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In this work, a kind of biomimetic catalyst was designed as signal probe by assembling porphyrin on
porous carbon (PC) derived from metal-organic frameworks for electrochemical biosensing. First, PC was
prepared by direct carbonization of a zeolite-type metal-organic framework as both a precursor and a
template, and characterized with transmission electron microscopy, nitrogen sorption isotherm, X-ray
photoelectron spectroscopy and X-ray diffraction. Then the PC was non-covalently functionalized with
iron(I11) meso-5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin chloride (FeTCPP) via non-covalent
interaction. The resulting nanocomposite of PC/FeTCPP possesses an excellent electrocatalytic activity
toward oxygen reduction. Coupling with the enzymatic catalysis of glucose oxidase, a glucose biosensor
was constructed on the basis of O, consumption. The biomimetic sensor enables a reliable and sensitive
determination of glucose with a linear range from 0.5 t018 mM and a detection limit of 0.08 mM at a
signal-to-noise ratio of 3. Moreover, the biosensor exhibits the analytical reproducibility and stability with
less 4.2% of relative standard deviation. In an application to detection of glucose in human serum
samples, this glucose biosensor had good detection accuracy with analytical recoveries from 97.3% to
107.7%. Therefore, the porphyrin functionalized PC provides a promising biomimetic platform for
constructing the biosensors, and has potential application in bioanalysis and clinical diagnosis.

Introduction

Artificial mimetic catalysts have been extensively investigated as
low-cost alternatives to natural enzymes in the last decade.
Compared with natural enzymes, artificial mimetic catalysts are
more conveniently synthesized and more easily modified? More
significantly, artificial mimetic catalysts can sustain their stability
and catalytic activity even over a wide range of temperatures (4-
90 °C) and pH (0-12).3> The conventional artificial mimetic
materials such as cyclodextrins, metal complexes, polymers and
fullerene derivatives, have been successfully applied to mimic the
structures and functions of natural enzymes.*® A variety of
nanomaterials including gold nanoparticles, rare earth
nanoparticles and ferromagnetic nanoparticles, have also been
found to exhibit unexpected enzyme-like activity owing to their
unique chemical and physical characteristics.®*’

Recently, porphyrins, as the analogues of the active site of
enzymes, are considered to be the efficient mimics of many
important enzymes.'®?? In particular, iron porphyrin is the mimic
of cytochrome c oxidase, which shows good electrocatalysis
towards biologically important molecules.??* However, there is
limited use of porphyrins in electrochemical biosensing owing to
their poor conductivity.”® The immobilization of porphyrins on
nanomaterials such as graphene,? carbon nanotubes®” and carbon
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nanohorn,’® provides a promising approach to enhance the

s electrochemical catalysis due to their good conductivity.?®? For

example, the ordered ultrathin films based on layered double
hydroxide nanoplatelets and manganese porphyrin have been
utilized as an electrochemical sensor for glucose.*® Mulchandani
et al.* have fabricated single-walled carbon nanotube-porphyrin
hybrid for monitoring volatile organic compounds in air. In this
work, a novel biomimetic catalyst was designed by the assembly
of porphyrin on porous carbon derived from metal-organic
frameworks (MOFs) for electrochemical biosensing.

Porous carbon materials have been used in many research
fields due to the unique properties such as high surface area, large
pore volume and good electrochemistry.2“° They are often
synthesised using electrical arc,* laser ablation,*? chemical vapor
decomposition®® as well as chemical or physical activation
methods.** However, these methods usually involve rigorous
reaction conditions, and thus are difficult to control the sizes of
the pore. Alternatively, nanoporous carbon materials could be
synthesized by direct carbonization MOFs to yield crystalline
molecular materials with an unprecedentedly large and permanent
inner porosity.**” The pore sizes of MOF structures are easily
controlled through the design of specific ligands and doping
metal ions in the frame, which should constitute an important
advantage over other conventional chemo-sensory materials.*®
For example, Yaghi et al.*® designed an oligoethylene glycol—
functionalized MOF-74 structure, which is large enough for
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natural proteins to enter the pores. Thus MOFs can be employed
as the templates and carbon precursors during the synthesis of
porous carbon.>*®* Moreover, the incorporation of heteroatoms
such as nitrogen into the carbon nanomatrix can enhance the
thermal/chemical stability and hydrophilic properties.?%® The
unique electronic interactions between the lone-pair electrons of
nitrogen and the m system of graphitic carbon in these N-
decorated porous carbons result in good electrocatalytic activity
towards oxygen reduction.®®®” Thus it is desired to use porous
carbon derived from MOFs as supporter and electron accelerator
for electrochemical biosensing.

Here, we have used N-rich MOF with zeolite-type framework
(ZIF-8),%%%9 as both a template and a precursor to synthesis N-
decorated porous carbon. Porphyrin was conjugated to porous
carbon (PC) through =m-m noncovalent interaction to form
porphyrin-porous carbon nanocomposite (PorPC) (Scheme 1A).
As shown in Scheme 1B, a systematic study was done to evaluate
the electrocatalytic activity of the nanohybrid toward oxygen
reduction. Using glucose oxidase as a model, a glucose (Glc)
biosensor on the basis of O, consumption was constructed with
good sensing performance. The present work provides a novel
example of the assembly of porphyrin into porous carbon in the
field of biosensing.

A
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g_y/Aging 24h w ‘x (wCarbonization > )
@ f‘ .: FeTCPP
o W e
Zn(NO;),"6H,0 i
PC
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Gla l Glc
Sl Sk » Gl \J“x@'w 2 Gop
- ——
GCE GCE
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Scheme 1 Schematic representation of (A) preparation of PorPC and (B)
sensing mechanism for electrochemical detection of glucose.

Experimental
Reagents and materials

All commercial reagents were acquired in high purity and used
without further purification: Zinc nitrate (Zn(NO3),'6H,0), 2-
methylimidazole, methanol, glucose oxidase (GOD, EC 1.1.3.4,
type X-S, lyophilized powder, 100-250 units mg?®, from
Aspergillus niger) was purchased from Sigma-Aldrich. Iron(l11)
meso-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin chloride
(FeTCPP) was obtained from J&K Scientific Ltd. (China).
Ascorbic acid (AA), uric acid (UA), D-(+)-glucose were bought
from Sinopharm Chemical Reagent Co. Ltd. (China). Nafion
(product No. 274704) was purchased from Aldrich. In our work,
0.1 M phosphate buffer salines (PBS) at various pH values were
prepared by mixing stock standard solutions of Na,HPO, and
KH,PO,, and then adjusted to the required pH value with 0.1 M
HCI or NaOH. Ultrapure water obtained from a Millipore water
purification system (Milli-Q, =18.2 MQ) was used throughout
the experiments. The glucose stock solution was allowed for
mutarotation by overnight storage at room temperature prior to
use. The GOD solution (2 mg mL™) was prepared in 0.1 M PBS
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of pH 7.0 and stored at 4 °C. Human blood serum samples were
generously provided by Jiangsu province tumor hospital.

Characterization

X-ray diffraction (XRD) was equipped with a Cu sealed tube (A =
1.54178 A) at 40 kV and 40 mA. Scanning electron micrographs
(SEMs) were recorded on a Hitachi S-4800 scanning electron
microscope (Hitachi, Japan) and transmission electron
micrographs (TEMs) were acquired using a JEOL JEM-2010
transmission electron microscope operating at an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was
carried out using an ESCALAB 250 spectrometer (Thermo-VG
Scientific Co., U.S.A.) with ultra-high vacuum generators. The
nitrogen sorption isotherms of porous carbon were obtained
through  Brunauer-Emmett-Teller on the Micromeritics
ASAP2020. Cyclic voltammetric (CV) experiments were
conducted on CHI 660D electrochemical workstation (Shanghai
CH Instruments, China) with a three-electrode system consisting
of a glassy carbon electrode (GCE) as a working electrode, a
saturated calomel electrode (SCE) as a reference electrode
(Caution: calomel is toxic) and a platinum wire as a counter
electrode.

Synthesis of ZIF-8 based porous carbon

According to a reported procedure with some modification,**®

the hierarchically porous carbon was prepared from the ZIF-8
material. Typically, 1.29 g of Zn(NO3z),"6H,0 was dissolved in
100 mL methanol under stirring to prepare a solution and 1.32 g
of 2-methylimidazole was dissolved in 100 mL methanol to
prepare another solution. Then, the latter solution was added to
the former solution and stirred for 5 min, the resulting mixture
was allowed to age overnight at room temperature. After that, the
white precipitate was filtered and washed with methanol several
times to remove any externally adsorbed 2-methylimidazole and
dried under vacuum before further use. The prepared ZIF-8
powder was transferred into a quartz boat, placed in a furnace
under N, flow, and heated at 800 °C for 5 h with a heating rate of
5 °C min™. Next, the sample was vigorously washed with HCI
solution (2 M) and also several times with distilled water, and
dried under vacuum at 120 °C for 24 h.

Preparation of PorPC and the biosensors

In our procedure, 6 mg of porous carbon was dispersed in 5 mL
ultrapure water. Then the suspension was successively added to a
FeTCPP dimethylformamide-water mixture (1 mL, 2 mM),
before being ultrasonically dispersed for 1 h and centrifuged at
10000 rpm for 20 min to remove free FeTCPP with ultrapure
water for 5 times. The resulting sample was dried under vacuum
at 70 °C for 12 h to obtain the PorPC nanocomposite. The
prepared composite (1 mg) was ultrasonically redispersed in
ultrapure water (1 mL) for further experiments.

Before use, the GCEs were polished with a slurry of alumina
oxide powder (1.0 and 0.05 pm) on chamois leather, respectively,
washed ultrasonically and dried at room temperature. Next, 5 uL.
of PorPC water suspension (1 mg mL™) was applied to the
pretreated GCE surface and this was allowed to dry at room
temperature Then the PorPC modified GCE was immersed in 0.1
M PBS containing 2 mg mL™ GOD for 20 h at 4 °C. The
PorPC/GOD modified GCE was thoroughly rinsed with ultrapure
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water to remove the loosely adsorbed enzyme molecules. In order
to avoid leakage of PorPC from the surface of GCE, a drop of 4
uL of 1% Nafion solution was applied on the electrode before
electrochemical measurements. All modified electrodes were
stored in 0.1 M PBS of pH 7.0 at 4 °C in refrigerator before use.

2

Results and discussion

TEM of ZIF-8 crystals reveals that the as-synthesized
nanoparticles exhibit the well-known hexagonal ZIF-8 crystal
structure of ~100 nm diameter (Fig. 1A), indicating the successful

10 synthesis of ZIF-8 crystals.*’ The prepared ZIF-8 powder was
then carbonized at 800 °C for 5 h. Fig. 1B shows the SEM of the
carbon material obtained. Here, an intersecting three-dimensional
structural feature was observed, which could provide a substantial
effective electrode surface area for loading of biomolecules. The

15 SEM of PorPC in Fig. 1C shows that its morphology was similar
to that of porous carbon, indicating that the porous carbon
retained the pristine structure after assembly of FeTCPP, which
could lead to highly efficient catalytic activity to oxygen
reduction. When GOD was immobilized on the PorPC

20 nanocomposite, the GOD adsorbed on the surface of PorPC and
tended to aggregate into island-like structures (Fig. 1D). The
open structure of GOD/PorPC film facilitated the substrate
accessible to GOD, resulting in good electrochemical response to
glucose.

carbon, (C) PorPC, (D) GOD/PorPC.

Wide-angle XRD pattern of the synthesized porous carbon is
shown in Fig. 2. The XRD pattern displays only two broad peaks
30 located at around 20 = 25°and 44< that were matched with the
carbon (002) and (101) diffractions, respectively,® revealing the
high purity of the resulting porous carbon. In addition, the weak
(002) peak intensity demonstrates a low degree of graphitization,
which means a low concentration of parallel single layers in the
35 obtained porous carbon.®
XPS was used to investigate the surface composition of porous
carbon. As shown in Fig. 3A, the XPS survey spectrum shows
intense signals of C1s at 285 eV, N1s at 399 eV and O1s at 531
eV. Based on the XPS results, the nitrogen atomic concentration
o was estimated to be 4.21% in the porous nanomaterial.
Furthermore, the fitted N1s spectrum is divided into three peaks
attributed to the different chemical states of N (Fig. 3B):

quaternary N (400.8 eV), pyrrolic N (399.4 eV) and pyridinic N
(398.2 eV). Therefore, such high contents of N may improve the
s electrocatalytic activity of porous carbon. %
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Fig. 2 Wide-angle XRD pattern of the synthesized porous carbon.
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Fig. 3 (A) XPS survey spectrum and (B) N 1s XPS spectrum of porous
so carbon.

Nitrogen sorption experiments were performed to examine the
surface areas of the porous carbon and the results obtained are
shown in Fig. 4. Both nitrogen adsorption-desorption curves
show a typical I-type isotherm, which sharply increases at low

ss relative pressure, suggesting the micropores are dominant.
Meanwhile, the adsorption capacity continually increased at
medium relative pressure (Fig. 4A), and the desorption hysteresis
denotes the existence of developed mesoporosity. The final
almost vertical tail at the relative pressure implies the presence of

o0 relatively large cavities. 5%
0.06
~ 500fA = B
r o
o 400 a b
£ £ 0.04f
S 300 <
e 0]
2 200 b E a
2 100 3 0oz °
E o
o 0 (o]
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Relative pressure (P/Po)

Fig. 4 (A) N, adsorption-desorption isotherms and (B) corresponding
DFT pore size distribution of (a) PC and (b) PorPC at 77 K.

Pore width (Angstroms)

The porous carbon has high Brunauer-Emmett-Teller surface

e area of 1067 m? gt and pore volume of 0.66 cm® g2, respectively.
After functionalized with FeTCPP, the porous material possesses

a surface area of 521 m? g* and a pore volume of 0.34 cm® g,
The decrease in surface area and pore volume was likely to be
caused by the loading of FETCPP in the porous carbon. On the
70 other hand, the corresponding pore size distribution curves of
porous carbon and PorPC are shown in Fig. 4B. According to the

This journal is © The Royal Society of Chemistry [year]
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original density functional theory (DFT), both pore size
distributions were mainly centered at 0.5-3 nm, which is suitable
for ion diffusion in aqueous electrolyte.®*

4f
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s Fig. 5 (A) CVs of (a) bare GCE, (b) PC/GCE, (c) PorPC/GCE, (d)
FeTCPP/GCE, (e) PorPC/GODI/GCE, (f) (e) + 6.0 mM glucose in 0.1 M
pH 7.0 air-saturated PBS. (B) CVs of (a) PorPC/GOD/GCE, (b) (a) + 2
mM H,0; in nitrogen-saturated 0.1 M pH 7.0 PBS, (c) PC/GOD/GCE,
and (d) (c) + 6.0 mM glucose in air-saturated PBS. The amount of PC and
PorPC is 5 . Scan rate: 50 mV s™.

Potential (V)

S)

Fig. 5 shows CVs obtained at different modification stages of
electrodes in 0.1 M air-saturated PBS of pH 7.0 at 50 mV s %,
Both the bare GCE (Fig. 5A, curve a) and PC/GCE (Fig. 5A,
curve b) showed reduction peaks of O, at around -0.6 V.% At the
PorPC/GCE, a 152% increase in the reduction peak current,
compared to PC/GCE, was observed while the reduction potential
shifted from -0.6 V to -0.25 V (Fig. 5A, curve c). At
FeTCPP/GCE (Fig. 5A, curve d), there was 55% decrease in the
peak current compared to that at the PorPC/GCE, indicating that
the PC can efficiently enhance the catalysis of FeTCPP. Since the
catalytic current appeared along with the reduction of FeTCPP,
this is a typical electrochemical followed by chemical (EC)
catalytic process,® in which FeTCPP was first reduced to iron(I1)
species and then back to the initial state by means of a chemical
reaction with O, (Scheme 1B). These improvements in catalytic
activities of PorPC can be explained by the synergistic effects
between the efficient electron transfer of porous carbon and the
good catalytical active center of iron-porphyrin.

After GOD was immobilized on the PorPC/GCE, the O,
reduction current peak at the PorPC/GOD/GCE (Fig. 5A, curve e)
was 8% smaller than that at PorPC/GCE. When adding glucose in
air-saturated PBS, the O, reduction peak current of PorPC/GOD
has decreased by 39% (Fig. 5A, curve f), which was attributed to
the O, consumption via the enzyme-catalyzed reaction in the
following equation:

a

S

a

glucose + O, GOD

gluconolactone + H,O,

As a result of O, consumption by GOD catalyzed reaction of
glucose, less O, was available for reduction at the
PorPC/GOD/GCE.

In a separate set of experiments, cyclic voltammetry of
nitrogen-saturated buffer was carried out at electrodes (Fig. 5B).
At the PorPC/GOD/GCE, the large O, reduction peak previously
observed has now disappeared, as indicated in curve a, further
indicating the reduction current at -0.25 V corresponding to the
electrocatalytic reduction of O,. In order to investigate the effect
of H,0,, 2.0 mM H,0, was added to nitrogen-saturated PBS, the
CV at PorPC/GCE was a similarly featureless voltammogram in
the potential range from -1.0 V to +0.2 V (Fig. 5B, curve b), but a
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small current difference (~25%) was observed at more negative
potential (<-0.6 V) in response to glucose in air-saturated 0.1 M
PBS of pH 7.0 (Fig. 5B, curves c, d), indicating no interference
by GOD in the detection of glucose. The sensitive response of
PorPC/GOD/GCE to O, against H,O, could be further developed
for detection of oxidase-related substrate.

The incubation time is an important parameter for detecting
glucose, the sensor was incubated in 1.0 mM glucose for different
duration. From the Fig. 6A, the CV peak current response of the
sensor rapidly decreased with increasing of incubation time from
0 to 20 min. As the quantity of O, was likely to have reached
equilibrium in the vicinity of the modified GCE after 20 min, this
was chosen as the optimal incubation time

A -15fB
12} I/I
< < -12}
Z -8 = 1/
b ] /
5 —i— S of
O 41 ]
70 20 30 40 ©=5 6 7 8
Time (min) pH

Fig. 6 (A) Effect of incubation time on CV response to 6 mM glucose and
(B) effect of pH value of the detection solution on electrochemical signal
at PorPC/GOD/GCEs in air-saturated 0.1 M pH 7.0 PBS.

Owing to the fact that both the electrochemical activity of
porphyrin and biocatalytic activity of GOD are related to pH, the
effect of pH on the sensor response was studied. The sensor
response for 1.0 mM of glucose in buffer with different pH values
was carried out by recording CV. As shown in Fig. 6B, the peak
current increased with the increasing pH value from 5.0 to 7.0
and decreased when pH value increased further. Since maximum
current response occurs at pH 7.0, this value was selected as the
optimum pH value for glucose measurement.

4 -4
B
— D- —_— [
3 < 8
= 4 z
c c
g sl g2
p=1 3
3 5]
12
-16
-16
0.8 -04 00 0 5 10 15 20
Potential (V) ¢ (mM)

Fig. 7 (A) CVs of PorPC/GOD/GCE in 0.1 M, pH 7.0 PBS containing the
glucose concentration of 0.1, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 12, 14, 16, 18
mM from outside to inner. (B) Calibration curve of the biosensor for
glucose determination at -0.25 V. Scan rate: 50 m Vs™.

Under the optimized conditions, different concentrations of
glucose solutions were analyzed and the CV current was recorded
at the PorPC/GOD/GCE in air-saturated 0.1 M pH 7.0 PBS. As
shown in Fig. 7, the electrocatalytic potential of the sensor from -
0.25 V to -0.35 V with increasing glucose concentration, however,
the cathodic peak current (l,) at the PorPC/GOD/GCE decreased
with the increasing glucose concentration. A corresponding
calibration plot with a correlation coefficient of 0.998 (N=10),
showing good accuracy of this method, can be represented by the
expression, I, (nA) = 0.5 ¢ (mM) - 14.8. A detection limit of
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0.08 mM (S/N = 3) was then estimated. The linear range of the
present sensor for glucose detection were better than
GOD/polyaniline hydrogel (0.1-2.6 mM),% MnCo,0, nanofibers
(0.05-800 pM),% and Cu,S nanoparticles (10 pM-3.1 mM),%
owing to the intersecting three-dimensional structure of porous
carbon and the synergistic effect between good catalytic capacity
of FeTCPP and excellent conductivity porous carbon.

To exclude the potential interfering species in glucose
detection, we examined CV response to 5.0 mM AA and 5.0 mM
UA at PorPC/GOD/GCEs. In comparison of 1.0 mM glucose, the
CV current responses of 5.0 mM UA, and 5.0 mM AA exhibited
an increase of 8.4% and 4.3%, respectively, indicating the
acceptable selectivity of this sensing against those interfering
species due to the low operating potential. Thus this sensing
strategy can be used for the detection of glucose in serum
samples.

To evaluate its stability, the biosensor was employed to
measure 6.0 mM glucose ten times. The relative standard
deviation (RSD) was 3.9%, indicating the good stability and
precision of the sensing. Further, in order to estimate the inter-
assay reproducibility, ten independently prepared electrodes from
the batch were used with the obtained RSD of 4.2%. When not in
use, it was stored in 0.1 M PBS (pH 7.0) at 4 °C. After 6 weeks,
the biosensor still retained 86% of the initial value. Therefore, the
sensing strategy exhibits good operation stability, the excellent
fabrication reproducibility, and good durability and stability, and
can be applied in real-life sample analysis.

Table 1. Concentrations of glucose in human blood serum samples

Detection ~ Added Found Recovery
Sample

(mM) (mv) (mv) (%)
1 2.72 2 5.05 106.7 £1.9
2 1.34 2 3.25 97.3x2.4
3 1.16 2 3.37 107.7 £2.7
4 5.59 3 8.44 98.3 2.2
5 5.49 3 8.42 99.2 2.7
6 5.47 3 8.75 103.3 1.7

The practical application of this sensor was carried out in
serum without any need of sample pretreatment except a dilution
step. The serum samples obtained from the patients were properly
diluted by pH 7.0 PBS buffer when the levels of glucose were
over the calibration range. The totals of 6 serum samples were
measured with the incubation time of 20 min and the results are
shown in Table 1. The concentration of glucose was measured
based on the calibration equation and the original concentration
was obtained by considering the appropriate dilution ratio. When
spiking with 2.0 mM and 3.0 mM glucose to real sample, the
analytical recoveries are from 97.3% to 107.7%, showing good
accuracy of glucose determination in real samples.

Conclusion

This work successfully designed a biomimetic catalyst by
assembly of porphyrin on porous carbon derived from metal-
organic frameworks for electrochemical biosensing. By
employing MOFs as a template and carbon precursor, the porous
carbon with a high surface area and large pore volume was easily
prepared by direct carbonization of ZIF-8 powders. The nitrogen
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heteroatoms were confirmed to be incorporated in the carbon
nanomatrix. Thus this novel carbon material was conveniently
functionalized with porphyrin through z-nm non-covalent
interaction. The hybrid nanocomposite has good dispersion in
aqueous solution and excellent electrocatalytic activity toward
dissolved oxygen reduction due to the synergic effect of the
accelerated electron transfer and ion diffusion of porous carbon,
and superior catalytic performance of porphyrin toward O,.
Coupling with the excellent bioactivity of anchored GOD, the
glucose biosensor was constructed possessing good performance
with wide detection range, high detection up-limit, and acceptable
stability. Moreover, the sensor was successfully used for
detecting real-life serum samples without any treatment. The
present finding provides us a new example of application of the
rapidly growing MOF family, and has a potential possibility for
further investigation in clinical tests.
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Graphical Abstract:

Porphyrin functionalized porous carbon derived from metal-organic

framework as biomimetic catalyst for electrochemical biosensing

Pinghua Ling, Qing Hao, Jianping Lei* and Huangxian Ju
A novel biomimetic catalyst was designed by assembling of porphyrin on porous carbon derived

from metal-organic frameworks for electrochemical biosensing.
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