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Covalent organic frameworks (COFs) for detecting biological macromolecules in water or biological
environments are generally challenging. In this work, a composite material IEP-MnO, is obtained by
combining manganese dioxide (MnO,) nanocrystals and a fluorescent COF (IEP), which is synthesized by
using 2,4,6-tris(4-aminophenyl)-s-triazine and 2,5-dimethoxyterephthalaldehyde. By the addition of
biothiols, such as glutathione, cysteine or homocysteine with different sizes, the fluorescence emission
spectra of [EP-MnO, changed (“turn-on” or “turn-off’) via different mechanisms. The fluorescence emission
of IEP-MnO, increased in the presence of GSH by the elimination of the FRET (Forster resonance energy
transfer) effect between MnO, and IEP. Surprisingly, due to the formation of a hydrogen bond between
Cys/Hcy and IEP, the fluorescence quenching for IEP-MnO, + Cys/Hcy may be explained via the
photoelectron transfer (PET) process, which endows IEP-MnO, with specificity in distinguishing the

. 4 Bth March 2023 detection of GSH and Cys/Hcy compared to other MnO, complex materials. Therefore, IEP-MnO, was

eceived 8th Marc . . . .

Accepted 3rd May 2023 used to detect GSH and Cys in human whole blood and serum, respectively. The limit of detection for GSH
in whole blood and Cys in human serum was calculated to be 25.58 pM and 4.43 uM, which indicates that

DOI: 10.1039/d3ra01540h IEP-MnO, can be used to investigate some diseases related to GSH and Cys concentration. Moreover, the
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1 Introduction

Biothiols, such as glutathione (GSH), cysteine (Cys), and homo-
cysteine (Hcy), play a vital role in human physiology and
pathology."”” Changes in these thiol levels are associated with
many diseases, such as autoimmune diseases, cancer, diabetes,
aging, cataracts, rheumatoid arthritis, and cardiovascular and
neurodegenerative diseases (Alzheimer's disease).>® In the past
few decades, many detection techniques have been developed for
monitoring the concentration of biothiols, such as fluorescence
spectroscopy,” electrochemical pulse voltammetry,® high-
performance liquid chromatography,” and colorimetry,.'* Due
to its high sensitivity, easy operation, and low sample damage
fluorescence spectroscopy stands out among many methods.™
In 2015, Li et al.™ and our group™ reported that MnO, nano-
sheets were compounded with carbon quantum dots and
phenolic resin, to detect GSH in liquid systems. In 2016, Du et al.™
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research expands the application of covalent organic frameworks in the fluorescence sensing field.

synthesized graphene quantum dot-MnO, nanosheets for the
detection of GSH in solution systems and MCF-7 cells. Further-
more, in 2017, the Dong group> combined MnO, with high fluo-
rescence scopoletin and also applied it to detect GSH. These
studies provided ideas for designing “turn on” GSH sensors.
However, most of these composite materials only rely on the redox
reaction of GSH and MnO,, and they are not very outstanding in
distinguishing the other similar thiols, such as Cys and Hcy.
Covalent organic frameworks (COFs) are a crystalline macro-
molecule composed of light elements with precise skeleton
periodicity and presettable structures.'*'® Owing to their light
weight, excellent porosity and highly accessible surface area,
COFs have been significantly developed in gas storage and
catalysis.'” Recently, some fluorescent COFs have attracted great
interest in chemical sensing, solid-state light-emitting devices,
photocatalysis, and optoelectronics. Currently, many COFs have
been developed for fluorescent sensing, such as detecting metal
ions,'®?* anions,* nitrobenzenes, solvents,” volatile organic
compounds,*® etc. However, most COFs are used in organic
solvents because water molecules will quench their fluorescence
through hydrolysis of borate ester or forming hydrogen bonds
with imine bonds on the COF skeleton. Thus, it is still a great
challenge to use COFs for detection in the biological environ-
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ment. Though some fluorescent COFs have been developed to
detect bio-molecules present in organisms, it seems very
interesting research to use covalent organic frameworks with
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Scheme 1 Synthesis of IEP and the IEP-MnO, composite.

adjustable pore sizes to discriminate molecules with similar
properties but different sizes.

Here, we synthesized a fluorescent COF (IEP), by using 2,4,6-
tris(4-aminophenyl)-s-triazine and 2,5-dimethoxyterephthalal-
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dehyde, with a maximum emission wavelength of 523 nm under
excitation at 406 nm. Then manganese dioxide (MnO,) nano-
crystals were loaded on IEP through electrostatic interaction to
form an IEP-MnO, composite. The maximum emission of the IEP-

(a) The experimental data (red) and simulated data (black) of the PXRD pattern, (b) top view, (c) side view and (d) TEM images for IEP.
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MnO, did not change while the fluorescence intensity decreased
significantly. IEP-MnO, was used for detecting GSH and Cys in
human whole blood and serum, respectively. The experimental
part is shown in the ESIT and the synthesis process of IEP-MnO, is
shown in Scheme 1.

2 Results and discussion
2.1 Characterization of IEP

IEP was synthesized by the previously reported method.** The
Fourier transform infrared (FT-IR) spectrum of IEP (Fig. S17)
shows a stretching vibration signal at 1595 cm ™", which can be
attributed to the C=N formed during the reaction. In addition,
the peak at 1672 cm ™" of 2,5-dimethoxyterephthalaldehyde (Dp)
and the stretching vibration peak at 3199 ~ 3464 cm ™' of 2,4,6-
tris-(4-aminophenyl)-s-triazine (Tz) almost disappeared, indi-
cating that the C=O of Dp and -NH, of Tz were almost
completely consumed. The remaining weak signal peaks of
C=0 and -NH, in IEP represent unreacted edge aldehydes and
amino groups. The >C NMR spectrum of IEP shows that peak 7
which appeared at 153.1 ppm can be attributed to the formation
of C=N (Fig. S27). The crystallinity of IEP was tested by powder
X-ray diffraction (PXRD) measurement. As shown in Fig. 1a,
there is a strong signal peak at 2.76° in the experimental X-ray
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diffraction pattern, which can be attributed to the reflection
from (100) planes. Several other weak signal peaks, such as
4.89°, 5.82°, 7.61°, 9.70° and 24.9°, can be attributed to the
reflection from the (110), (200), (210), (220) and (001) planes.
The stacking method corresponded with AA-stacking (Fig. 1b)
by comparison with the PXRD simulation pattern of IEP (Fig. 1a,
black curve). The interlayer distance d was calculated to be 3.57
A to confirm the m-m interaction between adjacent layers
(Fig. 1c). In addition, transmission electron microscopy (TEM)
confirmed that IEP is a layered nanosheet, as shown in Fig. 1d.

The Brunauer-Emmett-Teller (BET) surface area and
permanent porosity of IEP were estimated by the nitrogen
adsorption isotherm of the activated sample at 77 K. As shown
in Fig. 2a, the nitrogen adsorption isotherm of IEP shows
a typical IV-type adsorption-desorption curve. Furthermore,
based on the non-local density functional theory method, the
BET surface area and the pore volume were estimated to be 870
m” g ' and 3.4 cm® g™, and the average pore size was estimated
to be 2.3 nm (Fig. 2b).

2.2 Characterization of the IEP-MnO, composite

By a simple synthesis method, 5 mg IEP and 10 mg MnO,
nanocrystals were mixed in 10 mL ethanol, sonicated for 5 min,
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(a) The nitrogen adsorption isotherm and (b) average pore size distribution for IEP and IEP-MnO; (c) the experimental data of the PXRD

pattern for IEP, IEP-MnO, and MnO,; (d) the FT-IR spectrum of IEP, IEP-MnO, and IEP-MnO, + GSH.
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and then stirred at room temperature for 4 h. The collected dark
green product was washed three times with ethanol and
vacuum dried at 80 °C for 12 h to obtain IEP-MnO,.

The PXRD pattern of IEP-MnO,, is shown in Fig. 2c. The
strong diffraction peak at 2.76° indicates that the composite
IEP-MnO, maintains good crystallinity. At the same time, the
lower diffraction peaks at 28.81°, 33.07° and 37.42° indicate the
successful loading of MnO, nanocrystals. The FT-IR spectrum
was recorded in order to further confirm that MnO, was
successfully loaded on the IEP. As shown in Fig. 2d, compared
with the FT-IR spectrum of IEP, the signal at 1595 cm ™'
remained consistent, indicating that the structure of IEP-MnO,
was not destroyed. Moreover, the stretching vibration range of
500 cm™ " ~ 600 cm ' of IEP-MnO, represents manganese oxide
species.

The BET surface area and the pore volume of IEP-MnO, were
estimated to be 370 m* g " and 1.75 cm® g " (Fig. 2a and b) by
the nitrogen adsorption isotherm at 77 K. Moreover, the average

(a) The TEM images and (b) element mapping spectrum for IEP-MnO,.

pore size of IEP-MnO, still remained at 2.3 nm. MnO, loaded on
IEP was observed by TEM and element mapping (Fig. 3 and
S31). It can be observed by TEM images that MnO, nanocrystals
with an average size of 50 nm are successfully loaded on the IEP
sheet (Fig. S31). As shown in Fig. 3a, it can be observed that the
lattice spacing of MnO, nanocrystals is about 0.25 nm, and the
element mapping of IEP-MnO, (Fig. 3b) proved the existence of
manganese.

The thermal stability of IEP and IEP-MnO, was determined
by thermogravimetric analysis. As shown in Fig. S4,7 the
thermal decomposition temperatures of IEP and IEP-MnO, are
319 °C and 293 °C, respectively. The dynamic light scattering
(DLS) spectra confirmed that the particle sizes of IEP and IEP-
MnO, were distributed in the ranges of 360-590 nm and 190-
308 nm, and the main dimensions are 463 nm and 242 nm,
respectively (Fig. S4a and b).t In addition, the zeta potentials ({)
of IEP and IEP-MnO, were also measured, and the results are
—7.11 mV and —4.97 mV, respectively (Fig. S4c and d).}

Table 1 The fluorescence lifetimes and percentage of IEP, IEP-MnO,, IEP-MnO, + GSH, IEP-MnO, + Cys, and IEP-MnO, + Hcy (global analyst
results of different emission wavelengths at 508 nm, 523 nm and 538 nm). Cigp = Cigp-mno, = 0.05 mg mL™ Caeny = Ceys = Chey =5 mM

Test group T,/n8 T,/nS T3/nS x> T/ns
IEP 5.6 & 0.002 (30.66%) 13.9 + 0.004 (69.34%) — 1.014 11.42
IEP-MnO, 5.9 + 0.002 (25.82%) 14.38 + 0.001 (74.18%) — 1.011 12.2
IEP-MnO, + GSH 5.1 & 0.002 (29.79%) 14.31 + 0.001(70.21%) — 1.042 11.5
IEP-MnO, + Cys 4.7 + 0.004 (20.08%) 13.42 4 0.001 (64.10%) 0.38 + 0.045 (15.82%) 1.079 9.62
IEP-MnO, + Hcy 5.2 & 0.003 (27.25%) 12.90 + 0.001 (62.11%) 0.52 £ 0.052 (10.64%) 1.077 9.50

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3 Mechanism of IEP fluorescence quenching by MnO,

As shown in Fig. S6a,t the maximum fluorescence emission of
IEP was 523 nm under excitation at 406 nm measured using
a fluorescence spectrophotometer. MnO, shows a wide range of
absorption from 300 nm to 800 nm. As shown in Fig. Séb,{
compared with IEP, the maximum fluorescence of IEP-MnO,
was not changed, but the intensity reduced greatly, suggesting
the FRET effect between IEP and MnO,. In addition, decay
traces of IEP and IEP-MnQO, in PBS buffer solution were ob-
tained by single photon timing (SPT). The fluorescence decay of
IEP is fitted to the biexponential profile with lifetimes of 5.63 ns
and 13.98 in PBS buffer solution. Moreover, the fluorescence
lifetimes of IEP-MnO, are 5.92 ns and 14.38 ns, respectively
(Table 1). There is almost no difference in fluorescence lifetime
between IEP and IEP-MnO,, which implies that the process of
fluorescence quenching for IEP-MnO, is static quenching.

2.4 Detection of GSH and Cys by IEP-MnO, in PBS buffer
solution

The fluorescence emission intensity of IEP-MnO, after adding
different concentrations of GSH was recorded using a fluores-
cence spectrophotometer. As shown in Fig. 4a, as the concen-
tration of GSH increases, the emission intensity of IEP-MnO,
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gradually increases, and finally reaches its maximum value
when 5 mM GSH is added. Since the fluorescence emission of
IEP-MnO, increases linearly in the GSH concentration range of
0-0.1 mM, the limit of detection (LOD) of GSH is calculated to
be 1.79 uM through the detection limit calculation formula LOD
= 30/k (details about the formula are shown in the ESI{) in this
range (Fig. 4b). On the contrary, as the concentration of Cys
increases, the fluorescence emission intensity of IEP-MnO,
decreases a lot, and reaches a minimum when 2 mM Cys is
added (Fig. 4c) and the LOD of Cys is estimated to be 19.33 uM
under the concentration range of 0-2 mM. By comparison with
other methods of detecting biological thiols, it can be observed
that IEP-MnO, has a wider linear range (Table S17).

The time-dependent experiment was carried out with
consistent conditions except for adding different concentra-
tions of GSH or Cys. As shown in Fig. S8a,t it was observed that
IEP-MnO, and different concentrations of GSH were completely
reacted at about 30 min. Similarly, when different concentra-
tions of Cys were added, the reaction times were approximately
28 min (Fig. S8bt). In addition, the light stability test confirmed
that the structure and fluorescence emission of IEP-MnO,
remained stable within 30 min under the excitation wavelength
of 406 nm (Fig. S9T). Selectivity experiments were performed by
adding other kinds of amino acids, sulfur-containing anions,

b
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(@ and c) Fluorescence emission spectrum of IEP-MnO, suspension at different concentrations of GSH or Cys in DMSO (dimethyl

sulfoxide)/H,O PBS buffer (1: 9, v/v, 20 mM, pH = 7.4); (b and d) the calibration curve of IEP-MnO, for GSH or Cys concentration titration. Error
bars represent the standard error derived from three repeated measurements. Cigp-mno, = 0.05 mg ML, Aex = 406 NM, Ao = 523 nm.
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H,0, and ascorbic acid at the same concentration. After 30 min,
the ratio of fluorescence emission intensity for all experimental
groups (F) to the initial fluorescence emission intensity of IEP-
MnO, (F,) was calculated (Fig. S107). Obviously, the fluores-
cence of IEP-MnO, was quenched when Cys or Hcy was added.
The reason for fluorescence quenching was the combination of
Cys/Hcy and nitrogen atoms of IEP through hydrogen bonding;
thereby, the PET process occurred (Fig. S117)."*%¢ The process
can also be confirmed by single photon timing (SPT). When Cys/
Hcy were added to IEP-MnO, PBS buffer solution, the fluores-
cence decays showed triple-exponential nature. As shown in
Table 1, after adding Cys, the lifetimes are 4.79 ns, 13.42 and
0.38 ns, and after adding Hcy, the average lifetimes are 5.24 ns,
12.90 ns and 0.52 ns. The two slow decay times after adding Cys/
Hcy to the IEP-MnO, PBS buffer solution are similar to those of
IEP-MnO, (5.92 ns and 14.38 ns) in PBS buffer. The contribu-
tions of the third decay time of IEP-MnO, + Cys (t3 = 0.38 ns)
and IEP-MnO, + Hcy (13 = 0.52 ns) components are 15.8% and
10.6%, respectively, which can be attributed to the lifetime of
the PET state.* Density functional theory (DFT) calculations
confirm the PET process. As shown in Fig. 5, the LUMO energy
of the IEP-Cys is lower than that of IEP, when IEP is excited by
the incident light, the excited state electrons of IEP transition to
the LUMO of the IEP-Cys, and the fluorescence of IEP is
quenched. On the contrary, the LUMO energy of IEP-Hcy is
higher than that of IEP; thus, excited state electrons of IEP-Hcy
would transition to the LUMO of IEP, resulting that the ground
state electrons of IEP are unable to be excited, and thus the
fluorescence quenching. However, the fluorescence decay for
IEP-MnO, + GSH in PBS buffer solution revealed bi-exponential
behavior similar to IEP-MnO, with lifetimes of 5.17 ns and 14.31
ns (Table 1). This result indicates that IEP cannot combine with

)
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GSH through a hydrogen bond to touch off the electron transfer
process.

In order to further illustrate the combination of Cys/Hcy and
IEP, TPB-DMTP-COF was synthesized according to the litera-
ture,* where 2,4,6-tris(4-aminophenyl)-s-triazine (triazine ring)
was replaced by 1,3,5-tris(4-aminophenyl)benzene (benzene
ring). The crystallinity and structure of TPB-DMTP-COF were
characterized by PXRD and FT-IR spectrum (Fig. S12 and S137).
The maximum emission wavelength of TPB-DMTP-COF is
525 nm under excitation at 415 nm. The fluorescence of TPB-
DMTP-COF was quenched after adding Cys/Hcy, but the
quenching degree is lower than that of IEP (Fig. S147), which
means that the nitrogen atoms of the triazine ring and imine
bond in IEP connect with Cys/Hcy through hydrogen bonds and
promoted PET. In addition, as shown in Table S2,{ the fluo-
rescence decay of TPB-DMTP-COF exhibits triple-exponential
behavior with three fluorescence lifetimes, 0.68 ns, 4.15 ns
and 14.96 ns, respectively. TPB-DMTP-COF + Cys and TPB-
DMTP-COF + Hcy exhibit triple-exponential behavior and the
lifetime of TPB-DMTP-COF + Cys and TPB-DMTP-COF + Hcy is
0.22 ns, 3.01 ns, 14.05 ns and 0.27 ns, 5.52 ns, 13.24 ns,
respectively. The increased content of fast decay time (from
7.58% to 20.28% and 13.74%) implies the PET effect of TPB-
DMTP-COF + Cys/Hcy.

In order to test the stability of IEP-MnO, under different pH
conditions, the fluorescence emission of IEP-MnQO, was tested
in the range of pH = 5.5-10. As shown in Fig. S15,1 when pH =
5.5, IEP-MnO, emits strong fluorescence, and the emission
intensity decreases gradually with the increase of pH and finally
remains stable when pH > 8. It can be attributed to the
decomposition of MnO, under acidic conditions, and emission
of IEP was released. In order to be consistent with the biological

AT
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Fig. 5 The theoretical HOMO-LUMO and possible PET processes of IEP, IEP-Cys, and IEP-Hcy.
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environment, pH =
condition.

7.4 is selected as the experimental

2.5 Detection of GSH in human whole blood and Cys in
serum by IEP-MnO,

Based on the above research, we tried to use IEP-MnO, (0.1 mg
mL™") in the complex human whole blood environment to
make it possible to detect GSH in vitro. In 50 times diluted
human whole blood through HEPES buffer (10 mM, pH = 7.4),
IEP-MnO, shows double launch properties in diluted whole
blood, with emission wavelengths at 522 nm and 640 nm. The
emission intensity of IEP-MnO, obviously increases as the
concentration of external GSH increases until it reaches its
maximum after adding 1.7 mM GSH (Fig. 6a). Furthermore, the
LOD is calculated to be 25.58 uM within the GSH concentration
range of 0-1 mM (Fig. 6b). In addition, IEP-MnO, was also used
to detect Cys in 50 times diluted human serum (PBS, 20 mM, pH
= 7.4). As shown in Fig. 6c, the fluorescence emission intensity
of IEP-MnO, decreased a lot when 3 mM Cys was added and the
LOD of Cys was calculated to be 4.43 pM in the concentration
range of 0-0.25 mM (Fig. 6d). The results indicated that IEP-
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MnO, could detect GSH or Cys in complex biological
environments.

Next, based on the previously reported GSH content in the
human whole blood by HPLC,? the concentration of GSH in the
whole blood after 50-fold dilution was estimated to be 16.89 pM.
After that, 3 groups of whole blood with additional 20 uM and
50 uM were added, and they were found to have good repro-
ducibility by comparison with the standard curve (Table S37).
The actual concentration of Cys in serum is also determined by
the same method.***® The Cys concentration in 50-fold diluted
serum samples was determined according to published reports
and excellent reproducibility was found by adding 40 and 90 uM
Cys (Table S4+).

2.6 The detection mechanism of GSH and Cys

IEP-MnO, can be reduced to IEP and Mn?**, which makes IEP-
MnO, a “turn on” sensor for detecting GSH. The detection
process was characterized by TEM, FT-IR spectroscopy, PXRD,
and inductively coupled plasma mass spectrometry (ICP-MS). As
shown in Fig. S3,f the TEM image shows that the MnO, nano-
crystals loaded on IEP completely disappeared after adding

b
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(a) The fluorescence emission spectrum of IEP-MnO, suspension at different concentrations of GSH and (b) the calibration curve of IEP-

MnO, for GSH concentration titration in human whole blood. Cigp-mno, = 0.1 mg mL™?, ex = 406 nm, Aem = 522 nm. (c) The fluorescence
emission spectrum of IEP-MnO, suspension at different concentrations of Cys and (d) the calibration curve of IEP-MnO, for Cys concentration
titration in human serum. Cigp_mno, = 0.1 mg mML™Y, Aex = 406 NM, Aem = 522 nm. Error bars represent the standard error derived from three

repeated measurements.
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GSH. The signal peak of MnO, on the FT-IR spectrum of IEP-
MnO, + GSH also disappeared completely (Fig. S167).
Compared to IEP-MnO,, the diffraction peaks at 28.81°, 33.07°
and 37.42° which represent MnO, nanocrystals disappeared
(Fig. S177). ICP-MS proves the presence of Mn*" in the detection
system. In addition, due to the hydrogen bonds between Cys/
Hcy and IEP, the fluorescence of IEP was quenched through
the PET effect. It is worth noting that, due to the excessive steric
hindrance of the amino part of GSH, it cannot be combined
with IEP to make the fluorescence of IEP quenched.

3 Conclusion

In this work, the fluorescent covalent organic framework IEP was
synthesized by the hydrothermal method, and then MnO, nano-
crystals were loaded on IEP by simple room temperature stirring
to form the composite material IEP-MnO,. After adding GSH or
Cys, the fluorescence emission spectrum of IEP-MnO, changed
(“turn-on” or “turn-off’) via different mechanisms. Since the
fluorescence of IEP was quenched by MnO, through the FRET
effect, and MnO, can be reduced to Mn>* by GSH, the composite
material IEP-MnO, as a “turn-on” fluorescent sensor plays an
important role in detecting GSH in PBS buffer solution and
human whole blood. More interestingly, due to the electron
transfer process between the COF skeleton and Cys/Hcy, the
fluorescence of IEP is quenched by Cys/Hcy, and IEP-MnO, can be
used to detect Cys in human serum. Therefore, IEP-MnO, was
successfully used in distinguishing detection of GSH and Cys. This
work expands the application of COFs in fluorescent sensing and
interprets their unparalleled advantages as fluorescent sensors.
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