZIF-8; (b)
Fluorescence spectra of P-DNA (100 nM) with
ZIF-8 of varying incubation time in 10mM Tris-
HCl buffer (pH 7.2) at 25 °C. Inset: plot of the
fluorescence intensity at 520 nm versus incuba-
tion time.
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Specifically, ZIF-8 forms a complex with P-DNA through multiple non-
covalent interactions, in which Zn2+ ions play an important role in
quenching the fluorescence of P-DNA. Such moderate interactions en-
able P-DNA to be released from the complex by forming a stable DNA
duplex with T0, leading to fluorescence regeneration. Thus, the P-
DNA@ ZIF-8 system can be used as a highly effective fluorescent sensor
for HIV-1 DNA sequences.

Quantitative analysis of the target ss-DNA

Fig. 4 shows fluorescence recovery efficiency (520 nm) of P-DNA@
ZIF-8 system by T0 of varying concentrations, shows a linear relation-
ship between the fluorescence intensity and the concentration of T0 in
the range 10 nM–100 nM with equation (FT - FM)/
FM=0.0189cT + 0.0715, R2=0.9974 (Fig. 4, the inset). It is con-
firmed that the detection limit is as low as 1.2 nM (3δb/slope,
δb =standard deviation of fifteen blank measurements), which is lower
than that of using single-walled carbon nanotubes (23 nM) as a nano-
quencher-based DNA sensor [35], lower than that of using graphene
oxide (14.3 nM) as the nanoquencher-based DNA sensor [36], the
electrochemical-DNA sensor (10 nM) [37] and lower than that of using
Cu-MOF (1.3 nM) as triplex DNA-based biosensor [38]. The fluores-
cence recovery efficiency (RE) was 1.95, which was calculated using the
formula RE= FT/FM -1, wherein FT and FM are the fluorescence in-
tensities at 520 nm in the presence and the absence of T0, respectively.

Sequence selectivity of the assay

In order to investigate the selective sensing ability of the P-DNA@
ZIF-8 system, we chose three different target DNAs, that is, one base
pair mutated DNA T1 (5′- GCT AGA GAT TTT ACA CAC TGA CT-3′),
two-base-mismatched oligomer T2 (5′- GCT AGA GAT TTT ACA CAC
TAA CT-3′) and three-base-mismatched oligomer T3 (5′- GCT ATA GAT
TTT ACA CAC TAA CT-3′) to hybridize with P-DNA in the P-DNA@ ZIF-
8 system. Under the same conditions, the RE is 0.72 for T1, 0.26 for T2

and 0.13 for T3, respectively (Fig. 5). In addition, T0 shows much higher
concentration-dependent fluorescence recovery than T1, T2 and T3.
These results indicate that the P-DNA@ ZIF-8 system can function as a
highly selective sensing platform for the detection of HIV-1 DNA se-
quences in vitro.

Conclusions

In summary, we have successfully synthesized and characterized a
moisture and water-stable ZIF-8. ZIF-8 can form Π-stacking interactions
with P-DNA. The formed P-DNA@ ZIF-8 system can be used as an ef-
fective, selective and fluorescent sensing platform for the detection of
HIV-1 DNA sequences. These findings may provide guidance for the
synthesis of more Metal-organic frameworks with potential applications
in the early diagnosis of HIV-1 DNA.

Fig. 3. (a) Fluorescence intensity of P-DNA
(100 nM) by ZIF-8, Hmin and Zn(NO3)2 in 10mM
Tris-HCl buffer (pH 7.2) at 35 °C; (b) Fluorescence
recovery of P-DNA (100 nM) @ ZIF-8 and P-DNA
(100 nM) @Zn(NO3)2 system by T0 in 10mM
Tris-HCl buffer (pH 7.2) at 35 °C.

Fig. 4. Fluorescence recovery efficiency (520 nm) of P-DNA@ ZIF-8 system (100 nM/
3mg/mL) by T0 of varying concentrations in 100 nM Tris-HCl buffer (pH 7.2). Inset: The
plot of the fluorescence intensity at 520 nm versus the concentrations of T0.

Fig. 5. Fluorescence recovery (520 nm) of the P-DNA@ZIF-8 system (100 nM/3mg/mL)
by T0, T1 and T2 (100 nM).
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