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ABSTRACT

Ultrathin two-dimensional (2D) metal-organic frammw (MOF) nanosheets have
attracted numerous attention due to their unpaedl@dvantages such as unique
structures, large surface areas, good stability leigt catalytic efficiency. In this
paper, 2D Cu(bpyjOTf), nanosheets (Cu-MOF, bpy = 4,4-bipyridine, OTf =
trifluoromethanesulfonate) are first utilized to iesle the fluorescent detection for
H,O, and glucose with their intrinsic peroxidase-liketidty. The fluorescent
biosensor Cu-MOF nanosheets were achieved by thieieaf catalysis of
non-fluorescent thiamine (TH) to strong fluorescemibchrome in the presence of
H,O,. With the combination of glucose oxidase, highklestive and sensitive
fluorescent detection for glucose could be esthbtiswith a detection limit of 0.41
uM and two separate linear ranges of 10—L®0 and 100-100QuM, respectively.
Furthermore, the developed method has been appiieduman serum for the
guantitative determination of glucose as a clinidelgnosis indicator of diabetes

mellitus.
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INTRODUCTION

Natural enzymes are recognized as one of the nfbsieet catalysts for a wide
variety of biochemical reactions[1]. With high attty and specificity, natural
enzymes have attracted significant attention in dpplications such as medicine,
biotechnology, and environmental engineering [2bwdver, the applications of
enzymes in industry are limited because of the leggt, specific reaction conditions
and the fragile nature of enzymes themselves {3k highly desirable to develop
biocompatible materials to mimic the functions afure enzymes. Therefore, many
artificial enzymes have been reported to possesgnes mimetic activity previously
[4].

Natural horseradish peroxidase (HRP) is an impbrteame-containing enzyme
with extensively practical and commercial applicag [5]. In 2007, F©,
nanoparticles was first reported as artificial pé&tase by Yan and co-workers [2].
Subsequently, other metal oxide nanomaterials asaBuO [6], Ce@[7], Co;04[8],
and ZnO [9] were also reported. Meanwhile, goldapamticles [10], transition metal
dichalcogenides (TMDs) [11], carbon nanoparticl&#g][ and graphene oxide have
been demonstrated to possess peroxidase-like tgcpweviously and successfully
applied in the sensing area. Compared with HRBgtlagtificial enzymes are low cost,
stable, and have tunable catalytic activity [13:Hdwever, the synthetic procedures
of artificial peroxidases are usually complicatetd ssome of peroxidase mimics
suffer from low catalytic activity [15-17]. Therefm developing new artificial

peroxidases with high catalytic activity, easy $wsis, and excellent stability has
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important practical significance.

Metal-organic frameworks (MOFs) are a typical class crystalline porous
materials [18]. Because of their high specific stefareas, tunable pores, and diverse
functionalities, MOFs are widely used in gas captand storage, chemical sensing,
biomedical imaging and catalysis [19-22]. MoreoWOFs were emerged as one of
the most promising materials to develop novel iaréif enzymes due to their tunable
structures and water-stable properties [23-24]. ©0p now, bulk MOFs have
successfully been reported as artificial enzym&s?2]. However, the bulk crystals of
these MOFs gave inhomogeneous dispersion in watanwhile, the active sites on
the inner surface were usually limited becausehef donfined pore size. To solve
these problems, 2D MOF nanosheets have attracteglaising interest, recently [28].
Compared to the bulk MOF crystals, 2D MOF nanoshpetssess larger surface area
which can facilitate the approaching of substratdecules towards the active sites on
their surface with minimal diffusion barriers, atidis improve their performance in
catalysis and sensing application [29-30]. Theref@D MOF nanosheets with unique
properties might have better performance in enzygnaattalytic reaction, which has
been rarely explored in the fluorescence detedystem.

In this work, we demonstrated that the Cu-basedMOF nanosheets, also
known as Cu(bpyjOTf), (Cu-MOF, bpy = 44-bipyridine, OTf =
trifluoromethanesulfonate) [31], have peroxidase-ldctivity and could be used for
H,O, and glucose sensing. The selection of this Cuebdd®F nanosheets over

common Cu-carboxylate MOFs was primarily based loa stability because the



coordination between pyridine and copper of thisasheets was stable in basic
conditions while copper carboxylate MOFs were Istble in basic solution. The
choice of ligands in the MOF nanosheets was algmair The ligand of bpy was
stably connected to form 2-D networks with the dimation of Cu(ll), while the OTf
acted as spacing ligand during the exfoliation. ZBeCu-MOF nanosheets were used
as an artificial peroxidase and thiamine (TH), ngmatamin B;, was used as a
substrate [32]. The non-fluorescent substrate Tildcde readily converted to
intensely fluorescent product thiochrome (TC) isibasolution with the appearance
of H,O, and peroxidase [33-34]. This principle can be usedirectly detect the D,

as well as detect the glucose indirectly by couplgiucose oxidase (GOx) by
fluorescence sensing [35]. Compared with coloriroedietection, fluorescence has
higher sensitivity, better selectivity and widendar range. Herein, a sensitive
fluorescent method for the determination ofOx and glucose would be developed
with the detection limit as low as 0.3tM for H,O, and 0.41uM for glucose.
Furthermore, the developed method has been sualigsapplied to quantitative
determination of glucose for human serum, whidn igccordance to the conventional

results.

EXPERIMENTAL SECTION

Chemicalsand I nstrumentation

Copper trifluoromethanesulfonate (Cu(Q)f) 4,4-bipyridine (bpy), TH, glucose,
sodium hydroxide, sodium carbonate, sodium bicaabmn

4-(2-hydroxyethyl)-1-piperazineethanesulfonic ac(§iEPES), glucose, maltose,



maltotriose, maltotetraose and fructose were pwexhdrom Aladdin Industrial Inc
(Shanghai, China). Glucose oxidase (GOx, 100 U/mgn Aspergillus Niger was
also purchased from Aladdin and stored in a refage at -18°C. H,O, (30%),
tryptophane (Trp), ethanol (EtOH) and acetone welgained from Sinopharm
Chemical Reagent Co., Ltd (Shanghai China). Aftergtandard clinical procedures,
the serum samples were obtained from Jiangsu Reospital of TCM (Affiliated
Hospital of Nanjing University of Chinese Medicindll other reagents were used
without further purification. Ultrapure water wasepared in the lab (18 &-cm) by
an ELGA purification system (Veolia Water Solutica§echnologies, UK).

An F-4600 fluorescence spectrophotometer (HitaclghHech Science Co.
Japan) was used to measure fluorescence spectrugakuR D/MAX-2500
diffractometer was used to obtain an X-ray diffract(XRD) pattern with a Cu &
radiation (1.54056 A). Scanning electron microsc(®EM) images were obtained on
a JSM-7600F (JEOL Ltd) scanning electron microscop@ansmission electron
microscopy (TEM) analyses were performed on H76%0 an accelerating voltage
of 120 kV. Atomic force microscopy (AFM) measurermevas performed with a
PicoPlus in tapping mode (Agilent, US).

Synthesis of Cu(bpy)2(OTf),

The 2D Cu-MOF nanosheets were prepared by exftidtom the bulk MOFs.
Bulk Cu-MOF was prepared according to the previoggorts with only a few
changes [31, 36]. Typically, 10.0 mL of 30.0 mM Of), agueous solution was

added to a 22 mL glass vial upon which 1 mL of petbanol was layered



meticulously. Then, 10.0 mL of ethanol solutionbgly (60.0 mM) was layered onto
the ethanol layer which was left to stew for 3 week room temperature. The dark
blue crystals were obtained by centrifugation, maghed five times with acetone and
ethanol. To obtain 2D Cu-MOF nanosheets, the Cu-M@¥e placed in distilled

water and stirred for 9 h. A dispersed solution wasained after removal of the
precipitate. The collected 2D Cu-MOF nanosheetewétained by centrifugation at

12000 rpm for 20 min and dried at room temperature.
H,0, and Glucose Sensing

H,0O, detection was performed as follows: (a)&0of 10 mM TH, 50uL of 0.02
mg-mL* Cu-MOF and HO, with different concentrations were added to
NaCOs-NaHCG; buffer (0.1 M, pH=10.0) to reach a final volumelo® mL. (b) The
mixed solution was incubated at %5 for 3 min and then used for determination of
H,0,. The fluorescence spectrum of oxidized productat@40 nm with a 370 nm
excitation from TH was measured to quantify thecamtrations of KO-.

Glucose sensing was performed by the hybrid of matig oxidation of glucose
and above bD, detection: (a) 1QL of 4.0 mg-m[* GOx and 10uL to 100 uL of
glucose stock solutions (1 mM and 10 mM, respelstjwsere added to 1 M HEPES
buffer (pH=7.0) to reach final volume of 150. Then, the mixed solution was
incubated at ¥C for 30 min. (b) 50uL of 10 mM TH, 50uL of 0.02 mg-mr*
Cu-MOF and 75QuL of 0.1 M NaCOs-NaHCG; buffer were added into the above
solution to get final glucose concentrations fron@10mM to 1 mM. (c) The

fluorescence spectrum of oxidized product TC frokh d 440 nm with a 370 nm



excitation was measured to quantify the concewinatdf glucose after the incubation
at 55C for 3 min.
Preparation of Serum Samples

The standard addition method was used for the tieteof glucose in serum
samples. Firstly, 25uL of serum samples with standard clinical procesunere
added in centrifuge cubes. Then, acetonitrile (agetle : serum= 3:1, v/v) was
added to remove the high-abundance proteins bydHection of supernatant after
centrifugation (3000 rpm) for 10 min. Thereafteffedent concentrations of glucose

(1, 2, 3 and 4 mM) were added to the above mixtures

RESULTSAND DISCUSSION

Characterization of Bulk Cu-MOF and Cu-M OF Nanosheets
The successful synthesis of Cu-MOF and its exfolatto 2D Cu-MOF

nanosheets were fully characterized before the Ni@#kosheets were used for the
sensing experiments. The prepared bulk Cu-MOF stdaive same XRD pattern as
the simulated one (Fig. 1a), confirming the sudtdlyssynthesis of bulk Cu-MOF.
The SEM images of the bulk Cu-MOF showed the layesteuctures (Fig. S1a). The
bulk Cu-MOF exhibited a non-typical adsorption femim at 77 K with Brunauer—
Emmett—Teller (BET) surface area of 10.3.git and a total pore volume of 0.175
cm*g?, indicating the framework flexibility (Fig. S2)86]. Subsequently, 2D
Cu-MOF nanosheets with a thickness of few layerseveeiccessfully obtained after

exfoliation and confirmed by SEM and TEM (Fig. Jidalc). To confirm the stability

of 2D Cu-MOF nanosheets in aqueous solution withgdHH0, TEM images of 2D



Cu-MOF nanosheets after socking into pH = 100&-NaHCG; buffer for 2 h were
measured by directly loading the nanosheet suspeisito carbon coated TEM grid
(Fig. 1d). Obviously, the TEM image performed alinos difference. Meanwhile, the
Tyndall scattering of this 2D nanosheets in theesaoffer was unchanged after 18 h,
which indicated the good stability of the matenmabur experimental conditions. (Fig.
S1b). AFM image also revealed the synthesized mhtevas 2-D Cu-MOF
nanosheets with ultrathin thickness of 1.0 nm mathan 3-D aggregates (Fig. S3). It
was worth noting that without the formation of 3dggregates, the porosity of 2-D
nanosheets were usually very low, when measurdd Mgtgas molecules. The high
solubility of the nanosheets in water guaranteedetkposure of the active sites and
their contact with substrate molecule during thialgais although low surface area
was measured in the solid phase. The good solubdgulted in the difficulty in the
recycling experiments in which the nanosheets wenel to be collected from the
centrifugation.

Peroxidase-L ike Activity of Cu(bpy),(OTf), Nanosheets

The peroxidase-like activity of 2D Cu-MOF nanoskests evaluated by catalyzing
the peroxidase substrate TH in the presence xGkHThe catalytic mechanism of
Cu(ll) in basic conditions for the oxidation of Thas been established as the
generation of hydroxyl radical$§@{H) from the decomposition of J,[34, 37]. At
the meantime, Cu could also stabilize the interateddihydrothiochrome, which is
generated by the rapid and reversible deprotondtmm TH [38]. Stabilization of

this dihydrothiochrome intermediate with thiophifieetals, such as Cu(ll), Ag(l) and
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Hg(ll) is crucial because it prevents side reacteading to non-fluorescent thiamine
disulfide (TDS). Further oxidation of the dihydraitbhrome intermediate b¥DH to
TC is quite similar to the peroxidase-activatedcpss. As shown in Fig. 2, the
substrate TH performed no fluorescence, while aftgr adding the 2D Cu-MOF
nanosheets and,B,, the strong emission of TC at 440 nm was obtainedfirming
the peroxidase-like activity of Cu-MOF nanoshedtss worthwhile to know that a
very weak fluorescence can be observed from th&1O&TH system and TH-$D,
system, which represents the practical backgronrida applications for the detection
of H,O,. Thus, the above control experiments further conthe biomimetic catalytic
activity of 2-D Cu-MOF in the presence 0$®}.

Optimization of Experimental Conditions

The fluorescence intensity of Cu-MOF is optimizeithvihe changes of pH, reaction
time and temperature. As shown in Fig. 3a, fromgbH to 11.5, a volcano plot was
obtained with the maximum catalytic activity of GAOF at pH of 10. This is
probably because the mild alkaline condition isdfiemal to the faster generation of
hydroxyl radical from HO,, thus rendering high catalytic activity and fluszence
intensity. However, when the solution pH was abb0ethe decreased fluorescence
intensity is observed and probably due to the ltabisty of 2D Cu-MOF nanosheets
at high alkaline media. Meanwhile, time-dependehtorescence of Cu-MOF
nanosheets showed that the reaction was almoshédiwithin 1 min. However, 3
min was chosen to make sure the stability of theegrment results (Fig. 3c). In
addition, the temperature could change the readiioetics with the fixed time of 3

10



min. Higher temperature is favorable for the fastaction rate within a certain range,
resulting in higher fluorescence intensity. Whildjen the reaction temperature was
higher than 55°C, the fluorescence intensity performed almost ifferénce. To
obtain the maximum fluorescence, 5& were recognized as the optimized
temperature for the following experiments (Fig..38)r the sensing of glucose, the
concentration of GOx was also optimized asuddmL*(Fig. S4). Under the optimal
condition, the fluorescence catalyzed by Cu-MOFosaeets was higher than the
bulk Cu-MOF and HKUST-1 [39] (Fig. S5) due to thkrathin thickness and large
numbers of exposed active sites (Fig. 3d). We haism performed control
experiments with ligand bpy and Cu ions. The bgsrid showed no catalytic activity,
while higher fluorescence intensity was obtainethv@u-MOF nanosheets than Cu
ions, possibly due to the hydrolysis of Cu ionstle basic conditions and the
formation of less active Cu hydroxide (Fig. S6).

Steady-State Kinetic Assay of 2D Cu-M OF nanosheets

The steady-state kinetic experiments were perforreednvestigate the Kkinetic
mechanism for the peroxidase-like activity of Cu-M@anosheets by changing the
concentrations of §D,. Kinetic experiments were monitored at %5 for the initial
reaction period (10, 20, 30, 40, 50 and 60 s) ugihgg-mL* Cu-MOF in a volume
of 1.0 mL of NaCOs;-NaHCQ; buffer solution (0.1 M, pH=10) with 0.5 mM TH as
substrate (Fig. S7). The kinetic parameters sudhesnaximal reaction rate and the

Michaelis-Menten constant, were calculated basedmeweaver—Burk plots.
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wherev is the initial reaction rateC is the HO, concentration. In essence, a lower
value ofK,, and a higher value of,ax demonstrated the relatively stronger affinity
between the catalyst and substrate as well as mhigtalytic activity, respectively.
The Vnax value of the 2D Cu-MOF nanosheets witfOxas substrates was significant
smaller than that of natural horseradish peroxid@$eP) and other biomimetic
materials, possibly due to the very different phiditions [40-41]. In addition, it was
remarkable that thi,, value for our 2D MOF-based nanosheets was mucérltvan
HRP and the most of reported peroxidase mimics41}, suggesting that a relatively
lower concentration of 0, was competent to achieve the maximum peroxidase-li
catalytic activity in our nanosheets system. TBisistrong indicative parameter to
show the affinity between 4@, substrate and the 2D Cu-MOF nanosheets.

H,0,, TH and Glucose Sensing based on Cu-M OF Nanosheets

The Cu-MOF nanosheet has the intrinsic peroxidaspenties, so a fluorescent
sensing platform for detection of,8, has been established. Since the catalytic
activity of the Cu-MOF nanosheet is highly dependanthe concentration of 9,

in the solution, the method could be used for thangtative measurement oLEb.
After the reaction for 3 min at 5&, the fluorescent intensity of mixture was recadrde
at 440 nm with a 370 nm excitation for the quatittaof HO,. As shown in Fig. 4,
there is the good linear correlation between theréscent intensity and the,Gb

concentrations in two ranges of 10-10@ (R°=0.998) and 100-1000M (R*=0.992),
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respectively. The phenomenon of two ranges of tiheés due to the enzyme-like
saturation effect of Cu(ll) sites on the heterogerse surface at 2-D Cu-MOF
nanosheets, which is often observed in nanopath@a$ed sensors and enzyme-linked
immunosorbent assay.[42] It is also worth notiraf the linear range of 2-D Cu-MOF
nanosheet is much wider than HRP (Fig. S8), whatlicconly catalyzes $D, at low
concentrations (0-6QuM). The detection limit is 0.324M on the basis of a
single-to-noise ratio of 3:1. Compared with HRP, I€0s[17] and CuNPs@C [41],
Cu-MOF nanosheet has lower detection limit. The ZDMOF nanosheets could
also be utilized as sensor for TH (Vitamin B1) wiitle fixed BO, concentration (Fig.
S9).

Monitoring blood glucose is important for the diagis and management of
diabetes, while kD, is the main product of the glucose oxidation hycgke oxidase
(GOx). It means that the proposed fluorescent mietbhould be used for the
determination of glucose with the coupling of G®xg. 4b showed typical glucose
concentration-response curves. The liner rangegfocose was from 10-100M
(R?=0.995) and 100-1000M (R?*=0.993), respectively, with a detection limit ofiD.

uM.

Selectivity and determination of Glucosein Serum Samples

To determine the selectivity of glucose, 1 mM, Ksucrose, maltose, fructose,
tryptotriose, maltotriose, uric acid and glucoseenadded into the solution. It shows
that the glucose results in a significant fluoreseeintensity comparing with others.

The selectivity of the proposed method works watllthe determination of glucose.

13



To demonstrate the applicability of this systeng fmoposed method was applied to
the determination of glucose in human serum samlaisle 2). The results of our
method were in good agreement with those obtainedhb conventional glucose

meter method, confirming the feasibility and reliigyp of the proposed method.

CONCLUSIONS

In conclusion, the water-stable 2D Cu-MOF nanoshepbssessed intrinsic
peroxidase-like activity, which had the featureslaf cost, high stability and easy
preparation. With the optimized pH, temperature aadction time, the simple
fluorescent method for glucose detection had bemreldped, which showed high
sensitivity and excellent selectivity. The desigul &abrication of porous and ultrathin
2D MOF materials as biomimetic catalyst will be mising in the future applications.
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Figurelegends
Fig. 1. (a) The Cu-MOF XRD patterns of the simulation @dbkack) and as-synthesized (red). (b)
SEM image and (c) TEM image of the 2D Cu-MOF naees$t (d) TEM image of 2D Cu-MOF

nanosheets in aqueous solution with pH of 10 &fteours.

Fig. 2. Emission spectra of TH alone (black), in the pneseof HO, (green), in the presence of

Cu-MOF (red) and in the presence of Cu-MOF ap@Hblue).

Fig. 3. The influence of (a) pH, (b) temperature and €etion time on fluorescence intensity. (d)
The comparison of biomimetic catalyst 2D Cu-MOF oslreets with bulk Cu-MOF and
HKUST-1. 50pL of 10 mM TH, 50uL of 0.02 mg-mL* Cu-MOF and 10L 1M H,0, were added

to NgCOs-NaHCG; buffer (0.1 M) to reach a final volume of 1.0 mL.

Fig. 4. The calibration curve for #0, and glucose. (a) 50L of 10 mM TH, 50uL of 0.02
mg- mL!Cu-MOF and HO, with different concentrations were added toG@s-NaHCG; buffer
(0.1 M, pH=10.0) to reach a final volume of 1.0 nih) 10pL of 4.0 mg-mL* GOx, glucose with
different concentrations, 50 of 10 mM TH, 50uL of 0.02 mg- m[* Cu-MOF and 75QiL of 0.1
M Na,COs;-NaHCG; buffer were added into the solution to get finllcgse concentrations from

0.01 mM to 1 mM. Error bars represent the standaxdation for three measurements.

Fig. 5. The selectivity test for glucose. The analytes Kfe sucrose, maltose, fructose,
tryptophane, maltotriose, uric acid and glucosé&wie concentration of 1 mM.
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Table 1. Comparison of the kinetic parameters for th®Has substrate catalyzed

by HRP, Cu NCs, CuNPs@C and the 2D Cu-MOF nanosheet

Catalyst Solution pH ~ Vimax (108 M-S Ky, (MM) Reference
HRP 4.0 8.71 3.7 2]

Cu NCs 6.0 4.22 29.16 [17]
CuNPs@C 4.0 53 1.89 [37]

2-D Cu-MOF nanosheets 10.0 0.16 0.385 This work
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Table 2. Results of glucose concentrations in the dialzett control serum samples

No. this method (mM) glucose oxidase method (mM)
diabetic 1 14.31 14.13
diabetic 2 11.78 10.45
diabetic 3 11.54 11.38
diabetic 4 7.60 7.56
control 1 4.74 5.08
control 2 5.61 5.32
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Figure5
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Highlights

» Two-Dimensional Cu(bpy)2(OTf), metal-organic framework nanosheets are first
utilized to achieve the fluorescent detection for H,O, and glucose with their intrinsic
peroxidase-like activity.

» Non-fluorescent thiamine is converted to intense fluorescent thiochrome by
Cu(bpy)2(OTf), nanosheets in the presence of H,O, for selective and sensitive
detection of glucose with the combination of glucose oxidase.

» The fluorescent biosensor 2-D Cu(bpy).(OTf), nanosheets is developed with
detection limit aslow as 0.32 uM for H,O, and 0.41 uM for glucose, respectively.

» Quantitative determination of glucose for human serum is established for the
diabetic and healthy serum samples.
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