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Room Temperature Synthesis Mediated Porphyrinic
NanoMOF Enables Benchmark Electrochemical Biosensing

Zhenyu Zhou, Jun Wang,* Shujin Hou, Soumya Mukherjee,* and Roland A. Fischer*

1. Introduction

Leveraging size effects, nanoparticles of metal-organic frameworks, nano-

MOFs, have recently gained traction, amplifying their scopes in electro-
chemical sensing. However, their synthesis, especially under eco-friendly
ambient conditions remains an unmet challenge. Herein, an ambient

and fast secondary building unit (SBU)-assisted synthesis (SAS) route to
afford a prototypal porphyrinic MOF, Fe-MOF-525 is introduced. Albeit the
benign room temperature conditions, Fe-MOF-525(SAS) nanocrystallites
obtained are of =30 nm size, relatively smaller than the ones conventional
solvothermal methods elicit. Integrating Fe-MOF-525(SAS) as a thin film
on a conductive indium tin oxide (ITO) surface affords Fe-MOF-525(SAS)/
ITO, an electrochemical biosensor. Synergistic confluence of modular
MOF composition, analyte-specific redox metalloporphyrin sites, and
crystal downsizing contribute to its benchmark voltammetric uric acid
(UA) sensing. Showcasing a wide linear range of UA detection with high
sensitivity and low detection limit, this SAS strategy coalesces ambient
condition synthesis and nanopatrticle size control, paving a green way to

advanced sensors.
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Metal-organic frameworks (MOFs) are
an emerging class of by-design porous
materials, primarily, crystalline solids
afforded from the bottom-up self-assembly
of organic linkers and inorganic metal
clusters.ll The latter is also known as sec-
ondary building units (SBUs).!l Relying
upon the first principles of crystal engi-
neering,’! MOFs feature an amenability
to porosity control by tapping their com-
positional modularity.! Thanks to their
guest-accessible surface areas, and a tai-
lored control over pore sizes and/or pore
environments, MOFs have demonstrated
benchmark properties in sensing,P! catal-
ysis,l®! gas storage,’l and separation.l®
Specifically for electrochemical sensing,
porphyrinic MOFs (PP-MOFs) largely ben-
efit from porphyrin struts functioning as
active sites.’™”] Reaping benefits from the
m-conjugated macrocyclic scaffolds, por-
phyrins and metalloporphyrins present high electron transfer
and selective redox catalysis, eliciting electrocatalytic sensing
in PP-MOFs.’>1 Albeit several recent examples in this regard,
influences of particle size remain ignored.”! As an intrinsic
feature of MOF crystals, particle size is primed to culminate
in size-dependent electrochemical sensing.'”l With decreasing
particle size, MOFs can exhibit significantly enhanced physical
and chemical properties compared to their bulk counterparts,
such as increased external surface areas. This results in an
increased exposure to the external active sites.®l Unsur-
prisingly, controlled downsizing of MOF crystals across the
nanoscale regime should catalyze the likelihood to further
harness their pore structures and/or surface reactivities. Con-
versely, thus far, preparing a number of MOFs, including PP-
MOFs, heavily rely upon conventional solvothermal synthesis
(CSS). These typically involve high temperature treatment for
several days to weeks,*>2> entailing a massive energy foot-
print. With improved sustainability at focus, time and energy
pose major handicaps in transitioning MOFs into commercial
adoption.® To address this, a simple and rapid room tempera-
ture (RT) synthesis of MOFs is a desired advance from techno-
economic and eco-friendly perspectives.!!

Despite the unique benefits of RT synthesis and particle
size effects, their dual realization remains a challenge. Thus
far, only a handful of methods, viz., mechanical grinding,
microwave-assisted method, electric field-controlled syn-
thesis, microfluidic synthesis, surfactant-assisted growth,
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and coordination modulation are known to afford MOF
nanoparticles.3®7] However, these either require a special
set-up, or the downsizing of MOF crystallites to <50 nm is
cumbersome. Simply put, facile and energy-/or cost-efficient
synthesis of small MOF nanoparticles remains an unmet chal-
lenge. In addition, understanding the effects of particle size
modulation on MOF properties is still in its infancy, and war-
rants critical interrogation.3»7d] For RT synthesis, only a few
examples hitherto exist. These are limited to MOFs with rela-
tively low connected (<6) nodes, MOF-5, ZIF-8 and HKUST-1,
inter alia.’®l High-connected (>8) MOFs featuring complicated
topologies typically require high activation energy (e.g., sol-
vothermal, and/or hydrothermal conditions).**¥] Besides,
high-connected MOFs, such as the Zr(IV)-based PP-MOFs are
well-known to demonstrate high thermal/chemical/hydrolytic
stability and pore environments amenable to crystal engi-
neering principles.’>*201 Collectively, these aspects culmi-
nate in a range of sensing applications, and an effective RT
synthesis will enable easier transition to higher technological
readiness levels.

Herein, an SBU-assisted synthesis (SAS) strategy was devel-
oped to enable the RT formation of high-connected MOF
crystals, homogeneously downsized to <50 nm. A prototypical
MOF self-assembly comprises a) the initial nucleation and
formation of SBUs, and b) linker assembly to elicit an extended
reticular structure.”] In this context, the SAS approach har-
nessing SBUs as reactants features unique merits. Sustained
by well-defined organic linkers, a preformed SBU with deter-
minate geometry and connectivity forms can eliminate the
serendipity in coordination, contributing to the formation of
target MOFs.[2>:21]

Conversely, compared to direct MOF formation from metal
ions/clusters and organic linkers, using preformed SBUs as
reactants is primed to reduce the activation energy barrier,
expediting the reaction kinetics. This, in effect, enables rapid
room-temperature synthesis of MOFs, lowering the energy
footprint substantially.l’?l To this end, SBU-assisted rapid MOF
assembly also tends to yield smaller nanocrystals, downsizing
them further below 50 nm. Despite few successful examples
of SAS,?3l a RT method to prepare small-size high-connected
MOF nanocrystals remains unknown, as we introduce it herein.

Exemplifying a PP-MOF, we prepare [ZrqO,OH),(Fe-
TCPP);], Fe-MOF-525 nanocrystals via the SAS approach
at RT (Figure 1b).1 Specifically, Fe-MOF-525 is con-
structed from 12-connected Zry clusters and 4-connected
iron tetrakis(4-carboxyphenyl)-porphyrin (Fe-TCPP) ligands
(Figure 1a). Of particular importance is its high surface
area, >2000 m? g! and 1D quadrangular micropore =1.6 nm
(Figure S1, Supporting Information).**1%d Meanwhile, the
reticular pores of Fe-MOF-525 replete with redox-active por-
phyrin sites contribute to an increased propensity for the
analytes to get concentrated and selectively identified. This
endows Fe-MOF-525 with a high predisposition to enable
electrocatalytic sensing.’»? In this study, a sensor is fabri-
cated by uniformly coating Fe-MOF-525(SAS) film on conduc-
tive indium tin oxide (ITO) glass as Fe-MOF-525(SAS)/ITO
electrode (Figure 1b). Monitoring its electrochemical sensing
properties, furthermore, a detailed investigation into particle
size effects is conducted.
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2. Results and Discussion

Zr(IV)-based PP-MOFs are typically synthesized using haz-
ardous, high-boiling solvents (e.g., N,N-Dimethylformamide,
N,N-diethylformamide) and high temperature/pressure, while
their room-temperature synthesis is relatively difficult due to
the sluggish kinetics of nucleation and crystallization.[12>142.20b.d]
Nevertheless, preformed SBUs not only function as a primer
for efficient coordination, but also lower the activation energy
barrier to accelerate reaction kinetics of the framework
assembly. This, in turn, enables the rapid RT synthesis of Zr-
based PP-MOFs.?>222] Herein, in pursuit of the RT synthesis
of Fe-MOF-525 nanocrystals via SAS method, Zr4 cluster SBUs
are the prerequisites and are successfully prepared (Figure S2,
Supporting Information).?! Benefiting from the preformed
SBUs, the Fe-MOEF-525 was synthesized following a typical
recipe (Table S1, Supporting Information), named Fe-MOF-
525(SAS), hereinafter. Powder X-ray diffraction (PXRD) pattern
of Fe-MOF-525(SAS) exhibits consistency with the simulated
one, indicating its phase purity (Figure 1c).? Porosity of Fe-
MOF-525(SAS) is examined by a cryogenic N, adsorption
experiment. A typical type-I isotherm suggests microporosity
with a pore size of =1.6 nm (Figure 1d). Applying Rouquerol
criteria to the 77 K N, isotherm, the Brunauer—-Emmett-Teller
surface area is determined as high as 2193 m? g .18 Large
1D channels and high surface area, in principle, should prove
beneficial to enable rapid analyte aggregation and mass trans-
port for efficient sensing.>"! Attenuated total reflection infrared
(ATR-IR) spectra are recorded to identify the compositions
of the prepared Fe-MOF-525(SAS) (Figure le). Compared to
the free H,TCPP, the metallisation of Fe-TCPP ligand is evi-
denced by disappearance of the N-H characteristic peak at
960 cm™ and appearance of a new peak at 998 cm™ assigned
to Fe-N bonds."™?] The latter signature is also found in the
Fe-MOF-525(SAS). This aligns well with the energy-dispersive
X-ray spectroscopy and ultraviolet-visible spectroscopy (UV-vis)
spectra (Figures S3 and S4, Supporting Information). Moreover,
in contrast to the spectrum of Fe-TCPP, Fe-MOF-525(SAS)
exhibits an absence of stretching vibration around 1695 cm™
(C=0 bonds) whereas a strong peak at 1424 cm™ (COO sym-
metric stretch band) appears, reflecting the coordination of
carboxyl groups in Fe-TCPP with Zrg clusters for the forma-
tion of Fe-MOF-525(SAS) nanocrystals.P>d 'H nuclear mag-
netic resonance spectroscopy, 'H NMR data recorded on the
digested Fe-MOF-525(SAS) reveals the absence of any meth-
acrylate ligand, indicating the defect-free nature of Fe-MOF-
525(SAS) (Figure S5, Supporting Information). Scanning
electron microscopy (SEM) shows the Fe-MOF-525(SAS) nano-
particles with the size of 30.50 + 3.05 nm, much smaller than
the previous reports which vary from hundreds to thousands of
nanometres (Figure 1f).12>%424] The Tyndall effect observed in
the colloidal suspension of Fe-MOF-525(SAS) is also consistent
with the nanocrystallites’ dimensions (Figure S6, Supporting
Information).[V¢l In principle, such uniform Fe-MOF-525(SAS)
nanoMOF should indeed lead to an efficient electrochemical
sensor, when coated upon a conductive ITO surface.[?Y)

To further understand the SAS mediated formation of Fe-
MOF-525(SAS) nanoMOF, the classical LaMer model is applied
to analyze the procedure (Figure 1g). The LaMer mode is
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Figure 1. a) Structures of the building blocks: Zrg cluster (SBU) and Fe-TCPP ligand sustaining Fe-MOF-525; the framework structure of Fe-MOF-
525. H atoms are omitted for clarity. Color scheme: C, gray; O, red; N, blue; Cl, olive green and Fe, yellow. b) Schematic illustration of the SAS for
Fe-MOF-525 preparation and coating route leading to a Fe-MOF-525(SAS)/ITO electrode. c) Simulated and experimental PXRD patterns of the bulk
Fe-MOF-525(SAS) synthesized at a typical synthetic recipe: 0.6 mm SBU, rsgy 800 eq., RT, 3 h. d) N, sorption isotherms for Fe-MOF-525(SAS) at 77 K
(solid and open symbols denote adsorption and desorption, respectively). Inset shows density functional theory based pore size distribution profile for
Fe-MOF-525(SAS) from the N, isotherm recorded at 77 K. e) ATR-IR spectra for the free ligands H,TCPP, Fe-TCPP, stacked alongside that for Fe-MOF-
525(SAS). f) SEM image of Fe-MOF-525(SAS). Inset: particle size distribution plot of Fe-MOF-525(SAS) nanocrystals. g) Schematic illustration of the
LaMer Model accounting for the MOF nanoparticle nucleation and growth. Purple trace: the synthesis of uniform small MOF nanoparticles benefiting
from the preformed SBUs acting as abundant nuclei for rapid crystal nucleation and growth during SAS. Blue trace: confluence of a smaller number

of nucleation sites and slow growth rate results in uniformly larger nanoparticles during CSS.

composed of two stages, i.e., nucleation and growth [13213b.28]
When the concentration of reactive species increases and
exceeds the critical concentration of nucleation (C,,), the
reactive species assemble to form nuclei, followed by further
nucleation of the MOF unit cell. With decreasing reactant
monomers, the nucleation ceases, followed by the growth until
eventually reaching a particle growth and solvation equilibrium
point (Cgy). According to the LaMer model, to obtain small and
uniform MOF nanocrystals, it is essential to generate plentiful
nuclei and coupled with a fast nucleation, then followed by the
rapid termination of particle growth with depletion of reactive
precursors.[3213)] Herein, in SAS process, a large number of
preformed SBUs in system exactly serve as nuclei leading to
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rapid nucleation and growth terminating in a short time, thus
affording small Fe-MOF-525(SAS) nanoparticles, illustrated as
the purple trace in Figure 1g. Conversely, CSS of MOF-525,
without the assistance of preformed SBUs, the system under-
goes a slow nucleation and the limited number of nucleation
sites will slowly grow as large particles under the supply of
abundant precursors (Figure 1g).?8l Following two commonly
used solvothermal recipes,[12>142¢24.29] Fe.MOF-525(CSS1) and
Fe-MOF-525(CSS2) were prepared. Consistent with the LaMer
mode analysis, both variants register larger crystallite sizes of
145.37 + 2701 nm (Figures S7-S9, Supporting Information) and
764.10 £ 123.77 nm respectively (Figures S10-S12, Supporting
Information).
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To critically interrogate particle size control in Fe-MOF-
525(SAS) nanoMOF crystallites, the influences of several crucial
parameters (i.e., modulator, concentration, reaction time, and
temperature) were examined by altering the synthetic condi-
tions (Table S1, Supporting Information). The modulators play
essential roles in this SBU-assisted procedure of forming the
nanocrystalline MOFs. This is because it not only contributes
to the construction of crystalline MOFs, but also largely impact
the morphologies of resulting MOFs, especially the particle
size 7619430 Thanks to containing the same coordinating group
(i-e., carboxylate) as the porphyrin ligand, methacrylic acid as
modulator delivers competitive SBU-ligand binding modes,
thus slows down the reaction rate, allowing sophisticated incu-
bation of MOF crystallites.761%43% This is confirmed by the
unsuccessful Fe-MOF-525(SAS) synthesis with sparsely added
methacrylic acid additive at low modulator/SBUs ratios (rspy)
of 100 and 200 equivalent (eq.) (Figures S13-S15, Supporting
Information). With the stepwise increase of modulator amount
(400-800 eq.), the synthesis of Fe-MOF-525(SAS) turned out
with more success, accompanied by improved crystallinity and
porosity (Figures S13, S14, S16, Supporting Information). An
optimal modulator quantity of 800 eq. contributes to afford
crystalline Fe-MOF-525(SAS) nanoparticles with small size
(30.50 * 3.05 nm). With the assurance of obtaining crystalline
MOFs, low modulator concentrations were found to afford a
fast MOF nucleation to generate plentiful MOF nuclei, then fol-
lowed by the rapid termination of particle growth with depletion
of reactive precursors. Indeed, such rapid growth yields small
MOF crystals.*®) However, the addition of 1200 eq. of meth-
acrylic acid largely restricts nucleation, resulting in fewer MOF
nuclei for growth, ergo, larger crystals of size =71.60 £10.32 nm
(Figure S16, Supporting Information).l% Initial precursor con-
centrations are also found to impact the nucleation/crystal-
lization, thus enabling a control over particle size. Low initial
concentration is preferred to deliver nanoMOF particles, largely
owing to the absence of adequate precursors for particle growth,
post nucleation.?% By changing the precursor concentrations
(0.3-1.2 mm), the mean sizes of Fe-MOF-525(SAS) are regulated
from 1792 to 72.84 nm (Figures S17-S19, Supporting Informa-
tion). However, despite a small particle size, the premature
growth at such low concentration of 0.3 mm leads to poor MOF
crystallinity and compromised porosity. Conversely, nanoMOFs
synthesized at 0.6 mm seem to feature the right qualities on
both counts: particle size and crystal quality. Reaction tempera-
ture is also vital behind nucleation and crystallisation. For Fe-
MOF-525(SAS), a crystalline MOF is obtained at RT with assis-
tance of SBUs, while the lower temperature suppresses crystal
growth rate, culminating in smaller nanoMOF crystals (Figures
S20-S22, Supporting Information). This observation is found to
be in agreement with literature reports.’!l This reveals a spe-
cific advantage of the SAS method as regards forming crystal-
line nanoMOFs at RT. An adequate reaction time is critical to
efficiently sustain a) nucleation; b) crystalline growth. Herein,
we successfully construct Fe-MOF-525(SAS) at a reaction time
of only 1 h with reduced crystallinity. 3 h is found sufficient to
afford the crystalline nanoMOF and a further prolonged reac-
tion time of 12 h negligibly impacts the crystallinity and particle
size (Figures S23-S25, Supporting Information). This is likely
credited to an accelerated reaction kinetics augmented by the
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SBUs, thereby completing MOF nucleation and growth in a
short time.[2%]

Upon characterising the prepared Fe-MOF-525(SAS), as
a proof-of-concept study, we critically examine their electro-
chemical biosensing properties with regard to the detection of
a typical biotoxin, uric acid (UA). For this purpose, a smooth,
dense and homogeneous Fe-MOF-525(SAS) film is integrated
onto conductive ITO surfaces as Fe-MOF-525(SAS)/ITO elec-
trode (Figures S26-S27, Supporting Information). Herein, a
cyclic voltammetry (CV) based sensing is achieved based on
the corresponding electrical current. The latter originates from
analyte-specific redox reactions under the applied electrochem-
ical potentials.’>32 Chasing after CV based sensing, the critical
parameters, e.g., scan rate, pH, accumulation time, and loading
amounts are optimized. It also offers us to study Fe-MOF-525
particle size effects on its sensing performance. Furthermore,
selectivity, practicality, stability, recyclability and reproducibility
are investigated comprehensively.

As the final product of purine metabolism, UA plays an
important role in biological processes and possesses significant
influences on human health. Its prolonged bioaccumulation
may cause diseases such as gout and hyperuricemia.?¥ There-
fore, rapid and efficient detection of UA in biological fluids is a
matter of high pathological relevance, especially in clinical diag-
nosis. Herein, as an electrochemical biosensor for UA detec-
tion, the Fe-MOF-525(SAS)/ITO electrode is studied and the
corresponding sensitivity and selectivity of detection are evalu-
ated. In the absence of UA, there is no obvious current signal
observed on the CV curve (Figure 2a). In contrast, the Fe-MOF-
525(SAS)/ITO electrode exhibits a sharp, irreversible oxidation
peak at 0.67 V in the presence of 100 um UA. This could be
assigned to the electrochemical oxidation of UA to quinonoid
diimine, concomitant with the transfer of two protons and elec-
trons (Figure 2b).3%34 Predicated upon oxidation, the modified
electrode shows prospect as an electrochemical sensor for UA
detection. The detailed processes and plausible mechanisms
driving electrocatalytic UA oxidation on Fe-MOF-525(SAS)/ITO
can be described as follows: 1) thanks to its high surface areas,
large micropores of Fe-MOF-525(SAS) facilitates the aggrega-
tion of UA molecules; 2) the porphyrin subunits are intrinsi-
cally redox-active, conducive to electrochemically sense the
redox-active UA analytes. Under an external voltage, the por-
phyrin centers of Fe-MOF-525(SAS) serve as electron acceptors.
Meanwhile, thanks to the electron-donating imino groups, UA
can act as an electron donor, interacting with the porphyrin cen-
tres to afford an electron donor-acceptor (EDA) system between
the porphyrin centres and the UA molecules. This EDA is fur-
ther evidenced by the UV-vis spectra (Figure S28, Supporting
Information).[**) Furthermore, in Fe-MOF-525(SAS), the Zrg-
oxo cluster derived SBUs are known to be insulating in nature.
Such redox inactivity nullifies the possibility of charge transfer
between Fe-TCPP and the SBUs, as revealed in the UV-vis
spectra (Figure S29, Supporting Information).2® To this end,
periodically arranged redox Fe-TCPP centers with a short spa-
tial distance (13.6 A) afford an efficient redox-hopping in Fe-
MOF-525(SAS).13¢I The EDA system triggers sequential electron
transfer along a redox-hopping approach, followed by deproto-
nation, thus culminating in the oxidation of UA (Figure 2b and
Figure $30, Supporting Information).!>»20:33230]

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) CV profiles of the Fe-MOF-525(SAS)/ITO electrode in 0.5 m NaCl solution in the presence or absence of 100 um UA at a scan rate of
50 mV s7". Inset: an enlarged CV curve obtained in the absence of 100 um UA for clear comparison. b) Schematic illustration of the plausible mechanism

of UA oxidation on the Fe-MOF-525(SAS)/ITO electrode.

To assess the UA sensing parameters of Fe-MOF-525(SAS)/
ITO electrode, performance on bare ITO is explored in tandem
(Figure S31, Supporting Information). A weak current response
indicates its poor electrocatalytic activity toward UA and in
turn, highlights the excellent electrochemical behaviour of Fe-
MOF-525(SAS) in the modified electrode. Other metallated
M-MOF-525(SAS) (M = Cu, Co, Ni, and Mn) and non-metal-
lated H,-MOF-525(SAS) variants modified electrodes are also
prepared separately for comparative analysis (Figures S32 and
S33, Supporting Information). Among the variants, Fe-MOF-
525(SAS)/ITO delivers the best performance with a higher cur-
rent response at lower oxidation potential and therefore, ranks
as the front runner for UA oxidation. Meanwhile, Fe-MOF-
525(SAS) nanoparticles formed at different experimental con-
ditions are parallelly integrated as electrodes for comparison
(Table S1, Figures S34-S37, Supporting Information). Of par-
ticular importance is Fe-MOF-525(SAS) synthesized following
the typical recipe (Exp.1 in Table S1, Supporting Information),
that exhibits UA oxidation likely due to its optimised advan-
tages on both the crystal quality and small particle size (Figures
S13-S25, Supporting Information). A combination of these can
unify high external surfaces with more accessible catalytic sites.

The impact of scan rate on the oxidation current and poten-
tial of UA is determined by cyclic voltammetry (Figure S38,
Supporting Information). The peak current exhibits a highly
linear relationship with the square root of scan rate, charac-
teristic of a diffusion-controlled UA oxidation at the modified
electrode.’* Meanwhile, the electron transfer number for
anodic UA oxidation is estimated as 1.99 according to Laviron’s
equation,’’] suggesting a 2 electrons transfer process. On the
other hand, the chronoamperometric responses of Fe-MOF-
525(SAS)/ITO toward different UA concentrations reveal the
diffusion coefficient for UA to be 1.850 x 107* cm? s7! based on
Cottrell's equation (Figure $39, Supporting Information).>>!d
Another crucial parameter, i.e., electrolyte pH, is also optimized
herein (Figure S40, Supporting Information). The maximum
peak-current response is achieved at pH 6.5. Hence, pH 6.5 is
chosen as the optimum pH for further UA detection. Moreover,
with increasing pH, the oxidation peak potential (E;) shows a
linear shift to negative value, following the equation E,(V) =
-0.0586 pH + 1.032. The slope of 58.6 mV pH™ is found to
be in close agreement with the theoretical Nernstian value,
59 mV pH7, suggesting an equal number of protons and

Small 2023, 19, 2301933 2301933 (5 of 9)

electrons transferred during UA oxidation.l®38 The influence

of catalyst loading amount is evaluated by altering the volume
(5-50 uL) of MOF suspension (3 mg mL™) coated on ITO. SEM
images reveal the formation of dense and smooth films on
electrodes, with increased thickness (Figures S41 and S42, Sup-
porting Information). With the increase of loading amount, the
peak current increases and maintains nearly steady values after
30 uL loading (Figure S43, Supporting Information). Therefore,
loading of 30 UL Fe-MOF-525(SAS) suspension surfaces a right
choice to efficiently detect UA. Accumulation time, as a factor
of influence, is studied by adjusting the accumulation times just
before measuring the cyclic voltammograms. As shown in the
Figure S44 (Supporting Information), nearly constant current
peak values are observed after an accumulation time of 120 s,
attributed to plausible UA saturation on the modified electrode
under a dynamic equilibrium. This is why 120 s is regarded as
the optimum accumulation time in our further studies.

The feasibility of Fe-MOF-525(SAS)/ITO electrode for UA
detection is examined under optimized conditions with varying
concentrations of UA (Figure 3a; zoomed views of the low con-
centrations in Figure S45, Supporting Information). The cor-
responding oxidation peak currents (I) increased linearly with
the increase in UA concentration (¢) ranging from 0.05 up to
100 pum with high correlation coefficients (R? > 0.999). Mean-
while, the sensitivity is estimated to be 1.0956 WA um~' and
the limit of detection (LOD) is determined as low as 0.013 um
(3 x Sp/slope, Figure S46, Table S2, Supporting Information).
Compared to the hitherto reported electrodes for UA detection,
the proposed Fe-MOF-525(SAS)/ITO electrode sets a bench-
mark analytical response toward UA in terms of a wide linear
response, high sensitivity and low LOD (Table S3, Supporting
Information). Its superb electrocatalytic activity toward UA
detection stands out, and could be correlated to its high surface
area, expedited preconcentration, and the small particle size
concomitant with high density of accessible active sites in Fe-
MOF-525(SAS) nanoMOF.[5»12b.130]

As confirmed in previous reports, the electrocatalytic activity
of MOF shows strong dependence on the particle sizes, while
the origin of size effects is still in vague declaration.l>3"l To
reasonably investigate the particle size effects of Fe-MOF-525
on UA detection and concurrently reveal the superiority of SAS
strategy on advanced sensor preparation, another two Fe-MOF-
525 particles herein are synthesized by the CSS method and
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Figure 3. CV curves of the a) Fe-MOF-525(SAS)/ITO, b) Fe-MOF-525(CSS1)/ITO, and c) Fe-MOF-525(CSS2)/ITO electrodes toward the detection of UA
at different concentrations; inset shows the linear trend of the peak current versus concentration of corresponding analytes. d) Schematic illustration

of the MOFs particle size effects on the UA sensing.

integrated on ITO as Fe-MOF-525(CSS1)/ITO and Fe-MOF-
525(CSS2)/ITO electrodes for comparative UA sensing. These
two electrodes are modified with equal amount of Fe-MOF-525
crystals as the Fe-MOF-525(SAS)/ITO and their corresponding
UA detection performances are also examined under same
conditions. Compared to the dense and smooth film of Fe-
MOF-525(SAS) nanoparticles (=30 nm), Fe-MOF-525(CSS1)
and Fe-MOF-525(CSS) feature much large sizes of =145 and
~764 nm, respectively, and thus result in awfully rough film
state with numbers of cracks and even with a low surface cov-
erage (Figures S27 and S47, Supporting Information). These
worse film quality would largely decrease the effective contact
area with the underlying ITO substrate, and therefore antici-
pated to hamper the efficient charge transfer for splendid UA
oxidation.?’! As expected, the Fe-MOF-525(CSS1)/ITO affords
a linear response to UA (0.3-100 pum) with the inferior sen-
sitivity of 0.7089 HA pum~! and LOD as 0.092 um (Figure 3b
and Figures S48 and S49, Table S4, Supporting Information).
Notably, the Fe-MOF-525(CSS2)/ITO with the largest size
shows a further decreased sensitivity (0.4369 LA um™) on the
UA detection (0.08-100 um) with a worse LOD of 0.723 um
(Figure 3c and Figures S50 and S51, Table S5, Supporting
Information). Following the comparison of UA electrochemical
sensing, a distinct size effect stands out. Apart from the con-
tact area, another key point, i.e., enhanced external surface,
contributes to the superiority of nanocrystallites on electrocata-
Iytic efficiency. Downsizing the particles can directly increase
their external surface areas, thus allowing the exposure of more
external active sites (Figure 3d).[®" This is surely favorable to
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the electrocatalytic UA sensing. In addition, high external sur-
face areas of nanocrystals also offer more shortcuts around
the increased cubic facets and, therefore, enable a more rapid
and efficient diffusion for ample UA molecules to access the
internal active sites in channels (Figure 3d).1%>31¢3) To fur-
ther confirm the hypothesis, chronoamperometric studies are
performed to evaluate the diffusion coefficients of UA in the
MOFs with different particle sizes (Figure S52, Supporting
Information). According to the Cottrell's equation, the diffusion
coefficients for UA are estimated to be 1.8505 x 107 cm? 57},
5.692 x 10> cm? 57}, and 1.0537 x 107 ¢cm? s for Fe-MOF-
525(SAS), Fe-MOF-525(CSS1) and Fe-MOF-525(CSS2), respec-
tively. These results clearly verify the rapid UA diffusion owe
to the small crystal size. Simply put, particle size effects herein
originate from the high external surface, contact area with ITO
and rapid analyte diffusion, which contribute to the combina-
tion of abundant analyte molecules, more accessible catalytic
sites and efficient charge transfer, thus synergistically affording
the superior sensing performance.

The positive size effects are evidenced in nanoMOF particles
and endow Fe-MOF-525(SAS)/ITO with the upside potential
as an efficient electrochemical biosensor. To further evaluate
its feasibility, we examined the selectivity of the modified elec-
trode toward UA in the presence of some other typical interfer-
ents (Figure S53, Supporting Information). It is observed that
common inorganic ions only cause negligible effects (<2%) and
biological compounds induce scanty interference (<5%) on the
UA sensing performance. Proved by these results, the potential
of Fe-MOF-525(SAS)/ITO for selective UA detection becomes
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clear, even in the presence of excess these potentially inter-
fering species.

In order to assess the practical viability, the modified elec-
trode is applied to detect UA in the human urine sample. The
urine sample was diluted 100 folds with 0.5 m NaCl solution
before the measurement and with three sequential addition of
10 um UA for analysis (Table S6, Supporting Information). The
Fe-MOF-525(SAS)/ITO electrode exhibits appropriate recov-
eries toward UA detection (97.3-99.5%) in real samples, indi-
cating its applicability and reliability as UA biosensor.[?3!

As electrochemical sensors, several crucial aspects, viz. mate-
rial stability, recyclability and reproducibility are also inspected.
The excellent stability of Fe-MOF-525(SAS)/ITO is affirmed
by the retention of nearly 96.16% of its original response after
60 days (Figure 4a). Remarkably, the electrode also shows the
benchmark long-term recyclability with a relative standard devi-
ation (RSD) of only 5.43% on current responses and 90.80% ini-
tial response retention for 500 measurement cycles (Figure 4c).
The high stability evidently stems from the stable Zrg clusters
and strong chelating effect between Fe(III) and the porphyrin
rings.’>%l In addition, comprehensive comparisons on the
XRD patterns, SEM images, and UV-vis spectra of the modi-
fied electrodes unveils identical crystallinity. Despite identical
coating conditions, same molecular structures before and after
consecutive detection cycles indeed suggest its outstanding
electrochemical and mechanical stability (Figure 4b and

www.small-journal.com

Figure S54-S55). Moreover, ten independent Fe-MOF-
525(SAS)/ITO electrodes are examined. A RSD as low as 2.35%
(Table S7, Supporting Information) is achieved, indicating
superb reproducibility of the modified electrode.

3. Conclusion

In summary, SBU-assisted synthesis is harnessed to quickly
prepare nanoparticles of high-connected Fe-MOF-525 at room
temperature. The preformed SBUs not only reduce activation
energy barrier for framework assembly at RT, but also function
as nuclei leading to rapid nucleation and growth terminating
in the formation of small nanoMOF crystals. The obtained Fe-
MOEF-525(SAS) features a particle size of =30 nm, much smaller
than the ones formed by CSS. After integrated as smooth and
dense film on the ITO glass, Fe-MOF-525(SAS)/ITO electrode
affords as an electrochemical biosensor. The modified elec-
trode shows record-high voltammetric sensing of UA. Besides
the intrinsically periodic and porous architecture with ordered
metalloporphyrin active sites, the Fe-MOF-525(SAS) nanoMOF
also manifests distinct particle size effects characterized by the
high external surface, contact area with ITO and rapid analyte
diffusion. All these features together contribute to its bench-
mark performance in sensitive UA detection with a wide linear
range and low LODs. An optimal combination of selectivity,

120
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Figure 4. a) CV curves of UA (100 pum) detection on Fe-MOF-525(SAS)/ITO at the initial time and after 60 days. b) GIXRD patterns of the Fe-MOF-
525(SAS)/ITO electrodes before and after 10 repetitive cyclic voltammetric scans. c) Recyclability study of a single Fe-MOF-525(SAS)/ITO modified

electrode for 500 times long-term recycling detection of UA (100 um).
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stability, long-term recyclability, reproducibility and practicality
is validated on the Fe-MOF-525(SAS)/ITO and, therefore, it
holds great promise to design efficient electrochemical biosen-
sors in the future. Given such successful example as Fe-MOF-
525(SAS), it could be envisioned that the efficient SAS strategy
would greatly facilitate the rapid synthesis of small nano-
MOFs at RT, and especially exploit their unique size effect in
advancing bespoke sensors.
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