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ABSTRACT: This work focuses on an interdisciplinary issue in energy management and
biosensing techniques. Aiming at enhancing the biosensing detection of dopamine at high
ambient temperatures, we developed an innovative integration of phase-change microcapsules
with a metal−organic framework (MOF) based on zeolitic imidazolate framework-8 to develop
an intelligent electrochemical biosensing system with a thermal self-regulation function. We first
fabricated a type of electroactive microcapsules containing a MOF-anchored polypyrrole/SiO2
double-layered shell and a phase-change material (PCM) core. The resultant microcapsules not
only exhibit a regular spherical morphology with a layer-by-layer core−shell microstructure but
also display an effective temperature-regulation capability to enhance enzymatic bioactivity
under phase-change enthalpies of around 124.0 J·g−1 along with good thermal impact resistance
and excellent thermal cycling stability for long-term use in thermal energy management. These
electroactive microcapsules were then used to modify a working electrode together with laccase
as a biocatalyst to construct a thermal self-regulatory biosensor. With a high sensitivity of 3.541
μA·L·μmol−1·cm−2 and a low detection limit of 0.0069 μmol·L−1 at 50 °C, this biosensor exhibits much better determination
effectiveness toward dopamine at higher temperatures than conventional biosensors thanks to in situ thermal management derived
from its PCM core in the electroactive microcapsules. This study offers a promising approach for development of intelligent thermal
self-regulatory biosensors with an enhanced detection capability to identify various chemicals accurately in a wide range of applicable
temperatures.

KEYWORDS: intelligent biosensor, thermal self-regulation, electroactive phase-change microcapsules, dopamine, biosensing detection

■ INTRODUCTION

Phase-change materials (PCMs) are well known as a group of
latent-heat-storage materials that are capable of storing huge
amounts of thermal energy through a transformation in the
physical state at an almost constant temperature. Having the
advantages of a simple and reliable structure, small size, broad
phase-change temperature selection range, and obvious energy-
saving effects, PCMs are of particular interest as they can
provide a remarkable increase in heat capacity along with very
small or negligible temperature change in comparison with
traditional sensible heat energy-storage materials.1 Therefore,
PCMs exhibit broad application prospects for energy manage-
ment systems to implement heat energy storage and temper-
ature regulation in a high-efficient and economical way.2,3

Nevertheless, most of commonly used PCMs like various fatty
acids, paraffin waxes, inorganic molten salts, salt hydrates, and
their eutectics are doomed to undergo repetitive solid−liquid
state transitions in the heat charging−discharging process.4 In
many of the PCM applications, the high fluidity of PCMs in
the molten state is cited as a critical shortcoming. This not only
results in a fundamental difficulty with the handling of PCMs
but also makes them suffer from leakage, osmosis, and flowing
away during the operating process. The other disadvantages of

PCMs include a considerable change in volume during phase
transition, low thermal conductance, high supercooling,
corrosiveness, evaporation, and decomposition, and each of
them deteriorates the phase-change performance and heat-
storage capability of PCMs.5 Therefore, solid−liquid PCMs are
not considered to be a good candidate for use in their bulk
state.6 Microencapsulation of PCMs is recognized as an
effective solution to address their inherent drawbacks and has
already been proven as a successful technology in commercial
applications. By means of microencapsulation technology,
PCMs are engulfed in a compatible thin solid shell to form
small capsules with varying diameters from 1 μm to 1 mm.7 A
variety of shell materials, including inorganic materials, organic
polymers, and their composites or hybrids, have been used for
microencapsulating PCMs. The formation of the capsule shell
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offers good protection and tight sealing for PCMs to overcome
leakage and osmosis problems and also avoids possible contact
and interactions for PCMs with the surrounding environ-
ment.8,9 The utilization of heat charging and discharging
features of PCMs and their microencapsulation products in the
phase-change process for multifunctional and multipurpose
applications has been an active research trend in recent years.10

This can be realized by integrating a PCM core with a
functionalized shell. Such a smart integration can combine the
unique heat-storage capability of the PCM core with the
special functions from the functional shells attributed to their
intrinsic performance, such as photocatalytic, fluorescent,
antibacterial, superparamagnetic, gas-sensitive, and thermo-
chromic properties.11−13 With the rapid development of
microencapsulation technology, the bi- or multifunctional
phase-change microcapsules can be feasibly obtained through
encapsulating PCMs either in a composite/hybrid material or
with a hierarchical structural shell. As a result of this
development, an increasing number of innovative phase-
change microcapsules have been created with the promise of
original properties and multipurpose applications.14

Functional phase-change microcapsules can be custom-
designed to meet specific requirements for biological and
electrochemical applications. Such a research direction has
been receiving great attention in recent years. It is well known
that enzymes as a family of essential biocatalysts have a high
thermal sensitivity and show a high biocatalytic activity only in
an optimum temperature range.15 Similarly, electroactive
materials also exhibit an optimal electrochemical behavior
without accelerated aging and recycling capacity fade in a
suitable working temperature region because there is a variety
of exothermic redox reactions taking place in the reversible
oxidation−reduction process.16 Therefore, it is definitely
necessary to establish a thermal management system for the
above-mentioned two applications to perform temperature
regulation and control in situ to enhance their biocatalytic and
electrochemical effectiveness in a broad temperature range.17,18

As a result of this target, an innovative integration of
biocatalytic or electrochemical functions and thermal manage-
ment effectiveness has been successfully realized by fabricating
various bifunctional phase-change microcapsules. In the
resultant bifunctional phase-change microcapsules, the cus-
tom-designed functional shell can offer the designated
function, while the PCM core serves as a thermal management
source for temperature regulation to buffer thermal swings in
situ. Many methods have been developed using various
approaches to fabricate the bifunctional phase-change micro-
capsules for biological and electrochemical applications. Li et
al.19 and Jiang et al.20 developed two types of innovative
thermal self-regulatory enzyme carriers based on the PCM-
containing bifunctional microcapsules to immobilize amylases
and lipase for enhancing its biocatalytic activity in high
ambient temperatures. Cao et al.21 developed a thermal self-
regulatory enzyme carrier with enhanced enzymatic activity
through microencapsulating PCM with a SiO2/polydopamine/
gold nanoparticles layer-by-layer shell, followed by immobiliz-
ing laccase using a copper chelate method. Moreover, Xu et
al.22 fabricated the phase-change microcapsules based on a
SiO2/MnO2 hierarchical shell with enhanced electrochemical
performance resulting from the thermal regulation of their
PCM core at a high operating temperature. Sun et al.23

designed a smart electrode material with a thermal self-
regulatory function through microencapsulating PCMs in a

polyaniline/carbon nanotube-functionalized shell for electro-
chemical enhancement in a high-temperature environment.
These findings provided new approaches for development of
bi- and multifunctional phase-change microcapsules for
biological and electrochemical applications.
Dopamine (DA) is one of the most effective neuro-

transmitters in mammalian central nervous systems, and it
can serve as a chemical messenger between the brain and
neurons, playing a critical role in the neurochemical and
neurohormonal functions in the human and mammalian
brains.24 The rapid, accurate, and sensitive detection of DA
plays a critical role in clinical diagnosis for neurological
illnesses.25 The electrochemical biosensing detection has been
regarded as one of the most effective methods in the
determination of DA because it can provide practicality,
sensitivity, and fast response. In an electrochemical biosensor,
enzymes are usually used as biological recognition molecules to
generate a chemical signal when reacting with the detected
substrates, while electrodes are employed to translate the
chemical signal into an electrical signal.26 In this sense, both
biocatalysis and redox reactions are involved in the electro-
chemical biosensing detection. In the clinical application of DA
biosensors, the ambient temperature for DA detection may be
variable. The use of current DA detection devices is limited by
the fragile nature of enzymes such as tyrosinase and
polyphenol oxidase due to their narrow temperature ranges
and higher requirements for the pH environment.27 Therefore,
high ambient temperatures are evidently disadvantageous to
the detection and determination of DA when using an
electrochemical biosensing method. In this sense, there is an
emerging requirement for developing high-efficient and facile
thermal management techniques for fabricating DA detection
devices that can be used under harsh conditions. The
techniques currently used, including semiconductive temper-
ature control, coolants, and polymerase chain reaction, have
been applied for the temperature control of electrochemical
sensors.28,29 However, the realization of these techniques
needs additional devices to implement heating and cooling to
maintain a constant ambient temperature, increasing the size of
DA detection devices along with an extra cost. This may bring
about inconvenience in operating and poor cost-effectiveness
for DA assay.
To address this shortcoming of biosensors for the

determination of DA, we focused on an innovative integration
of phase-change microcapsules with metal−organic frame-
works for enhancing the electrochemical biosensing detection
to DA under in situ thermal management in this work. We
constructed a type of novel phase-change microcapsules based
on a paraffin-type PCM core, a SiO2 inner shell, and an
electroactive layer based on the zeolitic imidazolate framework-
8 (ZIF-8)/polypyrrole (PPy) composite. As a type of
important metal−organic frameworks (MOFs), ZIF-8 is
recognized as a good modifier for an electrochemical sensor
when bound with conducting polymers such as PPy.30,31

Therefore, the resultant microcapsules were expected to
achieve a high electrochemical activity and good biocompat-
ibility from their functional outer layer together with the
thermal management effectiveness of their PCM core. Such a
type of bifunctional phase-change microcapsules was used to
modify the working electrode to construct an intelligent
biosensor with a thermal self-regulation function. By means of
this intelligent biosensor, DA can be detected and determined
more accurately, sensitively, and rapidly through buffering
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thermal swings in the biosensing system at higher operating
temperatures or under the drastic fluctuation of ambient
temperature. The design strategy, fabrication methodology,
microstructures, thermal performance, and thermal manage-
ment behaviors of the phase-change microcapsules were
analyzed in detail in this paper. The electrochemical behaviors
and determination capability of the resultant biosensor for DA
were particularly discussed under different operating temper-
atures. It is anticipated that the intelligent biosensor designed
in this study can perform temperature regulation and thermal
management in situ through its PCM core without extra device
and cost. With a rapid thermal response from the phase-change

microcapsules in the electrode, a real-time temperature control
can be conducted in situ for this biosensor, which can control
the microenvironmental temperature around the electrode.
This method is more effective, economical, and convenient for
DA detection. This study offers a new approach for
development of intelligent thermal self-regulatory biosensors
to meet the requirement for the accurate and high-efficient
detection of biochemicals over a wide temperature range.

■ MATERIALS AND METHODS
Materials. N-Docosane (99.0 wt %), tetraethoxysilane (TEOS,

98.0 wt %), dopamine hydrochloride (DAH, 98.0 wt %), pyrrole,

Figure 1. Schemes of fabrication strategies and reaction mechanisms for (a) the SiO2-MEPCM and (b) ZIF-8@PPy-SiO2-MEPCM.
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potassium ferrocyanide trihydrate [K4Fe(CN)6·3H2O], uric acid
(UA), ascorbic acid (AA), and laccase (≥20 U·mg−1) were
commercially supplied by Shanghai Macklin Biochemical Co., Ltd.,
China. Sodium dodecyl benzene sulfonate (SDBS, 98.0 wt %),
cetyltrimethyl ammonium bromide (CTAB, 98.0 wt %), formamide,
N,N-dimethylformamide (DMF), zinc nitrate hexahydrate [Zn-
(NO3)2·6H2O], ferric chloride hexahydrate (FeCl3·6H2O), potassium
chloride (KCl), 2-methylimidazole (2-MI, ≥98.0 wt %), HCl aqueous
solution (37.5 wt %), and absolute ethanol were purchased from
Tianjin Fuchen Chemical Reagent Co. Ltd., China. A Nafion
perfluorosulfonic acid (PFSA) polymer dispersion (5.0 wt %) was
provided by Shanghai Aladdin Biochemical Technology Co., Ltd.,
China. All of the reagents were of analytical grade and used as
received.
Synthesis of Base Phase-Change Microcapsules. At the start

of the experiment, the core−shell structural n-docosane/silica phase-
change microcapsules (named as SiO2-MEPCM) were synthesized
with TEOS as a silica source and n-docosane as a core material
through emulsion-templated interfacial polycondensation based on
the synthetic route schematically illustrated in Figure 1a. In a typical
procedure, a 500 mL three-necked round-bottom flask was charged
with n-docosane (8.0 g) and TEOS (8.0 g), and the resultant mixture
was stirred at 50 °C for 1 h. Formamide (150.0 mL) as a dispersion
medium and CTAB (3.0 g) as a cationic surfactant were mixed in
another beaker under agitation for 1 h and then poured into the flask.
The resulting mixture was allowed to emulsify under vigorous
agitation for 1.5−2.0 h to obtain a homogenous emulsion. An HCl
aqueous solution (pH −0.25, 180.0 mL) was then added dropwise
into the flask to induce the hydrolysis and interfacial polycondensa-
tion of TEOS. The reactant mixture was allowed to react for 3−4 h
under agitation. The reactant was subsequently aged in a water bath at
50 °C for 24 h, and then it was filtered, washed, and dried in an oven
at 35 °C for 48 h to achieve the SiO2-MEPCM.
Fabrication of ZIF-8/PPy-Coated Phase-Change Micro-

capsules. To fabricate a ZIF-8/PPy composite layer onto the
SiO2-MEPCM, a PPy coating layer was first deposited on the shell
surface through an oxidation polymerization reaction to form the PPy-
coated SiO2-MEPCM (named as PPy-SiO2-MEPCM). Figure 1b
shows the schematic fabrication route and reaction mechanisms for
the PPy-SiO2-MEPCM. In a typical procedure, deionized water
(150.0 mL), SiO2-MEPCM (10.0 g), and SDBS (5.0 g) as an anionic
surfactant were mixed in a 500 mL three-necked round-bottom flask
under agitation at room temperature. An aqueous HCl solution (1.0
mol·L−1) was poured into the flask with agitation for 20 min to obtain
a suspension at pH 3−4. The flask was moved to an ice bath, and then
pyrrole (2.0 ml) was poured into the flask under mechanical agitation
at 0 °C for 1 h. An FeCl3 aqueous solution (0.5 mol·L−1, 50.0 mL)
was added to induce an oxidation polymerization reaction. The
reactant suspension was allowed to react under agitation at 0 °C for
4−5 h, and the resultant product was filtered, washed, and dried in an
oven at 35 °C for 24 h to obtain the PPy-SiO2-MEPCM.
Following the formation of the PPy-SiO2-MEPCM, ZIF-8 nano-

crystals were anchored onto the surface of the PPy-SiO2-MEPCM
through a self-assembly growth to form the PPy-SiO2-MEPCM with
surface-anchored ZIF-8 (named as ZIF-8@PPy-SiO2-MEPCM). In a
typical procedure, a 500 mL three-necked round-bottom flask was
charged with PPy-SiO2-MEPCM (10.0 g), Zn(NO3)2·6H2O (10.0 g),
and ethanol (100.0 mL), and the resultant mixture was stirred at 30
°C for 2 h. 2-MI (12.0 g) was dissolved in 100 mL of ethanol in
another beaker, and the resultant solution was poured into the flask to
induce a coordination reaction. The reactant mixture was allowed to
react at 30 °C for 1 h under agitation. The resultant product was
filtered, washed with DMF, and dried in an oven at 35 °C for 24 h to
obtain the ZIF-8@PPy-SiO2-MEPCM. To facilitate a comparative
investigation, the ZIF-8@PPy-coated silica microspheres were also
fabricated as a control without a PCM core under identical conditions
and named as ZIF-8@PPy-SiO2-SPR.
Preparation of the Working Electrode Based on ZIF-8@PPy-

SiO2-MEPCM. A glassy carbon electrode (GCE) was surface finished
and then rinsed with ethanol and deionized water, followed by drying

with a nitrogen stream. The clean GCE was modified with the ZIF-8/
PPy@SiO2-MEPCM. In a typical procedure, the ZIF-8/PPy@SiO2-
MEPCM (0.5 mg) was dispersed in a Nafion PFSA polymer
dispersion (1.0 wt %, 50.0 μL) with the aid of ultrasonication for 1 h
to form a homogenous suspension. The suspension (6.0−7.0 μL) was
dripped on the surface of the clean GCE, followed by drying at room
temperature for 2−3 h to obtain the ZIF-8/PPy@SiO2-MEPCM-
modified GCE. The modified GCE was further decorated with laccase
by dripping a laccase-containing phosphate buffer solution (PBS, 0.1
mol·L−1, pH 7.2−7.4) on its surface and then allowed to dry at 4 °C
for 4 h to obtain a working electrode required for the construction of
electrochemical biosensors.

Characterization and Measurements. Scanning electron
microscopy (SEM) was performed using a Zeiss SUPRA 55 field-
emission scanning electron microscope at an acceleration voltage of
20 kV. Image analysis was performed for the resultant SEM images to
determine the mean grain size and distribution of microcapsules by
means of NanoMeasure software. Transmission electron microscopy
(TEM) was performed using a JEOL JEM 2100 transmission electron
microscope at an acceleration voltage of 100 kV. Surface elemental
analysis was carried out using an Oxford INCAX-Act energy-
dispersive X-ray (EDX) spectrometer. The surface chemical
compositions and atomic states of microcapsule samples were
characterized using a Thermo Fisher Scientific EscaLab 250Xi X-ray
photoelectron spectrometer (XPS) equipped with a monochromat-
ized Al Kα radiation source (1486.6 eV) and a hemispherical analyzer
with a pass energy of 20 eV. An energy step size of 0.1 eV was used to
analyze the elemental composition and elemental electron binding
energy of microcapsule samples. The resultant core-level XPS spectra
were fitted with Casa XPS software, and their deconvolution was
further optimized through a Lorentzian-Gaussian peak-shape method.
X-ray powder diffraction (XRD) was performed using a Japan Rigaku
D/Max 2500 VB2 + P/C X-ray diffractometer with Cu Kα radiation
(λ = 0.1541 nm). Fourier-transform infrared (FTIR) spectroscopy
was performed on a Thermo Scientific Nicolet iS10 infrared
spectrometer using a sampling method by KBr compression. Infrared
spectra were recorded in the wavelength range of 400−4000 cm−1 at a
resolution of 2 cm−1. N2 adsorption/desorption isotherms were
recorded at 77 K using a Micromeritics ASAP 2020 sorptometer. Pore
size distribution and specific surface area were determined by means
of the Barrett−Joyner−Halenda (BJH) and Brunauer−Emmett−
Teller (BET) models, respectively.

Differential scanning calorimetry (DSC) measurements were
carried out using a TA Instruments Q20 differential scanning
calorimeter at a ramp rate of 10 °C·min−1 under a nitrogen flux of
50 mL·min−1, crystallization peak temperature (Tc), crystallization
enthalpy (ΔHc), melting peak temperature (Tm), and melting
enthalpy (ΔHm) were obtained from DSC analysis. Indium was
used as a standard to calibrate the changes of phase-change
temperature and enthalpy. Thermogravimetric analysis (TGA) was
carried out under a nitrogen atmosphere using a TA Instruments Q50
thermogravimetric analyzer with a ramp rate of 10 °C·min−1. Thermal
conductivity was measured with an HS-DR-5 thermal conductivity
tester (Shanghai HESHENG Instruments, China) through a transient
plane source method. This instrument has an accuracy of ±3% and a
measurement range of 0.005−300 W·m−1·K−1. The measurement was
carried out directly using the powders of a microcapsule sample at
room temperature, and each test was performed at least five times
until the mean deviation was less than 3%. An analytical balance
method was adopted to evaluate the antileakage performance of
microcapsule samples. A certain quantity of the microcapsule sample
was kept in an oven at 90 °C. The sample was taken out and weighed
at an interval of 1.5 h, and its leakage rate (LR, wt %) was determined
using the following equation32

=
−

×L
m m

m
100%R

0 t

0 (1)

where m0 (g) and mt (g) represent the masses obtained at the initial
time and arbitrary time during the heating process, respectively. A
Testo 875-1i versatile thermal imager was employed to characterize
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the temperature regulation and thermal management behaviors of
microcapsule samples. Infrared thermographic images were recorded
at an accuracy of ±1 °C and image resolution of 640 × 480. Testo
ComSoft Basic software was used to read out the surface temperatures
recorded by data loggers. A heat-impact experiment was conducted to
examine the form and shape stabilities of microcapsules. All samples
were subjected to isothermal heating at 120 °C on an IKA C-MAG
HP10 high-precision electronic hot plat, and their aspects were
monitored in real-time by a digital camera.
A custom-designed three-electrode electrochemical cell was

established to carry out electrochemical analysis using a Chenhua
CHI760E electrochemical workstation with a potential accuracy of
±1.0 mV. The electrochemical cell was configured with a working
electrode, a Pt counter electrode, and a saturated calomel electrode
(SCE) as a reference electrode. An aqueous solution containing
K4Fe(CN)6 (2.0 mmol·L−1) and KCl (0.1 mol·L−1) was used as an
electrolyte for the cell. Two different types of working electrodes were
fabricated by modifying a GCE, respectively, with the ZIF-8/PPy@
SiO2-MEPCM and ZIF-8/PPy@SiO2-SPR, followed by decorating
with laccase. These two different working electrodes were evaluated
by differential pulse voltammetry (DPV), cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS) in the temper-
ature range of 25−65 °C with an interval of 5 °C. CV curves were
obtained in the scan range between −0.4 and 0.4 V, and the scan rate

was set to be 100 mV·s−1. DPV curves were obtained in a scan range
from −0.2 to 0.8 V with a step potential of 4 mV. Nyquist plots were
obtained from EIS analysis in a frequency ranging from 0.01 to
100 000 Hz.

■ RESULTS AND DISCUSSION

Fabrication Mechanism and Structural Character-
ization. To fabricate a ZIF-8/PPy double outer layer onto
phase-change microcapsules, the SiO2-MEPCM was first
synthesized using an emulsion-templated interfacial polycon-
densation technology. Figure 1a shows its schematic synthetic
route and reaction mechanisms. In the current work, n-
docosane was used as a PCM core thanks to its high latent-heat
capacity, and it was encapsulated in a compact inorganic SiO2
shell. The weight ratio of the n-docosane core and the silica
source (TEOS) was determined to be 50/50 for the synthesis
of the microcapsules to obtain a rational balance between the
latent-heat capacity and shell thickness based on our previous
studies.21,23 Figure 2 shows the morphology and surface
elemental distribution of the SiO2-MEPCM. It can be seen in
Figure 2a−c that the SiO2-MEPCM presents a regular
spherical morphology with a compact and smooth surface. A

Figure 2. (a−c) SEM micrographs, (d, e) TEM images, (f) the grain-size distribution curve, and (g) the EDX spectrum and elemental mapping
images of the SiO2-MEPCM.
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well-fined core−shell microstructure of the SiO2-MEPCM was
identified from the SEM image of broken microcapsules as
presented in Figure 2c. Meanwhile, its shell thickness was
determined to be around 250 nm. It should be mentioned that
these broken microcapsules were obtained through manual
grinding. Furthermore, the core−shell microstructure of the
SiO2-MEPCM was also proved by the TEM images as shown
in Figure 2d,e. As seen in Figure 2f, the average diameter of the
SiO2-MEPCM can be determined to be 2.88 μm with a narrow
grain-size distribution from 1.4 to 4.6 μm. Figure 2g shows the
EDX spectrum of the SiO2-MEPCM as well as the

corresponding elemental mapping images. It can be seen that
there are a series of intensive peaks related to the C, O, and Si
elements in the EDX spectrum, and meanwhile, the mapping
images show homogeneous elemental distributions of O and Si
on the microcapsule surface along with a distribution of carbon
background in the testing environment. These results provide
evidence for the successful formation of the SiO2-MEPCM.
Following the formation of the SiO2-MEPCM, its surface

was deposited with a PPy conductive layer to construct the
PPy-SiO2-MEPCM through oxidation polymerization. Accord-
ing to the synthetic strategy depicted in Figure 1b, SDBS as an

Figure 3. SEM images of (a, b) the PPy-SiO2-MEPCM and (c, d) ZIF-8@PPy-SiO2-MEPCM. TEM images of (e) the PPy-SiO2-MEPCM and (f)
ZIF-8@PPy-SiO2-MEPCM. Grain-size distribution curves of (g) the PPy-SiO2-MEPCM and (h) ZIF-8@PPy-SiO2-MEPCM. EDX spectra and
corresponding mapping images of (i) the PPy-SiO2-MEPCM and (j) ZIF-8@PPy-SiO2-MEPCM.
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anionic surfactant was first adsorbed onto the surface of the
SiO2-MEPCM via intermolecular hydrogen bonding. Then, the
alkyl molecular segment of SDBS induced organic pyrrole
monomers to assemble on the shell surface. These pyrrole
monomers were oxidized by FeCl3 to form radical cations. A
number of bipyrrole molecules were generated between the
adjacent radical cations by radical coupling and deprotonation,
and these bipyrroles were further connected to each other.
Such a propagation process was repeated consecutively
through reoxidization and coupling, finally leading to the
formation of the PPy-SiO2-MEPCM with a PPy coating layer
on the surface of the SiO2-MEPCM. In succession, ZIF-8
nanocrystals were anchored on the surface of the PPy coating
layer through a coordination reaction. The PPy-SiO2-MEPCM
was first dispersed in Zn2+ solution, allowing free Zn2+ ions to
be adsorbed on the surface of a negatively charged PPy coating
layer with the aid of electrostatic attraction.33 The coordina-
tion reaction between the Zn2+ ions and PPy was then induced
by 2-MI, leading to the heterogeneous nucleation of ZIF-8 to
form seed nanocrystals upon the surface of the PPy coating
layer. These seed nanocrystals can act as crystal nuclei to
promote the growth of large-sized ZIF-8 polyhedra. The ZIF-
8@PPy-SiO2-MEPCM was finally obtained from a successive
crystal growth. Figure 3a−f shows the SEM and TEM images
of the resultant PPy-SiO2-MEPCM and ZIF-8@PPy-SiO2-
MEPCM. A very rough surface was observed from the PPy-
SiO2-MEPCM due to the formation of a PPy coating layer, as
seen in Figure 3a,b. The surface of the ZIF-8@PPy-SiO2-
MEPCM was found to become much rougher with the
presence of ZIF-8 nanocrystals (see Figure 3c,d). There is no
damage or defect observed from the PPy-SiO2-MEPCM and
ZIF-8@PPy-SiO2-MEPCM, indicating that these two micro-
capsule samples have good mechanical strength and structural
stability in their layer-by-layer shells. Moreover, the TEM
images in Figure 3e,f also demonstrate the existence of the PPy
coating layer and the ZIF-8-anchored PPy coating layer in the
PPy-SiO2-MEPCM and ZIF-8@PPy-SiO2-MEPCM, respec-
tively. According to the SEM image analysis presented in
Figure 3g,h, the mean diameters of the PPy-SiO2-MEPCM and
ZIF-8@PPy-SiO2-MEPCM were determined to be 3.12 and
3.17 μm, respectively. Compared to the SiO2-MEPCM, there is
an increase in shell thickness by 0.24 μm for the PPy-SiO2-
MEPCM and 0.29 μm for the ZIF-8@PPy-SiO2-MEPCM.
These results prove the successful fabrication of the ZIF-8@
PPy-SiO2-MEPCM with the desired morphology and micro-
structure in accordance with our design strategy.

The surface elemental compositions and distributions of the
PPy-SiO2-MEPCM and ZIF-8@PPy-SiO2-MEPCM were
investigated by EDX spectroscopy, with the resultant spectra
and elemental mapping images presented in Figure 3i,j. The
PPy-SiO2-MEPCM was found to show four typical signals
related to the C, O, N, and Si elements in its EDX spectrum
(see Figure 3i). Besides these four elements, the Zn element
was also observed from the EDX spectrum of the ZIF-8@PPy-
SiO2-MEPCM (see Figure 3j). The mapping images in Figure
3i show homogeneous distributions of O, Si, and N elements
on the PPy-SiO2-MEPCM because of the formation of the
PPy@/SiO2 layer-by-layer shell. In contrast, the mapping
images in Figure 3i clearly display the Zn element distribution
together with the Si, O, and N elements on the ZIF-8@PPy-
SiO2-MEPCM, proving the presence of ZIF-8. All micro-
capsule samples were also characterized by FTIR spectroscopy,
and the obtained infrared spectra are given in Figure 4a. A set
of characteristic absorption bands related to the SiO2 shell and
n-docosane core were observed in the FTIR spectra of the
SiO2-MEPCM, PPy-SiO2-MEPCM, and ZIF-8@PPy-SiO2-
MEPCM as marked in Figure 4a. This can be considered as
an indication of the successful encapsulation of the n-docosane
core in the SiO2 shell. Moreover, both the PPy-SiO2-MEPCM
and the ZIF-8@PPy-SiO2-MEPCM show a set of characteristic
absorption peaks at 1633 cm−1 (the CC stretching
vibration), 1550 cm−1 (the C−N stretching vibration), 1381
cm−1 (the N−H stretching vibration), 1307 cm−1 (the out-
plane ring bending vibration), and 1175 cm−1 (the N−H
wagging vibration) in their infrared spectra. This suggests the
formation of the PPy layer on the SiO2-MEPCM.34,35 On the
other hand, the ZIF-8@PPy-SiO2-MEPCM was found to
present a series of intensive absorption peaks corresponding to
the C N stretching vibration at 1574 cm−1, the in-plane ring
bending vibration at 1150 cm−1, theC−H wagging vibration
at 754 cm−1, and the Zn−N stretching vibration at 418 cm−1 in
its FTIR spectrum.36,37 These results give clear evidence for
the presence of ZIF-8 on the surface of the PPy-SiO2-MEPCM.
XRD was conducted to examine the crystallinity and

crystalline structure of three microcapsule samples, and the
resultant XRD patterns are shown in Figure 4b. As seen in
Figure 4b, the XRD pattern of the pure SiO2 shell only shows a
broad diffuse peak, indicating an amorphous nature of the SiO2
shell. In contrast, pure n-docosane exhibits a series of well-
defined diffraction peaks in its XRD pattern as marked in
Figure 4b, reflecting its excellent crystallinity. It is worth noting
that these diffraction peaks of n-docosane also appear in the

Figure 4. (a) FTIR spectra and (b) XRD patterns of pure n-docosane, the SiO2 shell, and microcapsule samples.
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XRD patterns of the SiO2-MEPCM, PPy-SiO2-MEPCM, and
ZIF-8@PPy-SiO2-MEPCM. This means that the layer-by-layer
presence of the capsule shell does not influence the crystalline
structure of the n-docosane core, and its phase-transition
capability is maintained well to serve for the thermal
management application in biosensors. Moreover, the XRD
pattern of the ZIF-8@PPy-SiO2-MEPCM shows a set of extra
diffraction peaks at 7.52, 10.58, 12.89, 14.74, 16.56, and 18.19°
corresponding to the assigned reflections of cubic ZIF-8 as
marked in Figure 4b. These characteristic diffraction peaks are
consistent with the theoretical diffraction patterns as reported
in the literature,36 reconfirming the existence of ZIF-8 crystals
on the ZIF-8@PPy-SiO2-MEPCM.

XPS analysis was conducted for three microcapsule samples
to cast light on the chemical structure of their shells in a layer-
by-layer mode, and the resultant core-level XPS spectra are
shown in Figure 5a−l. As seen in Figure 5a, all of the samples
were found to present three characteristic peaks of C, O, and Si
atoms in their survey XPS spectra. An extra signal from the N
atom appears in the survey XPS spectrum of the PPy-SiO2-
MEPCM, whereas a series of typical Zn signals are observed
together with the N signal in the survey XPS spectrum of the
ZIF-8@PPy-SiO2-MEPCM. The atomic coordination state of
the Si−O bond can be determined for the SiO2-MEPCM from
its high-resolution core-level XPS spectra of Si 2p and O 1s, as
seen in Figure 5b,c. In the case of the PPy@SiO2-MEPCM, the
CC−N, CC, C−C, C−H, CC−N, C−N, N−C, and

Figure 5. (a) Survey XPS spectra, high-resolution core-level XPS spectra and their deconvoluted curves of (b, c) the SiO2-MEPCM, (d−g) PPy-
SiO2-MEPCM, (h−l) ZIF-8@PPy-SiO2-MEPCM. (m) N2 adsorption−desorption isotherm along with the BJH pore-size distribution curve (inset)
of the ZIF-8@PPy-SiO2-MEPCM.
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N−H bonds, in addition to the Si−O bond, can be identified
from its high-resolution XPS spectra as shown in Figure 5d−g.
This indicates the coexistence of the SiO2 shell and the PPy
layer in the PPy-SiO2-MEPCM. In contrast to the PPy-SiO2-
MEPCM, the ZIF-8@PPy-SiO2-MEPCM displays a set of new

signals related to Zn 2p1/2 (1044.8 eV), Zn 2p3/2 (1021.9 eV),
Zn 3s (139.7 eV), and Zn 3p (88.0 eV) in its high-resolution
core-level XPS spectra (see Figure 5a,l). In addition, besides
the chemical bonds from the SiO2 shell and PPy coating layer,
the CN, CN, and N−Zn bonds can also be found in the

Figure 6. (a) DSC cooling thermograms, (b) DSC heating thermograms, (c) phase-change enthalpies, (d) phase-change temperatures, (e)
encapsulation parameters, and (f) thermal conductivities of (1) pure n-docosane, (2) SiO2-MEPCM, (3) PPy-SiO2-MEPCM, and (4) ZIF-8@PPy-
SiO2-MEPCM. (g) DSC thermograms, (h) phase-change enthalpies, and (i) phase-change temperatures of the ZIF-8@PPy-SiO2-MEPCM
obtained at an interval of thermal cycle number of 10. (j) FTIR spectra of the ZIF-8@PPy-SiO2-MEPCM obtained before and after the thermal
cycling experiment. SEM images of the ZIF-8@PPy-SiO2-MEPCM obtained (k) before and (l) after the thermal cycling experiment.
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deconvoluted core-level XPS spectra of the ZIF-8@PPy-SiO2-
MEPCM as noted in Figure 5h−k. These results demonstrate
the formation of ZIF-8 on the surface of the PPy coating layer.
The nanostructural characteristics of the ZIF-8@PPy-SiO2-
MEPCM were characterized through a N2 adsorption−
desorption experiment, with the resultant results presented in
Figure 5m. It can be seen that the ZIF-8@PPy-SiO2-MEPCM
displays a typical type I isotherm with an H3 hysteresis loop
according to the IUPAC classification. This represents a
mesoporous structure appearing on the surface of the ZIF-8@
PPy-SiO2-MEPCM due to the formation of nanostructural
ZIF-8. Furthermore, the specific surface area and mean pore
size were determined to be 496.1 m2·g−1 and 3.056 nm by the
BET and BJH models, respectively. Such a large specific
surface area together with a mesoporous structure not only can
promote a fast heat transfer of the ZIF-8@PPy-SiO2-MEPCM
for thermal management but also can lead to an electro-
chemical response enhancement.
Phase-Change Behaviors and Thermal Performance.

The phase-change behaviors and thermal energy-storage
properties of microcapsule samples were investigated with
dynamic DSC scans, with the resultant DSC thermograms and
thermal analysis results presented in Figure 6. It should be
noted that there is a bimodal behavior observed from both the
crystallization and the melting processes of the microcapsule
samples as well as pure n-docosane in their DSC thermograms
(see Figure 6a,b). Such bimodal exothermic and endothermic
behaviors are attributed to the metastable rotator phase
appearing in n-docosane. It has been reported that n-alkanes
are normally obliged to experience a rotator phase trans-
formation in the crystallization process as a result of the
formation of intrachain defects and conformational disordered
crystals.38,39 The occurrence of bimodal behavior in all of the
microcapsule samples suggests that the layer-by-layer for-
mation of the capsule shell seems not to affect the phase-
change behaviors of the n-docosane core. As observed from the
thermal analysis data listed in Figure 6c,d, pure n-docosane
presents a Tc of 36.3 °C with a ΔHc of 246.4 J·g

−1 and a Tm of
45.8 °C with a ΔHm of 248.7 J·g−1. Moreover, pure n-docosane
also reveals a rotator phase temperature (TR) at 39.0 °C. These
results suggest that n-docosane has a high latent-heat capacity
and desirable phase-change temperatures for performing
temperature regulation in biosensing systems. Nevertheless,
all of the microcapsule samples show a decrease in ΔHc and
ΔHm due to the presence of an inert SiO2 shell as well as an
electroactive PPy/ZIF-8 layer. This evidently reduces the mass
fraction of n-docosane in the microcapsule system, con-
sequently resulting in a decrease in the melting and
crystallization enthalpies of three microcapsule samples in
proportion to the mass fraction of shell materials. In this sense,
the higher mass fraction of shell materials results in lower
phase-change enthalpies for the microcapsule sample. Never-
theless, the ZIF-8@PPy-SiO2-MEPCM still achieved a high
latent-heat capacity of around 124.0 J·g−1 after the layer-by-
layer encapsulation, indicating a satisfactory heat-storage
capacity for thermal management application. Table S1
summarizes the thermal performance of the microcapsule
samples synthesized in this work and other microencapsulated
paraffin-type PCMs with various SiO2-based shells reported in
the literature (see the Supporting Information). As observed
from Table S1, most of the paraffin/SiO2-based systems
presented a bimodal crystallization behavior. However, the
SiO2-MEPCM and PPy-SiO2-MEPCM synthesized in this

work exhibited a higher latent-heat capacity than most of the
paraffin/SiO2-based phase-change microcapsules with a
bimodal or unimodal crystallization behavior as reported in
the literature. This result indicates that the thermal perform-
ance of the paraffin/SiO2-based phase-change microcapsules is
highly related to the encapsulation technique instead of
crystallization behaviors. Moreover, it is of importance to
note that the ZIF-8@PPy-SiO2-MEPCM achieved a high
latent-heat capacity of over 120 J·g−1, which can meet the
requirement of thermal management for future use in the
intelligent biosensor. In addition, there is a visible reduction in
Tc and TR observed from three microcapsule samples
compared to pure n-docosane, as seen in Figure 6d. This is
ascribed to the geometric confinement of a microsized capsule,
which restricts the molecular movement of the n-docosane
core in the crystallization process. In addition, a slight decrease
in Tm is also noted for three microcapsule samples, which may
be due to an enhancement in heat transfer in the microcapsule
system caused by a large specific surface area of the SiO2 shell.
Three important encapsulation parameters, including the

encapsulation ratio (Een), encapsulation efficiency (Ees), and
thermal energy-storage efficiency (Ces), are usually used for
reflecting the encapsulation characteristics of phase-change
microcapsules, and they can be determined using the following
equations21
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where ΔHm,MEPCM (J·g−1) and ΔHm,PCM (J·g−1) are the melting
enthalpies of phase-change microcapsules and pure n-
docosane, respectively, and ΔHc,MEPCM (J·g−1) and ΔHc,PCM
(J·g−1) are the crystallization enthalpies of phase-change
microcapsules and pure n-docosane, respectively. As seen in
Figure 6e, the SiO2-MEPCM exhibits a high encapsulation
ratio and encapsulation efficiency of over 77%. In the presence
of a PPy coating layer, the PPy@SiO2-MEPCM shows a
decrease in Een and Ees, both of which still reached around
70%. The Een and Ees of the ZIF-8@PPy-SiO2-MEPCM are
further reduced to approximately 52% due to the incorporation
of ZIF-8, indicating that there is about 52% of the n-docosane
core in the microcapsules ready for thermal energy storage.
However, all of the microcapsule samples were found to
achieve extreme high Ces of over 98%. This suggests that 98%
of the n-docosane core can normally perform reversible phase
transitions to absorb, store, and release thermal energy,
reflecting good thermal management effectiveness for future
use.
Figure 6f shows the thermal conductivities of pure n-

docosane and three microcapsule samples. Pure n-docosane
was found to have a low thermal conductivity of 0.179 W·m−1·
K−1. Furthermore, the SiO2-MEPCM, PPy-SiO2-MEPCM, and
ZIF-8@PPy-SiO2-MEPCM exhibit higher thermal conductiv-
ities of 0.813, 0.762, and 0.755 W·m−1·K−1, respectively. There
is no doubt that the thermal conductance can be significantly
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enhanced by encapsulating n-docosane in silica as a highly
thermally conductive inorganic shell. This can enhance the
heat transfer and thermal response capability of the micro-
capsule system. However, a slight reduction in thermal
conductance occurs in the PPy-SiO2-MEPCM and ZIF-8@
PPy-SiO2-MEPCM in comparison with the SiO2-MEPCM.
This was caused by the fabrication of a PPy coating layer and
ZIF-8 because these two shell materials have a nature of low
thermal conductance. A thermal cycling experiment was
carried out to examine the phase-change reversibility and
repeatability of the ZIF-8@PPy-SiO2-MEPCM through 100
cycles of consecutive heating−cooling DSC scans. Figure 6g−i

shows the DSC thermograms and corresponding thermal
analysis data obtained from every 10 thermal cycles. As seen in
Figure 6g, the ZIF-8@PPy-SiO2-MEPCM exhibits a high
coincidence with each other from the first thermal cycle to the
last, as shown in its DSC thermograms. Its phase-change
enthalpies maintain almost constant quantities with a variation
of the thermal cycling number. There is only a small
fluctuation in phase-change enthalpy between ±2.2 J·g−1 for
ΔHc and between ±2.6 J·g−1 for ΔHm across the whole cycling
process, as noted in Figure 6h. All phase-change temperatures
were also found to fluctuate slightly within a very narrow range
of ± 0.46 °C during the thermal cycling process, as seen in

Figure 7. (a) TGA thermograms and (b) DTG curves of pure n-docosane and microcapsule samples. (c) Plots of the leakage rate as a function of
time for microcapsule samples. (d) Digital photographs of (1) pure n-docosane, (2) the SiO2-MEPCM, and (3) ZIF-8@PPy-SiO2-MEPCM during
the isothermal heating process at 120 °C. Real-time infrared thermographic images of (1) the ZIF-8@PPy-SiO2-SPR (control) and (2) ZIF-8@
PPy-SiO2-MEPCM recorded in (e) the heating and (f) cooling processes. (g) Plots of temperature evolution as a function of time for the ZIF-8@
PPy-SiO2-MEPCM and ZIF-8@PPy-SiO2-SPR (control) obtained from infrared thermographic analysis.
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Figure 6i. FTIR and SEM characterization methods were
performed for the ZIF-8@PPy-SiO2-MEPCM before and after
the thermal cycles to evaluate its structural and chemical
stabilities over a long-term use for thermal energy storage and
release. Figure 6j−l shows the obtained FTIR spectra and SEM
images. As seen in Figure 6j, the ZIF-8@PPy-SiO2-MEPCM
exhibits similar intensity and location for the infrared
absorption bands in their FTIR spectra before and after 100
thermal cycles. There is no visible difference between the
profiles of the two spectra. It is observed from the SEM images
in Figure 6k,l that the ZIF-8@PPy-SiO2-MEPCM shows
almost the same morphology before the thermal cycle
experiment, indicating its good structural stability. These
results clearly prove that the ZIF-8@PPy-SiO2-MEPCM has a
prominent thermal cycling stability to serve for temperature-
regulation application in biosensors.
Thermal Management Performance and Working

Stability. TGA analysis was conducted to examine the
thermal stabilities of three microcapsule samples and pure n-
docosane as a control, with the resultant TGA thermograms
and differential thermogravimetric (DTG) curves displayed in
Figure 7a and b, respectively. As observed from the TGA
thermograms, pure n-docosane presents a typical one-step
thermal degradation behavior in the temperature range from
125 to 260 °C with almost no residual char left. This may be
attributed to the thermal evaporation of n-docosane. The SiO2-
MEPCM also shows a one-step degradation behavior, resulting
in a char yield of 23.25 wt %. The residual char is attributed to
the indecomposable SiO2 shell, which is essentially in
agreement with the encapsulation ratio of the SiO2-MEPCM,
as listed in Figure 6e. However, the PPy-SiO2-MEPCM shows
a drastic degradation behavior followed by a gradual mass loss
in its TGA thermograms, in which the first stage mass loss is
attributed to the evaporation of encapsulated n-docosane, and
the secondary one is due to the high-temperature decom-
position of the PPy layer. Furthermore, the ZIF-8@PPy-SiO2-
MEPCM not only shows the same degradation behavior with
the PPy-SiO2-MEPCM but also shows a visible mass loss at
around 550 °C. This may result from the decomposition of the
crystalline ZIF-8.40 The characteristic temperature (Tmax) at
maximum mass-loss rate can usually be used as an indication of
thermal stability for chemical substances, and it can be
obtained from DTG analysis. As observed in Figure 7b, pure n-
docosane presents a Tmax at 251 °C, corresponding to its
evaporation. In contrast to pure n-docosane, there is a slight
increase in Tmax observed from both the SiO2-MEPCM and the
PPy-SiO2-MEPCM. This may be ascribed to the sealing effect
from the SiO2 shell and PPy layer, which provides an effective
protection against the evaporation of the n-docosane core.
However, the Tmax of the ZIF-8@PPy-SiO2-MEPCM was
found to decrease slightly. This may be due to the structural
damage of the PPy layer with the introduction of ZIF-8.
Anyway, the ZIF-8@PPy-SiO2-MEPCM still exhibits a good
thermal stability for thermal management applications.
The antileakage performance of microcapsule samples was

evaluated by measuring their leakage rates at different heating
times. Figure 7c shows the leakage rates obtained from an
accelerated leakage experiment. All microcapsule samples
exhibit a gradual decrease in leakage-rate growth with an
increase in heating time. Furthermore, the PPy-SiO2-MEPCM
and ZIF-8@PPy-SiO2-MEPCM exhibit lower leakage rates
than the SiO2-MEPCM at the same heating time, indicating
that the fabrication of the PPy coating layer provides an extra

protection against the leakage of the n-docosane core. It seems
that the presence of ZIF-8 on the PPy coating layer does not
generate any negative effect on the antileakage performance of
microcapsules. The ZIF-8@PPy-SiO2-MEPCM still exhibits a
low leakage rate of 1.32 wt % after heating at 90 °C for 30 h,
reflecting an excellent antileakage capability. The high-
temperature impact resistance of the ZIF-8@PPy-SiO2-
MEPCM was investigated by means of a high-temperature
heat-impact experiment. Figure 7d shows the real-time
photographs for the ZIF-8@PPy-SiO2-MEPCM at different
heating times along with pure n-docosane and the SiO2-
MEPCM as controls. Pure n-docosane was found to lose its
original shape easily and flow away as a result of a phase
transition from solid to liquid when heated to its melting
temperature, suggesting a poor shape stability in the molten
state. In contrast, the SiO2-MEPCM and ZIF-8@PPy-SiO2-
MEPCM always keep their original shape and form without
any change across the whole heating process until up to 120 °C
for 165 s. There is no leakage observed from two microcapsule
samples in the heating process. These phenomena suggest that
the fabrication of a SiO2 shell together with a ZIF-8-anchored
PPy coating layer can offer an effective protection against high-
temperature impact for the n-docosane core, maintaining a
good shape/form stability for the ZIF-8@PPy-SiO2-MEPCM
when used at a temperature much higher than the melting
point of n-docosane.
An infrared thermographic technique was used to character-

ize the temperature-regulation behavior of the ZIF-8@PPy-
SiO2-MEPCM as well as the ZIF-8@PPy-SiO2-SPR without an
n-docosane core as a control. The two microcapsule samples
were placed at a hot plate to undergo heating up to 70 °C and
then cooled down to room temperature naturally. An infrared
thermal imaging camera was used to monitor their surface
temperatures in real-time. Figure 7e,f displays the thermo-
graphic images of two microcapsule samples recorded during
the heating and cooling processes. Meanwhile, Figure 7g shows
the plots of surface temperature evolution with of time
obtained infrared thermographic analysis. It can be seen in
Figure 7e,f that the ZIF-8@PPy-SiO2-SPR shows a fast color
change from blue to green to orange-red in the heating process,
but an opposite color evolution during the cooling process.
This phenomenon reflects a fast thermal response of the ZIF-
8@PPy-SiO2-SPR without a PCM core. In contrast, the ZIF-
8@PPy-SiO2-MEPCM was found to present a slower change
in the surface temperature in the heating and cooling processes
(see Figure 7e,f). It is evident that such a delayed thermal
response is attributed to the thermal management effect
resulting from the PCM core within the ZIF-8@PPy-SiO2-
MEPCM. As observed from the quantitative temperature
evolution with time presented in Figure 7g, two visible
temperature hysteresis regions can be clearly noted individually
in the heating and cooling processes of the ZIF-8@PPy-SiO2-
MEPCM. These two temperature ranges are in good
agreement with the melting and crystallization temperature
regions of the n-docosane core. It is evident that the
temperature hysteresis occurring in the ZIF-8@PPy-SiO2-
MEPCM is caused by the latent-heat absorption and release of
its n-docosane core through melting and crystallization phase
transitions. In contrast, the temperature evolution of the ZIF-
8@PPy-SiO2-SPR is only determined from sensible heat due to
the absence of a PCM core. As a result, there is no hysteresis
appearing in the temperature-evolution plot of the ZIF-8@
PPy-SiO2-SPR, as seen in Figure 7g. The ZIF-8@PPy-SiO2-
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SPR exhibits a rapid thermal response to a change in the
background temperature, resulting in a continuous temper-
ature increase or decrease without any discernable hysteresis.
These results clearly confirm an effective thermal management
capability of the ZIF-8@PPy-SiO2-MEPCM to conduct
temperature regulation to generate a thermal buffering effect
in situ on its local microenvironment.
Electrochemical Sensing Performance. The electro-

chemical biosensor based on the ZIF-8@PPy-SiO2-MEPCM-
modified electrode was fabricated with the GCE as a bare
electrode by means of the method schematically depicted in
Figure 8. CV, EIS, and DPV characterization methods were
conducted for the bare GCE and its modified electrodes with
different microcapsule samples in a Fe(CN)6

3−/4− solution as a
redox probe to confirm the successful construction of an
electrochemical biosensor. As shown in Figure 9a, the bare
GCE presents a good coincidence in its 10-cycle CV curves, in
which two well-defined redox peaks can be clearly observed
along with a peak-to-peak separation of around 0.71 V. This
indicates that the bare GCE used in this work has a good
reversible redox performance and can well serve as a bare
electrode for the construction of electrochemical biosensors.41

Figure 9b displays the Nyquist plots of the bare GCE and its
modified electrodes with different microcapsule samples. The
performance of these different electrodes with respect to the
kinetics of electron transfer can be well reflected from EIS
characterization. These Nyquist plots were found to consist of
two parts, including a semicircle at high frequencies
corresponding to the electron-transfer resistance (Rct) and a
linear portion at low frequencies related to the electrochemical
behaviors controlled by a diffusion process. It is under-
standable that the electron-transfer rate is greatly dependent
on the Rct value of an electrode because the charges are
normally converted on the electrode surface.42 Both the bare
GCE and the SiO2-MEPCM-modified electrode present a
significantly larger semicircle radius than the other electrodes
in the high-frequency region in their Nyquist plots, reflecting
low electrical conductance. It is notable that the PPy-SiO2-
MEPCM-modified electrode exhibits the smallest semicircle
radius among these electrodes, suggesting that this electrode
gains enhanced charge transfer in the presence of the

conductive PPy coating layer. In contrast to the PPy-SiO2-
MEPCM-modified electrode, the ZIF-8@PPy-SiO2-MEPCM-
modified electrode was found to show an increase in the
semicircle radius due to the poor conductive nature of ZIF-8.
However, its impedance data show a phase angle larger than
45° in the low frequency. This value is also larger than those of
the other modified electrodes, suggesting that the ZIF-8@PPy-
SiO2-MEPCM-modified electrode system has smaller ion-
diffusion impedance than the other systems.43

CV scanning was carried out for the bare GCE and its
modified electrodes with different microcapsule samples in the
PBS (0.1 mol·L−1) in the presence and absence of DA as a
substrate, with the resultant CV curves presented in Figure
9c,d. It can be seen that there is no redox peak detected on the
bare GCE and SiO2-MEPCM-modified electrode without the
substrate, indicating that these two electrodes have no catalytic
activity with little detection effectiveness. It should be noted in
Figure 9d that a pair of weak redox peaks are observed only
from the bare GCE but not from the SiO2-MEPCM-modified
electrode in the presence of DA. This may be due to a weak
electrochemical reaction occurring between the conductive
surface of the bare electrode and DA. There is a slight
enhancement in redox peaks as a result of the presence of a
PPy conductive layer in the PPy-SiO2-MEPCM-modified and
ZIF-8@PPy-SiO2-MEPCM-modified electrodes, as observed in
Figure 9c. The ZIF-8@PPy-SiO2-MEPCM-modified electrode
was found to show a pair of well-defined redox peaks in the
presence of laccase, even if there is no substrate in the PBS.
Such a faradaic behavior is derived from the direct electron
transfer between the electrode and the decorated laccase
molecules.44 This suggests that an efficient electronic
communication has been established between the bare GCE
and the laccase-decorated ZIF-8@PPy layer, leading to a good
electrochemical response.45 It is believable that the ZIF-8@
PPy conductive layer plays an important role in promoting the
electron exchange between the bare GCE and the electroactive
center of laccase.46 Therefore, a superior electrocatalytic
activity of laccase can be achieved for DA with the aid of the
ZIF-8@PPy layer. The ZIF-8@PPy-SiO2-MEPCM-modified
electrode presents a further enhancement in redox peak
current in the presence of DA, as seen in Figure 9d. Such a pair

Figure 8. Schematic construction process of an electrochemical biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified electrode.
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of well-defined redox peaks with enhanced peak currents can
be assigned to the oxidation of DA to dopamine quinone and
the subsequent reduction of dopamine quinone to DA, as
reported in the literature.47 The electrochemical behavior of
the ZIF-8@PPy-SiO2-SPR-modified electrode was also char-
acterized with CV in the presence and absence of DA, with the
resultant CV curves presented in Figure S1 (see the Supporting
Information). Similar to the ZIF-8@PPy-SiO2-MEPCM-
modified electrode, there is a significant enhancement in
redox peaks observed in the ZIF-8@PPy-SiO2-SPR-modified

electrode in the presence of DA, indicating that this modified
electrode has a clear electrochemical response to DA and can
be used as a qualified control for further comparative study.
According to the electrochemical catalytic mechanism

depicted in Figure 8, DA is first oxidized to dopamine-o-
quinone by the laccase (Lac-Cu2+), and then the laccase loses
electrons to form the laccase (Lac-Cu+). Such redox reactions
lead to a bioelectrocatalytic cycle, consequently generating
electrons to be transferred to the working electrode. In this
electrochemical biosensing system, ZIF-8 possesses a large

Figure 9. (a) Cyclic CV cures of the bare GCE. (b) Nyquist plots of the bare GCE and its modified electrode with different microcapsule samples.
CV curves of the bare GCE and its modified electrode with different microcapsule samples (c) without DA (substrate) and (d) with DA. (e) CV
curves of the ZIF-8@PPy-SiO2-MEPCM-modified electrode at different scan rates. (f) Effects of pH on the DPV behaviors of the electrochemical
biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified electrode.
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specific surface area and, therefore, can provide a great number
of catalytic active sites for the electrochemical reaction of DA,
resulting in an enhancement in the electrochemical response.
Moreover, the presence of PPy as a conductive polymer can
greatly enhance the redox peak responses under the rapid
electron transfer. The effect of the scan rate on the
electrochemical behavior of the biosensor constructed with
the ZIF-8@PPy-SiO2-MEPCM-modified electrode was eval-
uated by CV. Figure 9e presents the CV curves obtained at
different scan rates alone with the data of redox peak currents.
There is a good linear relation between the redox peak currents
and the scan rate. This indicates that an adsorption-controlled
electron process dominates the electron transfer in this
biosensing system.48 Furthermore, such an electron-transfer
process is rapid and quasi-reversible, as observed from the CV
curves in Figure 9e, suggesting that the biosensing system
facilitates a facile electron-transfer reaction. These results
demonstrate that the electrochemical biosensor fabricated in
this study has a good electrochemical response together with a
high biocatalytic activity for the detection of DA. In addition,
DPV characterization was performed to evaluate the effect of
pH on the electrochemical behavior of the fabricated biosensor
for DA detection. Figure 9f shows the DPV curves obtained in
the range of pH 5.8−8.0. These DPV curves exhibit a
significant change in peak current with a variation of pH. It is
noticeable that a maximum oxidation peak current is achieved
for the biosensor at pH 7.5, which may be associated with the
protons involved in the electrochemical reactions. Therefore,
pH ∼ 7.5 is considered as a desirable pH value for future
experiments.
Effect of Temperature on Biosensing Detection of

DA. It is expected for us to make an intelligent combination of
the PCM and electroactive substance through the fabrication
of the ZIF-8@PPy-SiO2-MEPCM. As a result of this
integration, the resultant electrochemical biosensor can obtain
a thermal self-regulation capability to generate a thermal
buffering effect in situ on its microenvironment under a drastic
fluctuation of ambient temperature. This can be realized
through phase transitions of the PCM core of the ZIF-8@PPy-
SiO2-MEPCM in the working electrode. To identify the
thermal self-regulation effectiveness of the ZIF-8@PPy-SiO2-
MEPCM in the electrochemical biosensor, CV and DPV
characterization methods were performed for the ZIF-8@PPy-
SiO2-MEPCM-modified electrodes at different ambient
temperatures, and the ZIF-8@PPy-SiO2-SPR-modified elec-

trode without a PCM inside was examined as a control
electrode. Figure 10a,b shows the CV curves of the ZIF-8@
PPy-SiO2-MEPCM-modified and ZIF-8@PPy-SiO2-SPR-
modified electrodes at different ambient temperatures,
respectively. These two modified electrodes exhibit an
increasing trend in oxidation peak current as the ambient
temperature increases up to 45 °C. This phenomenon
indicates that the electrochemical biosensors have an
increasing biocatalytic activity to DA with an increase in
temperature. The oxidation peak currents of the two modified
electrodes decrease with a continuous increase in ambient
temperature, indicating that the biocatalytic activity of laccase
tends to deteriorate at higher temperatures. It is concluded that
the electrochemical biosensors constructed in this work can
achieve a maximum biocatalytic activity at an optimal
temperature of 45 °C. However, it is of interest to note that
the ZIF-8@PPy-SiO2-MEPCM-modified electrode presents a
slower decreasing trend in oxidation peak current than the
control electrode with a further increase in ambient temper-
ature. Such a trend can also be clearly observed from the plots
of oxidation peak current as a function of ambient temperature
for the ZIF-8@PPy-SiO2-MEPCM modified and control
electrodes in Figure 10c. This may be due to the fact that
the n-docosane core in the ZIF-8@PPy-SiO2-MEPCM can
generate a cooling effect in situ on its modified electrode
through latent-heat absorption in the melting process. As a
result of the cooling effect, the microenvironmental temper-
ature around the working electrode tends to decrease at any
ambient temperatures higher than 45 °C. This evidently
depresses the deterioration of biocatalytic activity of laccase
and enhances the electrochemical response to DA accordingly.
In contrast, there is no cooling effect generated in the ZIF-8@
PPy-SiO2-SPR-modified electrode due to the absence of the
PCM core. This leads to a continuous deterioration of
biocatalytic activity of the resultant biosensor at an ambient
temperature higher than 45 °C, and therefore the ZIF-8@PPy-
SiO2-SPR-modified electrode presents a rapid reduction in
oxidation peak current than the ZIF-8@PPy-SiO2-MEPCM-
modified one as seen in Figure 10c.
DPV has been recognized to be a valuable technique in

many ways complementary to CV. Based on this technique, a
fast, sensitive, reliable, and high-resolution detection effect can
be achieved for analytes in electrochemical sensing systems due
to its intrinsic high current sensitivity and low charging
contribution to the background current.49 To further confirm

Figure 10. CV curves of (a) the ZIF-8@PPy-SiO2-MEPCM-modified and (b) ZIF-8@PPy-SiO2-SPR-modified electrodes at different ambient
temperatures. (c) Plots of oxidation peak current as a function of ambient temperature for the ZIF-8@PPy-SiO2-MEPCM and ZIF-8@PPy-SiO2-
SPR-modified electrodes.
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the thermal self-regulation effect existing in the electrochemical
biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified
electrode, DPV measurements were performed at 25 and 50
°C for the corresponding biosensor at different concentrations
of DA ranging from 10.0 to 100.0 μmol·L−1. Meanwhile, the
ZIF-8@PPy-SiO2-SPR-modified electrode without a PCM
inside was also examined as a control electrode by DPV
under identical conditions. The resultant DPV curves are
presented in Figure 11a−d. It can be seen that both of the
modified electrodes present an increase in oxidation peak

current with increasing the concentration of DA at 25 and 50
°C in the PBS (0.1 μmol·L−1, pH ∼ 7.4). The oxidation peak
current at 50 °C was found to be much greater than that at 25
°C when the two modified electrodes were used to detect DA
at the same concentration. It is understandable that a higher
temperature can improve the electron-transfer rate in the
biosensing system and promotes redox reactions accordingly.
Consequently, the electrochemical response was enhanced
significantly.50 It is worth noting in Figure 11e,f that there is a
good linear relationship between the oxidation peak current

Figure 11. DPV curves of the ZIF-8@PPy-SiO2-MEPCM-modified electrode at (a) 25 °C and (b) 50 °C. DPV curves of the ZIF-8@PPy-SiO2-
SPR-modified electrode at (c) 25 °C and (d) 50 °C. Plots of oxidation peak current as a function of DA concentration and corresponding linear fits
for the biosensors at (e) 25 °C and (f) 50 °C.
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(Ipa, μmol·L−1) and DA concentration (cDA, μmol·L−1),
indicating a good linear response for the two modified
electrodes in the DA concentration range of 10.0−100.0
μmol·L−1 at two different temperatures. The linear regression
equations of two modified electrodes at 25 and 50 °C were
determined according to the linear fits and then presented in
Table 1. Furthermore, their sensitivities can be calculated
according to the ratio of the slope of the fit line to the surface
area of the electrode. Their limits of detection can be
determined in terms of the signal-to-noise ratio of 3 (S/N =
3) using the formula of 3s/b, where s and b represent the
relative standard deviation (RSD) of a blank solution and
sensitivity, respectively. These important biosensing data are
also summarized in Table 1. Based on the results in Table 1,

the biosensor based on the ZIF-8@PPy-SiO2-MEPCM-
modified electrode was found to exhibit a sensitivity and
limit of detection similar to the biosensor using the control
electrode when detecting DA at 25 °C. However, it presents a
higher sensitivity to DA together with a lower limit of
detection than the control biosensor at a detection temper-
ature of 50 °C. Evidently, the ZIF-8@PPy-SiO2-MEPCM-
modified electrode presents a better biocatalytic effect on DA
at a higher temperature than the ZIF-8@PPy-SiO2-SPR-
modified one as a result of the thermal self-regulation effect
derived from the integration of PCM and the electrode. This
result is also in good agreement with those obtained from CV
measurements. In conclusion, the biosensor developed in this
work has a stronger determination capability and better

Table 1. Linear Regression Equations, Sensitivities, and Limits of Detection of the Biosensors at Different Ambient
Temperatures

biosensor type
temperature

(°C)
linear regression

equation R2
sensitivity

(μA·L·μmol−1·cm−2)
limit of detection

(μmol·L−1)

the biosensor based on the ZIF-8@PPy-SiO2-
MEPCM

25 Ipa = 0.539·cDA + 1.392 0.999 0.758 ± 0.01 0.0321 ± 0.001
50 Ipa = 0.251·cDA + 1.443 0.998 3.541 ± 0.03 0.0069 ± 0.001

the biosensor based on the ZIF-8@PPy-SiO2-SPR 25 Ipa = 0.541·cDA + 1.698 0.999 0.766 ± 0.01 0.0322 ± 0.001
50 Ipa = 0.159·cDA + 0.417 0.997 2.211 ± 0.02 0.0109 ± 0.001

Figure 12. (a) DPV curves of the biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified electrode with mixed solutions of DA, AA, and UA
at different concentrations of DA and fixed concentrations of AA (1.0 mmol·L−1) and UA (200.0 μmol·L−1). (b) Plot of oxidation peak current as a
function of DA concentration along with the corresponding linear fit for the biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified electrode.
(c) DPV curves of the biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified electrode with a DA concentration of 100.0 μmol·L−1 after
storage for different days. (d) Plots of oxidation peak current as a function of storage day for the biosensor based on the ZIF-8@PPy-SiO2-
MEPCM-modified electrode.
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detection effectiveness toward DA at a higher ambient
temperature than the conventional ones.
Anti-interferential Performance and Storage Stabil-

ity. The anti-interference capability of the biosensor based on
the ZIF-8@PPy-SiO2-MEPCM-modified electrode was inves-
tigated by DPV using UA and AA as interfering substances
against DA because these two potential interfering molecules
exist in biological environments together with DA in most
cases.51 DPV measurements were conducted at room temper-
ature using a series of solutions with different concentrations of
DA and fixed concentrations of UA and AA, with the resultant
DPV curves presented in Figure 12a. It can be seen that DA
and UA exhibit two separated oxidation peaks at different
potentials in the ranges of 0.276−0.288 and 0.455−0.541 V,
respectively. However, there is no electrochemical signal
observed from AA, indicating an extremely weak electro-
chemical response to AA in this biosensor. Although the
biosensor based on the ZIF-8@PPy-SiO2-MEPCM-modified
electrode presents a sensitive electrochemical response to DA
and UA as observed from its DPV curves, there are different
variation trends in oxidation peak currents related to DA and
UA with an increase in the concentration of DA. The oxidation
peak current corresponding to DA increases significantly with
an increase in the DA concentration, whereas the oxidation
peak current of UA was found to drop remarkably. This
indicates that there is no significant influence on the biosensing
identification of DA in the presence of interfering molecules,
UA and AA. Moreover, it can also be observed in Figure 12b
that the oxidation peak current presents a good linear
electrochemical response to DA at a concentration ranging
from 40.0 to 90.0 μmol·L−1. The sensitivity and limit of
detection were determined to be 1.034 ± 0.02 μA·L·μmol−1·
cm−2 and 0.024 ± 0.02 μmol·L−1, respectively. These results
suggest that DA can be allowed to be determined selectively in
this biosensing system even if there are other interfering
substances existing in the analyte specimen. The storage
stability of the biosensor based on the ZIF-8@PPy-SiO2-
MEPCM-modified electrode was evaluated by DPV after the
modified electrode was stored in the PBS at 4 °C for 30 days.
The DPV response of the biosensor to a DA solution (100.0
μmol·L−1) was examined intermittently every 3 days, with the
resultant DPV curves presented in Figure 12c. There is no
evident change in oxidation peak current observed from these
DPV curves after the modified electrode was stored for 30
days. Figure 12d shows the retention rate of oxidation peak
current as a function of storage day for the biosensor. It can be
seen that the biosensor only lost 3.6% of oxidation peak
current after storage for 15 days. It is of importance to note
that the DPV current response still retained 87.3% of its
original response after storage for 30 days, reflecting a
satisfactory storage stability of the biosensor developed in
this work.

■ CONCLUSIONS
In this work, the ZIF-8@PPy-SiO2-MEPCM has been
fabricated by microencapsulating an n-docosane core in the
SiO2 shell via emulsion-templated interfacial polycondensation,
followed by depositing a ZIF-8-anchored PPy layer as an
electroactive substance on the surface of the SiO2 shell through
surfactant-assisted oxidation polymerization. The obtained
microcapsules present a well-defined core−shell microstruc-
ture, a regular spherical morphology, and a uniform particle
size, together with the desired chemical compositions and

structures. The ZIF-8@PPy-SiO2-MEPCM not only reveals a
good thermal management capability to carry out temperature
regulation under a latent-heat capacity of around 124.0 J·g−1

but also exhibits an excellent thermal cycling stability and good
thermal impact resistance in long-term use for temperature
regulation and thermal management. All of these were
considered to indicate the successful formation of the ZIF-
8@PPy-SiO2-MEPCM in terms of our design strategy and aim.
A novel electrochemical biosensing system was designed and
constructed with the ZIF-8@PPy-SiO2-MEPCM-modified
electrode to achieve a thermal self-regulation function for
enhancing the biosensing detection of DA under thermal
management. The biosensor exhibits stronger determination
capability and better detection effectiveness for DA at a higher
ambient temperature than conventional biosensors thanks to
the in situ thermal management derived from the integration of
phase-change microcapsules and their ZIF-8@PPy electro-
active layer. In addition, the biosensor demonstrates a good
anti-interferential capability, high selectivity, and satisfactory
storage stability for the detection and determination of DA in
practical applications. This study provides a promising
approach for the design and development of intelligent
thermal self-regulatory biosensors with an enhanced detection
capability in a wide range of applicable temperatures.
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