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ABSTRACT: Novel metal—organic frameworks (MOFs) based solid . 0

catalysts have been synthesized by encapsulating Hemin into the
HKUST-1 MOF materials. These have been first applied in the
chemiluminescence field with outstanding performance. The function-
alized MOFs not only maintain an excellent catalytic activity inheriting
from Hemin but also can be cyclically utilized as solid mimic
peroxidases in the neutral condition. The synthesized Hemin@
HKUST-1 composites have been used to develop practical sensors
for H,0, and glucose with wide response ranges and low detection
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limits. It was envisioned that catalyst-functionalized MOFs for
chemiluminescence sensing would have promising applications in | yminol+H:20: %-;’ Fnhanccd

green, selective, and sensitive detection of target analytes in the future.
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B INTRODUCTION

Metal—organic frameworks (MOFs) are hybrid microporous
crystalline materials, self-assembled straightforwardly from
metal ions with organic linkers through strong covalent bonds.'
Specifically, the chemistry of MOFs provides an extensive class of
emerging functional materials with high thermal and mechanical
stability, tunable metrics, organic functionality, open metal sites in
the skeleton, structural diversity, and ultrahigh porosity.” Owing to
their unusual properties, MOFs have great potential for plent_;r of
applications, such as cataly51s, separatlons,56 gas storage,
ion-exchange,'"'? sensing,"* bioimaging, and drug delivery.'*"'®
The use of MOFs for heterogeneous catalysis can be
attributed to some advantages of metal—organic framework
systems such as the high density of active catalytic centers, great
tunability, high level of porosity, crystalline nature enabling
elucidation of structural details, and relatively easy immobiliza-
tion.'”'® Compared with traditional porous materials such as
zeolites and silica, MOFs provide an excellent platform for
heterogeneous catalysis.'” Nowadays, researchers have been
attracted by the effect of incorporating active sites in the
framework. The incorporated method can bring MOFs some
new properties and thus expand their catalytic performance.”**!
There are several ways of introducing catalytic active sites. One
approach is to use the metal or metal cluster connecting points
with a free coordinating site as catalytic sites or incorporate an
uncoordinated site at one of the metal atoms in the inorganic
cornerstone. An alternative approach is to build the active site
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into the linker, in other words, active catalytic sites can be
generated from the functional groups within a MOF scaffold.
The attractive and straightforward approach is to entrap active
catalysts into MOFs, such as palladium nanoparticles or
metalloporphyrins.** >’

It is one of the hot trends to incorporate porphyrins or
metalloporphyrms into MOFs for a large variety of applica-
tions.”® > Porphyrins and metalloporphyrms have been ex-
tensively studied as chemoselective catalysts.>® In the homo-
geneous phase, the dimerization and self-degradation of
porphyrins and metalloporphyrins result in their lifetime
activity being limited. Therefore, immobilization of porphyrins
and metalloporphyrins in solid matrices is expected to enhance
stability and protect the active moiety from dimerization.”*

In 2012, Zhou and co-workers synthesized zirconium—
metalloporphyrin PCN-222 to catalyze the oxidation of a
variety of substrates.>> The successful construction of stable 3D
structures with large open channels provided an excellent
catalytic performance of PCN-222, i.e., several times to over 2
orders of magnitude higher than that of free Hemin in aqueous
media. However, the synthesis of the PCN-222 MOFs needed a
time-consuming and complicated solvothermal prodedure.
Recently, MIL-68, MIL-100, and MIL-53 MOFs have been
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Scheme 1. Catalytic Activity and Recyclability of Hemin@HKUST-1 for CL Detection of H,0,

25

CL Intensityfa.u.
a 3 @ B

o

2000

fa.u

1500

1000

CL Intensity,

@
3
o

5 10 15 20 25 30
Timels

|.if;minolw

reported as mimic enzyme for colorimetric biosensing of
ascorbic acid.*”** However, critic experimental conditions such
as high temperature and pressure were required to obtain these
MOFs. Additionally, the catalytic activities of these MOFs were
relatively poor compared with natural enzymes. Therefore,
we are interested in searching a kind of MOFs with excellent
peroxidase-like activity that can be synthesized quickly and
easily.

In 2011, Larsen and co-workers reported a simple method
to encapsulate heme into HKUST-1 MOFs and mimick heme
enzymes in the solid state.*” Besides, it is well-known that
Hemin can catalyze chemiluminescence (CL) reaction of H,0,
and luminol.* Inspired by this reported work on MOFs and
the previous research on the catalytic property of Hemin,*"**
we have encapsulated Hemin into HKUST-1 and utilized the
obtained Hemin@HKUST-1 for catalyzing CL reaction
between H,0, and luminol (Scheme 1). Since its high sen-
sitivity, low background interference, and simple instrumenta-
tion, CL detection is applied in many fields. To the best of our
knowledge, there is no report on using functionalized MOFs as
a platform for CL sensing yet. Therefore, the combination of
MOFs with chemiluminescence for analytical chemistry is
meaningful. The present work might have following major
advantages: (1) Compared with the previously reported MOFs,
our Hemin@HKUST-1 can be obtained in a very simple and
easy way, e.g. only 7 h-reaction time, 60 °C-reaction tempera-
ture, and ambient pressure are required. (2) The synthesized
Hemin@HKUST-1 MOF composites not only exhibit good
catalytic activity inheriting from molecular Hemin but also can
be recycled easily as solid catalysts due to their good stability
and easy separation from reaction solutions. (3) For the first
time, the Hemin@HKUST-1 MOF composites have been used
for developing green, selective, and sensitive CL sensors for the
detection of H,0, and glucose.

B EXPERIMENTAL SECTION

Chemicals and Materials. 1,3,5-Benzene tricarboxylate (>98%)
and glucose oxidase from Aspergillus niger (GOx, 100 U/mg) were
bought from Aladdin (Shanghai, China). Hemin (>98%) was obtained

from Alfa Aesar (Shanghai, China); Cu(NO;),-3H,0 was received
from Fuchen chemical reagent company (Tianjin, China). All other
reagents were analytically pure. Doubly distilled water was used
throughout the experiments. Here, 0.01 M phosphate buffer solutions
(PBS) with different pH were used to control pH values of solutions.
Hemin stock solution (0.01 M) was prepared by dissolving required
Hemin powder in 0.25% Na,COj solution. Free Hemin solutions were
obtained by diluting the stock solution with PBS.

Apparatus. SEM images were taken by a Nova NanoSEM
230 field-emission microscope. X-ray powder diffraction patterns
were measured by a Rigaku Miniflex X-ray diffractometer at 30 kV,
15 mA for Cu Ka (1 = 1.5406 A) with scan speed of 0.1 s/step and a
step size of 0.01°. The specific surface areas of MOF composites were
tested by Brunauer—Emmett—Teller (BET) method using nitrogen
gas adsorption/desorption at 77 K (BET, Micromeritics ASAP 2020,
USA). Microscopic images were obtained by an inverted Eclipse Ti—U
microscope (Nikon, Japan) equipped with a color camera (DS-Ril).
UV—vis absorption spectra were measured by a spectrophotometer
(Lambda 750, PerkinElmer). CL signals were recorded by an MPI-EII
Luminescence Analytical System (Xi'an Remex Analyze Instrument
Co. Ltd., China).

Synthesis of Hemin@HKUST-1 Composites. Hemin@HKUST-1
composites were synthesized by a method similar to a previously
reported method for preparing Heme doped HKUST-1,* except for
Heme was displaced by Hemin in the present work. Briefly, 0.5 g of
1,3,5-benzene tricarboxylate and different mass of the Hemin (typically
120 mg) were dissolved in 15 mL ethanol:dimethylformamide (1:1 in
volume) mixed solution and further mixed with 7.5 mL of water
containing 1.04 g of Cu(NO;),-3H,0 in a S0 mL centrifuge tube. The
tube was into a water bath (60 °C) for 7 h, then cooled to room
temperature. Finally, the composites were collected by centrifugation,
washed several times with ethanol until the supernatant was colorless,
and vacuum-dried overnight (55 °C). The HKUST-1 composites were
synthesized in the same way without the addition of Hemin.

H,0, Detection Using Hemin@HKUST-1 as Solid Mimic
Peroxidase. H,0, detection was realized as follows: 10 uL of
1 X 107 M luminol (final concentration of 1 X 107° M), and 20 uL of
50 mg/mL Hemin@HKUST-1 (final concentration of 1 mg/mL)
were added into 960 uL of 10 mM PBS (pH 7.0). As soon as 10 L of
H,0, of different concentrations was injected, the CL signal was
measured with the luminescence analyzer.

Glucose Detection Using GOx and Hemin@HKUST-1. Glucose
detection was carried out as follows: 100 uL of 1 mg/mL GOx and
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Figure 1. Bright field micrograph image of Hemin@HKUST-1 (A) and HKUST-1 (C). SEM image of Hemin@HKUST-1 (B) and HKUST-1 (D).
(E) XRD data for Hemin@HKUST-1 (a) and HKUST-1 (b). (F) N, adsorption and desorption isotherms of Hemin@HKUST-1 (a, b) and

HKUST-1(c, d).

10 uL of glucose of different concentrations in 860 yL of 10 mM PBS
(pH 7.0) were incubated at 37 °C for 30 min, then 20 uL of 50 mg/mL
Hemin@HKUST-1 was added into the above glucose reaction solution.
Finally, 10 4L of 1 X 107> M luminol was injected, and the CL signal was
measured with the luminescence analyzer.

B RESULTS AND DISCUSSION

Characterization of Hemin@HKUST-1. Under the micro-
scope, the synthesized Hemin@HKUST-1 materials are blue
crystals (Figure 1A), which are very similar to the parent
MOFs, HKUST-1 (Figure 1C). SEM images clearly show that
both Hemin@HKUST-1 (Figure 1B) and bare HKUST-1
(Figure 1D) are essentially the same in morpholoy, i.e. they are
define octahedral cystals with average diameter less than 50 ym.
Apparently, these images show that the encapsulation of Hemin
in HKUST-1 do not change the morpholey of the MOFs.
The comparison of the X-ray powder diffraction data of

11324

Hemin@HKUST-1 (curve a in Figure 1E) with that of HKUST-1
(cure b in Figure 1E) indicates that the Hemin-doping does not
impact the crystalline integrity of HKUST-1. The Brunauer—
Emmett—Teller (BET) isotherm experimental results (Figure 1F)
suggest that both Hemin@HKUST-1 (curves a and b) and
HKUST-1 (curves c and d) exhibit typical type-I isotherm char-
acteristics of microporous materials. The BET surface areas of
Hemin@HKUST-1 and HKUST-1 were measured respectively
to be 1160.9 and 1222.8 m?/ g, suggesting that the doped Hemin
can fill the hole of HKUST-1 somewhat and cause a slight
decrease in the BET surface area.

Hemin@HKUST-1 has a small UV—vis absorption peak at
435 nm (curve a in Figure 2), which is assigned to the char-
acteristic UV—vis peak of Hemin (curve b in Figure 2). Around
435 nm, all of Cu(NO;),, H;BTC, and HKUST-1 have no
UV—vis absorbances (curves c—e in Figure 2). Therefore, the
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Figure 2. (A) UV—vis absorption spectra of Hemin@HKUST-1 (a),
Hemin (b), Cu(NOs;), (c), H;BTC (d), and HKUST-1 (e) solutions
dissolved in 250 mM imidazole. (inset) Standard working curve of the
absorption intensity at 435 nm versus the known concentration of
Hemin. All absorbance was measured in 250 mM imidazole solution.

amount of Hemin in the prepared Hemin@HKUST-1 can be
determined by spectrophotometry.®® In the measurement,
a certain weight of Hemin@HKUST-1 was dissolved com-
pletely in water containing 0.25 M imidazole that can dissolve
HKUST-1 and does not have absorbance around 435 nm, and
the concentration of Hemin was measured in the resultant
solution based on a spectrophotometric calibration curve
(inset of Figure 2). By this analytical method, the content of
Hemin incorporated in Hemin@HKUST-1 was determined to
be 5.408 mg/g.

Catalytic Activity of Hemin@HKUST-1 for the Luminol—
H,0, CL System. In alkaline solution (e.g., 0.1 M NaOH), the
catalytic activity of Hemin@HKUST-1 for the CL reaction
between luminol and H,0, was investigated. As shown in
Figure 3A, no CL was found for luminol—H,O, in the absence
of catalyst (see section a in Figure 3A). In contrast, very bright
CL emission was observed as soon as Hemin@HKUST-1 was
added into luminol—H,0, alkaline solution (see section b in
Figure 3A), showing that Hemin@HKUST-1 can strongly
catalyze the CL reaction of the luminol-H,O, system. In
neutral solution (ie, pH7.0 PBS), the effect of Hemin@
HKUST-1 on the CL intensity was also investigated and shown
in Figure 3B. The CL intensity of luminol—H,0, system in the
presence of Hemin@HKUST-1 (curve a in Figure 3B) is about
100 times stronger than that of luminol—H,0, system without
catalyst (curve b in Figure 3B), whereas there is only a slight
increase in CL intensity of the luminol-H,O, system in the
prescence of parent MOFs, HKUST-1 (curve c, inset of
Figure 3A). Moreover, Figure 1B shows that Hemin@HKUST-1
can quickly catalyze the oxidation of luminol by H,O, and gives
rise to a sharp CL signal increase within S s, which may be
attributed to the low mass transfer resistance in porous
structure of MOFs. Additionally, we compared the catalytic
activity of Hemin@HKUST-1 with that of free Hemin at the
same Hemin concentration (curve d in Figure 3B). The CL
intensity of the luminol-H,0, system in the presence of
Hemin@HKUST-1 reaches 50% that in the presence of free
Hemin. This indicates that the catalytic activity of Hemin is still
satisfying after immobilization. Summarily, the above exper-
imental results indicate that Hemin@HKUST-1 exhibits
excellent catalytic activities toward the luminol-H,O, CL
system both in alkaline and neutral solutions.
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Figure 3. (A) Photographs obtained in the dark for the
chemiluminescence reactions of the luminol (0.01M)-—H,0,
(0.01M) system in NaOH (0.1M) in the absence (a) and presence
(b) of Hemin@HKUST-1 (50 mg/mL). (B) CL response curves of
the luminol (1.0 X 1075 M)—H,0, (1.0 X 10™* M) system in 0.01 M
PBS (pH 7.0) in the presence (a) and absence (b) of Hemin@
HKUST-1 (1 mg/mL MOFs containing 0.005 mg/mL Hemin), in the
presence of bare HKUST-1 (1 mg/mL, curve c), and in the presence
of free Hemin (0.005S mg/mL, curve d). (inset) Amplified view of
curves b and c. (C) Recycle evaluation for the catalyst of Hemin@
HKUST-1. In the first cycle, CL intensity was recorded by adding
Hemin@HKUST-1 (1 mg/mL) to the system containing luminol
(1.0 X 107> M)—H,0, (1.0 X 10™* M), then Hemin@HKUST-1 was
centrifugated from the resultant CL solution and reused for the
subsequent CL cycles (2—8).

Recyclability of Hemin@HKUST-1. The recyclability of
the catalyst, Hemin@HKUST-1, for the luminol-H,0, CL
system was evaluated. A certain weight of Hemin@HKUST-1
was used for catalyzing luminol—H,O, reactions in several CL
solutions. After recording the catalytic CL signal from each
luminol-H,0, mixed solution, the catalyst (ie, Hemin@
HKUST-1) was separated from the CL reaction solution by
centrifugation and added into the next luminol—H,0, mixed
solution for catalyzing CL reaction. As shown in Figure 3C,
after eight catalysis cycles, the catalyst of Hemin@HKUST-1
still maintained an excellent catalytic activity since the CL
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Figure 4. Effects of experimental conditions on the CL intensity of Hemin@HKUST-1-luminol—H,0O, sensing system: (A) effect of the mass of
Hemin used in the synthesis of Hemin@HKUST-1; (B) effect of pH; (C) effect of the concentration of Hemin@HKUST-1; (D) effect of luminol

concentration.

intensity of the Hemin@HKUST-1—luminol-H,0O, system
does not appear to be much different in the whole process of
recycling. The good recyclability of catalyst may be attributed
to the fact that the immobilization of Hemin in HKUST-1
enhances Hemin stability and protects the active moiety from
dimerization and self-degradation. The experimental results
indicate that Hemin@HKUST-1 may be more useful than
Hemin since it can be used as a recyclable solid mimic
peroxidase.

Optimization of Hemin@HKUST-1-Based CL Sensing
Conditions. Since Hemin can catalytic oxidation of luminol by
hydrogen peroxide to enhance the CL emission of luminol,
the synthesized Hemin@HKUST-1 may be applied for the
sensitive detection of H,O, and related enzymatic-linked
substrates, such as glucose. Before the establishment of the
Hemin@HKUST-1-based CL sensor, several experimental
conditions such as the content of Hemin loaded in MOFs,
pH value of test solution, the concentration of luminol, and the
amount of Hemin@HKUST-1 used on the CL sensing were
investigated. First, the content of Hemin in Hemin@HKUST-1
is very important for the catalyst activity of Hemin@HKUST-1.
As shown in Figure 4A, the CL intensity is linearly increased
with the mass of Hemin as a reactant used in Hemin@HKUST-1
synthesis in the range of 10—120 mg, indicating that the
catalytic activity of Hemin@HKUST-1 increases with Hemin
content. However, CL intensity tends to be a constant value
when more Hemin (>120 mg) is used, suggesting that Hemin
in the MOFs reaches its saturated doping concentration, i.e.
5.408 mg/g as mentioned above. Therefore, 120 mg Hemin
was chosen for the synthesis of Hemin@HKUST-1. Sub-
sequently, the effect of soltuion pH on the CL intensity of
Hemin@HKUST-1—-luminol—H,0O, system was evaluated and

compared with that of free Hemin—luminol—H,O, (Figure S1).
As shown in Figure 4B, the CL intensity ratio (I/I,) of the
luminol—H,0, system in the presence or absence of Hemin@
HKUST-1 maintains a constant and high value (ca. 78) over
pH 7-9, decreases slightly in the range of pH 9—11, and only
decrease obviously at pH 12.0. This indicates that Hemin@
HKUST-1 exhibits good catalytic activity in a wide pH range
(neutral and weakly alkaline solutions). In contrast, the catalytic
activity of free Hemin toward luminol-H,0, CL reaction
(I/1y) is significant only at pH 7.0 and has low values over pH
8.0—12.0; especially, there is a sharp decrease in catalytic
activity at pH 8.0 (Figure S1). The obvious decrease in free
Hemin catalytic activity can be attributed to that dimerization
of catalytically active free Hemin into catalytically inactive
dimeric species occurs in alkaline solutions.”” The above
comparison between Hemin@HKUST-1 and free Hemin
shows that encapsulating Hemin into MOFs may increase the
stability of Hemin in aqueous solution and maintain high
catalytic activity of Hemin over a wide pH range. It should be
noted here that Hemin@HKUST-1 is unstable in the acidic
condition, thus pH under 7.0 was not investigated. Considering
potential applications of Hemin@HKUST-1—-luminol—H,0, in
enzymatic-linked detection of biologically interesting molecules
such as glucose, pH 7.0 PBS was selected for further experi-
ments. Additionally, the effect of Hemin@HKUST-1 concen-
tration on the CL intensity was studied in the concentration
range from 0 to 2.5 mg/mL (Figure 4C). The CL intensity
increases with increasing concentrations of Hemin@HKUST-1
up to 1 mg/mL and, thereafter, remains almost constant up to
2.5 mg/mL. Therefore, 1 mg/mL Hemin@HKUST-1 was selected
for the present work. Finally, the effect of luminol concentration on
the CL intensity of the Hemin@HKUST-1—-luminol-H,O,
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system was studied. As illustrated in Figure 4D, the CL
intensity was found to be enhanced fast with increasing the
concentration of luminol in the range of 1-10 uM. But after
10 uM, further increasing the luminol concentration only
causes a little rise in CL intensity. Thus, 10 M luminol was
chosen for the CL sensing.

CL Sensing of H,0, and Glucose. For evaluating the
applicability of the Hemin@HKUST-1-based CL sensing
system for H,0O,, the linear response range and limit of
detection (LOD) were measured under the above-mentioned
optimum experimental conditions. As shown in Figure S2, the
CL intensity of the Hemin@HKUST-1-luminol-H,O,
sensing system increases obviously with the concentration of
H,O,. There is a good linear correlation between the logarithm
of CL intensity (I) and the logarithm of H,0, concentration
(Cipoy) in the range from 5.0 to 1000 yM with the following
equation:

Log I = 2.203log Cyyy0, + 13.26, (R* = 0.9824)

(1)
The LOD of H,0, was measured to be 2.0 M when signal-to-
noise ratio (S/N) was 3. This is a good result for the detection
of H,0, in the neutral condition. When the catalytic reaction
of H,0, and luminol by Hemin@HKUST-1 is coupled with
the oxidation of glucose catalyzed by GOx, a selective and sen-
sitive detection of glucose can be readily realized. As soon as
the enzymatic oxidation of glucose by GOx is finished in the
neutral solution for 30 min, the resultant H,O, can be detected
by injecting the mixed solution of Hemin@HKUST-1 and
luminol. As shown in Figure 5, the logarithm of CL intensity

5.0

-5.0 4.5 -4.0 35 -3.0
Log(cglucoseIM)

Figure 5. Double logarithmic response of the CL intensity basing on
the Hemin@HKUST-1—luminol—H,0, sensors in the detection of
different concentration of glucose in 0.01 M PBS (pH 7.0) containing
10 uM luminol and 1 mg/mL Hemin@HKUST-1. The error bars
represent the standard deviation in three measurements.

(I) is linearly proportional to the logarithm of glucose con-
centration (Cgycose) in the range from 7.5 to 750 uM (eq 2),
with a LOD of 7.5 uM (S/N = 3).

Log I = 1.699log C

ducose (R* = 0.9952)

)
Furthermore, to demonstrate the important role of Hemin@
HKUST-1 in enhancing the sensing performance, a control

experiment, ie. detecting glucose by luminol CL without the

+ 10.07,

catalysis of Hemin@HKUST-1 (Figure S3) was carried out.
The logarithm of CL intensity is linearly proportional to the
logarithm of glucose concentration in the range from 75 to
1000 uM, with a LOD of S0 uM (S/N = 3). Compared with
CL sensors without Hemin@HKUST-1, the present developed
Hemin@HKUST-1-based CL sensors have a higher detection
sensitivity, a wider response range and lower LOD, approxi-
mately 1 order of magnitude decrease in LOD for target analytes.

Finally, in order to make a comprehensive evaluation on the
advantages of the presently developed sensor, we compared the
performances between the glucose sensor based on Hemin@
HKUST-1 and those based on other solid mimic peroxidases
(Table 1).**75 1t can be known from the comparison that the

Table 1. Comparison in Performance between the Glucose
Sensor Based on Hemin@HKUST-1 and Glucose Sensors
Based on Other Solid Mimic Peroxidases

solid mimic linear range ~ LOD

peroxidases detection method (uM) (uM) refs
AuNPs colorimetry 18—1100 4 44
Hemin—SWCNT  colorimetry 5-50 2 45
CuNCs” colorimetry 100—2000 100 46
TiO, electrochemistry 400—-3600 S 47
g-C3N4b electrochemistry 1000—12000 11 48
Fe;0, fluorescence 1.6—160 1 49
CuO chemiluminescence ~ 5—60 29 S0
GO* chemiluminescence ~ 100—2000 82 51

Hemin@HKUST-1 chemiluminescence  7.5—750 7.5 this work

“Cu nanoclusters. bGraphite-like carbon nitride. “Graphene oxide.

linear response range (2 order of magnitude) of present glucose
sensor is excellent among glucose sensors, and the LOD
(7.5 uM) of the presently developed glucose sensor based on
Hemin@HKUST-1 can be well matched with most of the
recently reported glucose sensors based on various solid mimic
peroxidases.

B CONCLUSIONS

In summary, we reported for the first time encapsulating
Hemin into the HKUST-1 materials for chemiluminescence
detection of H,0, and glucose in the neutral condition. The
synthesized Hemin-functionalized MOFs not only exhibit an
excellent catalyst activity inheriting from Hemin but also can be
cyclically utilized as solid mimetic peroxidase in the neutral
condition. The obtained Hemin@HKUST-1 composites have
been used to develop a practical sensor for the detection of
H,0, with a wide response range (S to 1000 #M) and a low
LOD of 2 uM, and a sensor for the detection of glucose with a
wide response range (7.5 to 750 yM) and a low LOD of
7.5 uM. 1t is envisioned that the combination of the two
different fields of MOFs and chemiluminescence would be
widely applied in sensing target analytes in the future.
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