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ABSTRACT: This paper describes the first implementation of an array of two-dimensional (2D) layered conductive metal–
organic frameworks (MOFs) as drop-casted film electrodes that facilitate voltammetric detection of redox active neurochem-
icals in a multianalyte solution. The device configuration comprises a glassy carbon electrode modified with a film of conduc-
tive MOF (M3HXTP2; M = Ni, Cu; and X = NH, 2,3,6,7,10,11-hexaiminotriphenylene (HITP) or O, 2,3,6,7,10,11-hexahydroxytri-
phenylene (HHTP)). The utility of 2D MOFs in voltammetric sensing is measured by the detection of ascorbic acid (AA), do-
pamine (DA), uric acid (UA), and serotonin (5-HT) in 0.1 M PBS (pH=7.4). In particular, Ni3HHTP2 MOF demonstrated nano-
molar detection limits of 63 ± 11 nM for DA and 40 ± 17 nM for 5-HT through a wide concentration range (40 nM – 200 µM). 
The applicability in biologically-relevant detection was further demonstrated in simulated urine using Ni3HHTP2 MOFs for 
the detection of 5-HT with nanomolar detection limit of 63 ± 11 nM for 5-HT through a wide concentration range (63 nM – 
200 µM) in the presence of constant background of DA. The implementation of conductive MOFs in voltammetric detection 
holds promise for further development of highly modular, sensitive, selective, and stable electroanalytical devices.

Introduction 
Electrochemical detection of neurochemicals is an im-

portant tool for assessing stress and exertion, providing 
early diagnosis, treating disorders, and modifying human 
behavior.1 Breakthroughs in designs of materials and de-
vices have led to significant advances in rapid detection and 
continuous monitoring of neurochemicals in controlled en-
vironments.2-8 Despite the sensitivity and selectivity of ex-
isting materials to a number of neurochemicals, three major 
challenges currently inhibit rapid progress toward techno-
logical applications. First, access to atomically-precise con-
ductive nanomaterials with promising utility in electroanal-
ysis (e.g., carbon nanotubes, graphene, metallic nanostruc-
tures, B-doped diamond) remains limited and costly.9-12 Sec-
ond, achieving desired sensitivity and selectivity with estab-
lished materials typically requires additional post-synthetic 
chemical modification of the surface, often introducing ex-
tra processing steps that may generate surface defects, or 
yield composite materials with limited stability.13-15 Third, 
integrating these nanomaterials into flexible, wearable, and 
biocompatible sensing devices poses challenges to chemical 
and mechanical stability of electrochemically-active inter-
faces within devices.16 A conceptually novel technological 
approach that merges a unique class of chemically precise 
materials with three attributes including: 1) ease of syn-
thetic access with no further chemical modifications, 2) high 
sensitivity and selectivity in multianalyte sensing, and 3) 
facile device integration with strong interfacial contact with 
the underlying substrate represents an unmet need in elec-
troanalysis.  

This paper describes the first systematic study for the im-
plementation of two-dimensional (2D) conductive 
metal−organic frameworks (MOFs) as mediators in voltam-
metric detection of biologically-relevant analytes dopamine 
(DA), serotonin (5-HT), ascorbic acid (AA), and uric acid 
(UA)) in multianalyte aqueous solutions. These analytes are 
important due to the significant role of these molecules in 
human physiology, including mental, metabolic, and nutri-
tional health.17-20 Measuring the concentrations of DA and 5-

HT provides an important approach for assessing stress and 
exertion, providing early diagnosis, treating disorders, and 
modifying human behavior.1 DA is integral for motor con-
trol, cognition, reward, and motivation and endocrine func-
tions.21-23 Abnormal levels of DA can have serious conse-
quences on health, implications in various diseases (e.g., de-
pression, ADHD, schizophrenia, Parkinson’s disease), and 
pheochromocytoma.24-26 5-HT is critical in the regulation of 
body temperature, appetite, sleep, memory, and mood.24 
The abundance of co-occurring electroactive species, AA 
and UA, commonly interfere with the detection of neuro-
chemicals.27 Parallel determination of these analytes 
through voltammetric measurements remains a challenge 
that has been addressed through extensive surface func-
tionalization of established electrode materials.28-29 Elec-
trodes chemically modified electrodes with polymers,30-37 
enzymes,38-43 ionic liquids,44-48 or carbon coatings49-55 have 
enabled detection of neurochemicals with nM–µM detection 
limits, however, the reliance on experimental design where 
analytical performance is manipulated through successive 
incorporation of multi-component electrocatalysts has sev-
eral disadvantages. These disadvantages include reliance 
on composite materials with limited interfacial stability and 
lack of precise control over electrochemically active inter-
faces.10, 27-28, 56-57  

In contrast to existing approaches based on post-syn-
thetically modified or composite materials, we focused on 
the use of several structural analogs of layered 2D conduc-
tive MOFs that are constructed in a chemically-precise man-
ner through coordination-driven self-assembly from molec-
ular precursors. The MOFs comprise metallic nodes (Cu and 
Ni) interconnected with hexatopic triphenylene-based or-
ganic ligands (2,3,6,7,10,11-hexahydroxytriphenylene, 
HHTP and 2,3,6,7,10,11-hexaiminotriphenylene, HITP) that 
are arranged in the Kagome lattice (Figure 1).58-59 Despite 
the wide range of applications of this class of materials in 
chemiresistive sensing of gases,60-65 ion-to-electron trans-
duction in potentiometry,66 energy storage,67-69 catalysis,70-

77 and electrochemically-driven reversible gas capture,77 
the use of conductive MOFs as active components in  
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Figure 1. Schematic representation of the layered device 
architecture used in this study. A thin film of metal–organic 
framework (MOF) dispersed in H2O is drop−casted directly 
on the top of a glassy carbon electrode (GCE) to enable volt-
ammetric sensing of neurochemicals. 

voltammetric detection of multianalyte systems have been 
limited.78 To this day, MOFs have been primarily used as col-
orimetric sensors,79-83 scaffolds,84-86 and carriers87-88 in bio-
sensors rather than the electroactive materials due to lim-
ited conductivity and stability in aqueous solutions.89 Re-
cently, the ability to achieve conductivity in 3D MOFs, 
through doping or mixing with conductive materials such as 
carbon or metal nanoparticles, has enabled the implemen-
tation of these composite materials in the detection of glu-
cose,87 L-cystine,90 and dopamine.91 The drawbacks of dop-
ing and composite material use may result in the reduction 
of surface area, porosity, and pore volume as well as alter 
possible redox-active components embedded within the 
MOF leading to changes in the detection process.59 Although 
a recent report has demonstrated the feasibility of using 2D 
MOFs for the electrochemical detection of dopamine, our re-
port distinguishes itself by providing the first systematic in-
vestigation for using four structural analogs of water stable 
conductive MOFs for electrochemical detection of neuro-
transmitters, vitamins, and metabolites. 78 

Our strategy focuses on the design and studies of struc-
ture–property relationships of modular MOF-based layered 
film electrodes that can allow simultaneous detection of 
neurochemicals, while minimizing the interfering effects of 
other biologically-relevant analytes. Through a series of 
electrochemical measurements, we demonstrate that 2D 
conductive MOFs can be utilized as electrocatalysts for the 
detection of DA and 5-HT in the presence of important in-
terferents, such as AA and UA in aqueous solutions. The 
MOFs in this study were able to simultaneously detect and 
resolve both DA and 5-HT and achieve single analyte limits 
of detection of 63 ± 11 nM and 40 ± 17 nM, respectively, 
while exhibiting electrochemical stability upon continuous 
cycling (at least 100 cycles). These performance character-
istics rival the best-known electrochemical sensors for DA 
and 5-HT detection based on aptamers,92-94 conductive pol-
ymer/carbon materials,95-96 or β-cyclodextrin/graphene,97 
thus illustrating that this new generation of functional 

materials holds great potential for the development of se-
lective and sensitive sensors. The modularity the MOF-
based electrodes enables access to a sensing platform capa-
ble of targeted design of structure–property relationships 
for optimized detection of desired analytes.  

Experimental Design 
Advantages of conductive MOFs as working elec-

trodes in electroanalysis. Our experimental design em-
ploys 2D porous conductive MOFs as modular film-based 
working electrodes (Figure 1). This class of material has at 
least three advantageous characteristics for broad imple-
mentation in electrochemical sensing. First, a large degree 
of structural control and compositional modularity can be 
achieved through bottom-up synthetic approaches,58, 98 per-
mitting the integration of known electrocatalytic compo-
nents into the MOF (e.g., metallic nodes). Second, synthe-
sized MOFs are permanently porous, with numerous poten-
tial active sites available for electrochemically-driven redox 
transformations.68 This characteristic is important for ob-
taining large intensity of currents necessary for improving 
sensitivity of electrochemical sensors. Third, the class of 
MOFs based on the hexa-substituted triphenylene struc-
tures exhibits good electrical conductivity,60, 99 thus poten-
tially allowing for their direct implementation as working 
electrodes in analytical devices. We believe that these char-
acteristics, when considered collectively, offer the possibil-
ity to develop conductive MOFs into versatile and integral 
components of electroanalytical devices with broad poten-
tial in chemical sensing.  

The strategic choice of metal−organic frameworks. 
The molecular design in this study (Figure 1, S1) relies on 
the use of films of MOF-based electrodes comprising several 
conductive M3HXTP2 MOF analogs (M = Ni, Cu; X = NH, HITP 
or O, HHTP) differing in stacking patterns. This molecular 
design features metallic nodes (Ni, or Cu) with proven cata-
lytic activity for redox-driven transformations of 5-HT, DA, 
AA, and UA and organic linkers that can engage in favorable 
intermolecular interactions with targeted molecules (e.g., 
electrostatic interactions or H-bonding).40, 100-101 Several 
strategies have been utilized to optimize the electrode in-
teraction to analytes, such as functionalization methods to 
promote adsorption,9 introduction of dopants to alter elec-
tron transfer kinetics,102 or coatings with polymers to in-
crease selectivity.103 Examples of optimized nanomaterials 
for improved electrochemical performance are, oxidation of 
graphene to increase adsorption of analytes onto the sur-
face,104 chemical modification of carbon nanotubes with ox-
ygen containing (oxide, amide, and carboxylic acid) func-
tional groups to promote analyte interactions with posi-
tively charged neurochemicals (DA and 5-HT),105 incorpora-
tion of Cu/Ni nanoparticles or metal oxides to promote elec-
trochemical activity,33, 106-107 and coating negatively charged 
Nafion on polypyrrole-coated carbon fiber to discriminate 
against negatively charged species and increase the affinity 
for positively charged analytes such as dopamine.108 We 
reasoned that designing electrode materials that constitute 
modified graphene analogs where atomic precision is con-
trolled from the bottom-up may allow for modulation of 
MOF-analyte interactions to enable different degree of sen-
sitivity and resolution in the detection of biologically im-
portant redox molecules. 
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Desirable characteristics of working electrodes for 
voltammetric detection of neurochemicals. There are 
several important design criteria for developing electro-
chemical sensors capable of detecting biomolecules.109 First, 
the electrode should exhibit minimal to no intrinsic activity 
within the electrochemical measurement window of inter-
est, such that it does not obscure electrochemical signals 
arising from the presence of the analytes.110 Second, the 
electrode should exhibit tunable surface chemistry that can 
be readily optimized to ensure rapid and reversible electron 
transfer rates with surface-sensitive analytes.109-110 Third, 
the electrode should exhibit reproducible electron transfer 
processes with resistance to fouling to enable continuous 
and repeatable detection of biologically-relevant ana-
lytes.111 Fourth, the synthesis and material integration into 
devices should be sufficiently robust to produce excellent 
batch-to-batch reproducibility of devices with minimal con-
ditioning and calibration requirements. The examination of 
several structurally analogous conductive MOFs as working 
electrodes, therefore, should allow optimization of these de-
sirable characteristics through direct comparison of how 
the choice of chemical identity of the molecular precursors 
influences structure-property relationships of MOF-based 
working electrodes. 

Strategic choice of analytes. In the study, we strategi-
cally chose specific inorganic and organic probes to demon-
strate the capabilities of MOFs as working electrodes. We 
chose Ru(NH3)6Cl3, K4Fe(CN)6, and FeCl3 as the probes for 
two reasons. First, the selected inorganic probes have been 
widely utilized to characterize the electrochemical proper-
ties of new working electrodes, which allows for direct com-
parisons to existing working electrodes.58, 61, 63, 112 Second, 
K4Fe(CN)6 and FeCl3 are inner sphere redox probes that are 
typically surface sensitive, whereas Ru(NH3)6Cl3 is an outer 
sphere redox probe that is typically surface insensitive.113 
These differences in electron transfer mechanisms thus di-
rectly probe the surface chemistry of the array of MOF-
based working electrodes.114 We also probed AA, DA, UA, 
and 5-HT as organic probes for three fundamental reasons. 
First, similar to the chosen inorganic probes, the selected or-
ganic probes are well characterized with a diverse set of 
working electrodes and electrolyte solutions allowing for a 
direct comparison in electroanalytical performance.115-118 
Second, the set of organic probes are important biochemical 
analytes that are critical to biological processes.21-23 Lastly, 
we set out to overcome challenges that are observed with 
detection of AA, DA, UA, and 5-HT which include electrode 
fouling, irreversible redox processes, and the detection and 
resolution of all the analytes simultaneously.119-124 

Results and Discussion 
Synthesis and structural characterization of M3HXTP2 

MOFs. We employed reticular synthesis through the reac-
tion of hexatopic triphenylene-based linkers with divalent 
metal ions (M2+) supplied in the form nickel (II) acetate, cop-
per (II) sulfate, or copper (II) trifluoroacetylacetonate, to 
generate the corresponding M3HXTP2 MOFs: 
M3(2,3,6,7,10,11-hexahydroxytriphenylene)2 and 
M3(2,3,6,7,10,11-hexaiminotriphenylene)2 (M3HHTP2 and 
M3HITP2, respectively) where M = Ni, or Cu and X = NH, or 
O.58, 60  

Powder X-ray diffraction patterns (pXRD) of M3HXTP2 (M 
= Ni, Cu; X = NH, O) matched reported characterization (Fig-
ure S1).58, 60, 62, 65, 99 The pXRD traces obtained for M3HXTP2 
indicated crystalline character with distinct diffraction 
peaks present at 2θ = 4.7, 12.6, 13.9, and 26.8 correspond-
ing to the (100), (200), (31̅0) and (004) planes, respectively. 
(Figure S1A). All four simulated spectrums have very simi-
lar diffraction peaks present at 4.7, 12.6, and 26.8 degrees, 
but the intercalated peak present in Ni3HHTP2 leads to a dif-
fraction peak around 13.9 degrees. Figure S1B clearly de-
picts the alternative stacking mode present in Ni3HHTP2 
due to the intercalated layer which consists of metal-capped 
ligands.58, 125 

Identity and morphology of the bulk MOFs were analyzed 
with scanning electron microscopy (SEM, Figure 2). Elec-
tron micrographs revealed the formation of randomly ori-
ented MOF nanorods or globular structures in M3HXTP2 (M 
= Ni, Cu; and X = NH, O) (Figure 2). The bulk MOFs were 
further dispersed through sonication in H2O to create sus-
pensions of M3HXTP2 that aided in creating layered films 
(0.74 µm) when drop casted onto glassy carbon electrodes 
(GCE). PXRD analysis showed that the crystallinity of the  

 
Figure 2. Scanning electron micrographs showing nanoscale 
morphology of M3HXTP2 MOFs (M = Ni, and Cu; X= NH, O) in 
bulk powder and after being dispersed in H2O by sonication for 
72 hours. All micrographs were taken at 50,000 x magnification 
and 7 mm working distance.  
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MOF dispersions was maintained after 72 hours of soni-
cation (Figure S2, S4). SEM analysis of the drop-cast films 
on carbon tape confirmed that sonication did not substan-
tially alter the crystallinity of the MOFs or the overall mor-
phology (Figure S3, S5), but had a small influence on the 
particle size (Figure 2).  

High resolution XPS spectra of Ni3HHTP2 and Ni3HITP2 
MOFs revealed the presence of two distinct peaks with 
binding energies of ~851 and ~860 eV for Ni3HXTP2, which 
were assigned to 2p3/2 and 2p1/2 levels of Ni, respectively 
(Figure S7, S8).72 Further deconvolution of Ni 2p regions 
confirmed that only one type of Ni2+ is present within 
Ni3HXTP2 MOFs (Figure S7B and S8C). Two distinct chem-
ical environments were observed for Cu3HXTP2 MOFs with 
peaks maximum at approximately 932.8 and 934.6 eV, indi-
cating mixed valency (Cu1+/Cu2+) within the framework 
(Figure S9C and S10B). These findings were consistent 
with previous reports.60, 66  

The zeta potential for M3HXTP2 MOF suspensions were 
measured in 0.1 M PBS at pH =7.4. The total concentration 
of the MOF suspension measured was 0.1 mg in 1 mL of the 
PBS solution (Table S1). We observed zeta potentials be-
tween −20.9 mV and −27.8 mV indicating the MOF suspen-
sions were negatively charged in the 0.1 M PBS solution at 
pH = 7.4. Zeta potentials less than −30 mV or greater than 
30 mV are characterized as very stable suspensions.126-127 
Cu3HHTP2 had the most stable suspension with −27.8 mV 
and Ni3HHTP2 had the least stable suspension with −20.9 
mV (Table S1).  

Characterizing the intrinsic electrochemical proper-
ties of M3HXTP2 MOFs. The bulk electrical conductivity val-
ues for Ni3HHTP2, Ni3HITP2, Cu3HHTP2, and Cu3HITP2 have 
been previously measured and reported by us and others (2 
S/cm − 2.0 × 10−2 S/cm).60, 62-63, 99 To characterize applicabil-
ity of MOF-based electrodes in voltammetric detection, we 
examined the intrinsic electrochemical performance of 
M3HXTP2 MOF layered films (M = Ni, Cu; and X = O, NH) 
drop-cast on GCE.  

Voltammetric measurements such as cyclic voltammetry 
(CV) and differential pulse voltammetry (DPV) were con-
ducted in 0.1M PBS specifically at pH=7.4 to emulate physi-
ological conditions.128-129 The CV of Ni3HXTP2 in 0.1 M PBS 
(pH = 7.4) drop-cast onto GCE revealed the presence of one 
slight anodic peak at −0.10 V and weak one cathodic redox 
wave at −0.24 V in Ni3HHTP2, indicating the presence of 
weak faradaic processes; no significant oxidation or reduc-
tion was observed for Ni3HITP2 (Figure 3). Cu3HHTP2 MOF 
in 0.1 M PBS exhibited a well-defined redox couple with two 
oxidation processes at −0.16 V and 0.13 V and one reduction 
process at −0.10 V. The voltammetric measurements of 
Cu3HITP2 MOFs had very similar redox couples to Cu3HHTP2 
with two anodic peaks at −0.18 V and 0.11 V and one ca-
thodic peak at −0.08 V (Figure 3A). In literature, similar cy-
clic voltammograms were observed in Cu complexes that at-
tribute the observed two oxidation and two reduction peaks 
to a Cu0 to CuII transitions.130 In the case of Cu3HHTP2 and 
Cu3HITP2 MOFs in 0.1M PBS, we observed two oxidation 
peaks, but only one reduction peak which may indicate the 
lack of electrochemical reversibility or contributions from 
the redox non-innocent ligands. Both Cu-based MOFs exhib-
ited a larger total charge from the oxidation process 

compared to the reduction process. The total charge of the 
combined oxidation process subtracted from reduction pro-
cess were 7.1 C for Cu3HHTP2 and 2.0 C for Cu3HITP2. The 
difference is largely attributed to the first oxidation peak in 
the negative potential region that may suggest a large con-
tribution from the redox active ligands HHTP and HITP, em-
bedded in the Cu3HHTP2 and Cu3HITP2 MOFs respectively .60 
60, 66 

PXRD and XPS data (Figure S1 and Figure S7−S10) con-
firmed that no metallic impurities or extraneous species 
were present within the frameworks of Cu3HXTP2 MOFs, 
while XPS revealed a mixed valent Cu1+/2+ system. For the 
Ni3HHTP2 and Ni3HITP2 systems, XPS revealed only one re-
dox state of Ni2+, which may contribute to the limited redox 
activity observed by voltammetry (Figure 3). HHTP/HITP 
constituents may also undergo reversible redox transfor-
mations.77, 131 We hypothesize that the observed distinct re-
dox transitions for all studied M3HXTP2 MOFs may originate 
from the: i) redox activity of the metallic nodes or/and or-
ganic linkers;132-134 ii) co-existence of several active redox 
states due to the presence of defects in  

The observed electrochemical response is consistent 
with the studies of Ni3HHTP2 and Cu3HHTP2 MOFs by our 
group,66, 77 and those of Dincă,68 and Xu groups.67 Specific 
differences in voltammetric response in different studies 
may be attributed to changes in experimental conditions in-
cluding background electrolyte, ionic strength of the solu-
tion, electrode configuration, and the presence of additives. 
Given that MOFs exhibit permanent porosity, changes in the 
cumulative pore volume as a function of the MOF layer 
thickness deposited on the electrode surface may be further 
manifested by the unique voltammetry of these materi-
als.135  

Observation of electrochemical response of M3HXTP2 
MOFs towards inorganic probes. Once the intrinsic elec-
trochemical performance of these materials has been estab-
lished, we examined the electrochemical response of 2D 
conductive MOFs to three inorganic redox probes including 
Ru(NH3)6Cl3, K4Fe(CN)6, FeCl3 in 0.1 M KCl (Figure S12). 
The electrochemical responses towards inorganic probes 
were influenced by the mechanism of electron transfer re-
spective to each probe (Figure S12). The heterogeneous 
electron transfer for all M3HXTP2 MOFs was calculated us-
ing the Gileadi method136 (Figure S13 – S16). The Gileadi 
method was used to calculate k0, as opposed to the Nichol-
son method, as the calculations are not based on the ob-
served peak which is limited to reversible systems but ra-
ther critical scan rate. We determined the critical scan rate 
by plotting the oxidation peak potential versus the log of the 
scan rate and observed two linear regions. The intersection 
between the slope of the low scan rate and high scan rate 
leads to the critical scan rate value.136  

Ni3HITP2 exhibited the largest variation of heterogenous 
electron transfer rates with largest rates calculated for 
Ru(NH3)6Cl3, followed by K3Fe(CN6), and an irreversible re-
dox process FeCl3 (Figure S12, Table 1). Ni3HHTP2 fol-
lowed the similar trend with the k0 of Ru(NH3)6Cl3 being the 
highest followed by K3Fe(CN6), and lastly FeCl3 exhibiting 
the lowest k0 (Figure S14, Table 1). The same trend was 
observed with Cu3HXTP2 MOFs as the calculated hetero-
genous electron transfer rates were Ru(NH3)6Cl3, K3Fe(CN6), 
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Figure 3. Cyclic voltammograms obtained for A) M3HHTP2 MOFs (M = Ni, and Cu) and M3HITP2 MOFs (M = Ni, and Cu) in 0.1 M PBS; 
B) 100 µM of AA; C) in 10 µM of DA; and D) in 100 µM of UA in 0.1 M PBS (pH = 7.4). All voltammetric measurements were run at 50 
mV/sec using a three electrode configuration — MOF films coated glassy carbon electrode, silver/silver chloride, and platinum were 
used as working, reference, and counter electrodes, respectively. The solutions were degassed with N2 prior to the electrochemical 
measurements and the drop-casted MOFs on the GCE electrode were initialized with 25 CV scans at 50 mV/sec.the MOF lattice (e.g., 
exposed-edges);137 and iii) redox-active impurities that are permanently incorporated within the bulk of the porous frame-
work, but are not observable by pXRD or XPS.  

and FeCl3 in order of largest to lowest. (Figure S15, S16 
and Table 1). In general, the MOFs exhibited the fastest het-
erogenous electron transfer rates for Ru(NH3)6Cl3 likely due 
to the surface insensitive nature of the inorganic probe.113 
The surface sensitive probes such as K4Fe(CN)6 and FeCl3 
exhibited a diverse range of heterogenous electron transfer 
rates. Generally, for the K4Fe(CN)6 inorganic probe, 
Ni3HXTP2 have larger k0 values compared to Cu3HXTP2 
MOFs. The reverse trend was observed for the FeCl3 probe 
with no k0 value for Ni3HITP2 and lower values for Ni3HHTP2 
when compared to Cu3HXTP2 MOFs.114 All the MOFs exhib-
ited peak-to-peak separations of less than 70 mV for 
Ru(NH3)6Cl3. In the case of K4Fe(CN)6, the peak separation 
ranged from 80 mV to 440 mV which was a semi-reversible 
response. All the MOFs exhibited minimal redox activity 
with the FeCl3 inorganic probe leading no observable oxida-
tion peak in the case of Ni3HITP2 or peak separations in the 
range of 240 mV to 310 mV (Table S2).  

Overall, the surface chemistry of the MOFs, their packing 
morphology, and their intrinsic conductivity strongly influ-
enced the electroanalytical response towards the three in-
organic probes.58, 61, 63, 112 The heterogenous electron 

transfer rates for the inorganic probes using MOFs were 
comparable to other electrode based systems. For example, 
multi-walled carbon nanotubes show k0 of 3.67×10-3  cm s-1 
for K4Fe(CN)6,138-140 graphite electrodes show k0 of 7.51×10-

4 cm s-1for Ru(NH3)6Cl3,139-141 and Pt disk electrodes show k0 

of 1.0×10-2 cm s-1 for FeCl3.142-143 The linearity observed in 
the lower scan rate Randles-Sevcik plots for scan rates 5−75 
mV/s, (Figure S13−S16) show the electron transfer rates 
were diffusion driven. At higher scan rates from 100−1000 
mV/s (Figure S13−S16), the MOFs exhibit less reversibility 
leading to slower heterogenous electron transfer rates (Ta-
ble 1).  

Observation of electrochemical response of M3HXTP2 
MOFs towards biologically relevant probes. Figure 3 
presents cyclic voltammetry for M3HXTP2 MOFs in the solu-
tions containing AA (100 µM),115 DA (10 µM),116 UA (100 
µM),117 and 5-HT (10 µM)118 at their clinically relevant con-
centrations, in 0.1 M PBS at pH = 7.4. Data exhibited oxida-
tion and reduction peaks consistent with the analyte-cen-
tered redox activity, suggesting that the surface of the MOF 
functions as a mediator and/or electrocatalyst to promote 
the redox reactions for the specific analytes. The observed  
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Table 1. Heterogenous electron transfer rates obtained for M3HXTP2 MOFs (M = Ni, Cu; X = NH, O) in Ru(NH3)6Cl3, K4Fe(CN6), and 
FeCl3. 

 
Ni3HHTP2 

 (cm s−1) 

Ni3HITP2 

(cm s−1) 

Cu3HHTP2 

(cm s−1) 

Cu3HITP2 

(cm s−1) 

Ru(NH3)6Cl3 (5−75 mV s−1) 5.12 × 10-3 7.30 × 10-1 2.36 × 10-2 8.83 × 10-3 

Ru(NH3)6Cl3 (100−1000 mV s−1) 6.41 × 10-3 4.86 × 10-1 2.36 × 10-2 8.83 × 10-3 

K4Fe(CN)6 (5−75 mV s−1) 4.44 × 10-3 5.42 × 10-3 3.57 × 10-3 3.72 × 10-2 

K4Fe(CN)6 (100−1000 mV s−1) 3.32 × 10-3 5.42 × 10-3 5.04 × 10-3 1.78 × 10-2 

FeCl3 (5−75 mV s−1) 9.05 × 10-4 − 5.30 × 10-3 2.38 × 10-3 

FeCl3 (100−1000 mV s−1) 4.53 × 10-4 − 1.30 × 10-3 9.30 × 10-2 

similarities and differences in electrocatalytic activity to-
wards biologically relevant probes (AA, DA, UA, and 5-HT) 
could be attributed to differences in chemical composition 
and structure (Figure 3, S17) of the analytes and MOFs. At 
physiological pH 7.4, AA is negatively charged,120 UA neu-
tral,144 and DA145 and 5-HT146 are positively charged species; 
these characteristics may promote electrostatic interac-
tions with the negatively charged MOF electrodes (Table 
SI). The extended π-framework of MOFs may also contrib-
ute to favorable interactions with aromatic structures in DA 
and 5-HT.78 

Assessing the electrochemical response of M3HXTP2 
MOFs towards ascorbic acid. The oxidation of AA is a two-
electron, and one-proton mediated redox transformation, 
with electron-transfer kinetics being strongly influenced by 
the surface chemistry and microstructure of the electrode 
(Scheme S1).119-122 The electrochemical oxidation of AA on 
unmodified surfaces (e.g., GCE) may result in the accumula-
tion of reaction products on the electrode surface leading to 
irreversible voltammetric response.119-122 Modifications to 
the electrode surface have been proposed to enhance elec-
trode kinetics and improve reversibility of the system.119-122 
Figure 3B, S3, S5, and S6 and Table 2 demonstrate the 
voltammetric response obtained with MOF-coated elec-
trodes for 100 µM of AA in 0.1 M PBS (pH = 7.4). Cu3HXTP2 
MOFs showed no observable difference in oxidation peak 
potential between the MOF in 0.1 M PBS (pH=7.4) compared 
to the voltammetry in 100 µM AA (Figure S22A−25A), thus 
leading to inability to reliably detect AA. Voltammetric 
measurements of Ni3HXTP2 MOFs revealed irreversible re-
sponse to cycling in the presence of AA, as evidenced by the 
presence of only an anodic peak. Applying the Gileadi 
method enabled the calculation of k0 for the Ni3HHTP2 and 
Ni3HITP2 MOFs(Table 2, Figure S18A−21A). In the case of 
Ni3HITP2 at scan rates from 100−100 mV/s, the k0 was not 
calculated due to the nonlinearity (R2 of less than 0.91) in 
the trendline for the Randles-Sevcik plots (Figure S19A). 
The lower R2 values can contribute to large deviations in cal-
culations of the heterogenous electron transfer rates.  

A difference between Ni3HHTP2, and Ni3HITP2 MOFs was 
a shift in anodic peak potential for AA (Eoxidation = 0.25 V and 
0.22 V, respectively), reflecting differences in surface 

sensitivity of AA oxidation (Figure 3B). Changes in voltam-
metric response between tested MOFs may be due to the 
differences in packing morphology of the MOFs (i.e., 
Ni3HHTP2 contains an interpolated layer that consists of a 
metal capped ligand layer in between the MOF framework 
layers)58 or differences in pKa’s of the capping substituents 
on the surface of the MOFs. 

Probing the ability of MOF film modified electrodes to 
promote DA redox transformations. Voltammetry of DA 
is known to vary considerably on different electrode sur-
faces.147 For instance, on the unmodified electrodes such as 
GCE, irreversible redox transformations lead to the for-
mation of a passivating layer on the surface (Scheme S2).123 
In the case of graphitic electrodes, the response to DA is 
mainly dictated by the amount of edge site functionality 
which tends to enhance electron transfer rates, in contrast 
to materials where basal plane functionality dominates.38 
Higher loading of graphene-based materials on the elec-
trode surface can also hinder the electron transfer rates due 
to the blockage of electroactive edges.148 MOF modified 
electrodes in 10 µM of DA in 0.1 M PBS (pH = 7.4) (Figure 
3C) demonstrated improved reversibility of the DA redox 
couple reactions over GCE@Nafion electrode.149 The anodic 
peak potential in the range of 0.25 to 0.35 V for DA, and the 
appearance of a cathodic peak (Figure 3C, and Table S2) 
were observed. The electrodes coated with Ni3HXTP2 MOF 

displayed irreversible voltammetry as evidenced by the 
presence of broad redox peaks, large peak-to-peak separa-
tions of 340 mV and 450 mV. Cu3HHTP2 and Cu3HITP2 dis-
played semi-reversible characteristics indicated by the 
peak separations of 290 mV and 320 mV. The oxidation 
peaks of DA organic probe were observed in the Cu3HXTP2 
MOFs system at 0.25 V (Cu3HITP2) and 0.28 V(Cu3HHTP2). 
In this case, the intrinsic redox activity of the Cu3HXTP2 
MOFs (0.11 and 0.16 V) did not interfere with the anodic 
peak of DA (0.25 and 0.28 V).  

The heterogenous electron transfer rates for DA were ap-
proximately an order of magnitude higher than observed 
for AA. Unlike the case of AA, all the MOFs presented a re-
sponse which enabled the calculation of heterogenous elec-
tron transfer rates (Table 2). The Cu3HITP2 MOFs had the 
fastest k0 followed by the Ni3HXTP2 MOFs, and lastly  
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Table 2. Heterogenous electron transfer rates obtained for M3HXTP2 MOFs (M = Ni, Cu; X = NH, O) in AA, UA, DA, and 5-HT. 

 
Ni3HHTP2  

(cm s−1) 

Ni3HITP2  

(cm s−1) 

Cu3HHTP2  

(cm s−1) 

Cu3HITP2  

(cm s−1) 

AA  (5−75 mV s−1) 3.20 × 10-3 1.64 × 10-4 − − 

AA  (100−1000 mV s−1) 5.43 × 10-3 − − − 

UA (5−75 mV s−1) 1.23 × 10-2 2.92 × 10-3 5.44 × 10-3 2.59 × 10-2 

UA  (100−1000 mV s−1) − − 5.88 × 10-3 − 

DA (5−75 mV s−1) 3.85 × 10-2 2.63 × 10-2 1.57 × 10-2 6.25 × 10-2 

DA (100−1000 mV s−1) 2.25 × 10-2 2.25 × 10-2 1.41 × 10-2 4.16 × 10-2 

5-HT (5−75 mV s−1) 3.23 × 10-2 − 4.11 × 10-2 1.41 × 10-2 

5-HT (100−1000 mV s−1) − − 8.75 × 10-2 − 

Cu3HHTP2 (Figure S18B−25B). The rates for all four 
MOFs were within the same order of magnitude with only a 
small difference between the lowest and highest values. The 
heterogenous electron transfer rates calculated using the 
scan rates 5−75 mV/s were faster than the 100−1000 mV/s. 
At lower scan rates, the interaction between DA and the 
MOFs were diffusion driven, but at faster scan rates the non-
linear Randles-Sevcik plots show greater irreversibility 
thus slower heterogenous electron transfer rates. (Figure 
S18B−25B). 

In graphitic electrodes, the enhanced redox activity to-
wards DA oxidation is typically related to a higher degree of 
oxygen functionalities on the electrode surface. We hypoth-
esized that the observed improvement in the response for 
different MOF film electrodes, compared to GCE, could be 
caused by three possible factors. First, the presence of at-
tractive electrostatic interactions, hydrogen bonding, π-π 
interactions, or chelation between the MOF and DA may ac-
celerate the electron transfer during oxidation, and thus 
give rise to enhanced voltammetric response. Second, a high 
degree of porosity of the studied MOFs may give a more sen-
sitive response to DA than traditional macroelectrodes in 
which the mass transport occurs via semi-infinite diffusion. 
Third, the apparent differences in the catalytic effect to re-
dox transformations between studied MOFs may suggest 
that the choice of node (Ni vs Cu) and the choice of heteroa-
tomic crosslinker (NH vs O) contributes to the electroana-
lytical performance of MOF-based electrodes. 

Measuring surface-sensitivity to uric acid oxidation. 
The oxidation of UA is typically irreversible at GCE and 
metal electrodes, and is quasi-reversible at graphite elec-
trodes.150-151 The electrochemical oxidation of UA under-
goes two-electron and two-proton charge transfer typically 
resulting in the formation of an unstable di-imine species, 
which can be further converted into an imine-alcohol and 
then uric acid-4,5 diol (Scheme S3).150 The uric acid-4,5 diol 
compound is largely unstable and can decompose to various 
side-products, depending on the solution pH, which may re-
sult in electrode fouling.152  

To overcome the challenge with UA detection, we probed 
the redox activity of 100 µM UA in 0.1 M PBS (pH = 7.4) with 
cyclic voltammetry at MOF-modified electrodes. Figure 3D 
revealed that the drop-cast MOF-based layered films can 
successfully catalyze the oxidation of UA, with an overall re-
duction in the activation potential of almost 0.14 V, in the 
case of Cu3HITP2 toward the electro-negative region, in con-
trast to unmodified GCE (~0.49 V).153-154 The oxidation peak 
maxima for Cu3HXTP2 (X= O, NH) MOF films were 0.38 V and 
0.35 V respectively, but the Ni-analogs exhibited broad oxi-
dation peak at 0.41 V and 0.45 V respectively (Figure 3D). 
All the MOFs, with the exception of Ni3HITP2, displayed a re-
versible process with peak separations of under 140 mV 
(Table S2). The voltammetric response of Ni3HITP2 may 
suggest slow electron transfer kinetics, potentially due to 
the fouling of the electrode surface by strongly adsorbed UA 
species.152  

Of MOFs examined, electrodes modified with Ni3HITP2 
demonstrated the slowest electron transfer kinetics, while 
Cu3HITP2 demonstrated the fastest electron transfer kinet-
ics (Table 2, Figure S18C−25C). This observation suggests 
that the metal center may play a critical role for the kinetics 
of the MOFs. Interestingly in the case of the HHTP based 
MOFs, Ni3HHTP2 had slightly faster k0 values compared to 
Cu3HHTP2. The slight difference may be attributed to the 
structural differences with Ni3HHTP2 containing the inter-
polated layer that is not present in Cu3HHTP2.58 The linear-
ity in the Randles-Sevcik plots at scan rates from 5−75 mV/s 
depict a diffusion driven process. At higher scan rates 
(100−1000 mV/s) the Randles-Sevcik plots displayed R2 
values of less than 0.91 which shows poor reversilibity, for 
Ni3HHTP2, Ni3HITP2, Cu3HITP2, therefore, the heterogenous 
electron transfer rates were not calculated for these MOFs 
(Figure S18C−25C).  

The improved catalytic performance for UA oxidation 
over GCE observed for M3HXTP2 MOF (M = Ni, Cu; X = NH, 
O) modified electrodes may be due to the presence of sur-
face-active sites, in the form of embedded metallic nodes or 
heteroatoms (NH, O) in the MOF framework. These sites can  
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Figure 4. A) Cyclic voltammograms recorded for Ni3HHTP2 MOF in 100 µM of ascorbic acid, 100 µM of uric acid, and 10 µM of dopa-
mine in 0.1 M PBS at different scan rates ranging from 5 mV/sec to 1000 mV/sec. B) Randles-Sevcik plot of the dopamine peak 
current vs. the √scan-rate. C) Differential pulse voltammetry recorded for MOFs in 100 µM of ascorbic acid, 100 µM of uric acid, and 
10 µM of dopamine in 0.1 M PBS solution. D) Cyclic voltammetry showing representative scans at 25, 50, 75, 100th scan in 100 µM of 
ascorbic acid, 100 µM of uric acid, and 10 µM of dopamine in 0.1 M PBS solution DPV parameters: scan rate: 50 mV/sec; pulse width: 
50 msec; and amplitude: 50 mV. The solutions were degassed with N2 prior to the electrochemical measurements and the drop-
casted MOFs on the GCE electrode were initialized with 25 CV scans at 50 mV/sec

potentially interact with UA through electrostatic interac-
tions and/or hydrogen bonding or, leading to negative shift 
in their oxidation peak potential and peak current enhance-
ments.  

Probing the ability of MOF film modified electrodes to 
promote 5-HT redox transformations. On bare carbon 
based electrodes, the challenges in the detection of 5-HT re-
sults from oxidation products passivating the electrode sur-
face leading to irreversibility, low sensitivity, and low selec-
tivity.118 To probe whether these issues could be overcome 
with MOF-based electrodes, we tested MOF-modified elec-
trodes in 10 µM of 5-HT in 0.1 M PBS (pH = 7.4) (Figure 3D). 

All the materials examined in this study demonstrated im-
proved cyclic voltammetric response of 5-HT compared to 
GCE electrodes. (Figure S17). The oxidation peak was ob-
served in the window of 0.34 to 0.53 V for M3HXTP2 MOFs. 
Similar to DA, the oxidation potentials of 5-HT were lower 
for Cu3HXTP2 MOFs, ranging from 0.06−0.19 V, compared 
Ni3HXTP2 MOFs. The electrodes coated with Ni3HHTP2 and 
Ni3HITP2 MOFs displayed semi-reversible voltammetry 
with peak separations of 220 mV and 150 mV (Figure 3E). 
The electrodes modified with drop-cast layer of Cu3HHTP2 
MOF exhibited a smaller peak-to-peak separation of 50 mV, 
where HITP analogs showed less reversible response with 
100 mV peak separation (Figure 3E).  
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The observed heterogenous electron transfer rates were 
higher for the HHTP-based MOFs indicating that 5-HT 
demonstrated more favorable interactions with the HHTP 
containing materials. For the HITP based MOF electrodes, 
the k0 could only be calculated for the Cu3HITP2 MOF, but 
not the Ni3HITP2 MOF (Figure S18D−25D) due to the R2 
values in the Randles-Sevcik plots calculated to be less than 
0.91. The Randles-Sevcik plots using the scan rates from 
5−75 mV/s shows a linear correlation meaning the electron 
transfer process was diffusion driven.  

Detection of dopamine in the presence of interferants 
using voltammetry. After investigating voltammetric re-
sponses of M3HXTP2 MOFs to different redox probes (Fig-
ure 3, and Table 2), we focused on the detection of DA in 
the presence of common interferants (AA and UA) using 
Ni3HHTP2 MOF. We selected this MOF for three reasons: 1) 
it showed sufficiently reversible redox kinetics for the 
tested analytes; 2) it did not demonstrate strongly observa-
ble intrinsic redox activity that would obscure the detection 
of the selected analytes or interferants;109-110 and 3) it main-
tained its morphology and crystallinity after sonication. 
Most importantly, the differences in redox potentials for DA 
and UA (0.33 V, and 0.47 V for Ni3HHTP2 MOF, respectively) 
make it possible to distinguish and quantify these analytes  

electrochemically in the same sample. In parallel to study-
ing the electrochemical response of Ni3HHTP2, Ni3HITP2, 
Cu3HITP2, and Cu3HHTP2 MOFs were also studied in multi-
analyte samples (Figure S26−S29). Figure 4A demon-
strates cycling voltammograms recorded at different scan 
rates (5 mV/sec – 1000 mV/sec) in 0.1 M PBS solution con-
taining a mixture of AA (100 µM), DA (10 µM), and UA 
(100 µM). The effect of the scan rate on the kinetics of 
charge transfer can be a useful parameter for controlling the 
intensities and the potentials of the redox waves (Figure 
4B).  

For each tested scan rate, the DA peak could be readily 
resolved from UA and AA (Figure 4). These findings can be 
explained by considering the selectivity of the oxidation of 
DA over the oxidation of AA. The observed limited detection 
of the oxidation of AA may arise from slow mass transfer of 
AA through the MOF framework and electrostatic repulsion 
between the negatively charged AA and negatively charged 
MOFs (Figure 4A, Table S1). The lack of noticeable re-
sponse to AA does not pose a limitation towards the practi-
cal application of the Ni3HHTP2 functionalized electrode. On 
the contrary, it implies higher selectivity to other studied 
molecules including DA and UA, the detection of which is of-
ten compromised by the presence of the AA interferants.155 
The lack of electrochemical response to AA in turn, provides 
better resolution of DA (Figure 4C). Evaluation of long-term 
performance of Ni3HHTP2 MOF by examining the peak cur-
rents after continuous scanning showed an initial decrease 
in the peak intensity for oxidation current of DA at 0.29 V. 
After the initial decrease, the DA peak remained broadly un-
changed up to 100 cycles (Figure 4D). The oxidation cur-
rent of UA was retained up to >95% after 100 cycles demon-
strating excellent stability (Figure 4D).  

Quantitative determination of ascorbic acid, dopa-
mine, uric acid, and serotonin using differential pulse 
voltammetry. In contrast to CV, DPV can offer significantly 
higher sensitivity for measured analytes at low 

concentrations due to minimal contribution of capacitive 
current to the measured signal.156 Thus, to quantify the limit 
of detection and resolution of MOF-based sensors, we have 
assessed the electrochemical response of the glassy carbon 
electrodes modified with M3HXTP2 MOFs (M = Ni, Cu; X = 
NH, O) for the detection of AA, DA, UA, and 5-HT using DPV 
(Figure S30−S34). Specific concentrations of the analytes 
were predetermined to measure both the LOD and linear 
range of the MOF based sensors (SI section IV C). To pro-
vide a realistic representation of the detection capability of 
fabricated MOF-based sensors, all the reported detection 
limits were based on the lowest experimentally detectable 
concentrations where the analyte signal is visually and sta-
tistically distinct from the baseline using a calculation of sig-
nal-to-noise greater than three.  

Figure 5 depicts the DPV recorded for Ni3HHTP2 in 0.1 M 
PBS with different concentrations of DA, and 5-HT. The ex-
perimental parameters were optimized based on the CV re-
sults with respect to best peak resolution and short scan 
time (scan rate: 50 mV/sec; pulse width: 50 mV; pulse am-
plitude: 50 msec) (Figure 3).  

The DPV spectra recorded for each analyte (DA and 5-HT) 
exhibited a redox wave at a characteristic potential and the 
peak current that was dependent on the analyte concentra-
tion. As shown in Figure 5A−B, one strong anodic peak cor-
responding to the oxidation of DA and 5-HT were observed 
at 0.18 V and 0.30 V, respectively. The limit of detection for 
DA was 63 ± 11 nM and the magnitude of the oxidation peak 
currents recorded for DA increased linearly (63 nM–200 
µM) with the concentration of the analyte (Figure 5B). For 
5-HT, the LOD was 40 ± 17 nM with two linear ranges of 20 
nM – 10.0 µM and 20.0 µM – 200.0 µM.  

Overall, out of the 4 different MOFs studied, Ni3HHTP2 did 
not exhibit an interfering oxidation peak inherent to the re-
dox activity of the material and measured the lowest LOD 
values for the analytes of interest. Control electrodes were 
tested using unmodified GCE electrodes and then evaluated 
their electrochemical response to DA and 5-HT. The result-
ing unmodified GCE electrodes exhibited approximately 36 
and 11 times higher detection limits for DA (2.31 ± 0.79 µM) 
and 5-HT (0.45 ± 0.17 µM) respectively (Figure S34) and 
significantly diminished peak current intensity than the 
Ni3HHTP2 (63 ± 11 nM and 40 ± 17 nM, respectively). These 
findings demonstrate that the presence of MOF can provide 
high sensitivity for DA determination at physiologically rel-
evant levels (nM−µM).38, 157-161 

Simultaneous detection of DA and 5-HT. We proceeded 
to probe the ability of MOF materials for simultaneous de-
termination of 5-HT and DA due to the co-existence of these 
redox active analytes in many biological systems.162 DPV of 
Ni3HHTP2 in 0.1 M PBS (pH = 7.4) revealed the ability to re-
solve and successfully differentiate between DA at 10 µM 
and 5-HT at 5 µM (Figure 5C). Using Ni3HHTP2 as the elec-
trode, we observed two linear ranges of response: i) 70 nM–
3.0 µM, and ii) 10.0 µM–200.0 µM with LOD for 5-HT of 92 ± 
50 nM in the presence of 10 µM DA (Figure 5D). These ob-
servations suggest that Ni3HHTP2 MOF interacts strongly 
with 5-HT.  

The reported DPV data (Figure 5, S30−S34, and S41) 
demonstrates that sensitivity and selectivity of MOF elec-
trodes towards small molecule analytes could be modulated 
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Figure 5. Differential pulse voltammograms recorded at varying concentrations of A) DA, B) the corresponding concentration de-
pendence graph for DA, C) 5-HT, and D) the corresponding concentration dependence graph for 5-HT in 0.1 M PBS solution using 
Ni3HHTP2 coated glassy carbon electrode. E) Differential pulse voltammetry showing peak resolution between 10 µM DA and 5 µM 
5-HT. F) Corresponding concentration dependence graph for 5-HT detection in the presence of 10 µM DA. DPV parameters: scan 
rate: 50 mV/sec; pulse width: 50 msec; and amplitude: 50 mV.  

Page 10 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

by altering the identity of the metallic node (Cu vs Ni) or the 
nature of the heteroatomic crosslinker within the MOF 
framework. For instance, tunable selectivity of conductive 
MOFs for DA or 5-HT oxidation may be achieved through 
varying the type of heteroatoms (e.g. X = NH, O) within the 
framework, which can exhibit different affinity for hydro-
gen-bonding formation between each analyte and the MOF.  

Such degree of tunability could potentially allow the de-
velopment of multi-electrode-based assays for simultane-
ous determination of biologically relevant molecules with 
no cross−reactivity and high sensitivity. 

Evaluating batch-to-batch reproducibility and stabil-
ity of M3HHTP2 MOF electrodes to electrochemical cy-
cling, shelf-life, and reusability. The stability and repro-
ducibility of the electrochemical sensors for the detection of 
biologically relevant analytes are an important criterion for 
device efficacy. The synthesis and device to device repro-
ducibility for the detection of AA, DA and UA was measured 
using the oxidation potential of each respective analyte re-
sulting in less than a 0.04 V difference between three differ-
ent trials (Figure S35). Independent devices prepared 
through drop-casting 5 µL of Cu3HHTP2 MOF onto GCE 
demonstrated a consistent analytical response to 10 µM DA 
and 100 µM UA including the magnitude of current output 
peak position of targeted analytes (Figure S35). The elec-
trodes drop-casted with two independently synthesized 
batches of M3HXTP2 MOF (M= Ni, Cu; X=O) (Figure S36) 
showed similar peak position and the magnitude of current 
output peak position of DA. The difference in the current 
output (2-3 µA) between analyzed batches may be poten-
tially caused by the presence of defects (e.g., exposed lead-
ing edges, such as open metal and ligand sites in the frame-
work),79, 163 variation in film thickness, and/or varying de-
gree of edge- and basal-plane sites present in the material 
as reported for other 2D materials such as graphene,10 black 
phosphorous, and transition metal dichalcogenides.164 
These findings suggest that the electrodes prepared using 
different batches of the active material would require cali-
bration.157  

The repeatability of the MOF-based electrodes was as-
sessed through subsequent exposures of the Ni3HHTP2 MOF 
to the solution containing DA, AA, and UA (Figure S36). We 
observed minimal deviation in the recorded peak current 
intensity after multiple sensing events (n=3) demonstrating 
good repeatability of the sensor for electrochemical meas-
urements. Long-term stability of the MOF-based sensors 
was also evaluated using two tests. First, Ni3HHTP2 MOF 
suspension was stored for eight months at room tempera-
ture and second, the Ni3HHTP2 drop-casted film was ex-
posed to air for two weeks on the GCE prior to performing 
DA detection (Figure S38, S39). The performance of the 
MOF modified GCE sensors was not significantly altered by 
prolonged storage conditions; these sensors still main-
tained high linearity (50 nM–3 µM; 3 µM−16 µM) and exhib-
ited low detection limits (50−70 nM) to DA (Figure 5, 
S35−S38).  

We also attempted to evaluate the structural stability of 
MOF-modified electrodes to electrochemical cycling by per-
forming dopamine sensing, and subsequently analyzing the 
same material with PXRD. Unfortunately, small quantities of 
MOF used as films in voltammetric detection (5.0 µg) were 

not sufficient to produce a diffraction pattern. However, we 
were able to assess the stability of the MOFs after electro-
chemical analysis through SEM analysis (Figure S40). SEM 
analysis revealed that Ni3HHTP2 MOFs maintained their na-
norod morphology even after cyclic voltammetry measure-
ments (25 scans) in 10 µM DA and 5-HT. These findings in-
dicate that the GCE modified with the drop-cast layer of con-
ductive MOF are promising candidates as working elec-
trodes for electroanalysis of biomedically-relevant analytes.  

Detection of dopamine and serotonin in simulated 
urine. The implementation of conductive 2D MOFs in clini-
cal applications may have potential utility for disease diag-
nostics165 and monitoring of drug delivery166. The elevated 
levels of DA (420nM–2µM) or 5-HT (>1.6µM) in the urine 
may implicate pheochromocytoma tumors165 or carcinoid 
tumors,167 respectively. The monitoring of DA and 5-HT is 
also a powerful tool for ensuring the appropriate dosages of 
drugs are delivered to patients for the treatment and man-
agement of Parkinson’s disease168 and depression.166  

The electroactive materials were tested in simulated 
urine for two reasons. First, to gain a perspective on the po-
tential for the MOFs to be utilized for biological analysis, the 
electrochemical analysis needs to be conducted in stable 
and controlled concentrations.169 Samples of human urine 
may vary from person to person due to differences in time 
of day, activity level, and diet before urine sample collec-
tion.169 Second, a standard calibration curve is often gener-
ated in simulated urine to compare against the readings in 
urine samples, and thus forms the starting point for electro-
analytical applications.170-171 Simulated urine was prepared 
according to established procedures (major chemical spe-
cies include 170 mM urea, 90 mM sodium chloride, and 25 
mM ammonium chloride.171 

As a preliminary demonstration of biological applicabil-
ity, we investigated the ability of Ni3HHTP2 for the detection 
of DA and 5-HT  DPV in simulated urine (Figure S41).169, 171 
172-173 We observed that the LOD for DA in simulated urine 
was higher at 416 ± 57 nM compared to the LOD in 0.1 M 
PBS (63 ± 11 nM) (Figure S41B). The LOD of 5-HT in simu-
lated urine was 63 ± 11 nM, which is comparable to the LOD 
in 0.1M PBS (40 ± 17 nM) (Figure S41D). The ability of 
Ni3HHTP2 to oxidize 5-HT was not hindered by the addi-
tional chemical species in simulated urine or the change in 
pH. The resolution for distinct peaks corresponding to the 
oxidation of DA (10 µM) and 5-HT (5 µM) was maintained 
in simulated urine (Figure S41E). Detection of 5-HT in the 
presence of DA (10 µM) in simulated urine using DPV re-
vealed a LOD of 420 ± 50 nM for 5-HT.  

The change in pH from 7.4 in 0.1 M PBS to 6.0 in simulated 
urine can also affect the interaction between the target an-
alytes (DA and 5-HT) and the MOF. Many literature studies 
show pH dependence of peak current for DA (pH= 6, highest 
cathodic peak current) and 5-HT (pH=7, highest cathodic 
peak current). The LOD studies are conducted in the speci-
fied pH for the greatest detection of the analyte The increase 
in pH also leads to a gradual shift from positive to negative 
peak potentials and change in peak separations of DA and 
5-HT observed through cyclic voltammetry.96, 174-176 Future 
studies that rely on pH-dependent resolution of analytes 
may further improve the detection of neurochemicals in 
body fluids.36, 177-178 
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CONCLUSIONS 

This work describes the systematic investigation of 2D 
conductive metal–organic frameworks as efficient electro-
catalysts to achieve electrochemical detection of DA, 5-HT, 
AA, and UA in aqueous solutions. Based on this study, we 
identify at least four fundamental advances for the develop-
ment of MOF-based electrochemical sensors for neuro-
chemical detection. First, the electroanalytical response 
(e.g., electron transfer rate or sensitivity) of conductive 2D 
MOFs to AA, DA, UA, and 5-HT can be modulated by tuning 
the MOF chemical structure. The identity of the metal and 
ligand within the MOF strongly influences the kinetics of 
heterogeneous electron transfer. For the biologically rele-
vant analytes (AA, DA, UA, and 5-HT) Ni3HHTP2 MOF gener-
ally had the most efficient heterogenous electron transfer 
rates, compared to the rest of the MOFs. In the HHTP ligand-
based MOFs, Ni3HHTP2 usually demonstrated higher heter-
ogenous electron transfer rates for most probes, compared 
to Cu3HHTP2 based MOFs. The heterogenous electron trans-
fer rates of M3HXTP2 MOFs for DA (k0 = 3.85 × 10-2 cm s-1 

Ni3HHTP2, 2.63 × 10-2 cm s-1 Ni3HITP2, 1.57 × 10-2 cm s-1 

Cu3HHTP2, 6.25 × 10-2 cm s-1 Cu3HITP2) are in between sen-
sors based on GCE modified with multiwalled carbon nano-
tubes and cobalt phthalocyanine nanocomposite (5.40 × 10-

4 cm s-1)122 or pure GCE (3.6 × 10-1 cm s-1).123 Second, MOF-
modified electrodes exhibited excellent analyte sensitivity 
with nanomolar detection limits (Ni3HHTP2: DA = 63 nM ± 
11 nM, and 5-HT = 40 nM ± 17 nM) and good signal resolu-
tion. The sensing results for dopamine surpass the perfor-
mance of electrodes based on other nanostructured materi-
als, including graphene (2.6 µM),38 graphene nanoflakes 
(1−10 µM),157 carbon fiber (1 µM),158 graphene oxide (0.27 
µM),159 2D hexagonal boron nitride (0.65 µM),160 and 3D 
carbon nanotube nanoweb (1−20 μM).161 The sensing re-
sponse for serotonin compares to materials including re-
duced graphene oxide/polyaniline (11.7 nM)179, WO3 nano-
particles (1.42 nM),180 multilayered molecularly imprinted 
polymers (100 nM),181 and poly(bromocresol green (80 
nM).182 Although the sensitivity of our devices does not yet 
exceed the best LOD reported for dopamine or serotonin de-
tection obtained using highly optimized materials with in-
tegrated aptamer-functionalized graphene/polymer com-
posite (0.002 nM for DA)92 and electropolymerized film of 
3-amino-5-mercapto-1,2,4-triazole on glassy carbon (0.013 
nM for 5-HT)183, the simplicity of accessibility of isoreticular 
MOF analogs through bottom-up solution chemistry offers 
a potential advantage. Third, MOF-based voltage-actuated 
sensors described herein demonstrate the important role in 
the modularity of the MOFs leading to analyte specific sta-
bility to electrochemical cycling and that their analytical re-
sponse to tested neurochemicals is minimally compromised 
by the adsorption and subsequently passivation of elec-
trode surface as observed for unmodified GCE123 or metal–
based electrodes.6 Fourth, in contrast to many carbon-based 
electrodes, we observed small variability in the analytical 
response shown through the batch-to-batch reproducibility 
studies. Current fabrication methods for carbon-based ma-
terials offer limited control over the presence of impurities 
and defects that significantly can alter the electroanalytical 
performance of resulting sensors.148, 184  

Despite the promise of 2D conductive MOFs in biosensing 
applications, the current implementation of M3HXTP2 MOFs 
(M = Ni, Cu; X = NH, O) in voltammetric sensing of neuro-
transmitters has three limitations: First, the morphological 
control over conductive MOF-based nanostructures has not 
yet been optimized. This lack of control limits the funda-
mental investigation of the roles of leading edges and basal 
planes play in electroanalysis. Continued efforts in synthetic 
optimization of morphological control over MOF-based na-
nomaterials62, 65-66 and their structural defects64, 185 will be 
critical to fundamental understanding the electroanalytical 
performance of conductive MOFs. Second, this study focuses 
on the use of semiconductive MOF materials with electrical 
conductivity ranging from 2.0×10−2 to 2 S cm−1.99 This semi-
conductive nature limits the electron transfer rates, thus 
potentially limiting the overall performance of electro-
chemical analysis. The design and synthesis of new MOFs 
based on highly conducting metal–ligand combinations, and 
ability to obtain monolayers or single crystals of conductive 
MOFs that resist opening of the band gap due to junctions 
between crystallites,186 may overcome issues with limited 
electronic conductivity. Third, this work focuses on proof-
of-concept detection of DA, 5-HT, AA, and UA, under con-
trolled conditions, in phosphate-buffered saline and simu-
lated urine rather than in clinical samples. The hetero-
genous electron transfer rates can be greatly influenced by 
the pH of the solvent and presence of competing inter-
ferents. Thus, further optimization of the MOF-based elec-
trodes may be needed for the detection of analytes in com-
plex urine and human serum samples. We anticipate that, 
with further development, the findings of this first proof-of-
concept study will open new avenues for implementing con-
ductive 2D MOFs as broadly applicable components in bio-
logically relevant electroanalysis.58-59, 61 

We expect that the experimental approach described 
herein may advance the field of electrochemical sensors. Be-
cause metal–organic frameworks are so broadly applicable 
and synthetically accessible, we anticipate that their appli-
cation in electroanalysis for the determination of biologi-
cally-relevant species can be further tuned and adapted to 
produce multifunctional, and stable electrochemical sens-
ing devices. Ultimately, strategies for the implementation 
and integration of conductive MOFs into selective and sen-
sitive microelectrode arrays may offer promising opportu-
nities for spatiotemporal assessment of neurochemicals in 
biological systems.187-191 
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