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a b s t r a c t

Although peroxidase-like nanozymes have made great progress in bioanalysis, few current nanozyme-

based biosensors are constructed for discriminating isomers of organic compounds. Herein, fluorescent

metal-organic framework (MOF)-based nanozyme is utilized for phenylenediamine isomers discrimina-

tion and detection. NH2-MIL-101(Fe), as a member of Fe-based MOFs, functions as not only fluorescent

indicator but also peroxidase mimics. In the presence of H2O2, NH2-MIL-101(Fe) can catalyze the oxi-

dation of o-phenylenediamine (OPD) and p-phenylenediamine (PPD) into their corresponding oxidation

products (OPDox and PPDox), which in turn quench its intrinsic fluorescence at 445 nm via inner filter

effect (IFE). Differently, a new fluorescence peak at 574 nm is observed for OPDox. Thus, a ratiometric flu-

orescence method for the detection of OPD can be designed with the fluorescence intensity ratio F574/F445
as readout. This proposed strategy displays excellent discrimination ability for three phenylenediamines

and may open new applications of MOFs in environmental science.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bifunctional NH2-MIL-101(Fe) was utilized for phenylenedi-

amine isomers discrimination and detection for the first time.

Discriminating structural isomers of organic compounds have

always been a challenging task in environmental fields be-

cause they possess similar physical and chemical properties re-

sulting from the subtle distinctions in the structures [1–3].

o-Phenylenediamine (OPD), m-phenylenediamine (MPD), and p-

phenylenediamine (PPD) are three isomers of phenylenediamines

that have been used as precursors in various fields including plas-

tics production, pharmaceuticals and industrial dyes [4,5]. How-

ever, their damages to the human health and environment upon

prolonged exposure are different. OPD is a highly toxic and car-

cinogenic environmental pollutant [6,7]. PPD can cause various

immediate allergic reactions [8]. MPD does not lead to obvious

harmful effects. A number of methods have been applied for

the discrimination of phenylenediamines such as chromatogra-

phy [9,10], chromatography-mass spectrometry [11,12] and capil-

lary electrophoresis [13]. These approaches can realize the detec-

tion of three phenylenediamines at the same time, but they need

complicated sample pretreatments and high operation cost.
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As an alternative, fluorescence strategies have drawn wide in-

terest owing to their simplicity, easy operation and high sensitiv-

ity [14,15]. For example, Lai and coworkers synthesized the flu-

orescent quinoxaline through a tandem reaction for the detec-

tion of OPD [16]. Ngeontae’s group designed a fluorometric sensor

for PPD based on alizarin-boronic acid adduct [17]. Wang’s group

constructed a fluorescent sensor for PPD on the basis of amine-

aldehyde condensation reaction by using 1-pyrenecarboxaldehyde

as a probe [18]. Although these methods exhibit high sensitivity,

they analyze only one phenylenediamine isomer. It still remains

a great challenge to design a fluorescence strategy for the identi-

fication and detection of the three phenylenediamines. Moreover,

these strategies are based on single signal output, and the re-

sults are influenced easily by excitation light source and external

environmental conditions. Fortunately, the ratiometric fluorescent

strategy, which is based on dual-signal measurement simultane-

ously, can overcome such drawbacks [19,20]. Fluorescent nanoma-

terials hold great promise to construct ratiometric assays [21–23].

Generally speaking, most nanoprobe-based ratiometric systems are

composed of two different kinds of nanoprobes. Undoubtedly, the

synthesis procedures for two different kinds of nanomaterials are

complex and time-consuming. Thus, some scientists shift their fo-

cus to the design and synthesis of bifunctional fluorophores.

https://doi.org/10.1016/j.cclet.2021.08.083
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Fig. 1. Discrimination of phenylenediamine isomers based on fluorescent NH2-MIL-101(Fe)-based nanozyme.

Fluorescent nanozymes can function as not only fluorescence

reporters but also peroxidase mimics, which can catalyze the ox-

idation of nonfluorescent substate into luminophore with the as-

sistance of H2O2. Thus, these fluorescent nanozymes combined

with substrate of peroxidase can display dual-emission with sin-

gle excitation. Up to date, various fluorescent nanozymes including

functional carbon dots (CDs) [24], graphitic carbon nitride (C3N4)

[25,26], gold nanoclusters (AuNCs) [27] and copper nanoclusters

(CuNCs) [28] have been used to construct ratiometric assays. How-

ever, the research about fluorescent nanozymes is in the embryo

stage. It is necessary to design novel fluorescent nanozymes and

apply them in ratiometric sensing.

Metal-organic frameworks (MOFs) are highly porous materials

assembled by metal clusters and organic ligands which endow

them with multiple functions [29–31]. The usage of organic lig-

ands can make MOFs attractive optical properties while the unsat-

urated metallic nodes allow MOFs to exhibit excellent biomimetic

catalytic activity [32,33]. It has been reported that NH2-MIL-

101(Fe) exhibits two functions, in which the 2-aminoterephthalic

acid ligand (1,4-BDC-NH2) and Fe node make the framework a

blue photoluminescence and peroxidase-mimetic catalytic activity,

respectively. Bifunctional NH2-MIL-101(Fe)-based ratiometric fluo-

rescence assays for pesticide [34] and acid phosphatase activity

[35] have been developed. However, no fluorescence sensor has

been developed for discriminating phenylenediamine isomers and

ratiometric detection of OPD with bifunctional NH2-MIL-101(Fe).

Here, we fabricate a fluorescence sensing platform to discrim-

inate three aromatic amines (OPD, MPD, and PPD) and detect

OPD ratiometrically with bifunctional MOF (Fig. 1). The NH2-MIL-

101(Fe) exhibits an intrinsic fluorescence at 445 nm ascribed to

1,4-BDC-NH2 linker. Simultaneously, the Fe-O clusters endow NH2-

MIL-101(Fe) with peroxidase-like activity to activate H2O2 to pro-

duce •OH radicals, which oxidize colorless OPD into its oxidized

products (OPDox) with strong fluorescence emission at 574 nm.

The generated OPDox can in turn quench the fluorescence of NH2-

MIL-101(Fe) via inner filter effect (IFE). With F574/F445 as readout,

OPD can be detected ratiometrically. PPD can be oxidized by pro-

duced •OH to its oxidized form (PPDox), which just quenches the

fluorescence of NH2-MIL-101(Fe) via IFE without the generation of

new emission peak. The introduction of MPD cannot induce ob-

vious change for the fluorescence of NH2-MIL-101(Fe). Thus, OPD,

MPD and PPD can be discriminated effectively with fluorescent

NH2-MIL-101(Fe)-based nanozyme.

NH2-MIL-101(Fe) was synthesized by typical solvothermal pro-

cess according to the previous paper [34,35]. The preparation pro-

cess of NH2-MIL-101(Fe) can be found in Supporting Information.

Fig. 2A shows the X-ray diffraction (XRD) characteristic peaks of

the obtained NH2-MIL-101(Fe) are in agreement with a simulation

of MIL-101 [36]. Scanning electron microscopy (SEM) image shows

that NH2-MIL-101(Fe) displays a typical octahedral morphology

with a diameter around 400 nm (Fig. 2B). Fig. S1 (Supporting in-

formation) shows the FT-IR spectra of both NH2-MIL-101(Fe) and

1,4-BDC-NH2. Two peaks at 3400 cm−1 are observed ascribed to

symmetrical and asymmetrical stretching vibrations of amine [37].

The peak at 1651 cm−1 indicates the presence of carboxyl group.

In comparison with ligand, a peak at 571 cm−1 indicates the exis-

tence of Fe-O bond in MOFs. The full X-ray photoelectron spectra

(XPS) shows that NH2-MIL-101(Fe) is composed of Fe, N, O and C

(Fig. 2C). The Fe 2p XPS indicates that the Fe element is composed

of Fe2+ and Fe3+ (Fig. 2D). This Fe3+/Fe2+ redox endows NH2-MIL-

101(Fe) with peroxidase-like activity [34].

It is supposed that NH2-MIL-101(Fe) is photoluminescent as-

cribed to the ligand. As expected, NH2-MIL-101(Fe) exhibits a

strong fluorescence at 445 nm which is consistent with that of 1,4-

BDC-NH2 (Fig. S2A in Supporting information). The results indicate

that the fluorescence property of NH2-MIL-101(Fe) derives from

ligand. Moreover, the fluorescence emissions of NH2-MIL-101(Fe)

under different excitation wavelengths were investigated. The flu-

orescence intensity decreases gradually with increasing excitation

wavelengths from 360 nm to 400 nm (Fig. S2B in Supporting in-

formation), which is consistent with the previous report [34]. The

feasibility for discriminating phenylenediamines with fluorescent

NH2-MIL-101(Fe)-based nanozymes was examined. As presented

in Fig. 3A, only NH2-MIL-101(Fe) exhibits a blue emission at 445

nm upon exciting at 375 nm (curve a, vial a). After introducing

H2O2 and OPD, the emission signal at 445 nm decreases while

a new emission ascribed to OPDox appears at 574 nm (curve b).

The solution exhibits orange-yellow fluorescence under ultravio-

let light (vial b). The emission at 445 nm is quenched obviously

without the appearance of new peak with H2O2 and PPD (curve c,

vial c). However, the introduction of H2O2 and MPD causes slight

change for the emission of NH2-MIL-101(Fe) (curve d, vial d). In

contrast, the emission signals of MOF keep almost unchanged with

any phenylenediamines (Fig. S3 in Supporting information).

UV-vis absorption spectra were studied to further prove the

discrimination of phenylenediamines with NH2-MIL-101(Fe)-based

nanozymes (Fig. 3B). Upon the addition of H2O2, a weak ab-

sorption peak at 435 nm for OPD and 490 nm for PPD is ob-

served, corresponding to OPDox and PPDox, respectively. In con-

trast, there is no obvious absorption peak for MPD with the coex-
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Fig. 2. (A) XRD profiles of NH2-MIL-101(Fe) and simulated MIL-101(Fe). (B) SEM image of NH2-MIL-101(Fe). (C) and (D) show the full XPS and Fe 2p XPS of NH2-MIL-101(Fe),

respectively.

Fig. 3. (A) Fluorescence emission spectra of NH2-MIL-101(Fe) (a) and NH2-MIL-101(Fe) in the presence of H2O2 and OPD (b), H2O2 and PPD (c), and H2O2 and MPD (d).

Inset: the corresponding photos under ultraviolet light. (B) UV-vis spectra of H2O2 + OPD (a), H2O2 + PPD (b), H2O2 + MPD (c), H2O2 + OPD + NH2-MIL-101(Fe) (d),

H2O2 + PPD + NH2-MIL-101(Fe) (e) and H2O2 + MPD + NH2-MIL-101(Fe) (f). Inset: the corresponding photos under daylight. (C) UV-vis absorption spectra of OPDox as

well as PPDox and emission spectrum of NH2-MIL-101(Fe) under the excitation wavelength of 375 nm. (D) PL decay of NH2-MIL-101(Fe) in the absence and presence of

H2O2-OPD and H2O2-PPD.

istence of H2O2. Furthermore, when NH2-MIL-101(Fe) coexists with

OPD + H2O2/PPD + H2O2, absorbance at both 435 nm and 490 nm

increases remarkably. However, there is no obvious absorption in

the systems of NH2-MIL-101(Fe) + OPD, NH2-MIL-101(Fe) + PPD,

NH2-MIL-101(Fe) + MPD and NH2-MIL-101(Fe) + H2O2 (Fig. S4 in

Supporting information). These results indicated NH2-MIL-101(Fe)

can catalyze the oxidation of OPD and PPD easily with the as-

sistance of H2O2 [38,39]. Experiments were performed to further

prove the generation of hydroxyl radicals (•OH) during the cat-

alytic oxidation. As a scavenger for •OH radicals, thiourea is added

into the NH2-MIL-101(Fe)- H2O2-OPD system. As presented in Fig.

S5 (Supporting information), the emission signal at 574 nm de-

creases gradually with the increasing concentration of thiourea,

showing that •OH is indeed produced in this system and involves

in phenylenediamine oxidation reaction. All the results further in-

dicate that the three phenylenediamines can be discriminated with

fluorescent NH2-MIL-101(Fe)-based nanozymes.

Then, we investigated the response mechanism of NH2-MIL-

101(Fe)-H2O2 system for phenylenediamines. As presented in

Fig. 3C, the absorption spectra of both OPDox and PPDox exhibit

a large overlap with the emission spectrum of NH2-MIL-101(Fe).

Furthermore, the fluorescent lifetime (τ ) measurements were per-

formed to investigate their interaction with the results exhibited in

Fig. 3D. The fluorescence decay profile of NH2-MIL-101(Fe) changes

slightly with OPDox/PPDox. The τ of NH2-MIL-101(Fe) in the ab-

sence and presence of OPDox and PPDox is 14.1 ± 0.24 ns, 13.77

± 0.37 ns and 13.68 ± 0.25 ns, respectively. Thus, energy or elec-

tron transfer is excluded. All the above results meet the conditions
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Fig. 4. (A) Fluorescence emission spectra of NH2-MIL-101(Fe)-H2O2 system with varied concentrations of OPD (0, 5, 20, 50, 100, 200, 250, 300, 350, 400, 500, 600, 700,

800, 1000, 1200 μmol/L). (B) Linear relationship between F574/F445 and OPD concentration. (C) Fluorescence emission spectra of NH2-MIL-101(Fe)-H2O2 system with varied

concentrations of PPD (0, 5, 10, 15, 20, 30, 40, 55, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 μmol/L). (D) Linear relationship between �F and PPD concentration.

of inner filter effect (IFE). Therefore, we conclude that NH2-MIL-

101(Fe) is quenched by OPDox/PPDox via IFE.

To improve the sensitivity of this assay for OPD, several fac-

tors such as reaction time, pH, concentration of H2O2 and amount

of NH2-MIL-101(Fe) were optimized. The best reaction time, pH,

concentration of H2O2 and amount of NH2-MIL-101(Fe) is 60 min,

5.0, 20 mmol/L, and 0.5 μg/mL, respectively (Fig. S6 in Support-

ing information). Under optimal conditions, with the increasing

concentration of OPD, the emission signals at 445 nm decrease

whereas those at 574 nm increase (Fig. 4A). The F574/F445 is propor-

tional to the concentration of OPD from 5 μmol/L to 1200 μmol/L

with the regression equation of F574/F445 = 0.0995 + 0.00324 COPD
(R2 = 0.993) (Fig. 4B). The limit of detection (LOD) is calculated

to be 1.5 μmol/L (S/N = 3). Similarly, the fluorescence at 445 nm

decreases gradually when PPD concentration increases (Fig. 4C).

With the �F = F0 − F (F0 and F is the fluorescence intensity of

NH2-MIL-101(Fe)-H2O2 system without and with PPD, respectively)

as readout, two linear calibration curves are achieved for PPD in

the range of 5-100 μmol/L (R2 = 0.998) and 100-1000 μmol/L

(R2 = 0.990), respectively (Fig. 4D). The LOD for PPD is calculated

to be 1.0 μmol/L (S/N = 3). Compared with colorimetric meth-

ods for discriminating phenylenediamine isomers, this fluorescent

method has wider linear range and lower LOD [39,40] (Table S1 in

Supporting information). Moreover, most fluorescent methods can

detect only one phenylenediamine [4,16,17,41] while this strategy

can realize the detection of OPD and PPD (Table S1).

The reproducibility of this assay was investigated by repetitive

analysis of OPD and PPD at the identical and different batches. The

relative standard deviations (RSDs) of the intra-assay were 2.34%

(n = 5) for 0.5 mmol/L OPD and 3.12% (n = 5) for 0.5 mmol/L

PPD at the same-batch sensors. The batch-to-batch reproducibil-

ity was also investigated by six parallel prepared NH2-MIL-101(Fe).

The RSDs were 4.6% and 5.1% for 0.5 mmol/L OPD and 0.5 mmol/L

PPD, respectively. These results demonstrate the satisfactory repro-

ducibility of the designed assay. In addition, the stability of this as-

say was evaluated. The fluorescence responses of NH2-MIL-101(Fe)

towards OPD and PPD with the same concentration (0.5 mmol/L)

were recorded after the NH2-MIL-101(Fe) was kept at 4 °C for 60

days. The assay retains 97% and 95% of its initial responses for OPD

and PPD, respectively, indicating that this assay exhibits good sta-

bility.

To examine the selectivity of this strategy for sensing OPD

and PPD, control experiments were carried out using potential in-

terferences including Fe3+, Ca2+, Zn2+, NO3
−, SO4

2−, tryptophan

(Trp), tyrosine (Tyr), phenylalanine (Phe), ascorbic acid (AA), glu-

tathione (GSH), cysteine (Cys), phenol, 3-nitrophenol (3-NP), 4-

aminophenol (4-AP), catechol (CC), resorcinol (RC), hydroquinone

(HQ), benzaldehyde (BA), aniline, melamine (MA), MPD. As pre-

sented in Fig. S7A (Supporting information), these interferences

cause negligible changes for F574/F445 while the F574/F445 increases

greatly in the presence of OPD. Interference experiments were also

performed with the results shown in Fig. S7B (Supporting informa-

tion). F574/F445 values for OPD detection remain unchanged in the

presence of potential interferences except PPD. Fig. S7C (Support-

ing information) shows that the �F values caused by these inter-

ferences are much lower than that of PPD. Similarly, the interfer-

ence experiments show that �F values for PPD detection change

negligibly with potential interferences except OPD. Overall, these

results demonstrate that the bifunctional NH2-MIL-101(Fe)-based

fluorescent assays exhibit an acceptable selectivity towards OPD

and PPD. Nevertheless, if OPD and PPD coexist in a sample, they

interfere with each other for the detection.

To evaluate the practical performance of this strategy, OPD and

PPD in Weishan Lake water were analyzed by standard addition

method. The detailed analysis process was provided in Supporting

information. As shown in Table S2 (Supporting information), the

recoveries range from 94.4% to 106.9% for OPD and 93.6% to 96.2%

for PPD with the RSD less than 4.0%, revealing the satisfactory re-

liability and accuracy. The results indicate that this method pos-

sesses the great promise in the real sample analysis.

In summary, we have demonstrated the usage of bifunctional

NH2-MIL-101(Fe) for phenylenediamine isomers discrimination and

detection for the first time. The NH2-MIL-101(Fe) not only exhibits

an intrinsic blue fluorescence ascribed to the fluorescent ligand

but also excellent peroxidase-mimic activity due to the presence

of Fe node. With the assistance of H2O2, OPD and PPD can be

oxidized by NH2-MIL-101(Fe) into their corresponding products,

which quench the fluorescence of NH2-MIL-101(Fe) through IFE. In

addition, a new emission at 574 nm emerges for OPDox. There-
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fore, a ratiometric fluorescence assay for OPD is developed. The

introduction of MPD cannot induce obvious change for the fluo-

rescence of NH2-MIL-101(Fe). Thus, the three phenylenediamines

can be discriminated with NH2-MIL-101(Fe)-H2O2 system. This fab-

ricated nanosensor has been successfully utilized to identify OPD

and PPD in water samples. Such a new strategy can enable fluo-

rescence MOF-based nanozyme promising applications in environ-

mental monitoring.
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