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Highlights:

¢+ Novd bifunctional LMOFs-based biosensing strategy was proposed.

¢ NH2-MIL-101 MOFs act as both fluorescence indicator and peroxidase mimic.

¢ Ratiometric fluorescence sensor was first constructed for ACP activity.

¢ The sensor avoids background effect, shows wide linear range and high
sensitivity.

¢ The sensor successfully applied in detecting PPi and screening ACP activity.
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Abstract

Restricted to single sensing mechanisms, most lkescent metal-organic
framework (LMOF)-based sensors were constructecdébection of limited targets.
Here, a new biosensor is described for screenimhpdmsphatase (ACP) activity via
bifunctional NH-MIL-101 MOFs acting as both fluorescent indicaaod biomimetic
catalyst. NH-MIL-101 possesses an inherent fluorescence emisgid56 nmKse).
As a peroxidase-like nanozyme, it catalyzes oxiatf o-phenylenediamine (OPD)
by H,O, to generate fluorescent 2,3-diaminophenazine thighmaximum emission at
556 nm Ess6). Upon introducing NEMIL-101 into a mixture of OPD and J4@;, Fsse
is quenched, whilé-sss increases. The ACP sensing is based on pyrophtespira
(PPi) mediated fluorescence tuning of the ,NNL-101/OPD/HO, system. PPi
inhibits the NH-MIL-101 catalytic ability by specific binding tds Fe center, while
ACP addition recovers the activity by hydrolyzingiPUpon addition of PPi and ACP
into the NH-MIL-101/OPD/H0, system, a ratiometric luminescence signal
(Fssd/Fase) IS Obtained, and a ratiometric fluorescent sewsor be developed for the
sensitive detection of PPi and for screening ACIiag Plots of FssgFase vs. ACP
concentration were linear over 0-€8D U/L, with a detection limit of 0.005 U/L. The
proposed sensor was successfully used for ACP tawteim serum samples. This
ratiometric fluorescence assay will open new apgihms for LMOF-based
biosensors.
Keywords: Metal-organic frameworks; Biomimetic catalyst; Luminescent sensor;

Ratiometric fluorescence; Acid phosphatase; Logic gate
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1. Introduction

Metal-organic frameworks (MOFs) are highly porougstalline materials built
from the self-assembly of metal ions/clusters amglawic linkers. Their specific
merits have stimulated explosive developments oua fields (Zhou and Kitagawa,
2014; Nath et al., 2016; Jiao et al.,, 2017; Gkaoatet al., 2017). Recently,
luminescent MOF (LMOF)-based chemical sensors ltay¢ured a growing interest
(Kreno et al., 2012; Yi et al., 2016; Lei et alg12; Allendorf et al., 2009; Cui et al.,
2012; Hu et al., 2014). MOF structural predictapilind synthetic flexibility make
them a promising platform for the construction a¥edlse solid-state luminescent
materials and functionalization of desirable lunphores (Allendorf et al., 2009; Cui
et al.,, 2012; Hu et al.,, 2014). Meanwhile, the awustble pores within LMOFs
facilitate pre-concentration of target guest molesuand increase guest-host
interactions for more sensitive chemical sensinge(i€ et al., 2012; Yi et al., 2016;
Allendorf et al., 2009; Cui et al., 2012; Hu et &014). LMOFs-based sensors have
been developed by monitoring their intrinsic lunsoence. However, most of
LMOFs-based sensors exhibit substantial luminescenesponses to only a few
varieties of guests, such as volatile organic camgds, ionic species, and small
molecules (e.g., $, amines and nitroaromatic explosives) (Krend.e2812; Yi et
al., 2016; Hu et al., 2014). Detection of biologicaolecules has been unusual
because the sensing mechanism has been restoctBrbtt guest-host interactions,
which are highly dependent on the electronic natofrethe guests. Only guest
molecules with good electron donor or acceptor b#ifias can be readily detected.
Furthermore, signal transductions in LMOFs-basats@es are mainly realized by
luminescent quenching, or, occasionally, enhancerfi&eno et al., 2012; Vi et al.,

2016; Hu et al., 2014). Such a single sensing mmesima often limits further
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applications to real samples. Therefore, continueffisrts are expected to propose
alternative sensing strategies for LMOFs-basedmsrie expand their applications.
The introduction of additional host-guest interan# for luminescent responses in
LMOFs-based sensors may be an effective alternative

MOFs with unsaturated metallic nodes, such as Beeb&OFs, have biomimetic
catalytic activity (Li et al., 2018; Ai et al., 2B1Feng et al., 2012). When coupled
with H,O, and enzyme-linked substrates, Fe-O clusters igetddOFs can activate
H,O, to produce -OH radicals via a Fenton-like routdjciv readily oxidize the
substrates into visually detectable products. Thmasious colorimetric assays for
H,0,, small biomolecules, and biomacromolecules haes beported (Li et al., 2018;
Ai et al., 2013; Feng et al.,, 2012). From the stam#ous use of the excellent
luminescence and biomimetic catalytic propertie8IGiFs, it is therefore possible to
form LMOFs-based biosensors by introducing addéidmst-guest interactions.

Acid phosphatases (ACP) are enzymes that hydrgiWywesphate esters in acid
media, and, clinically, both qualitative and qutative ACP evaluations are important
(Kong and Byun, 2013; Seki et al., 2004; Yam, 19Mgthods for ACP detection

have included colorimetric (Xu et al., 2Q149€eng et al., 2017) and fluorescence

assays (Xu et al., 2014; Qian et al., 2015; Warg.eR016; Sun et al., 2015; Huang
et al., 2016). The fluorescence assay has highesitsgty, and is easy to perform at
low cost (Xu et al., 2014; Sun et al., 2015; Qiarale 2015; Huang et al., 2016).
Various fluorescent (FL) probes have been develdpedACP sensing, including
squaraine dyes (Xu et al., 2014), carbon quantuts @@an et al., 2015), cadmium
telluride quantum dots (Wang et al., 2016), golshawdusters (Sun et al., 2015),
copper nanoclusters (Huang et al., 2016) and sdlowever, these assays are based

on a single-emission detective mode, which coulffesurom environmental or
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background factors or other molecules with simikdectronic properties. The

ratiometric way is more accurate and effective bseadt is capable of amplifying the
signal readout and providing a built-in correctikee et al.,2015; Zhao et al., 2017;
Teng et al.,, 2015; Liu et al., 2016). In additidghe change of ratiometric value
enables distinct fluorescent color changes to beally observed (Gong et al., 2017;
Srikun et al., 2008). However, to the best of ourowledge, no ratiometric

fluorescence sensor has been developed for scie&GIR activity.

Here, a LMOF-based biosensor for ACP was develdpedsing bifunctional
NH>-MIL-101 MOFs that are both fluorescence indicatansl biomimetic catalysts.
The NH-MIL-101 possesses an inherent fluorescence wehthximum emission at
456 nm E4s¢). As a peroxidase-like nanozyme, it also cataly2#3, oxidation of the
enzyme-linked substrateo-phenylenediamine (OPD) to generate fluorescent
2,3-diaminophenazine (DAP) with maximum emissio®%6 nm Fsse). As shown in
Scheme 1, when NFMIL-101 is mixed with OPD and #D, its fluorescence is
guenched via the inner-filter effect (IFE), whilgss increases (process). ACP
sensing is thus based on pyrophosphate ion-(PPdiateel FL tuningof the
NH>-MIL-101/OPD/H,0O, system. Specifically, PPi can inhibit the NMIL-101
catalysis of OPD oxidation (proce§®) because it binds to the MMWIL-101 Fe
center. ACP restores the catalysis by hydrolyzii®j Bprocess®). Hence, the
addition of PPi and ACP to the NHIL-101/OPD/H,0O, system creates a ratiometric
luminescence signdFssdFas6 that detects PPi and screens for ACP activity. ACP
detection and activity screening was demonstratedal serum samples.

Scheme 1
2. Experimental

2.1. Chemicals
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All chemicals were analytical grade and used with@wther purification.
2-Amino-benzenedicarboxylic acid (NHBDC) was purchased from TCI (Shanghai,
China). Acid phosphatase (ACP), glucose oxidasex(jG@uman serum albumin
(HSA), and immunoglobulin G (IgG) were purchasemhfrSigma-Aldrich (Shanghai,
China). Serine (Ser), alanine (Ala), histidine (Harginine (Arg), aspartic acid (Asp),
cysteine (Cys) and tryptophan (Try) were purchasemn Shanghai Kangda
Biotechnology Co. Ltd. (Shanghai, China). Gluco&uj and fructose (Fru) were
purchased from Sinopharm Chemical Reagent Co. (blaan China).
N,N-dimethylformamide (DMF), ferric chloride hexahytegFeC}- 6H,O), OPD, and
sodium pyrophosphate were supplied by ChonggingifaChemical Co. Ltd.
(Chongging, China). Human serum samples were adddirom a local hospital (the
Ninth Hospital of Chongqing, Beibei). The stock wmn of OPD was freshly
prepared daily with ethanol, and the other soliarere prepared using ultra-pure
water.

2.2. Apparatus

Scanning electron microscope (SEM) images wereigadjon a Hitachi S-4800
field emission electron microscope (Hitachi, Japamperated at an accelerating
voltage of 25 kV. X-ray diffraction (XRD) patterred the MOFs were collected by
using a TD-3500 X-ray diffractometer (Dandong, @h)jn equipped with a
nickel-filtered 0.15406-nm Cu & source operated at 20 mA and 30 kV. Fourier
transform infrared (FT-IR) spectra were acquiredthwia Tenson 27 FT-IR
spectrometer (Bruker, Germany). Zeta potentialsewaeasured with a Malvern
Instruments Zetasizer Nano-ZS (Malvern, UK). UV-absorption spectra were
acquired on a UV-2450 spectrophotometer (Shimadapan). Fluorescence spectra

were acquired with a Hitachi F-2700 spectrophot@m@ditachi, Japan).
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2.3. Synthesis of NH»-MIL-101 MOFs

MOFs were prepared as previously reported (Bauat.eR008; Kathryn et al.,
2009). Briefly, the NE-MIL-101 was synthesized by hydrothermal treatmeht
2:1:156 molar mixture of Fe@€bH,O, NH,-BDC, and DMF at 110 °C for 24 h.
MIL-101 was prepared similarly, except that NBDC was replaced by BDC. The
MOFs were collected by centrifugation, washed idiiF and ethanol several times,
and dried thoroughly at 60 °C.
2.4. OPD oxidation by H,0, in the presence of NH,-MIL-101 or MIL-101

Initially, 0.1 mL of 250ug/mL NH,-MIL-101 or MIL-101 was added to 4.4 mL
of acetate buffer (0.2 M, pH 4.0). Then, 0.25 mli3ahM HO, and 0.25 mL of 0.1 M
OPD were introduced. After an incubation of the tunigs at 37 °C for 20 min,
430-650 nm fluorescence spectra (410 nm excitatiarg recorded. The excitation
and emission slit widths were 5 nm and 10 nm, retspedy.
2.5. Detection of PPi and ACP

A series of PPsolutions with different concentrations over thaga 0—-25uM
were added to 0.1 mL of 2%@/mL NH,-MIL-101, 0.25 mL of 3 mM HO;,, and 0.25
mL of 0.1 M OPD in acetate buffer (0.2 M, pH 4.Bjter incubation at 37 °C for 20
min, 430-650 nm fluorescence spectra at 410 nntatian were recorded. ACP at
different concentrations ranging over 0—100 U/L wasged with 10uM PPi in 1 mL
of acetate buffer (10 mM, pH 5.0). After incubatian37 °C for 60 min, the mixture
was added to 0.1 mL of 25@/mL NH,-MIL-101, 0.25 mL of 3 mM HO , and 0.25
mL of 0.1 M OPD in acetate buffer (0.2 M, pH 4.0hese solutions were then treated
as described above for PPi.
2.6. Assay for ACP in human serum samples

Human serum samples were treated in 30-kDa Amidoafiltration cells at
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3000 rpm for 30 min. Then, the filtrate was dilute@D times with acetate buffer for
ACP detection in the serum, as described above.
3. Resultsand discussion
3.1. Characterization of NH,-MIL-101

The SEM image in Fig. 1A indicates that the sysited NH-MIL-101 had an
octahedral morphology with a diameter around 400 Tine XRD pattern in Fig. 1B
indicated that the characteristic peaks of ;NMHL-101 were consistent with a
simulation of MIL-101; a pure MOF phase was indechby the absence of other
peaks. Based on the MMIL-101 chemical structure (Bauer et al., 2008\8ski et
al., 2011) (Scheme S1), the 770 tmeak in the FT-IR spectrum (Fig. 1C), was
attributed to C-H bending vibrations in benzenedtial., 2017). The peaks at 1431
cm* and 1578 ci were asymmetric and symmetric vibrations of caygxoups in
the frameworks (Wu et al., 2013). The 1656 tpeak for C=0 stretching was from
guest DMF CONH bands (Barbosa et al., 2017). Paal@&i62 crit and 3372 cm
were attributed to asymmetrical and symmetrical nemstretching (Zhang et al.,
2016). The fluorescence spectrum of NWIL-101 (Fig. 1D) exhibits an intense
fluorescence emission at 456 nm, which originatedhfits organic linker NBHBDC
(Fig. S1D). To verify this, MIL-101 was preparedden the same conditions as
NH,-MIL-101, except that NHBDC was replaced with BDC. The MIL-101
exhibited a similar morphology (Fig. S1A) and semitrystal diffraction (Fig. S1B)
as NH-MIL-101, but no fluorescence emission at 456 nns wlaserved (Fig. S1C).

Figurel

3.2. Ratiometric fluorescence based on the bifunctional NH,-MIL-101 MOF

Fe-based MOFs are peroxidase mimics that catalyee dxidation of

enzyme-linked substrates, such as OPD, 3,3 ,5(%rtethylbenzidine, and
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2,2-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acidipmmonium salt (Li et al.,
2018; Ai et al., 2013; Feng et al., 2012). Amongsty OPD is a typical fluorescent
substrate. By coupling OPD and MMIIL-101, a ratiometric fluorescence assay can
be constructed. As shown in Fig. S2;G4 had no effect on the fluorescence of
NH2-MIL-101. However, when OPD was introduced, the NN L-101 fluorescence
(F4s6) significantly decreased, and a new FL peak atrif6Fss¢) emerged that was
attributed to the oxidation product of OPD (Zhaalet 2016). These results indicated
that non-fluorescent OPD was oxidized into fluoegsddAP by HO; in the presence
of NH,-MIL-101; the DAP also quenched the MMIIL-101 fluorescence. In contrast,
when OPD was mixed with J@, in the absence of NFMIL-101, no Fss¢ Was
observed. This verified the excellent catalytiaait of NH»-MIL-101 toward OPD
oxidation by HO,. Finally, in the absence of,8,, the NB-MIL-101/OPD system
exhibited noF4s6 change and negligiblEsse. Photographs of those solutions under
UV illumination were shown in the inset of Fig. Sthe NH-MIL-101/H,0,/OPD
system had strong yellow emission that differedmfraghe blue emission of
NH>-MIL-101, NH,-MIL-101/H,0, and NH-MIL-101/OPD systems. Furthermore,
no fluorescence emission was observed from th@.MDPD system. These results
were consistent with the fluorescence spectra.FubgandFssg intensities before and
after the catalytic reaction are presented in Efg.As shown, highFsss and lowFsse
were observed before catalytic reaction while isgeresults appeared after catalytic
reaction.

The time dependence Bfiss andFss6 during the catalytic process was plotted in
Fig. 2B, whereFssg increased anéfss¢ decreased over the period 0-30 min. Similar
results were observed when altering the OPD e@O,Hconcentrations. Higher

concentrations of either generated more DAP (F8). Bhese observations confirmed



211 that NH-MIL-101 catalyzed OPD oxidation by B, to produce DAP, which
212 quenched the fluorescence of NMIL-101.

213 Figure?2

214 To understand the fluorescent quenching mechanetmeen NH-MIL-101 and
215 DAP, zeta potential was measured via laser elelotn@gsis light scattering technique
216  (See Supplementary Material). This is because at nseasure of the particle surface
217  charge and is defined as the electrical potentitieslip plane (or layer) between the
218 Stern layer and the diffuse layer (Shim et al., 200The zeta potential of
219  NH.-MIL-101 was 15.2 mV at pH 4.0, while DAP had post charges in acidic
220 solution because of its two amino groups in the nphge structure. Thus,
221  electrostatic attraction between NMIL-101 and DAP was unlikely, suggesting only
222  a weak interaction. Fluorescence resonance enexgsfér was also excluded because
223  of the weak interaction and the absence of cheriidadge (Yan et al., 2015; Xiao et
224  al., 2018). In Fig. S4, there was a significant rae between the NHMIL-101
225 fluorescence and the DAP UV absorption spectrasTthe inner-filter effect (IFE)
226  appears to be the main reason for the fluoresogmeeching, in which NHMIL-101
227  was the fluorescence reporter and DAP the quer(daeret al., 2015; Liu et al., 2017;
228 Shao et al., 2005). Furthermore, higher DAP (ab=drtoncentrations induced more
229 IFE (Fig. S3A) because of increased overlaps in #&Borption and NHMIL-101
230 emission (Fig. S4).

231 3.3. Sensing principle of PPi and ACP via ratiometric fluorescence

232 PPi readily forms complexes with metal ions. Hendeen it was introduced into
233 the NH-MIL-101/H,0O,/OPD system, it coordinated with the Fe-O cluster i
234  NH2-MIL-101, inhibiting the catalytic activity on OPDAs shown in Fig. 3A, the

235 NH2-MIL-101/H,0,/OPD system exhibited increased tHess intensity with
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increasing PPi concentration, while tkegsg intensity decreased. The PPi-induced
decline in NH-MIL-101 catalytic activity was confirmed by kines shown in Fig.
3B, which plotsFss¢FassVvs. reaction time at different PPi concentratiortse slopes
decreased with increasing PPi concentration, stiggeshat PPi inhibited the
NH,-MIL-101 catalytic activity.

Because ACP catalyzed the hydrolysis of PPi, thealy& activity of
NH,-MIL-101 could be recovered by adding ACP to the
NH>-MIL-101/H,0,/OPD/PPi system. As shown in Fig. 3A, the DAP fesmence at
556 nm was restored in the presence of ACP, whédltiorescence of NAMIL-101
at 456 nm was quenched. PPi analogues, such &% PPQ?, and HPO,, had
negligible effects on both the NHMIL-101/OPD catalysis (Fig. S5A), and the
inhibitory behavior of PPi toward NFMIL-101 (Fig. S5B).

Figure3
3.4. Analytical performance for PPi and ACP sensing

In the absence of PPi analyte, the NWMIL-101/H,O,/OPD system exhibited a
ratiometric fluorescence spectrum with negligilblges and distinctFsse As noted
above,Fs6 increases antssg decreases with PPi. Fluorescent spectra at differe
concentrations of PPi ranging over 0—gbl are shown in Fig. 4A. In Fig. 4B,
FsseFas6 decreased with increasing PPi concentration, wadirgear relationship was
obtained in the range 0-1QM (inset of Fig. 4B) and was fitted by
Fssd/Fas6=4.4463-0.3991 [PPi], withr?=0.9922 (=15). This indicated a feasible assay
for PPi. To test the specificity of PPi detectioselectivity experiments were
conducted by comparingssdFsse of the blank with values in the presence of
potentially interfering anions, including,FEl’, Br, I, NOs~, Ac’, COs*, and SG, in

the absence and presence of PPi (see Fig. S6)ndishanges irFss¢dFas6 Were

11
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observed only in the presence of PPi, and the pcesef other anions had no effects.

Adopting PPi as a mediator, the ratiometric fluoegxe probe was further
developed for screening ACP activity. PPi wouldhyerolyzed by the ACP, leading
to the fluorescent recovery of the PPi/NMIL-101/H,0,/OPD system. Fluorescence
spectra of the sensing system vs. ACP concentratven the range 0-100 U/L are
shown in Fig. 4C. With increasing ACP concentratibiass decreased an@sse
increased. A linear relationship Bés¢F4s6 vS. ACP concentration was observed over
the concentration range of 0.01-30 U/L (inset of. D), which was fitted by
Fss6/F456=0.7358+0.1186 [ACP], with?=0.9941 (=12). The detection limit was
0.005 U/L (S/N=3), which was comparable to or betteaan that for other probes
(Table S1), such as nitrogen-doped graphene quadtis (0.014 U/L, Qu et al.,
2018), graphene quantum dots (0.028 U/L, Na et 2016), a thick-film
magneto-elastic transducer (1.5 U/L, Wu et al.,72206arbon quantum dots (5.5 U/L,
Qian et al., 2015), and luminescent aggregatederopanoclusters (1.3 U/L, Huang
et al., 2016). Furthermore, a much broader linaage of this method is expected for
other applications.

Figure4

To test the ACP detection selectivity, the effestsvarious targets on the FL
response of the PPI/NHMIL-101/H,O,/OPD system were studied. These include
biologically relevant metal ions (Kak*, zn**, Mg?"), amino acids (Ser, Ala, His, Arg,
Asp, Cys, Try), proteins (HAS, IgG and GOx), antess (Glu, Fru and Urea). The
results in Fig. 4E indicated that only ACP produsgghificant changes ifssg/Fass
values, while the presence of the other targetsegtigible effects. As shown in Fig.
4F, FssdF4s6 values for ACP detection remained unchanged in gresence of

potential interferences, confirming the selectigeay in the complex matrix. Overall,

12



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

the results demonstrated that the method was hggtéctive for ACP detection.
3.5 ACP detection in human serum samples

To demonstrate the potential of the ACP assay mptex biological samples, the
recovery tests were performed on a three dilutedamserum samples. As shown in
Table S2, the recoveries for the spiked samplegedhrirom 97.1% to 104.2% with
RSD (relative standard deviation) values of 1.0%%l. The repeatability and
reproducibility of theFssd/F4s6 ratio for fixed concentrations of 5 U/L ACP and i
PPi in the serum samples were examined. Seventegpeaasurements of 5 U/L
ACP were performed for the same human serum saumaler optimized conditions
to evaluate repeatability. In Table S3, the RSD 8:4%0, revealing good repeatability.
The reproducibility was evaluated by detecting & BLCP in five different human
serum samples. In Table S4, the RSD was 4.0%, sigowood reproducibility.
Overall, the results indicated feasibility of thétiometric fluorescent sensor for ACP
detection in real biological samples.
3.6 Application to a cascade logic gate

Molecular logic gates may enable molecular-scatapgers and “autonomously
regulated” chemical systems. Various logic gatagehattracted extensive interest for
intelligent biosensing and diagnostics (Fan et2017; Lin et al., 2018; Lin et al.,
2011; Huang et al., 2011). Here, the PPi/ACP—mediéilorescence changes in the
NH2-MIL-101/H,0,/OPD system could be used as a cascade INHIBIT lgaie; the
equivalent circuit is presented in Fig. 5A. For finst decoder, PPi and ACP were the
two inputs and the presence of PPi or ACP was défes “1” and their absence as
“0”. The output of the first decoder was defined“dswhen complete PPi existed
after incubation. Other outputs (including buff&CP, and mixture of ACP and

phosphate group) were defined as “0”. The outpdirsf decoder was utilized as the

13
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input of second decoder that consisted of the mexiNH,-MIL-101, H,O,, and OPD
as the platform. The final outputs of the cascaggclgate weré& ;56 andFss and the
threshold values were respectively set to “1100d ai500” (half of the
corresponding maximum value) to judge the 1/0 sigitae F456 andFss¢ column bars
against various input combinations and the cormedipg truth table are shown in
Figs. 5B, C, respectively. With no input of PPi aA@P (input “0, 0”), OPD was
oxidized by HO,, as catalyzed by NHMIL-101, to produce fluorescent DAP. The
NH,-MIL-101 F4s¢ decreased, while DAPsss increased, giving an output signal of
“0” for F4s56 and “1” for Fsse(output “0, 17). With the ACP input alone (input,“@”),
OPD was still oxidized by ¥D,, and the output oF 456 was “0” andFssg was “1”
(output “0, 17). With the PPi input alone (input,“D”), the catalytic ability of
NH,-MIL-101 was inhibited. NE+MIL-101 F4s6 increased, while DAFss¢ decreased,
giving an output signal of “1” foF4s¢ and “0” for Fss¢(output “1, 07). With PPi and
ACP together (input “1, 1”), PPi was hydrolyzedoiat phosphate group by ACP, thus
the catalytic ability of NEBMIL-101 was recovered. The NHMIL-101 F4s6
decreased, while DAPssg increased, giving an output signal of “0” fégsg and “1”
for Fsse(output “0, 17).
Figure5

4. Conclusion

In conclusion, a ratiometric fluorescence sensorHA®i and ACP, based on
bifunctional NHB-MIL-101 MOFs, was demonstrated. As a peroxidasaimcatalyst,
the NH-MIL-101 accelerated $D, oxidization of OPD to produce fluorescent DAP,
which then quenche#;ss emission from the NHMIL-101 MOFs. The inner filter
effect between NHMIL-101 MOFs and DAP was mainly responsible fore th

guenching. Because of its specific binding to Fatees in NH-MIL-101, the
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PPi-induced decrease in the NMIL-101 catalytic activity in OPD oxidation, and
the specific hydrolysis of PPi by ACP, the rationtefluorescence enabled sensitive
and selective detection of ACP activity. The ratnt sensor exhibited a wide linear
range (0.0330 U/L), high sensitivity (LOD=0.005 U/L), and goaglectivity for
ACP detection. The protocol was used to succeysambalyze ACP activity in spiked
biological samples of human serum. PPI/ACP-medifiteatescence changes in the
NH2-MIL-101/H,0,/OPD system also enabled a functioning cascade BINHlogic
gate. It is anticipated that such a new strateg@gth@n luminescence and biomimetic
catalytic activity of bifunctional LMOFs could enabpromising applications in
biological analysis and clinical diagnostics.
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SCHEME LEGEND
Scheme 1. Schematic of the inner-filter effect between NWIL-101 and DAP in the
NH,-MIL-101/OPD/H0O, system, and ACP sensing via PPi-mediated FL tuoirtige

NH,-MIL-101/OPD/HO, system.

g S T

’,f ‘\\
! A
! 1
1 |}
1 1
E / H,O. i

1
| " % |
i \ y :
i i
1 1
i i
{ @ MOF 2. |
i OPD . !
bl N ] et |
] DAP h ©) !

1
1 1
{ v PPi Ao 1N E
‘V\go ACP /
. Anm Anm , e

Scheme 1

18



FIGURE LEGENDS

Figure 1. (A) SEM image of NE-MIL-101. Inset shows enlarged image. (B) XRD pexfiof
NH>-MIL-101 and simulated MIL-101. (C) FT-IR spectrumh NH,-MIL-101. (D) Fluorescence
spectrum of NEMIL-101 (Inset: schematic of fluorescent BMIIL-101 synthesis; photos of
NH,-BDC and NH-MIL-101 under UV excitation).

Figure 2. (A) 3D equivalent columns of fluorescence intemsitat 456 nm and 556 nm before and
after catalysis. (B) Fluorescence spectrum ofINHL-101/H,O,/OPD system vs. reaction time (0,
2,4,6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26 398nin).

Figure 3. (A) Fluorescence spectra of the NMIL-101/H,0,/OPD,
NH>-MIL-101/H,0,/OPD/PPi, and NRHMIL-101/H,O,/OPD/PPi/ACP systems. (BjssdFsseVS.
reaction time for different PPi concentrationstia NH-MIL-101/H,O,/OPD system.

Figure 4. (A) Fluorescence spectra of the NMIL-101/H,O,/OPD system in the presence of
different concentrations of PPi«B5 uM). (B) FssdFassvalues vs. PPi concentration. Inset: linear
relationship betweelfrssgF456 and PPi concentration in the 0—uM range. (C) Fluorescence
spectra of the NHMIL-101/H,O,/OPD/PPi system in the presence of different comagons of
ACP (0-100 U/L). (D)FsedF4s6vs. ACP concentration. Inset: linear relationshipaienFssgF 456
vs. ACP concentration in the 0.01-30 U/L range. EHgcts of other substances BgsgFsssfor
the NH-MIL-101/H,O,/OPD/PPi system. The concentrations of ACP, GO, KJAS, and the
other substances were 30 U/L, 50 U/L, 1 mg/mL,rAgfmL, and 1QuM, respectively. (F) Effects
of other substances dfysdFsssfor the NH-MIL-101/H,0,/OPD/PPi system in the presence of
ACP. The concentrations of ACP, GOx, IgG, HAS, #melother substances were 30 U/L, 50 U/L,
1 mg/mL, 0.1 mg/mL, and 1M, respectively.

Figure 5. (A) Equivalent logic representation of the cascladgc gate, an INHIBIT gate cascade
with 1 to 2 decoder, in which thgss andFssg are two final outputs. (B) Fluorescence columrsbar
for simultaneousF4ss (blue columns) and-ssg (orange red columns) under different input

variations. (C) Truth table of the cascade logiedRPi concentration was L®1).
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