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This Special Issue, “Multifunctional Nanomaterials: Synthesis, Properties and Appli-
cations 2.0”, is composed of twelve published research articles, which include nine original
research articles and three review articles.

An innovative method described by Zijun Yan et al. [1] was used to improve the
efficiency of electrochemical CO2 reduction (CO2R) as well as the ability to produce C2
products. A simple hydrothermal process combined with calcination was used to create
CuO/g-C3N4 based on copper oxide catalysts, using g-C3N4 as a carrier. The addition
of g-C3N4 boosted the specific surface area, which promoted the kinetics of mass trans-
fer and created new opportunities for the exposure of active sites and CO2 adsorption.
Veloso, S.R.S. et al. [2] reported calcium-doped manganese ferrite nanoparticles via an
oxidative precipitation approach for magnetic hyperthermia. The produced calcium-doped
manganese ferrite nanoparticles had larger saturation magnetization and heating efficiency
values, which made them suitable for therapeutic uses such as drug delivery and cancer
treatment. Maraming, P. et al. [3] discussed the creation of an electrochemical aptasen-
sor functionalized with polydopamine nanoparticles (PDA-NPs) for the rapid, accurate,
and economical detection of glycated albumin (GA), a promising biomarker for glycemic
control in diabetic patients. This suggested method demonstrated its potential use in
GA measurement to improve diabetic patient screening and management in the future.
Chen, D.R. et al. [4] reported a fabrication of a Zn-CO2 battery using a carbon nanotube
(CNT) sheet as a cathode and a Zn plate as an anode. This study emphasized the significance
of the activation process, which made it possible to load more catalyst onto the cathode and
create more active sites for the electroreduction process. In order to design TiO2-Bi2S3 com-
posites with high photoactive performance, a detailed vulcanization-process-dependent mi-
crostructure evolution and photoactive properties of TiO2-Bi2S3 composites were proposed
in the study of Liang, Y.-C. et al. [5]. Furthermore, Zhu, P. et al. [6] used commercial micro-
crystalline cellulose (MCC) as the raw material to develop spherical cellulose nanocrystal
(CNC) via mixed acid hydrolysis. By choosing different pretreatment routes through mixed
acid hydrolysis, the authors showed that it is possible to prepare spherical CNC with
various properties economically from MCC. The fabrication of anisotropic silver nanostars
(AgNS) that can be used as highly effective surface enhanced Raman spectroscopy (SERS)
substrates for various bioanalytes, even in the case of a near-infrared (NIR) excitation laser,
was described by Revnic, R.N. et al. [7]. In order to neutralize V. vulnificus hemolysin
(VvhA), Zou, S. et al. [8] created a biocompatible nanoscale detoxification system. With
regard to recombinant V. vulnificus hemolysin (rVvhA)-induced toxicity, nanosponges (NSs)
demonstrated excellent protective effects, offering helpful insights into how to counter
the growing dangers posed by severe V. vulnificus infections. For the purpose of detecting
different lung cancer cell types in hydroplegia, Mukundan et al. [9] reported the optical
and material properties of a MoS2/Cu2O sensor.

Halloysite nanotubes, their properties, and their use in the biological field were
reviewed by Biddeci, G. et al. [10]. Recent developments in metasurfaces for photocatalysis,
surface-enhanced infrared absorption (SEIRA), and surface-enhanced Raman scattering
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(SERS) sensors were reported by Barbillon, G. [11]. The applications of magnetic resonance
imaging (MRI), single-photon emission computed tomography (SPECT), and positron
emission tomography (PET) in reporter gene technologies for use in brain imaging were
discussed in a review article by Gao, T. et al. [12].
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Abstract: Herein, a novel approach used to enhance the conversion of electrochemical CO2 reduction
(CO2R), as well as the capacity to produce C2 products, is reported. A copper oxide catalyst supported
by graphite phase carbon nitride (CuO/g-C3N4) was prepared using a one-step hydrothermal method
and exhibited a better performance than pure copper oxide nanosheets (CuO NSs) and spherical
copper oxide particles (CuO SPs). The Faradaic efficiency reached 64.7% for all the C2 products,
specifically 37.0% for C2H4, with a good durability at −1.0 V vs. RHE. The results suggest that the
interaction between CuO and the two-dimensional g-C3N4 planes promoted CO2 adsorption, its
activation and C-C coupling. This work offers a practical method that can be used to enhance the
activity of electrochemical CO2R and the selectivity of C2 products through synergistic effects.

Keywords: electrochemical reduction of CO2; graphite phase carbon nitride; copper oxide; C2

products; hydrothermal preparation for advantageous electrocatalyst

1. Introduction

According to statistics, the level of CO2 in the air is rising, which has led to global
warming [1]. Compared with other measures, the chemical transformation of CO2 into
carbon-containing chemicals is a promising option for CO2 mitigation. Among these
options, electrocatalysis is considered to have high potential because it uses clean energy
generated by electrical power and reacts in an aqueous solution at room temperature and
pressure under mild reducing conditions [2,3]. As a result, it is environmentally friendly
and transforms CO2 into fuels and chemical materials with significant added value [4].

Among the numerous metal catalysts, copper is the only one that has a moderate
binding energy to intermediates, which can generate numerous C1 and high-value C2
and C2+ products [5,6]. Compared to copper, as a simple substance, oxide-derived copper
catalysts at lower potentials exhibit a considerably enhanced CO2 electroreduction to
C2 [7]. However, in conventional thermal conversion, it is difficult to meet the need for
the increased reaction rates and selectivity of the target products at present. Although
several novel synthetic strategies for copper-based catalysts have been reported, such as
electrodeposition and plasma treatments [7–10], these complex synthesis methods often
require the adoption of harsh reaction conditions and the use of expensive equipment,
which hinder the widespread application of the related technologies. Consequently, it
is necessary to create new methods that are simple and environmentally friendly for the
preparation of catalysts.

Thus far, a wide range of CO2R techniques for oxide-derived copper catalysts have
been reported. Ager et al. [11] prepared oxide-derived Cu catalysts based on Cu2O through
electroreduction and obtained a selectivity of the C2+ products (FE = 60%) for at least
5 h at −1.0 V in 0.1 M potassium bicarbonate. Cui et al. [12] introduced N into Cu2O
to produce nitrogen-doped Cu2O, which resulted in the enhanced CO2 adsorption and
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doubled Faradaic efficiency of ethylene (10%) compared to Cu2O. However, despite the
excellent electrocatalytic performance of copper metal in regard to CO2, it is still affected
by its complex reduction products and poor single-product selectivity and CO2R activity.
Moreover, CO2 is poorly soluble in water. Thus, the overpotentials related to C2 generation
reactions are high, which makes it more difficult for CO2 to be adsorbed on the catalyst
surface and renders the competing hydrogen precipitation side reactions significant [13,14].
In this regard, Luo et al. [15] proposed that high CO2 pressure at the same concentration of
the electrolyte can lead to a lower local pH, which will increase the surface coverage of CO,
thus promoting the formation of C2 products. Wang et al. [16] created a Cu/NxC (nitrogen-
doped carbon) interface and found that CO2 has a strong interaction with the Cu/NxC
interface and is enriched on NxC, which increases the selectivity of C2 by 200–300%. Hence,
there is a need to develop a novel catalyst that is more efficient and highly selective,
following this line of reasoning.

Density functional theory (DFT) indicates that, for multi-carbon products, the ability of
multiple *CO intermediates to engage in a C-C coupling process and influence the strength
of *CO intermediate binding located in the catalytic active center are the determining
factors [17]. In order to promote such an interaction, a number of enhancement studies
have been undertaken, including the study of g-C3N4. It has a high thermal and chemical
stability and special laminar structure, as well as a low cost, and its heterostructure provides
a high CO2 adsorption and activation efficiency [18,19]. g-C3N4 contains a large amount of
pyridine N. Theoretical calculations indicate that, as the main active site for electrocatalytic
reactions, pyridine N, as a substrate, can complex with the metal nanoparticles to stabilize
them and also provides an active center for CO2R. The interaction of g-C3N4 with metal also
causes the metal surface to be highly electron-rich, thus enhancing the adsorption of reaction
intermediates [20]. However, few experiments have been conducted to systematically verify
this process. Jiao et al. [21] synthesized Cu-C3N4 to provide experimental evidence for the
calculation of the g-C3N4 scaffold. In the synthesized samples, the analysis based on the
N K-edge NEXAFS spectra and Cu 2p XPS confirmed the significant chemical interaction
between N and Cu atoms. However, the main product of CO2R of Cu-C3N4 was still
hydrogen (>50%). This suggests that the g-C3N4-loaded Cu-based catalysts still require
further improvement. To date, there is no research that has been carried out to capitalize on
the synergistic effects of g-C3N4 and copper oxide to enhance electrochemical CO2R and
its selectivity.

In this work, starting with the material structure of electrocatalysts, CuO/g-C3N4 was
prepared based on copper oxide catalysts using g-C3N4 as a carrier by a straightforward
hydrothermal method combined with calcination. The morphology and components were
analyzed, and the electrochemical performance and catalytic activity were investigated by
drop coating the catalysts on carbon paper. During the discussion, the control experiments
were performed using CuO NSs and CuO SPs, and the reasons for the efficient catalytic
reduction to C2 products by the CuO/g-C3N4 electrode were comprehensively analyzed.

2. Results and Discussion
2.1. Electrochemical Activity Tests

LSV curves of the CuO SP, CuO NS and CuO/g-C3N4 catalysts in Ar- and CO2-
saturated 0.1 M KHCO3 solution are displayed in Figure 1a. In the CO2-saturated elec-
trolyte, clearly, all of the investigated catalysts showed higher current densities compared
to those in the Ar-saturated electrolyte, demonstrating their great inherent activity for
electrochemical CO2R. Under the same solution conditions, CuO/g-C3N4 also exhibited
a smaller onset potential than the CuO NSs and CuO SPs. Additionally, CuO/g-C3N4
exhibited a noticeably improved current density from onset potential to −1.3 V vs. RHE
relative to the other two CuO catalysts, thus implying its higher CO2R performance. Tafel
curves for the overpotential-log (C2 current density) are plotted in Figure 1b. Compared
with the CuO NSs and CuO SPs (27.8 mV·dec−1 and 33.6 mV·dec−1), the slope of CuO/g-
C3N4 exhibits a significant decrease (17.2 mV·dec−1), which provides the further evidence
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of the better intrinsic properties of the CuO/g-C3N4 surface. The advantageous current
density is also attributed to the lower charge transfer resistance of CuO/g-C3N4, reflecting
the improved charge transfer process at the interface of the electrode and surrounding
electrolyte, according to the EIS measurements and the fitting results in Figure S1 and
Table S1.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 12 
 

 

overpotential-log (C2 current density) are plotted in Figure 1b. Compared with the CuO 
NSs and CuO SPs (27.8 mV·dec−1 and 33.6 mV·dec−1), the slope of CuO/g-C3N4 exhibits a 
significant decrease (17.2 mV·dec−1), which provides the further evidence of the better in-
trinsic properties of the CuO/g-C3N4 surface. The advantageous current density is also 
attributed to the lower charge transfer resistance of CuO/g-C3N4, reflecting the improved 
charge transfer process at the interface of the electrode and surrounding electrolyte, ac-
cording to the EIS measurements and the fitting results in Figure S1 and Table S1. 

The ECSA of the CuO SP, CuO NS and CuO/g-C3N4 electrodes were studied by con-
trast with the corresponding Cdl (double-layer capacitance). The CVs of these three elec-
trodes are presented in Figure S2. The slope of the non-faradaic capacitive current (current 
density at OCP) versus the scan rate was used to calculate the Cdl value. In Figure 1c, it is 
clear that the Cdl of CuO/g-C3N4 (3.6 mF·cm−2) is much higher than that of the CuO NSs 
(2.3 mF·cm−2), indicating that CuO/g-C3N4 has a larger electrochemical active surface area 
and more exposed active sites, which are advantageous for boosting the CO2R activity. 
This also proves that the larger active surface area is caused by the g-C3N4 layer. Mean-
while, the Cdl of the CuO NSs is larger than that of the CuO SPs (1.7 mF·cm−2), suggesting 
that the nanosheets of CuO have a larger active surface area than the spherical nanoparti-
cles of CuO. 

 
Figure 1. (a) LSV curves of CuO SPs, CuO NSs and CuO/g-C3N4 in Ar- and CO2-saturated 0.1 M 
KHCO3 solution, (b) Tafel slope calculation curves of CuO SPs, CuO NSs and CuO/g-C3N4, and (c) 
capacitive current at OCP as a function of the scan rate of CuO SPs, CuO NSs and CuO/g-C3N4 in 
CO2-saturated KHCO3 solution. 

2.2. Electrochemical CO2 Reduction Performance Tests 
Furthermore, the CO2RR gaseous product distributions of the CuO SPs, CuO NSs 

and CuO/g-C3N4 were comparatively studied using a potential region of −0.8~−1.2 V vs. 
RHE. As given in Figure 2a, the CuO SPs consistently preferred CH4 production in all the 
testing potential regions, while the C2H4 selectivity was very low (<20%). This result indi-
cates that regardless of the applied potentials, CuO SPs do not exhibit a particularly high 

Figure 1. (a) LSV curves of CuO SPs, CuO NSs and CuO/g-C3N4 in Ar- and CO2-saturated 0.1 M
KHCO3 solution, (b) Tafel slope calculation curves of CuO SPs, CuO NSs and CuO/g-C3N4, and
(c) capacitive current at OCP as a function of the scan rate of CuO SPs, CuO NSs and CuO/g-C3N4 in
CO2-saturated KHCO3 solution.

The ECSA of the CuO SP, CuO NS and CuO/g-C3N4 electrodes were studied by
contrast with the corresponding Cdl (double-layer capacitance). The CVs of these three
electrodes are presented in Figure S2. The slope of the non-faradaic capacitive current
(current density at OCP) versus the scan rate was used to calculate the Cdl value. In
Figure 1c, it is clear that the Cdl of CuO/g-C3N4 (3.6 mF·cm−2) is much higher than that
of the CuO NSs (2.3 mF·cm−2), indicating that CuO/g-C3N4 has a larger electrochemical
active surface area and more exposed active sites, which are advantageous for boosting the
CO2R activity. This also proves that the larger active surface area is caused by the g-C3N4
layer. Meanwhile, the Cdl of the CuO NSs is larger than that of the CuO SPs (1.7 mF·cm−2),
suggesting that the nanosheets of CuO have a larger active surface area than the spherical
nanoparticles of CuO.

2.2. Electrochemical CO2 Reduction Performance Tests

Furthermore, the CO2RR gaseous product distributions of the CuO SPs, CuO NSs and
CuO/g-C3N4 were comparatively studied using a potential region of −0.8~−1.2 V vs. RHE.
As given in Figure 2a, the CuO SPs consistently preferred CH4 production in all the testing
potential regions, while the C2H4 selectivity was very low (<20%). This result indicates
that regardless of the applied potentials, CuO SPs do not exhibit a particularly high C-C
coupling activity. Comparatively to the CuO SPs, whose Faradaic efficiency was not higher
than 5% at −0.8~−1.2 V, that of CH4 was suppressed for the CuO NSs. At the best applied
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potential of −1.0 V, the C2H4 production increased from 16.5% to 31.7%, and some ethane
was produced as well (Figure 2b). However, in terms of the CuO/g-C3N4 electrocatalyst,
the CH4 and CO productions were considerably further suppressed, totaling less than 6% at
the potential of −1.0 V, as Figure 2c shows, while the CuO NS catalyst had an 8.1% Faradaic
efficiency of C1 gaseous products at the same potential. Meanwhile, the C2H4 selectivity
in CuO/g-C3N4 was significantly improved, whereas the H2 production caused by the
HER side reaction clearly decreased. In particular, at the potential of −1.0 V, the C2H4
Faradaic efficiency reached as high as 37.0%, which was accompanied with H2 formation
at 25.8%. A very small amount of HCOOH (8.8%) was also detected at this potential in
the liquid products. Ethanol was reliably detected as well. At −0.8~−1.0 V, its Faradaic
efficiency varied in the small range of 27.3~28.2%. The Faradaic efficiency for C2 was 64.7%
for CuO/g-C3N4 at the respective optimal potential for C2 electroproduction. In brief, the
CuO/g-C3N4 catalyst achieves a further improvement in the selectivity of C2 products.
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Figure S3 compares the geometric partial current densities of several products for
various electrodes. At each potential, the H2 formation rate for the electrodes follows the
trend CuO/g-C3N4 < Cu NSs < CuO SPs, illustrating the H2 production caused by the
competing HER was well controlled on CuO/g-C3N4. Meanwhile, the maximum C2H4 and
C2 partial current densities occurred at −1.0 V in CuO/g-C3N4, reaching 14.0 mA·cm−2

and 24.5 mA cm−2, respectively. The above results show the exceptional performance of
CO2R compared to that of the previously reported Cu-based electrocatalysts (Table S2).

CuO/g-C3N4 has an excellent activity and selectivity in addition to a good stability.
Figure 2d shows its chronoamperometric responses after being biased for two hours at
−1.0 V (corresponding to the highest C2H4 selectivity, especially for CuO/g-C3N4). The
CuO/g-C3N4 and Cu NSs displayed an excellent stability in these two hours. In terms
of CuO/g-C3N4, the total cathodic current density tended to smooth out and was still
maintained at 37.0 mA·cm−2 at the end of the stability test. Its corresponding C2H4
selectivity experienced an initial increase and was then retained at over 37.0% throughout
the electroreduction. The CuO SPs catalyst, on the other hand, demonstrated a quick
catalytic deactivation. The current density dropped rapidly by 40% after 5000s, and there
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was also a downward trend in the Faradaic efficiency of C2H4 at the end, despite the fact
that it experienced a spike during the previous experiment.

2.3. Structure and Morphology Characterizations

The surface characteristics of nano-adsorbents can be identified using N2 adsorp-
tion/desorption measurements. In Figure 3, for the CuO/g-C3N4 material, there is a
mesoporous structure, as evidenced by the large hysteresis loop from 0.47 to 1.00 of P/P0,
which can also be proved by its pore size distribution using the BJH method. Remarkably,
the adsorbed quantity of CuO/g-C3N4 is more than that of the CuO NSs, demonstrating
that CuO/g-C3N4 has a more consistent pore structure and a greater surface area [22,23].
The BET surface areas of the CuO NSs and CuO/g-C3N4, as obtained, are 7.62 m2/g and
11.2 m2/g, respectively. Meanwhile, a higher average pore volume of 0.048 cm3·g−1 is ob-
served in CuO/g-C3N4 (versus 0.029 cm3·g−1 of the CuO NSs sample). In a word, g-C3N4
contributes to the increase in the surface area as well as the pore volume. Thus, CO2 can be
better adsorbed, combined with the synergistic effects between CuO and g-C3N4.
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NSs and CuO/g-C3N4.

The crystal phase of the synthesized catalysts was revealed by the XRD patterns.
According to Figure 4a, the graphitic materials with two specific diffraction planes, (100)
and (002), correspond to the two typical diffraction peaks of pure g-C3N4 at 13.08◦ and
27.17◦, which are caused by the interlayer stacking of conjugated aromatic rings and the
in-plane structure of tri-s-triazine motifs [24,25]. In terms of the CuO NSs, the main peaks
at 32.50◦, 35.50◦, 38.73◦, 38.96◦ and 48.73◦ can be attributed to the crystal facets (−110),
(002), (111), (200) and (−202) of CuO (JCPDS#45-0937), some of which are also depicted
in the HRTEM and SAED patterns (Figure S4). The CuO/g-C3N4 composite allows for
the observation of both g-C3N4 and CuO XRD diffraction peaks, and the absence of any
additional distinctive peaks indicates the high purity of the samples immediately after
preparation. Meanwhile, the cluster bands between 1248 and 1631 cm−1 in the FTIR spectra
of g-C3N4 (Figure 4b) can be classified as the classic stretching mode of C-N heterocycles,
and the heptazine ring system is the source of the 805 cm−1 sharp peak. The peaks of
Cu-O stretching vibrations are also very obvious. The distinctive bands seen in CuO NSs at
425 cm−1 correspond to the CuO Au mode, and those at the slightly higher wavenumber
position of 496 cm−1 correspond to the CuO Bu mode [26–29]. All of them can be seen in
CuO/g-C3N4. This evidence prove that the two elements, g-C3N4 and CuO, coexist in the
CuO/g-C3N4 material.
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The elemental compositions of g-C3N4 and CuO/g-C3N4 were examined by XPS
spectroscopy, and the binding energies obtained for each of them were compared. The
investigated spectra in Figure 5a confirm that all the anticipated elements are present,
namely N 1s and C 1s for g-C3N4 and O 1s, Cu 2p, N 1s and C 1s for CuO/g-C3N4. In
Figure 5b, the Cu 2p high-resolution peak of the composite CuO/g-C3N4 is observed. The
pattern of CuO/g-C3N4 presents with a pair of peaks discovered at 932.7 and 952.5 eV that
are associated with two typical energy levels of copper: 2p3/2 and 2p1/2. CuO crystals are
present, according to the nearly 20 eV spin-orbit energy difference. This also indicates that
the Cu in the sample is in the +II oxidation state. The small peaks at 940~945 eV are satellite
peaks, which are generally seen in Cu ions in the oxidation state of +II. Furthermore, in
Figure 5c, a C 1s binding energy peak is shown at 284.8 eV, which refers to g-C3N4 and
CuO/g-C3N4, belonging to the C=N sp2 bond and the interaction of the metal oxide with
g-C3N4 in the mixture. Similarly, on the s-triazine ring of graphitic nitride of g-C3N4 and
CuO/g-C3N4, there are sp2 N-C=N bonds, which can be represented by the C 1s peaks at
288.1 and 287.9 eV. Assigned to pyridine nitrogen, pyrrolic nitrogen and graphitic nitrogen,
respectively, the N 1s peak of g-C3N4 can be deconvoluted into three chemical states,
i.e., the peaks at 398.5, 399.0 and 400.6 eV. In terms of pyridine N, the binding energy of
the CuO/g-C3N4 sample (398.3 eV) is 0.2 eV lower than that of pure g-C3N4 (398.5 eV),
impacting the interaction between the two molecules at the interface (Figure 5d) [30–35].
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Figure 5. XPS spectra of g-C3N4 and CuO/g-C3N4: (a) full scan, (b) Cu 2p, (c) C 1s, (d) N 1s.
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The morphology of g-C3N4, CuO and CuO/g-C3N4 were confirmed using FESEM
(Figure 6) and TEM (Figure S5). In Figure 6a, the pure g-C3N4 is composed of irregular
and loose aggregates of sheet-like structures. The lamellae are formed as a result of the
thermal breakdown of the urea fracture while producing a large number of pores, and
this rough appearance confers a very high functionalization on the g-C3N4 sheets. In
Figure 6b, it can be seen that a large number of CuO nanosheets of varying lengths were
synthesized, with an average width of about 300 nm. Figure 6c demonstrates that, in the
case of the CuO/g-C3N4 composites, it is evident that the particles with smooth surfaces in
the connected sheets of agglomerates are considered as CuO NSs loaded onto the g-C3N4
matrix. Meanwhile, the corresponding elemental mapping (Figure 6d–g) also shows that
the C, N, O and Cu atoms are evenly distributed throughout the composite, indicating the
emergence of the CuO/g-C3N4 structure and the close contact between them.
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3. Materials and Methods
3.1. Materials

Urea, polyvinyl pyrrolidone K30 (PVP-K30), Cu(NO3)2·3H2O, sodium acetate (C2H3NaO2),
NaOH, KHCO3, isopropanol (C3H8O) and acetone (C3H6O) were purchased from Sinopharm
Chemical Reagent. Sodium dodecyl sulfate (SDS), ethanol (99.7%), Nafion-117 solution
(~5%) and CuO SPs (40 nm, 99.5%) were purchased from Macklin. Carbon paper (GDS180S)
was purchased from Ce Tech. Each chemical was used directly as received, and UP water
(>18.2 × 106 Ω·cm) was employed to dispense the whole aqueous solution.

3.2. Preparation of Catalysts
3.2.1. Preparation of g-C3N4

A total of 20 g urea was placed into a 50 mL crucible, and after that, the prepared
sample was placed in a muffle furnace, directly heated for 2 h in air conditions at 540 ◦C
and a rate of 10 ◦C min−1. After allowing it to naturally drop to an ambient temperature,
the g-C3N4 sample was obtained.

3.2.2. Preparation of CuO NSs

A total of 0.238 g Cu(NO3)2·3H2O, 0.173 g C2H3NaO2, 0.500 g PVP-K30 and 0.295 g
SDS were dissolved in 100 mL H2O. Then, under continuous rapid stirring, 0.1 M NaOH
was added dropwise until a pH > 12 was obtained. The suspension was filled in a 200 mL
stainless-steel autoclave with a Teflon lining and heated for 24 h at 170 ◦C. The resultant
sample was obtained by centrifuging the suspension, repeatedly washing it in H2O and
EtOH, and then heating it to 550 ◦C (5 ◦C min−1) and holding it there for two hours in air.
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3.2.3. Preparation of g-C3N4

The procedure was similar to that of CuO NSs, except for the fact that 0.100 g g-C3N4
was introduced in the first instance.

3.3. Characterization

The morphology and structure of the studied samples were characterized by field
emission scanning electron microscopy (FESEM, Regulus 8100, 5 kV) and transmission
electron microscopy (TEM, Tecnai G2 F20, 200 kV). Energy-dispersive X-ray spectroscopy
(EDS) mapping was conducted using FESEM Regulus 8100. The atomic valence states and
some molecular structures were investigated by X-ray photoelectron spectroscopy (XPS,
Thermo Escalab 250), and the source gun type was Al Kα. X-ray diffraction (XRD) was
carried out using D8 Advance, produced by German Bruker-AXS, operating at 40 kV and
40 mA with an accuracy of 0.01◦ (2θ) at room temperature. Fourier transform infrared
spectrometer (FTIR) spectra were measured in the 400–4000 cm−1 range using a Nicolet iS50
FT-IR spectrometer, with the samples prepared as KBr pellets. Brunauer–Emmett–Teller
(BET) surface area measurements were performed at 77 K using a TriStar II 3020 adsorption
analyzer in the N2 adsorption mode.

3.4. Electrochemical Measurements

The carbon paper was pre-treated with acetone and washed at least 3 times with H2O
and EtOH before being air-dried. A total of 4 mg of the sample (CuO/g-C3N4, CuO NSs
or CuO SPs) was dispersed in 1 mL isopropanol and 30 µL Nafion solution, followed by
sonication for 30 min to create the sample ink. Then, the ink was homogeneously added
drop by drop onto the carbon paper (2 × 2 cm2) and dried on a hot plate, and then it was
divided into working electrodes with a surface area of 1 × 1 cm2.

The electrochemical measurements were performed using an electrochemistry work-
station (Gamry Reference 300) in a three-electrode system. A Nafion-117 membrane divided
the two compartments of the H-cell. As the counter electrode and reference electrode, respec-
tively, platinum grid and Ag/AgCl electrode (saturated KCl) were employed. CO2-saturated
(pH ≈ 6.8) or Ar-saturated 0.1 M KHCO3 (pH ≈ 8.3) was used as the electrolyte. Addition-
ally, each measurement potential was standardized to the reversible hydrogen electrode
(RHE) reference scale, together with manual internal resistance compensation:

ERHE = EAg/AgCl + 0.059 × pH + 0.197 − iRu (1)

The iRu was determined by potentiostatic electrochemical impedance spectroscopy
measurements under an open circuit potential (OCP) at frequencies ranging from 105 Hz
to 0.1 Hz. The linear sweep voltammetry (LSV) was tested in the same environment at a
sweep rate of 10 mV·s−1. The current density equals the testing current divided by the
geometric surface area of working electrode. The double-layer capacitance method was
used to conduct the electrochemical active surface area (ECSA) tests. The potential range
was OCP ± 50 mV, and cyclic voltammetry was performed at different sweep speeds. Gas
chromatography (Agilent GC 8890) was used to identify the resulting gas phase products,
and NMR (AVANCE III HD 400 MHz) was used to detect the products in the liquid phase.

3.5. Calculation of the Faradaic Efficiency

The following equation was used to calculate the Faradaic efficiency of the gas products:

FEgas =
nCGP × 96485

IRT
(2)

Above, n is the amount of e− that is transferred to the product formation. C is the
concentration (ppm) of the gases revealed by GC. G is rate of CO2. I is the cell current.
P = 1.01×105 Pa. R is the universal gas constant. T = 273.15 K.
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The Faradaic efficiency of the liquid products was calculated by following equation:

FEliquid =
cV·ne × 6.022 × 1023

Q
e

(3)

Above, c is the concentration of the product. V is the total volume of the cathodic
electrolyte and e is the electron. Q is the number of the transfer charge.

4. Conclusions

In summary, a CuO/g-C3N4 catalyst was fabricated by a simple hydrothermal method
and achieved highly active and selective electrochemical CO2R to C2 products. The cata-
lyst demonstrates a significant advantage over pure CuO nanosheets and spherical CuO
particles and shows a high Faradaic efficiency of 37.0% for C2H4 at −1.0 V vs. RHE. It
also has an ethylene catalytic stability that lasts for at least two hours. Meanwhile, the
Faradaic efficiencies of all the C2 products of the composite are 64.7%, performing better
than many other Cu-based catalysts, which indicates a synergistic promotion of C-C cou-
pling between CuO and g-C3N4. Moreover, the structure and morphology characterizations
demonstrated that the composite is based on g-C3N4-supported uniform polycrystalline
copper oxide. The introduction of g-C3N4 increases the specific surface area, which pro-
motes the mass transfer kinetics and provides new opportunities for the adsorption of
CO2 and the exposure of active sites. Additionally, the interaction of pyridine N with
copper oxide was confirmed, which further increases the reaction activity of CO2 reduction.
This work provides an effective strategy that can be used to improve the selectivity and
activity of C2 formation during the electrochemical reduction of CO2 and bridges the gap
between the laboratory-based conversion of CO2 to economically valuable chemicals and
its industrial application.
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Abstract: Superparamagnetic nanoparticles are of high interest for therapeutic applications. In this
work, nanoparticles of calcium-doped manganese ferrites (CaxMn1−xFe2O4) functionalized with
citrate were synthesized through thermally assisted oxidative precipitation in aqueous media. The
method provided well dispersed aqueous suspensions of nanoparticles through a one-pot synthesis,
in which the temperature and Ca/Mn ratio were found to influence the particles microstructure
and morphology. Consequently, changes were obtained in the optical and magnetic properties that
were studied through UV-Vis absorption and SQUID, respectively. XRD and Raman spectroscopy
studies were carried out to assess the microstructural changes associated with stoichiometry of the
particles, and the stability in physiological pH was studied through DLS. The nanoparticles displayed
high values of magnetization and heating efficiency for several alternating magnetic field conditions,
compatible with biological applications. Hereby, the employed method provides a promising strategy
for the development of particles with adequate properties for magnetic hyperthermia applications,
such as drug delivery and cancer therapy.

Keywords: magnetic nanoparticles; superparamagnetism; citrate-stabilization; calcium ferrites;
manganese ferrites; magnetic hyperthermia

1. Introduction

Magnetic nanoparticles have been of high interest for several biomedical applications,
such as drug and gene delivery [1], magnetic resonance imaging [2], and magnetic hy-
perthermia [3]. The iron oxides are the most widely used type of magnetic nanoparticles,
owing to the high saturation magnetization, chemical stability, low cytotoxicity, and rather
easy and scalable synthesis [4]. Particularly interesting is the case of nanoparticles of spinel
ferrites, with a unit cell consisting of a cubic close-packed arrangement with 32 oxygen
atoms, and 8 tetrahedral (A) and 16 octahedral (B) occupancies for cation doping and
distribution, as by the general formula (M2+)A[Fe2

3+]BO4
2−, with the consequent tuning

of their characteristic properties (e.g., optical, magnetic and dielectric) [4–6]. Particularly,
the manganese ferrites’ outstanding magnetic properties, high transition temperature,
and chemical stability render these particles suitable for several applications, including
hyperthermia [7] and MRI [8]. In addition, manganese can be consumed in the amount
of 0.67–4.99 mg, with a mean value of 2.21 mg/day [9], and recently the Mn2+ released
concentration from 3 to 18 nm nanoparticles was demonstrated to be in the range of safe
doses [10]. Yet, as its cytotoxicity is still of concern [11], other chemical compositions, such
as ferrites doped with calcium, have recently been proposed [12–14].
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When it comes to the suitable applications of these nanoparticles, stabilization is a ma-
jor factor to consider, so as to ensure the biocompatibility and prevent particle aggregation.
Among the several functional groups that can be employed, the citrate has been commonly
used for biomedical applications [15–18], including in commercial iron oxide nanoparti-
cles such as the MRI contrast agent VSOP C184 [19]. Here, the citric acid coordinates the
iron oxide surface, leaving at least one carboxylic acid group exposed, thus rendering the
surface hydrophilic and avoiding particle aggregation. However, despite being commonly
employed as a post-synthesis surface modification [20], if used during the synthetic pro-
cess, the citric acid molecules can affect both the nucleation and growth, modifying the
crystallite size and oxidation degree of the final nanoparticles [15,21–23]. Thus, there has
been a growing search for one-pot strategies to obtained well-defined stabilized particles,
either employing hydrothermal [18] or co-precipitation methods [15]. Recently, a thermally
assisted oxidative precipitation was demonstrated to be a suitable and scalable method
for the production of spherical and anisotropic magnetic particles [17,24,25]. In general,
the synthesis reaction mechanism is described by an alkalization reaction of ferrous ion
to ferrous hydroxide, and consequent dehydration reaction of iron hydroxide and ferric
oxyhydroxide (resulting from Fe(OH)2 oxidation) to magnetite [26], as follows:

Fe2+ + 2OH− → Fe(OH)2 (1)

3Fe(OH)2 +
1
2

O2 → Fe(OH)2 + 2FeOOH + H2O (2)

Fe(OH)2 + 2FeOOH→ Fe3O4 + 2H2O (3)

The final size of these superparamagnetic magnetite nanoparticles, stabilized with
citrate, was reported to be affected by precursor concentration, ionic strength and reaction
time [26]. For instance, the partial oxidation of the initially formed Fe(OH)2 into ferric
oxyhydroxide is driven by the O2 dissolved in water, which, together with the lower ionic
strength, leads to larger particles. However, a longer reaction time was reported to decrease
the size of the particles. Hence, in this work, we describe the one-pot synthesis of ferrites
doped with manganese and/or calcium stabilized with citrate through thermally assisted
oxidative precipitation, requiring neither post-synthesis stabilization nor calcination treat-
ment. The effect of the calcium/manganese cation ratio on the nanoparticle morphology
and microstructure was studied, as well as the resulting magnetic properties. Further, the
suitability of these magnetic nanoparticles for magnetic hyperthermia was assessed for
several conditions adequate for biological applications.

2. Results and Discussion
2.1. Nanoparticles Morphology

A transmission electron microscopy (TEM) analysis (Figure 1) demonstrated that
increasing the calcium/manganese ratio affected the final morphology of the nanoparticles,
narrowing the size distribution and decreasing the average size (from ~20 nm to ~5 nm). For
instance, the presence of only manganese led to larger polydisperse particles, comprising
single and multicore particles (more images of obtained structures are in Figure S1 in
Supplementary Material). Doaga et al. [7] also reported for manganese doped ferrites that
a higher content of manganese favoured the formation of larger particles obtained through
co-precipitation method. The addition of calcium strongly favoured the formation of
smaller and more monodisperse particles (Figure S2), but also displayed nanorod/spindle
like structures. The formation of rods can be associated with the lepidocrocite or goethite
as by-products of ferrous ion oxidation [27].
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Figure 1. TEM images of the synthesized calcium and manganese-doped ferrites at 90 ◦C.

The multicore-like structures were mainly observed in the x = 0.4–0.6 calcium nominal
fractions, and also in the x = 0.1 and x = 0.2 fractions, whereas a content of x = 0.3 and
x = 0.8 presented a higher amount of small single core and rod-like structures. In the case
of the samples synthesized with only calcium as dopant, (pseudo-)cubic and multicore-like
particles were observed, and the sample was devoid of rod-like particles. The formation of
multicore/flower-like particles was also reported by Gavilán et al. [28] from the oxidation
of the Fe(OH)2 intermediate in water in the presence of dextran.

The smaller size of the calcium (doped) ferrites can be associated with the prevention
of crystal growth by Ca2+ as reported for other ferrites [29,30], in which the presence of
citrate ions can provide additional electrostatic and steric repulsion, and thus hamper the
fusing of the generated nuclei into larger particles. In addition, citrate is reported to not
only prevent the oxidation of iron oxide to hematite [18], but also hamper the oxidation of
Fe(II), as carboxylates are stronger complexing agents than the anions of simple ferrous
salts [17], thus also delaying the nucleation. Nonetheless, the citrate role in ensuring
a smaller size was clearly confirmed by the larger particle size obtained for manganese
ferrites synthesized without citrate (Figure S3). In this sense, the presence of citrate is crucial
to favor the repulsion between the initially formed nuclei, thus leading to the formation
of smaller particles and also of multicore/flower-like particles, as the fusion between the
formed cores is prevented.

Considering that the stabilization by citrate results from the chemical bonds between
carboxyl groups of citrate and OH groups of the magnetic nanoparticles surface [15], a
higher reaction temperature was tested to assess the impact of an increased chemical
reaction rate. As displayed in Figure 2, a higher temperature (100 ◦C) led to samples devoid
of rod-like structures and a predominance of the multicore particles, in both stoichiometric
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manganese and calcium ferrites. The formation of smaller single cores of the magnetic
nanoparticles was noticed in the case of the calcium ferrite, which decreased from ~7 nm
to ~4 nm, but not in the case of the manganese ferrite, which kept the same average size
(~19 nm). Both samples displayed a large content of multicore particles with average sizes
of ~50 nm and ~20 nm for the manganese and calcium ferrite, respectively. Summarizing
this part, the thermally assisted oxidative precipitation in the presence of citrate and at
100 ◦C offers control over the production of multicore/flower-like nanoparticles, with the
dopant ion playing a role in determining the final size of the small single cores. Nonetheless,
the results are also promising for future research in the exploration of other reaction
conditions, including the oxidant, as a means to assess other morphologies or tune the ones
here described.
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Figure 2. TEM images and histograms of the particles obtained from the synthesis of (A,B) manganese
and (C,D) calcium ferrites at 100 ◦C, in the presence of citric acid. The red histogram corresponds to
the smaller single cores forming part of the multicore-like particles (blue histogram).

2.2. Microstructure Characterization
2.2.1. X-ray Diffraction Analysis

X-ray diffraction (XRD) studies were carried out to determine the phase composition
and crystalline domain size of the nanoparticles, as well as to understand the changes
observed in the particle size. The XRD patterns in Figure 3A–C revealed that all synthesized
particles displayed crystalline nature, which endows the employed method suitable to
achieve crystalline manganese and/or calcium ferrite nanoparticles, as other synthesis
routes of calcium-doped ferrites require calcination after synthesis [14,29,30]. In all the
cases, the patterns displayed Bragg’s reflections characteristic of the Fd3m space group,
that can be indexed as (1 1 1), (2 2 0), (3 1 1), (4 2 0), (5 1 1), (4 4 0), and (6 2 0), reflecting the
presence of manganese/calcium ferrites with a cubic structure [31–33]. Yet, another phase
was formed in the samples with a larger calcium content (x > 0.2), with peaks indexed as
(1 0 4), (1 1 0), (1 1 3), (2 0 2), (0 2 4), (0 1 8) and (1 1 6), associated with the presence of calcite
(calcium carbonate) rhombohedral structure belonging to the R3c space group. Thus, the
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results also suggest that the obtained rods are a shape by-product of the reaction, and not
lepidocrocite or goethite.
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2.2.2. Raman Spectroscopy Characterization 
Raman spectroscopy studies were carried out to get further insight into microstruc-

tural changes of the nanoparticles. A comparison of the several samples of nanoparticles 
obtained through synthesis at 90 °C is displayed in Figure 4, and the deconvolution with 
Lorentzian curves is included in Figure S5 (Supplementary Material). The samples did not 
display the calcite bands, which are commonly observed at ~150 cm−1, 280 cm−1 and 712 
cm−1 [38], possibly for being below the threshold of the device sensitivity. The group the-
ory predicts five Raman active modes for spinels with Fd3m space group (A1g + Eg + 3T2g 
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The synthesis of both stoichiometric manganese and calcium ferrites at 100 ◦C led to
single-phase nanoparticles, suggesting that the calcium carbonate present in the mixed
ferrites can be an intermediate of the reaction that is not completed at 90 ◦C. In this sense,
the results suggest that Ca2+ might interfere with the nucleation and growth of the crystals,
with a fraction of the iron ions remaining in an amorphous phase (mostly for x = 0.3 in
a CaxM1−xFe2O4 ferrite). For instance, the formation of calcium carbonate has also been
reported by Gomes et al. [34] in a sol-gel synthesis method, in which a single phase of
CaFe2O4 could be achieved through calcination at 1000 ◦C.

The Rietveld refinement method was employed to assess the crystallographic prop-
erties of the several synthesised particles (see the refinement of each profile in Figure S4).
As displayed in Figure 3D, the replacement of Mn2+ (0.80 Å) with Ca2+ (0.99 Å) led to a
decrease of the average crystallite size, which is in agreement with TEM results. Hashhash
et al. [35] suggested that a decrease of the particle size with Ca2+ content could be associated
with the reaching of the ion’s solubility limit, which leads to its accumulation in the grain
boundaries, thus suppressing the grain growth. In addition, the lattice parameter a also
decreased, though an average increased value was obtained at x = 0.4. This behaviour
can be associated with the occupation of the B-sites by Ca2+ ions, that have a larger ionic
radius [35]. However, at x = 0.4, the migration of Ca2+ from B to A-sites might be favoured,
promoting the migration of the smaller Mn2+ or Fe3+ ions to the B-sites. Chhaya et al. [36]
reported that migration of Ca2+ to the A-sites replaces the smaller Fe3+ (0.64 Å), while
a further increase might lead to a continuous reduction of Ca2+ ions in the A-sites and
consequent reduction of lattice constant. Besides, Islam et al. [8] also reported that for a
larger particle size the Mn2+ tended to occupy the A-sites. In this way, the hopping lengths
in tetrahedral (LA) and octahedral (LB) sites displayed a decreasing trend with the Ca2+
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content (except at x = 0.4), which was also obtained for the particles synthesized at 100 ◦C
(see Table S1 in Supplementary Material). Further, for a low Ca2+ content (x < 0.4), the
change in the molecular weight is not significant, so the decrease of the cell unit volume
leads to an increase of the X-ray density and specific surface area, while both fell for larger
Ca2+ content, except at x = 0.8, in which the concomitant reduction of crystallite size led
to a larger specific surface area. Other parameters were calculated (Table S2), including
the tetrahedral and octahedral radii, that further suggest the discussed transfer of Ca2+,
Mn2+ and Fe3+ between A- and B-sites. The preferential occupation of the B-sites by Ca2+

and the formation of inverse spinels was also confirmed through estimation of the cation
distribution using the Bertaut method (see discussion and Table S3 in Supplementary
Material) [37].

2.2.2. Raman Spectroscopy Characterization

Raman spectroscopy studies were carried out to get further insight into microstructural
changes of the nanoparticles. A comparison of the several samples of nanoparticles obtained
through synthesis at 90 ◦C is displayed in Figure 4, and the deconvolution with Lorentzian
curves is included in Figure S5 (Supplementary Material). The samples did not display the
calcite bands, which are commonly observed at ~150 cm−1, 280 cm−1 and 712 cm−1 [38],
possibly for being below the threshold of the device sensitivity. The group theory predicts
five Raman active modes for spinels with Fd3m space group (A1g + Eg + 3T2g bands),
associated with the motion of O ions in the A and B-sites [39–42]. In general, when
considering nanoparticles, the A1g, T2g(2), and Eg Raman modes are the most intense,
located in this case around ~670 cm−1, ~450 cm−1, and ~320 cm−1, respectively (values
reported in Table S4), which closely match other reported values for manganese-doped
ferrites [43,44]. Besides, the spectra displayed some resemblance to profiles commonly
observed in inverted spinels [45]. Particularly, the A1g is associated with the symmetric
stretching of O ions with respect to the metal ion in A-sites, which occurs together with
the deformation of three metal-oxygen bonds at the octahedral sites (as the tetrahedral
sites are not isolated) [40], thus being sensitive to the mass of the tetrahedral cation and
size of the nanoparticles [46]. Hence, the splitting of the A1g mode in two modes, as
displayed in Figure 4B,C, can be associated to the fact of having two different cations
in A and/or B sites. In addition to the metal-doping associated changes, the increase
of Ca2+ was accompanied by a decrease of particle size, which is also suggested by an
overall downshift, broadening of the Raman bands and intensity decrease resulting from
the increase of micro-deformation and/or the dominance of phonon confinement [39,46].
Further, the incremental Ca2+ content induced changes also displayed some relation with
the variation of lattice parameter (see further discussion in Supplementary Material) that
further confirmed the ions distribution in both A and B-sites.

2.3. Optical Properties

The nanoparticles optical properties also displayed changes associated with the syn-
thesis temperature and Ca/Mn ratio. Regarding the latter, the UV-vis absorbance was
observed to achieve an enhanced absorbance in the near-infrared region at larger Mn2+

content, which has been commonly reported for manganese-doped ferrites [47].
The Tauc plot was further employed (see plots in Figure S6 in Supplementary Material)

to estimate the optical direct band gap, as also described for other ferrites [48,49]. Here, the
increased content of Mn2+ ions was accompanied by a red-shift of the optical band gap,
which was found to decrease by synthesizing the particles at 100 ◦C. The red-shift of calcium
ferrites band gap has also been reported for doping with Co2+ [49], which was associated
with the increased particle size leading to a larger distance between atoms, and thus a
reduction of the potential energy of materials’ electrons. In the work by Samira et al. [47],
the substitution of Ni by Mn also produced a red-shift of the optical band gap, which
was associated to Mn inducing inner bands that provided additional paths between the
conduction and valence bands, producing a decrease of the band gap value.

20



Int. J. Mol. Sci. 2022, 23, 14145

In this sense, the results suggest that both the Ca/Mn ratio and synthesis temperature
affect the optical band gap. Thus, both parameters can be employed to tune the specific
capacitance that is commonly larger for smaller band gaps [47] and the energy harvesting
ability of the nanoparticles, which can be of interest for photocatalysis applications in
environmental cleaning.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 4. (A) A comparison of the Raman scattering spectra of the manganese- and/or calcium-
doped ferrites obtained at 90 °C. The fitting of Lorentzian bands to Raman spectra of (B) manganese 
and (C) calcium ferrites synthesised at 90 °C and 100 °C. 

2.3. Optical Properties 
The nanoparticles optical properties also displayed changes associated with the syn-

thesis temperature and Ca/Mn ratio. Regarding the latter, the UV-vis absorbance was ob-
served to achieve an enhanced absorbance in the near-infrared region at larger Mn2+ con-
tent, which has been commonly reported for manganese-doped ferrites [47]. 

The Tauc plot was further employed (see plots in Figure S6 in Supplementary Mate-
rial) to estimate the optical direct band gap, as also described for other ferrites [48,49]. 
Here, the increased content of Mn2+ ions was accompanied by a red-shift of the optical 
band gap, which was found to decrease by synthesizing the particles at 100 °C. The red-
shift of calcium ferrites band gap has also been reported for doping with Co2+ [49], which 
was associated with the increased particle size leading to a larger distance between atoms, 
and thus a reduction of the potential energy of materials’ electrons. In the work by Samira 
et al. [47], the substitution of Ni by Mn also produced a red-shift of the optical band gap, 
which was associated to Mn inducing inner bands that provided additional paths between 
the conduction and valence bands, producing a decrease of the band gap value. 

In this sense, the results suggest that both the Ca/Mn ratio and synthesis temperature 
affect the optical band gap. Thus, both parameters can be employed to tune the specific 
capacitance that is commonly larger for smaller band gaps [47] and the energy harvesting 
ability of the nanoparticles, which can be of interest for photocatalysis applications in en-
vironmental cleaning. 

2.4. Hydrodynamic Diameter and Zeta Potential 
The behaviour of nanoparticles in the solution was studied at a concentration of 0.01 

mg/mL. In agreement with the TEM and XRD results, the increasing content of Ca2+ ions 
led to a decrease of the hydrodynamic diameter (Figure 5C), which was also decreased by 
carrying out the synthesis at 100 °C. The obtained hydrodynamic diameter was obviously 
larger than the physical particle size, which can be associated with the high stability of the 
nanoparticles, as resulting from the electrostatic double layer stabilizing the nanoparticles 
in the solution or the formation of aggregates [50]. Indeed, this increased stability is also 
suggested by the rather low polydispersity index (in the ~0.1–0.2 range, Figure 5D), which 
might result from the particles dispersing into quasi-monodisperse structures, as also 
pointed out by the correlograms single decay in the majority of the samples (see Figure S7 

Figure 4. (A) A comparison of the Raman scattering spectra of the manganese- and/or calcium-doped
ferrites obtained at 90 ◦C. The fitting of Lorentzian bands to Raman spectra of (B) manganese and
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2.4. Hydrodynamic Diameter and Zeta Potential

The behaviour of nanoparticles in the solution was studied at a concentration of
0.01 mg/mL. In agreement with the TEM and XRD results, the increasing content of Ca2+

ions led to a decrease of the hydrodynamic diameter (Figure 5C), which was also decreased
by carrying out the synthesis at 100 ◦C. The obtained hydrodynamic diameter was obviously
larger than the physical particle size, which can be associated with the high stability of the
nanoparticles, as resulting from the electrostatic double layer stabilizing the nanoparticles
in the solution or the formation of aggregates [50]. Indeed, this increased stability is
also suggested by the rather low polydispersity index (in the ~0.1–0.2 range, Figure 5D),
which might result from the particles dispersing into quasi-monodisperse structures, as
also pointed out by the correlograms single decay in the majority of the samples (see
Figure S7 in Supplementary Material). Further proof of the stability is confirmed by the
highly negative zeta potential (Figure 5E) associated with the citrate functionalization at
the nanoparticles surface, and correlated with the lack of noise (absence of sedimentation)
in the correlograms.

In line with these results, the stabilization with citrate has been demonstrated to endow
nanoparticles with good colloidal stability and circulation time, very appropriate for the
potential bio-related applications [51,52]. Though a protein corona is commonly formed
upon contact of the nanoparticles with the biologic fluids, which can influence the particle
size and, consequently, the biodistribution in vivo and blood-clearance [53,54], the mag-
netic hyperthermia (vide infra) ability should not become substantially affected. Besides,
the citrate negative charge provides a means for the adsorption and delivery of chemother-
apeutic drugs through electrostatic interactions, such as doxorubicin [55], rendering the
particles are a versatile platform for further developments in biomedical applications.
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2.5. Magnetic Properties

Figure 6A includes the field-dependent magnetization of the different samples of Ca-
doped manganese ferrite nanoparticles, offering relatively large values of saturation mag-
netization and negligible values of coercivity and remanence, at 300 K (see also Figure S8
and Table S5), reflecting superparamagnetic behaviour in all cases [56]. The largest values
of saturation magnetization were registered for the stoichiometric manganese or calcium
ferrite synthesised at 100 ◦C, stemming from the distribution of the magnetic cations (Mn2+

and Fe3+) in the crystalline structure (Figure 6B). The reproducibility of the method was also
evidenced by the similarity of the stoichiometric manganese ferrite magnetic properties to
other reported particles for the same synthesis method [57].

Regarding the particles with intermediary composition, the saturation magnetization
displayed a Ca/Mn ratio dependence profile similar to the obtained in the crystallite and
particle size, in which the obtained magnetization decreases for smaller sizes. This effect for
individual particles is usually ascribed to the formation of a dead layer inversely propor-
tional to the particle size, in which the spin canting and surface disorder (in-homogeneities,
oxidation, and truncation of the crystalline lattice) are detrimental for the saturation magne-
tization [18,58,59]. However, this effect is very small and alone is not enough to explain the
results, as the saturation magnetization remained reasonably high in some mixed ferrites,
such as in the range x = 0.4 to 0.6, despite displaying smaller particle size than the CaFe2O4
and MnFe2O4 particles. Instead, as these samples were observed to display a cluster like
morphology, in which close contacts are formed between the nanoparticles in each cluster,
the minimization of the magnetic dead layer effect can be associated with the promotion
of direct exchange and dipolar interactions that are described to minimize the decrease of
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the saturation magnetization [59]. Nonetheless, the inversion degree and inter-sublattice
A-B super-exchange interaction were found to well describe the saturation magnetiza-
tion dependence on the Ca/Mn ratio (see discussion and Figure S9A,B in Supplementary
Material) [4,32,33,60–65].
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The magnetic properties were further characterized through zero field cooled (ZFC) 
and field cooled (FC) measurements under an applied field of 100 Oe. The ZFC-FC mag-
netization curves are displayed in Figure S10 in Supplementary Materials. The broader 
ZFC curves suggested larger particle size dispersity [4], which is mainly noticeable in the 
samples with x = 0 and in agreement with the TEM results. Nevertheless, the dipolar in-
teractions between nanoparticles in the final flower-like structures should be taken into 
account as well [59], since this is suggested by the FC magnetization curve flatness ob-
served in the low temperature range (mainly in the samples range from x = 0.4 to x = 1) 
[66,67]. Figure 6 includes the blocking temperature dependence on Ca/Mn ratio, obtained 
from the ZFC derivative (dM/dT, shown in Figure S10) [68], reflecting the highest values 
for the manganese ferrites. Furthermore, the obtained blocking temperatures for CaFe2O4 
and MnFe2O4 particles were similar to other reported particles [69,70], proving therefore 

Figure 6. (A) Magnetization dependence on the applied magnetic field obtained for the manganese-
and/or calcium-doped ferrites obtained at 90 ◦C (from x = 0 to x = 1) and 100 ◦C (x = 0 and x = 1)
measured at 300 K. Dependence of the (B) saturation magnetization and (C) blocking temperature on
the Ca/Mn ratio obtained from ZFC and FC curves under a field of 100 Oe.

In addition to the size and dipolar interactions between the clusters’ nanoparticles, the
ferrites magnetocrystalline anisotropy plays a huge role in the final magnetic behavior, as
evidenced in the measurements at 5 K, in which the coercivity displayed a Ca2+ content de-
pendence profile (Figure S9C), in line with the pointed-out distribution of magnetic cations.

The magnetic properties were further characterized through zero field cooled (ZFC)
and field cooled (FC) measurements under an applied field of 100 Oe. The ZFC-FC mag-
netization curves are displayed in Figure S10 in Supplementary Materials. The broader
ZFC curves suggested larger particle size dispersity [4], which is mainly noticeable in the
samples with x = 0 and in agreement with the TEM results. Nevertheless, the dipolar
interactions between nanoparticles in the final flower-like structures should be taken into
account as well [59], since this is suggested by the FC magnetization curve flatness observed
in the low temperature range (mainly in the samples range from x = 0.4 to x = 1) [66,67].
Figure 6 includes the blocking temperature dependence on Ca/Mn ratio, obtained from
the ZFC derivative (dM/dT, shown in Figure S10) [68], reflecting the highest values for
the manganese ferrites. Furthermore, the obtained blocking temperatures for CaFe2O4
and MnFe2O4 particles were similar to other reported particles [69,70], proving therefore
the reproducibility of the method. Overall, the magnetic characterization proves that
the nanoparticles of CaFe2O4, MnFe2O4 and of intermediary formulations (x = 0.4 to 0.6)
are superparamagnetic at room temperature and therefore very promising for magnetic
targeting applications, given the large values of saturation magnetization.

2.6. Magnetic Hyperthermia

The heating efficiency of the nanoparticles was evaluated considering alternating
magnetic fields (AMF) of different amplitude and frequency, but fulfilling the medical
threshold limit of H0 f ≤ 5 × 109 A m−1 s−1 [71]. The heating profiles are displayed in
Figure 7.
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In general, the incremental content of Ca2+ ions (in substitution of Mn2+ ions) led to a 
decrease of the heating efficiency (Figure 7A) that was quantitatively evaluated through 
the intrinsic loss power (ILP). However, a slight increase was obtained in the range x = 0.4 
to x = 0.6, given the particular distribution of magnetic cations in the spinel ferrite crystal-
line structure for these stoichiometries. Furthermore, the samples synthesized at 100 °C 
displayed similar or slightly improved heating efficiency (Figure 7B) than the batch ob-
tained at 90 °C, owing to the absence of phase impurities. Both samples of nanoparticles 
considered in this analysis induced a rather large temperature variation in 2 min (~15 °C 
when applying a field of ~13 kA/m (17 mT) and 382.6 kHz, in the case of the manganese 
ferrite, and ~4 °C with a field of ~13 kA/m (17 mT) and 161.6 kHz, for the calcium ferrite, 
of which mild hyperthermia treatments can take advantage of, in a short period of time. 

Compared to other reported magnetic nanoparticles, the developed CaFe2O4 and 
MnFe2O4 particles displayed similar or improved heating efficiency than other transition 
metal-doped [72], cobalt-doped [73,74], calcium-doped [75], manganese-doped [8], and 
multicore particles [76]. 
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In general, the incremental content of Ca2+ ions (in substitution of Mn2+ ions) led to a
decrease of the heating efficiency (Figure 7A) that was quantitatively evaluated through
the intrinsic loss power (ILP). However, a slight increase was obtained in the range x = 0.4
to x = 0.6, given the particular distribution of magnetic cations in the spinel ferrite crys-
talline structure for these stoichiometries. Furthermore, the samples synthesized at 100 ◦C
displayed similar or slightly improved heating efficiency (Figure 7B) than the batch ob-
tained at 90 ◦C, owing to the absence of phase impurities. Both samples of nanoparticles
considered in this analysis induced a rather large temperature variation in 2 min (~15 ◦C
when applying a field of ~13 kA/m (17 mT) and 382.6 kHz, in the case of the manganese
ferrite, and ~4 ◦C with a field of ~13 kA/m (17 mT) and 161.6 kHz, for the calcium ferrite,
of which mild hyperthermia treatments can take advantage of, in a short period of time.

Compared to other reported magnetic nanoparticles, the developed CaFe2O4 and
MnFe2O4 particles displayed similar or improved heating efficiency than other transition
metal-doped [72], cobalt-doped [73,74], calcium-doped [75], manganese-doped [8], and
multicore particles [76].

Hence, the high heating efficiency of the manganese- and calcium-doped ferrites,
together with the superparamagnetic behaviour, endow the developed particles suitable
for magnetic hyperthermia therapy. Nonetheless, the exploration of several synthesis
parameters, including reaction time, salts/reagents/ligand concentration, and reducing
agents, are envisioned as future works to fine-tune the shape and heating performance of
the developed particles.
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3. Materials and Methods
3.1. Synthesis of Magnetic Nanoparticles

Citrate-stabilized iron oxide nanoparticles doped with calcium and/or manganese
were synthesized through an oxidative precipitation method adapted from [26]. In general,
trisodium citrate dehydrate (1 mmol) and NaOH (4 mmol) were added to 19 mL of ultrapure
water at 90 ◦C or 100 ◦C. A 1 mL aqueous solution of FeSO4.7H2O (1.33 mmol) and the
doping metal salt (MnSO4.H2O, Ca(CH3CO2)2) (0.66 mmol) was added, drop by drop, into
the mixture under vigorous agitation and air open. After 2 h, the solution was cooled down
to room temperature, washed through magnetic decantation with water/ethanol 1:1, and
dried at 80 ◦C.

3.2. General Spectroscopic Methods

Absorption spectra were recorded in a Shimadzu UV-3600 Plus UV-Vis-NIR spec-
trophotometer (Shimadzu Corporation, Kyoto, Japan). A conventional PAN’alytical X’Pert
PRO diffractometer (Malvern Panalytical Ltd., Malvern, UK) was used for X-ray diffraction
(XRD) analyses, operating with Cu Kα radiation, in a Bragg-Brentano configuration, at
the Electron Microscopy Unit, University of Trás-os-Montes and Alto Douro (UTAD), Vila
Real, Portugal. Raman spectroscopy measurements were performed at room temperature
with a Renishaw inVia Reflex Raman confocal microscope system (Wotton-under-Edge,
Stroud, UK), equipped with a high-resolution grating of 1200 grooves mm−1. The excita-
tion line, 785 nm, of a NIR diode laser was focused onto the sample by a ×20 objective
with a numerical aperture (NA) value of 0.40 in a backscattering geometry. The spectra
were acquired with a measured power of about 650 µW on the sample, with a spectral
acquisition time of 120 s over one accumulation and the range 100–1000 cm−1. The average
hydrodynamic diameter and zeta potential of the nanoparticles (n = 3 independent runs)
were measured in phosphate buffer pH 7.4 at 0.01 mM in a Dynamic Light Scattering (DLS)
equipment LitesizerTM 500 from Anton Paar (Anton Paar GmbH, Graz, Austria), using
a semiconductor laser diode of 40 mW and λ = 658 nm, backscatter angle (175◦), and a
controlled temperature of 25 ◦C.

3.3. Transmission Electron Microscopy (TEM)

TEM images of nanoparticles were recorded using a high contrast JEOL JEM-1010,
operating at 100 kV (CACTI, Vigo, Spain). A small portion of the sample was placed onto a
TEM 400 mesh copper grid with Formvar/Carbon (ref. S162-4 from Agar Scientific), held
by tweezers and the excess solution was cleaned. The processing of STEM images was
performed using ImageJ software (National Institutes of Health, NIH, Bethesda, MD, USA),
which consisted in enhancing local contrast and adjusting brightness followed by manual
selection of fibres.

3.4. Magnetic Properties

Magnetic measurements were performed in an MPMS3 SQUID magnetometer (Quan-
tum Design Inc., San Diego, CA, USA). The field-dependent magnetization (hysteresis
cycles) of the samples were measured in the large field range (up to H = 5570.42 kA/m
or B = 7 T) for each sample. In all the cases at 5 K, 300 K, and 380 K, given the room
temperature applications they are designed for, a specific magnetic field correction for the
trapped flux in the superconducting coil was conducted, achieving an accuracy of residual
less than 0.16 kA/m [77].

3.5. Hyperthermia Measurements

With the aim of evaluating the heating performance, magneto-caloric measurements
were carried out using a hyperthermia system magneTherm (nanoTherics, Warrington,
UK), working at f ≈ (162, 271, 383, 617) kHz and at the magnetic field H = (13.56, 12.76,
7.98) kA/m. For all experiments, the initial temperature was stabilized before starting the
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measurement. Next, the AC magnetic field was applied for 10 min, and the temperature
variation was recorded using a thermocouple.

4. Conclusions

In this work, citrate-stabilized multicore nanoparticles of Ca-doped manganese ferrite
(CaxMn1−xFe2O4) were synthesized through a thermally assisted oxidative precipitation
in aqueous media. While the incremental content of calcium was found to decrease the
average nanoparticle size, decreasing the synthesis temperature from 100 to 90 ◦C was
accompanied by the formation of an impurity phase of calcite.

Regarding the resulting particle shape, the synthesis resulted in the formation of
single, multicore and rod-like particles, but the synthesis carried out at 100 ◦C allowed
to preferentially obtain the multicore nanoparticles. Furthermore, the variation in the
Mn/Ca ratio led to changes in the microstructure, mainly in the lattice parameter and
cation distribution, and consequently in the final magnetic properties.

The particles displayed great colloidal stability, with a low podydispersity, lack of
sedimentation and highly negative zeta potential.

The obtained calcium-doped manganese ferrite nanoparticles displayed relatively
large values of saturation magnetization and heating efficiency, higher than other reported
superparamagnetic nanoparticles, which, together with the superparamagnetic behaviour,
render them suitable for therapeutic applications, such as drug delivery and cancer therapy.
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Abstract: Polydopamine (PDA) has now been widely applied to electrochemical biosensing because
of its excellent biocompatibility, abundant functional groups, and facile preparation. In this study,
polydopamine nanoparticles (PDA-NPs)-functionalized electrochemical aptasensor was developed
for the rapid, sensitive, and cost-effective detection of glycated albumin (GA), a promising biomarker
for glycemic control in diabetic patients. PDA-NPs were synthesized at various pH conditions in
Tris buffer. Cyclic voltammetry (CV) of PDA-NPs-coated screen-printed carbon electrodes (SPCEs)
revealed that the materials were more conductive when PDA-NPs were synthesized at pH 9.5 and
10.5 than that at pH 8.5. At pH 10.5, the prepared PDA and PDA-aptamer NPs were monodispersed
spherical morphology with an average size of 118.0 ± 1.9 and 127.8 ± 2.0 nm, respectively. When CV
and electrochemical impedance spectrometry (EIS) were used for the characterization and detection
of the electrochemical aptasensor under optimal conditions, the proposed aptasensor exhibited a
broad linearity for detection of GA at a clinically relevant range of (1–10,000 µg mL−1), provided
a low detection limit of 0.40 µg mL−1, appreciable reproducibility (less than 10%), and practicality
(recoveries 90–104%). In addition, our developed aptasensor presented a great selectivity towards
GA, compared to interfering substances commonly present in human serum, such as human serum
albumin, urea, glucose, and bilirubin. Furthermore, the evaluation of the aptasensor performance
against GA-spiked serum samples showed its probable applicability for clinical use. The developed
PDA aptasensor demonstrated excellent sensitivity and selectivity towards GA detection with a
simple and facile fabrication process. This proposed technique shows its potential application in GA
measurement for improving the screening and management of diabetic patients in the future.

Keywords: polydopamine nanoparticles; electrochemical sensor; aptamer; glycated albumin;
diabetes mellitus

1. Introduction

Diabetes mellitus (DM), affecting millions of people worldwide, is a chronic metabolic
disorder with heterogenous etiologies resulting from insulin deficiency and/or insulin
resistance [1]. Blood glucose level measurement is important in the diagnosis and glycemic
monitoring of DM. However, human blood glucose levels are dependent upon food intake
and can reflect the glycemic control within the past few hours. Hemoglobin A1c (HbA1c) is
recognized as the gold standard for glycemic monitoring. It can provide the average blood
glucose level over 2–3 months. Nevertheless, diseases that affect red blood cells (RBCs)
including haemoglobinopathy, renal anaemia, haemolytic anaemia, and liver cirrhosis,
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affect HbA1c measurements [2]. Moreover, due to the long lifespan of RBCs, HbA1c is not
suitable for monitoring short-term blood glucose level fluctuations.

Glycated albumin (GA), formed by the non-enzymatic glycation of albumin, is a
potential biomarker for monitoring the blood glucose level over the past few weeks. It is
specific for the albumin glycation rates and can be used for shorter-term glycemic control
than HbA1c and is more accurate than the blood glucose measurement. GA was unaffected
by hemoglobin levels or hemoglobinopathies such as anemia, thalassemia, or variant
hemoglobin [3]. There are various techniques for measuring GA such as immunoassays,
capillary electrophoresis [4], high-performance liquid chromatography, refractive index
measurement [5], ion-exchange chromatography, and Raman spectroscopy [6]. However,
these techniques are frequently time-consuming, labor-intensive, and require expensive
equipment. An electrochemical biosensor is an alternative method to the currently used
conventional techniques gaining more attention in recent years [7–9]. Its advantages include
easy and rapid detection, small volumes of samples, and low-cost instrument [10].

Aptamers are short-sequenced artificial single-strand DNA or RNA that can bind to
specific biomolecules [11]. The aptamer can be identified and generated from the oligonu-
cleotide library via a process of Sequential Evolution of Ligands by Exponential Enrichment
(SELEX) [12]. Recently, novel techniques using capillary electrophoresis and microflu-
idic technology significantly enhanced the efficiency of aptamer discovery/selection [13].
Aptamers exhibit complicated three-dimensional structures that are highly selective and
able to attach non-covalently to target molecules (small molecules, proteins, lipids, cells,
etc.) [14]. Its advantages include low immunogenicity, the ability to be immobilized on
various surfaces, high-temperature resistance, similar affinities and specificities compared
to antibodies, and better consistency than antibodies [15,16]. Therefore, we developed an
aptamer-based biosensor to measure serum GA levels.

Polydopamine (PDA) is a polymerized product from dopamine (3,4-dihydroxyphenet-
hylamine) or other catecholamines under oxidative and basic conditions [17]. PDA was
originally used to modify material surfaces that formed thin layers at the nanoscale ranging
from a few to about 100 nm (e.g., metal films) [18]. It has good characteristics including
biocompatibility, easy steps in preparation, simple functionalization, and thermal stability
on practically any surface [19]. However, during PDA film is deposited on the surfaces,
the oxidation reaction causes the formation of unwanted aggregation in the solution hin-
dering success in surface modification. This major disadvantage led to PDA production
in the form of nanoparticles with colloidal stabilization [18]. PDA nanostructures offer
aqueous solubility, good optical and electrical properties, surface modification ability,
and photothermal properties offering several applications in biomedical platform and
analytical science [20,21]. As for the chemistry of the material surfaces, PDA layers can
be modified via various mechanisms such as catechol–metal coordination, electrostatic
interactions, π–π interactions, hydrogen, and covalent bonds resulting in the success of
surface functionalization [22].

PDA nanoparticles (PDA-NPs) have been applied for the development of the sen-
sor, drug carrier, molecular imaging, gene targeting therapy, and tissue engineering [18].
Moreover, PDA-based films and nanoparticles have demonstrated a promise as sensing
materials for a variety of analytes. The number of studies looking at possible uses of this
material is still rising quickly. Previous electrochemical studies showed the most common
binding molecules for biomarker detection in DM monitoring including antibodies [23],
aptamers [24], and enzymes [25]. Until now, PDA-NPs-based electrochemical study has
never been explored for serum GA measurement. In this study, a sensitive and selective
electrochemical aptasensor was fabricated using the PDA-NPs nanocomposite for label-free
GA detection in spiked clinical samples.
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2. Results and Discussion
2.1. Characterization of PDA Nanoparticles

PDA is a biopolymer that is brown to black in color and contains significant amounts
of phenol, catechol, and quinone functional groups, which provide a variety of molecular
adsorption characteristics [26]. PDA-NPs exhibit the ability to chelate and bind many
compounds. In addition to having biocompatibility, good adhesion, and anti-biofouling
characteristics, PDA nanostructures are good candidates for biomedical applications [27,28].
There are various methods for synthesizing PDA-NPs. The most commonly used techniques
are enzymatic/solution oxidation as well as electro-polymerization [22]. In this study, PDA-
NPs were formed by the self-oxidative polymerization of 0.5 mg mL−1 dopamine under
alkaline conditions. After 20 h of synthesis, PDA-NPs were characterized by scanning
electron microscope (SEM), spectrophotometry, and attenuated total reflectance Fourier-
transform infrared spectroscopy (FTIR). Morphologically, PDA-NPs observed under SEM
were uniform, monodispersed, and spherical shape (see Figure 1A). The UV–Vis spectrum
of the synthesized PDA-NPs is shown in Figure 1B. The absorbance pattern decreased with
the increase of the wavelength from 250 to 830 nm.

Figure 1. (A) SEM image and (B) UV-Vis spectrum of synthesized PDA-NPs.

The synthesized PDA-NPs were also subjected to FTIR examination in order to analyze
further characteristic functional groups of the PDA NPs formation during dopamine
oxidation and polymerization in the spectral range between 500 and 4000 cm−1 as shown
in Figure 2. The peaks at 3348 cm−1 and 2940 cm−1 were observed in the PDA-NPs
spectrum corresponding to O-H stretching vibrations and C–H stretching of the aromatic
ring, respectively [28–30]. The characteristics of C=C and C–N–C stretching from the indole
group of PDA-NPs were found by peaks at 1580 and 1491 cm−1, respectively [20,31–33].
Moreover, a strong band of PDA-NPs at 1044 cm−1 was due to the stretching vibration
of catechol hydroxyl C–O and/or C–N [32]. The presence of indole and indolequinone
structures in the FTIR spectrum of the PDA sample demonstrated that dopamine was
successfully polymerized to PDA-NPs [34].

Figure 2. ATR-FTIR spectrum of synthesized PDA-NPs.
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As shown in Figure 3A,B, under a transmission electron microscope (TEM), morpho-
logically PDA-NPs and PDA-aptamer NPs had monodispersed spherical distribution. By
dynamic light scattering (DLS) measurements, the prepared PDA-NPs were monodispersed
with an average size of 118.0 ± 1.9 nm. PDA surfaces are unable to link with nucleophiles
(e.g., amine and thiol groups) by Schiff base or Michael addition reactions under alkaline
conditions [19]. In this study, we conjugated DNA aptamer containing an amine group at 5′

end on PDA surfaces through a covalent reaction. A reactant bearing an amine group can
target the diketone or catechol groups expressed on the PDA layer via Michael addition
and Schiff base reactions, which can modify the polymer surface properties [20]. To study
the change of NP size after aptamer conjugation in a microcentrifuge tube, we used a
similar protocol as that for the conjugation of it on SPCEs of the electrochemical sensor.
After measurement by DLS, the hydrodynamic diameter of PDA aptamer NPs (127.8 ± 2.0)
nm slightly increased than that of PDA-NPs, indicating successful surface modification
(Figure 3C). The polydispersity index (PDI) of both PDA-NPs and PDA-aptamer NPs
was within the range of 0.2 which is usually considered evidence of the homogeneity
and monodispersity of NPs. After aptamer conjugation, PDA-NPs still maintained their
stability. This may be due to performing conjugation under alkaline pH.

Figure 3. TEM images of (A) PDA-NPs and (B) PDA-aptamer NPs showing monodispersed spherical
distribution. (C) DLS measurements of PDA-NPs and PDA-aptamer conjugates.

2.2. Characterization of Electrochemical Aptasensor

PDA has now been widely applied in electrochemical biosensing because of its ex-
cellent biocompatibility, abundant functional groups (catechol, amine), facile preparation,
and anti-biofouling effect [35]. In this study, PDA-NPs were produced by polymerization
of its monomer dopamine in Tris buffer under highly alkaline pH conditions. Various
PDA-NP sizes were synthesized by varying the pH of the Tris buffer (pH 8.5, 9.5, and
10.5), with lower basic pH leading to the gradual color changes of the solution towards
dark-brown (Figure 4A) and the increase of the sizes of NPs (Table S1, Supplementary
Materials). The solution of PDA-NPs was dropped onto carbon electrode surfaces to mod-
ify their surfaces. The electrochemical characterization of the developed aptasensor was
characterized by cyclic voltammetry (CV) from −0.5 V to 0.9 V at a scan rate of 100 mVs−1

using 5 mM [Fe(CN)6]3−/4−. The electrochemical characterization by CV of the PDA-NPs
after immobilization is shown in Figure 4B. PDA-NPs coated SPCEs exhibited changes in
the peak current properties due to the coating, confirming surface modification with a more
conductive material at pH 9.5 and 10.5, whereas PDA-NPs synthesized at pH 8.5 decreased
a current signal compared to PDA synthesized at pH 9.5 and 10.5. This was caused by the
formation of larger size PDA-NPs.
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Figure 4. (A) PDA-NPs solution synthesized under different pH conditions. (B) Cyclic voltammo-
grams of SPCEs modified with PDA-NPs synthesized at different pH.

Figure 5 shows the CV of the aptasensor after each immobilization. After coating
SPCEs with PDA, both anodic (Ipa) and cathodic (Ipc) peak currents were slightly decreased
with an increase in the peak-to-peak separation values. This indicated the successful
coating of the surface with PDA-NPs. The decrease of the redox peak currents after
aptamer immobilization was caused by the negative charge on the phosphate backbone
of the aptamer and its large structure. This data showed that complete immobilization
of the aptamer on the PDA modified SPCEs. The peak was further reduced after target
incubation because of the conformational structure change of the aptamer after specific
protein binding and blocking the electron transfer process. Then, the effect of the scan
rate on the voltammetric behavior of PDA/SPCEs was investigated (Figure 6A). The scan
rate parameters were in the range of 10–300 mVs−1. Figure 6B shows a linear relationship
between the square root of the scan rate and peak currents (Ipa and Ipc), with an R2 value
of 0.9929 and 0.9918, suggesting the characteristics of the corresponding thin-layer type
voltammetry [36]. The plot between the logarithms (log) of scan rates (mVs−1) and log
peak current (Ipa and Ipc) indicated a linear relationship with the slope values of 0.49 and
0.51, respectively (data not indicated). The resulting values were in agreement with those
for purely diffusion-controlled currents [37]. This implies that the PDA-modified SPCE
surface was not fouled, and the electrochemical reaction was controlled by diffusion.

Figure 5. A Cyclic voltammograms of Bare SPCEs, PDA/SPCEs, Apt/PDA/SPCEs, GA/Apt/
PDA/SPCEs showing successful immobilization/reaction of each layer.
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Figure 6. (A) Cyclic voltammograms of PDA/SPCEs at different scan rates from 10 to 300 mVs−1

using 5 mM [Fe(CN)6]3−/4− in phosphate-buffered saline (PBS) as redox probe. (B) plot between
anodic (Ipa) and cathodic (Ipc) peak currents vs. square root of the scan rate (mVs−1).

2.3. Optimization of the Experimental Conditions

The optimization of experimental parameters is crucial for getting optimal experimen-
tal results. The optimal concentration of PDA was selected from 0.5, 0.75, and 1 mg mL−1

PDA. However, the concentrations of PDA did not affect the electrochemical measurements
(data not shown). Several conditions, including (a) measurement parameters, (b) aptamer
concentration required for immobilization, (c) blocking, and (d) the reaction time with
the target, were optimized. Electrochemical impedance spectrometry (EIS) is commonly
used for surface characterization, batteries, corrosion studies, and semiconductors. It is
also used for the biosensing of immunological reactions [38,39]. The observation of non-
specific impedance changes may result in the inability to discriminate between specific
and non-specific interactions [40]. Non-steady EIS signals also resulted from electrode
contamination, additional voltammetric measurements, and repetitive measurements [41].
CV was used for the detection of GA concentration in this study.

2.3.1. Optimization of GA Aptamer Immobilization

One of the most important steps in the development of electrochemical aptasensors is
to optimize aptamer concentration. Various concentrations of aptamer (0.1–10 µM) were
tested to optimize aptamer immobilization. The efficient electrochemical signal was not
provided at a low concentration of the aptamer (0.1 µM). The sensitivity of the aptasensor
was decreased at higher aptamer concentrations (5, 10 µM) due to dense immobilization
on the electrode surface. In the context of CV current, an aptamer concentration of 1 µM
produced an appropriate signal and improved sensitivity (Figure 7A).

2.3.2. Optimization of Blocking and Reaction Time

Various blocking agents such as bovine serum albumin (BSA), ethanolamine, and
casein have been used. However, the similarity of the molecular structure of BSA with
GA, BSA might interfere with detection. Therefore, ethanolamine was used as a blocking
reagent in this study. Various concentrations of ethanolamine (0.1 M, 0.1 M, and 0.01 M)
were used to determine optimal concentration. The maximum current change was observed
at 0.01 M ethanolamine concentration (Figure 7B). The reaction time with the target solution
was optimized ranging from 15 to 45 min. The optimal binding was achieved at 30 min
with appropriate electrochemical signals (Figure 7C).
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Figure 7. Optimization of (A) aptamer concentration, (B) concentration of blocking solution, and
(C) reaction time with GA protein.

2.4. Electrochemical Detection of GA

The sensitivity of the developed aptasensor was tested against various concentrations
of GA (from 1 to 10,000 µg mL−1) under optimal conditions. The aptamer immobilized
on PDA-NPs/SPCEs provided a relatively significant current exhibiting a free and steady
assembly on the electrode surface. When the aptamer changed conformational structure
upon binding to the target, the captured GA-aptamer complex on the sensor surface acted
as a kinetic barrier, inhibiting the electron transfer reaction, and thus lowering the peak
current. The decrease of the CV oxidative peak current was observed corresponding to
the increase in GA concentration (Figure 8A). Electrochemical measurements were carried
out before and after target binding with the aptamer. The peak current changes were
calculated as the following equation: ∆I = I0 − I1, where ∆I is the peak current change,
and I0 and I1 are the peak current before and after incubation with the target protein,
respectively. The efficient binding of GA by the aptasensor was indicated by a decrease
in the maximum peak current. Figure 8B shows a standard curve plotted between the
logarithm of the GA concentration and the peak current change (µA). The peak current
changes increased linearly with log GA concentrations (I = 2.6166 ln(c) + 3.326), with a
correlation coefficient (R2) of 0.9957 for GA detection over a range of 1–10,000 µg mL−1.
The limit of detection (LOD) of GA was calculated from the equation; LOD = 3σ/S, where
σ is the standard deviation of the average measurement of the lowest concentration of
GA and S is the slope of the regression line. The calculated LOD value of the developed
aptasensor was 0.40 µg mL−1, which is sensitive enough to detect GA concentrations due
to the normal range of serum GA being 0.2–7 mg mL−1 [42]. The aptasensor developed
here is highly sensitive enough with a wide linearity range from 1 to 1 × 104 µg mL−1.
The calculated LOD in this study was compared to those of the previous studies (Table 1).
Bunyarataphan et al. and Aye et al. reported the electrochemical aptasensors for GA
detection with the low LOD of 3 ng mL−1 and 31 ng mL−1, respectively [7,16]. However,
the former sensor fabrication process involved prolonged incubation for streptavidin to
be firmly immobilized on the electrode surface, which was resolved in this study with
reduced fabrication time. The graphene oxide (GO)-modified aptasensor presented simple
and sensitive biosensing functions [16]. However, the interference with high human serum
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albumin (HSA) concentration limited the selectivity of the aptasensor which was surpassed
in our study. A detailed comparison of the selectivity between these methods can be
found in the following section. In the sensing systems, the binding affinity of aptamer
and GA, the physical properties of the PDA-NPs, and the optimal conditions of aptamer
concentration, blocking concentration, and reaction time, all have a significant impact on the
detection sensitivity and specificity. In this study, PDA-NPs functionalized electrochemical
aptasensor showed a linear response over a larger range (0.001–10 mg mL−1) of other
approaches. Therefore, the aptasensor developed in this study can confidently be applied
for sensitive detection of both low and high GA levels of clinical samples.

Figure 8. (A) CV response of Aptamer/PDA/SPCEs aptasensor after incubation with concentrations
of 1 µg mL−1, 10 µg mL−1, 100 µg mL−1, 1 mg mL−1, and 10 mg mL−1. (B) The calibration curve for
GA detection showing linear relationship between the logarithm of GA concentration 1–10,000 µg
mL−1 and corresponding maximum current (∆I) from CV. Mean current value of each concentration
was plotted from three independent experiments.

Table 1. Comparison of limit of detection using various biosensors for the detection of serum
glycated albumin.

No. Techniques Limit of Detection
(LOD) Linear Response Range References

1. Nanozyme-based electrochemical immunoassay 3.8µg mL−1 5µg mL−1 to 10 mg mL−1 [43]
2. rGO/AuNPs based electrochemical aptasensor 0.07 µg mL−1 2–10 µg mL−1 [8]
3 Electrochemical-based aptasensor 0.003 µg mL−1 0.002–16 mg mL−1 [7]
4. Cu2O–rGO nanozyme-based electrochemical sensor 0.007 µg mL−1 0.02–1500 µg mL−1 [44]
5. Paper-based device with boronic acid-derived agarose beads 7.1 µg mL−1 10 µg mL−1 to 10 mg mL−1 [45]
6. Colorimetric immunoassay using Prussian blue nanoparticles 7.32 µg mL−1 0.01–2.0 mg mL−1 [46]
7. Enzymatic assay-based sensor 0.36 µg mL−1 0–0.6 mg mL−1 [42]
8. rGO-based aptasensor 16.40 µg mL−1 0–125 µg mL−1 [47]
9. GO-fucntionalized electrochemical aptasensor 0.031 µg mL−1 0.001–10 mg mL−1 [16]

10. PDA-NPs functionalized electrochemical aptasensor 0.40 µg mL−1 0.001–10 mg mL−1 This study

2.5. Selectivitiy and Reproducibility of the Electrochemical Aptasensor

To verify that the current changes were in fact caused by specific interaction between
the aptamer and GA, the specificity of the aptasensor was evaluated using common inter-
fering substances such as urea (2.5 mg mL−1), glucose (125 mg dL−1), bilirubin (2 mg dL−1)
and HSA (100 µg mL−1). Apparently, as shown in Figure 9 the largest current change was
observed with GA protein. In contrast, only small current changes (22 ± 0.39%, 19 ± 0.53%,
24± 1.14%, 19± 0.09%) were observed with urea, glucose, bilirubin, and HSA, respectively.
The concentrations of the interfering substances (except for HSA) used here were higher
than their normal level in the normal human serum. Cross-reactivity with HSA is still
a challenge for most GA biosensors as these two molecules possess a relatively similar
molecular structure [7,9]. The present results indicate that the aptasensor developed here
exhibited high specificity for the detection of GA without any labeling.
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Figure 9. Specificity of electrochemical aptasensor to GA (1 mg mL−1) compared with other biomate-
rials urea (2.5 mg mL−1), glucose (125 mg dL−1), bilirubin (2 mg dL−1), and HSA (100 µg mL−1).

Five independent experiments against three different concentrations of GA at 0, 0.1,
and 10 mg mL−1 were carried out to test the reproducibility of the aptasensor detection. The
relative standard deviations (RSDs) obtained were 8.28%, 1.77%, and 2.82%, respectively
(Table 2). The RSD is lower than the acceptable value (less than 10%) [48] proving that the
aptasensor can generate highly reproducible electrochemical signals and good precision.
Moreover, the consistency of the electrode fabrication process was perceived. The stepwise
electrode modification strengthened the reproducibility of the aptasensor. The relative
interferences with HSA and reproducibility of the developed electrochemical aptasensor
were compared to other methods in Table 3.

Table 2. Reproducibility of the aptasensor detection for various concentrations of GA (0, 1 and
10 mg mL−1).

GA Concentration
(mg mL−1) Peak Current (µA) Relative Standard Deviation (%)

(n = 5)

0.00 3.91 ± 0.32 8.28%
0.10 14.83 ± 0.26 1.77%
10.00 26.98 ± 0.76 2.82%

Table 3. Comparison of selectivity and reproducibility of the developed electrochemical sensor with
other reported sensors.

No. Biosensors Relative Interferences
with HSA (%)

Reproducibility
(CV%) References

1. Electrochemical-based aptasensor 29 ± 3% 6.50% [7]
2. Immobilization free electrochemical sensor 52.91 ± 1.46% 9.88% [9]
3. GO-functionalized electrochemical aptasensor 26.2 ± 0.2% 2.50% [16]
4. PDA-NPs functionalized electrochemical aptasensor 19 ± 0.09% 2.82% This study

2.6. Spike Recovery Assay

The accuracy of the GA detection of the electrochemical aptasensor developed in this
study was evaluated using a GA-spiked human serum. Prior to spiking with GA, the
serum was diluted from 1:1 to 1:1000 with PBS (1X, pH 7.4) to investigate the optimal serum
dilution. The current changes were decreased in parallel with serum (Figure 10). Since
relatively small interference with small current change was observed at 1:1000 dilution,
this dilution was chosen to reduce the interference from other serum proteins.
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Figure 10. Evaluation of optimal serum dilution for spike recovery assay.

To demonstrate the applicability and feasibility of the fabricated aptasensor for clinical
samples, two different concentrations (47.60 and 238.10 µg mL−1) of GA solutions were
spiked into the diluted serum. The recovery rates of low and high GA concentrations were
104% and 90%, respectively, as shown in Table 4, which were within the acceptable range
with RSD values of 6.10% and 2.80%, respectively. The data showed that the aptasensor
developed here can detect GA levels accurately. Therefore, the developed aptasensor is
observed to be reliable and can be used as a potential tool for the detection of GA in real
clinical samples. However, further validation experiment including the comparison of the
developed biosensor and a reference method for real sample analysis is required prior to
implementation in the clinical laboratory.

Table 4. Recovery assay of GA in human serum using the developed aptasensor.

GA concentration Spiked
in Serum

(µg mL−1)

Measured Concentration
(µg mL −1) Recovery (%) RSD a (%)

(n = 3)

47.60 53.1 ± 0.79 104 6.10
238.10 217 ± 0.56 90 2.80

a The relative standard deviations.

3. Materials and Methods
3.1. Reagents and Materials

The GA binding aptamer with a 33-nucleotide sequence of 5′-GG TGG CTG GAG GGG
GCG CGA ACG TTT TTT TTT T–3′ [49] was modified by an amino group (NH2) at 5′ end
of the aptamer sequence (Integrated DNA Technologies Pte. Ltd., Singapore). The aptamer
was reconstituted using Tris-EDTA (TE) buffer (1X, pH 8.2). Dopamine hydrochloride, GA,
and ethanolamine were purchased from Sigma-Aldrich (Singapore). Disposable screen-
printed carbon electrodes (SPCEs, 30 × 12.5 mm) were purchased from Quasense, Thailand.
As a redox indicator, potassium ferricyanide (K3[Fe(CN)6], 5 mM) together with 0.1 M
potassium chloride (KCl) in phosphate-buffered saline (PBS) (1X, pH 7.4). All reagents
were prepared in ultrapure deionized water (DI).

3.2. Instruments

The electrochemical detection system was completed by the transducer (the elec-
trode sensor) and the detector. The transducer was a disposable SPCE with a three-
electrode system including a 3-mm working carbon electrode, a carbon counter electrode,
and a silver/silver chloride reference electrode. The PalmSens4 potentiostat with PS
Trace 5.8 software (PalmSens BV Co., Ltd., Houten, The Netherlands) was used for all
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electrochemical experiments. The characterization of PDA-NPs was carried out by an
Eppendorf BioSpectrometer® fluorescence (Hamburg, Germany), a Bruker TENSOR II
ATR-FTIR spectrometer (Bruker, Germany), a transmission electron microscope (TEM,
FEI, TECNAI G2 20, Nieuw-Vennep, The Netherlands), a scanning electron microscope
(SEM, Jeol, JSM-IT200 InTouchScope™, Tokyo, Japan) and a dynamic light scattering (DLS,
Malvern, UK).

3.3. Synthesis of PDA-NPs and In Vitro Conjugation of GA Aptamer on PDA-NPs

PDA-NPs were synthesized by simply dissolving 50 mg of dopamine hydrochloride
into 100 mL of 10 mM Tris buffer (pH 8.5, 9.5, and 10.5). The suspension was stirred
at 180 rpm for 20 h. The solution was then centrifuged at 16,100× g for 5 min at room
temperature. PDA-NPs were washed twice with 1 mL of Tris buffer. The supernatant
was discarded, and the remaining pellets were collected. The PDA-aptamer complex was
prepared by mixing equal volumes of synthesized PDA-NPs and GA-specific aptamer.
Aptamer conjugation was done 45 min after incubation.

3.4. Fabrication of the Electrochemical Aptasensor

The working carbon electrodes were coated with seven microliters of the PDA-NPs
solution and dried in the oven at 50 ◦C for 30 min. To remove excess PDA-NPs, DI was used
to thoroughly clean the electrodes. Then, 7 µL of 1 µM GA aptamer were immobilized and
stabilized on the working electrode for 30 min to allow complete binding between the amino
groups of the aptamers on the PDA surfaces. PBS (1X, pH 7.4) was used to completely
wash the unbound aptamers. The surfaces were blocked with 0.1 M ethanolamine to reduce
non-specific binding. After blocking for 15 min, the SPCEs were washed with PBS again.
The layer-by-layer aptasensor was applied for the detection of GA in this study.

3.5. Electrochemical Analysis

The produced aptasensors were incubated with various GA concentrations for 30 min.
Then, electrode surfaces were rinsed with PBS and 130 µL of 5 mM [Fe(CN)6]3−/4− was
added until the surfaces were immersed. For the characterization of the fabrication process,
CV and EIS analyses were carried out after each immobilization procedure. Both electrode
characterization and GA detection were measured by CV with a potential of −0.5 V to 0.9 V
at a scan rate of 100 mVs−1 using a redox indicator. The impedance spectra were measured
using the open circuit potential at the frequency range of 100 mHz to 100 kHz. The flow
diagram of the proposed electrochemical aptasensor is illustrated in Scheme 1.

Scheme 1. Schematic diagram of the proposed PDA-NPs functionalized electrochemical aptasensor
for GA protein detection (a) Synthesis and functionalization of PDA-NPs (b) Drop-coating PDA-NPs
onto SPCEs (c) Immobilization of aptamer (d) Blocking with ethanolamine (e) Incubation with GA
and (f) Voltametric measurements using 5 mM [Fe(CN)6]3−/4− as a redox indicator.

41



Int. J. Mol. Sci. 2022, 23, 13699

3.6. Real Sample Analysis

After optimal conditions were obtained, the capability of the proposed electrochemical
biosensor was investigated in real samples. Serum samples were spiked with GA at
final concentrations of 47.60 and 238.10 µg mL−1 to test the clinical performance of the
proposed biosensor. Known concentrations of GA spiked into diluted serum samples were
determined by employing the electrochemical measurements that were described in the
previous section.

4. Conclusions

PDA is quite a promising sensor material for a variety of analyses. In particular, it has
been extensively applied for designing biochips for biomarker detection. In this study, we
used functional PDA-NPs as a coating material on SPCE surfaces to create an electrochemi-
cal GA detector under a new concept, which has the potential to monitor glycemic control
in DM patients. Here, we designed the sensing system to be convenient with a simple and
facile fabrication process and label-free GA detection. The PDA aptasensor developed here
showed excellent sensitivity, selectivity, and a low detection limit of 0.40 µg mL−1 for GA
detection. This proposed technique shows its potential application in serum/plasma GA
measurement to improve the screening and management of diabetic patients in the future.
It can be also applied to new PDA-based nanoconstructs to modify the electrode surfaces
for a variety of biomedical applications.
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//www.mdpi.com/article/10.3390/ijms232213699/s1, Table S1: Hydrodynamic diameter and poly-
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Abstract: High demand for electrochemical storage devices is increasing the need for high-performance
batteries. A Zn-CO2 battery offers a promising solution for CO2 reduction as well as energy storage
applications. For this study, a Zn-CO2 battery was fabricated using a Carbon Nanotube (CNT) sheet as a
cathode and a Zn plate as an anode. The electrochemical activation technique was used to increase the
surface area of the CNT electrode by roughly 4.5 times. Copper (Cu) as a catalyst was then deposited
onto the activated CNT electrode using electrodeposition method and different Cu loadings were
investigated to optimize CO2 reduction. The final assembled Zn-CO2 battery has a 1.6 V output voltage
at a current density of 0.063 mA/cm2, which is higher than most devices reported in the literature. This
study demonstrates the importance of activation process which enabled more catalyst loading on
the cathode resulted in additional active sites for electroreduction process. This paper presents the
activated CNT sheet as a promising cathode material for Zn-CO2 batteries.

Keywords: CNT/Cu composite; CO2 reduction; Zn-CO2 battery

1. Introduction

The Metal-CO2 battery has attracted attention due to its unique approach to utilize
CO2 economically and efficiently. The discharging process of the battery is based on the
mechanism that naturally occurred the oxidation process from the metal anode provide
electron to reduce CO2 to various hydrocarbon byproducts, electrons can pass through an
external circuit to the cathode and generate electricity [1]. Although metal-CO2 battery
research is still at a very early stage, it is considered to be a promising solution to capture
and recycle CO2. This technology is intended to address two major global issues that are
currently faced by humanity: the energy crisis and climate change caused by the rapid rise
of CO2 levels.

Various successful metal-CO2 batteries have been demonstrated in recent years in-
cluding Li-CO2 [2–5], Al-CO2 [6], Na-CO2 [7], and others. The most studied battery is
Li-CO2 battery due to its high theoretical energy density of 1876 Wh Kg−1 [2], compared to
other available batteries. However, these batteries have challenges including, use of high
active metal anodes, solid discharge products, and cost limits the practical environmen-
tally friendly applications [8–10]. Zn-CO2 provides a promising alternative due to its low
toxicity, safety, cost, low active metal anodes, and is environmentally friendly [4,8,9,11,12].

Reutilizing CO2 to produce other high-value chemicals is deemed to be a more practical
route. Electrochemical reduction of CO2 (ERC) has many advantages, which include
producing high economic value products such as methanol, ethylene, and formic acid,
operating at room temperature and atmospheric pressure, and the process can be powered
using renewable sources of energy [13].

45



Int. J. Mol. Sci. 2022, 23, 12602

However, ERC has also been associated with many constraints and disadvantages.
These shortcomings are demonstrated in the following three points: (i). ERC has suffered
from high electrode overpotential and low resultant current density [14,15]; (ii). The
hydrogen evolution reaction competes with the ERC process at the high potential in the
aqueous phase [16]; (iii). Product selectivity and low efficiency often plague the ERC
process [15]. Using electrocatalysts has been suggested to lower the potential and increase
the current density, and to improve the overall efficiency of the ERC process. Metal and
semiconducting metals, such as Cu, Fe, Sn, Au, Pt, etc., are commonly used as cathode
materials to reduce CO2 electrocatalytically [17,18].

Among various metal catalysts, Cu has been considered the most appropriate can-
didate for the ERC process. In an aqueous phase, Cu can electrocatalytically reduce CO2
to hydrocarbons with relatively low current density (around 5–10 mA cm−2) and high
current efficiency (i.e., >69% at 0 ◦C) [19]. Furthermore, the selectivity of the products
can be controlled by the atomic structure of Cu, for instance, a Cu (100) electrode with an
optimal density of steps has shown higher selectivity for C-C coupling than other planar
surfaces [20,21]; production of oxygenates is enhanced in the crystal with the plane of
(100) and (110) [20,22]; recent DFT results also show that Cu (211) yields higher magnitude
activity than other planes (100) and (111) for CO reduction to CH4 [23].

CNT materials have been known for their great electrical and mechanical proper-
ties [24,25], chemical inertness, and electrocatalytic stability [26], as well as high surface
area [27]. All these advantages make CNT a good substrate material for Cu deposition. By
utilizing the porous surface morphology of the CNT sheet, Cu materials can penetrate and
distribute more evenly inside the nanotubes. The inherent mechanical property of CNT
also provides CNT-Cu composite materials with a great degree of flexibility. To ensure the
formation of micro-sized Cu particles, a slow-paced organic deposition method was used
to deposit Cu on the CNT sheet. Two Zn-CO2 batteries were investigated using two tubular
cathodes prepared from directly grown CNTs on copper and nickel mesh [28]. These batteries
demonstrated excellent stability, high input voltage, and discharge performance. Another
Zn-CO2 was fabricated using hollow CNT fiber exhibited high selectivity and efficiency [10].
The battery showed energy density of 288.3 Wh Kg−1 and was stable up to 8 days.

This paper discusses the use of CNT sheet as a cathode material for Zn-CO2 battery.
The CNT sheet was first acid-treated to make it hydrophilic and then electrochemical
activation was performed on the acid-treated CNT sheet to increase the surface area for Cu
deposition. The organic deposition method was used to deposit the Cu on the activated
CNT sheet, different Cu depositions were achieved by varying the deposition time of
the process. Optimum deposition time in terms of CO2 reduction efficiency was studied.
The aim of this research is to use activation process to increase the surface area of the
electrode for more catalyst deposition. The additional area will provide more activation
sites for electrochemical reduction activity and improve the performance of the device. The
performance of Cu deposited CNT was then investigated and compared with non-activated
CNT cathode electrode.

2. Results & Discussion
2.1. CNT Activation and Cu Deposition

During the final stage of the FCCVD process for CNT synthesis, the CNT sheet has lost
a significant amount of surface area due to the densification process. Thus, electrochemical
activation has been used as a practical approach to recover some of the losses. The activation
is explained in detail in our previous paper [29]. Before the activation, CNTs sheets were
acid-treated to increase their hydrophilicity The hydrophobicity of as-synthesized CNT
sheet has prevented electrolytes from the wetting the electrode, which is mainly due to the
nonpolar aromatic molecular structure. Acid treatment was used to functionalize the CNT
sheet and promote the wetting [30]. Additionally, to not bring external chemical elements
into the electrochemical cell, NaCl was used as the electrolyte to activate the CNT sheet. The
duration of activation was limited to less than 10 min to prevent CNT structural damage
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caused by excessive activation. During the activation process, electrolysis, and formation
of H2 caused expansion and delamination of the CNT sheet. After 10 min activation, the
activated CNT sheet exhibited sponge-like and multi-layer morphology, which was able
to increase the inner surface area for the deposition of Cu. The illustration of activation
and deposition process used for CNT sheet samples for CO2 reduction and battery part is
shown in Figure 1.
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During the Cu deposition, organic electrolytes (Cu (CH3COO)2 & CH3CN) were used
for deposition. Organic deposition has been used as a Cu seeding method in some publi-
cations, it has helped to achieve a uniform and less congregated Cu distribution on CNT
substrate due to its low Faradaic efficiencies and slow deposition rate [31]. In comparison
to an aqueous electrolyte deposition method (CuSO4), organic deposition can infiltrate into
the activated area and provide more balanced internal and surface deposition [31]. In this
research, organic deposition was used to deposit Cu onto activated CNT sheet to maximize
its surface area.

Cu deposition was achieved by electrochemical deposition of Cu onto a CNT electrode
with a constant voltage by using the organic deposition method. The organic deposition
method (OD) has been used to promote Cu deposition within CNT wires and control
surface deposition to obtain a uniform and continuous Cu matrix. OD is the initial seeding
process that deposit nano-sized Cu particle, under the following heat treatment, these
nanosized Cu particles can agglomerate into micro-sized Cu particles, which catalyze CO2
reduction [31,32]. During the CV measurement, the three electrode method was used to
measure the cyclic voltammetry at different scan rates (10, 25, 50, 100, and 150 mV/s),
the CV curves were presented in Figures S1A–D and S2 (Sections S1 and S2) to study the
electrochemical activity of various samples, according to which there is no redox peak for
the acid-treated sample, whereas redox peaks are visible for the 2, 5, 10, 20 h for the Cu
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deposited sample. The onset of the reduction peak is an indication of the occurrence of the
CO2 reduction reaction. Due to the absence of Cu catalyst, a redox reaction is unlikely to
have occurred on the acid-treated CNT sample.

Additionally, the relationship between current density and potential is shown in
Figure S2, as it indicated that current density increases with the increase in potential.
However, the acid-treated CNT sample shows the lowest negative current density increase
compared with other samples. The 10 h Cu deposited sample showed the highest negative
current density increase especially below −1 V. Due to its great electrochemical activity
at a negative potential, 10 h was considered the optimal OD time frame to provide most
electrochemically active CNT sample for CO2 reduction.

2.2. The Surface Area Comparison

The electrochemical active surface area of acid-treated CNT as well as CNT after
activation was estimated based on the double-layer capacitance (Cdl) by using a cyclic
voltammetry (CV) graph. According to the classic capacitance equation for double-layer
capacitance: Cdl = ε0 ∗ A/ d, where A is the surface area and d is the distance between
layers [33], the surface area of the electrode is proportional to the capacitance value.

During the measurement, CV was taken between −1.0 and 2.0 V vs. RHE at scan rates
of 10 mV/s and the electrolyte is 1 M NaCl saturated with CO2. According to the CV graph
in Figure 2, the capacitance of the sample was estimated using Cdl =

∫
Idv/v ∗ m ∗ ∆V,

where
∫

Idv is the integrated area under the CV curve, v is the scan rate, m is the weight of
the electrode sample, and ∆V is the voltage window. Because v, m, and ∆V are the same
for the acid-treated and activated samples, the surface area ratio between activated CNT
and acid-treated CNT is equivalent to the ratio of the integrated area of their respective CV
curve. Based on the calculation,

∫
Idv of the activated CNT curve is around 4.5 times larger

than the acid-treated CNT curve, which suggested a large increase in the electrochemical
active area and higher surface roughness.
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2.3. Structural Analysis

The SEM images of acid-treated and activated CNT with Cu deposition with different
magnification as well as their EDX graph are shown in Figures 3 and 4, respectively. After
organic deposition, Cu precipitant was first formed around CNT strands and deposited
onto the surface of CNT sheet (Figure 3A). After the heat treatment, these precipitants
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started to coalescence and formed large size spherical particles, which were uniformly dis-
tributed on the CNT surface as shown in Figure 3B, while the cross-section is non-activated
(Figure 3C,D) and its compact structure prevents further infiltration of Cu. Additionally,
EDX was used to verify the presence of Cu (Figure 3E). The presence of O indicates that
Cu particles are partially oxidized, a small percentage of impurities such as Fe, S are from
the catalyst source (Ferrocene) and growth promoter (Thiophene), respectively, used in the
nanotube synthesis process. The elements of Mo and Cl are possibly from the ceramic tube
used in the synthesis reactor.
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Figure 4. SEM images of activated CNT with Cu organic deposition: surface morphology (A,B), as well
as cross-sectional images (C,D), and EDX spectrum from cross-sectional area of the activated sample (E).

In terms of the activated CNT sheet, due to the nature of the electrochemical activation
process, which generates a copious amount of H2, H2 is not only able to delaminate the CNT
sheet, but surface roughness has also been increased due to the bulge formation in the CNT
sheet from H2 generation. The distance between CNT strands appears to be winder that of
non-activated ones (Figure 4A), the rough surface also gives rise to the rough Cu surface
morphologies (Figure 4B). Past literature has shown that surface roughness has a direct
relationship with activity and product selectivity of CO2 reduction [34,35]. There are more
under-coordinated sites are present in the roughened surface that showed more adsorption
energies compared to highly coordinated sites. Cross-section SEM images showed the
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multilayer and delaminated structure, which provide ample space for Cu deposition. An
EDX spectrum of the cross-section indicates that Cu has a large presence, and the presence
of O indicates Cu is partially oxidized.

2.4. Linear Sweep Voltammetry Graph and Potentiostatic Curve

A linear sweep voltammetry (LSV) graph was used to estimate the electrochemical
reduction potential of the electrodes. Enhanced current density at increased negative
potential suggests high electrocatalytic activity of activated CNT/Cu for CO2 reduction.
The comparison was made between Cu deposited acid-treated CNT and Cu deposited
activated CNT, before the LSV measurement, NaCl electrolyte was saturated with CO2,
and CO2 gas was continuously pumped into NaCl electrolyte during the experiment. The
range of sweeping potential was kept between 0.4 and −0.6 vs. RHE, current density was
normalized by the geometric area of the CNT sample. It can be seen from Figure 5A that,
for the Cu deposited activated CNT sample, a rapid shift in current and increased current
density indicate an intensified reduction reaction. The reduction current density initially
decreased and increased with further increase of reduction potential. However, in terms of
Cu deposited only in the acid-treated sample, the current density appeared to be stabilized
at around 0.5 mA/cm2 after the initial rapid decline, which indicates a minor occurrence of
the electrochemical reduction reaction.
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Figure 5. LSV curve (A) and potentiostatic curve (B) of acid-treated CNT with 10 Hrs Cu organic
deposition and activated CNT with 10 Hrs organic deposition.

Potentiostatic testing was carried out and results are shown in Figure 5B. A constant
voltage −0.4 vs. RHE was applied and the current density variation was measured during
the 4 h running. Cu deposited activated CNT experienced initial decline and later became
stabilized around 0.5 mA/cm2, while Cu deposited only acid-treated CNT was kept con-
stant around 0.25 mA/cm2, which indicates that activated CNT provides extra space for
Cu deposition to increase the activation sites, additionally rough surface morphology of
Cu particles on the CNT sheet enhances the electrochemical activities.

2.5. Zn-CO2 Battery Performance

The Zn-CO2 metal battery was constructed in the H-cell, which is schematically shown
in Figure 6. Cu deposited activated CNT was used as the cathode material in the cathodic
compartment, while the Zn plate was used as an anode in the anodic compartment. A
Nafion membrane was used to stabilize the pH values of anolyte and catholyte. After NaCl
was saturated with CO2, the gas was constantly bubbling into the electrolyte during the
experiment. During the discharge process, the Zn plate can react with KOH to form Zn
(OH)2 and release electrons, at the same time, CO2 reduction occurred on the Cu deposited
CNT electrode, and Cu catalyzes to promote the CO2 conversion.
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Figure 6. Schematic diagram of the Zn-CO2 electrochemical cell.

The possible reaction occurred on both electrodes are shown below:

Cathode: 2CO2 + 8H+ + 8e−1 ↔ CH3COOH +2H2O (1M NaCl, sat. CO2) (1)

Anode: 4Zn + 8OH−- 8e−1 ↔ 4Zn (OH)2 (1M KOH) (2)

Overall reaction: 4Zn + 2CO2 + 8OH− +8H+ ↔ 4Zn (OH)2 + CH3COOH +2H2O (3)

The potential stability of Zn-CO2 in terms of discharging time before and after the
saturation of CO2 was measured. According to Figure 7A, the acid-treated CNT showed
the lowest potential output and was followed by a sharp potential drop, while inactivated
CNT. In Figure 7B, before the saturation of CO2, the output potential of a cell has been
stabilized around 1.3 V, after the saturation of CO2, the potential has seen a steady drop,
which is likely due to the increased internal resistance caused by CO2 saturated electrolyte.
Figure 7C,D, both demonstrate the potential to increase due to the introduction of CO2,
furthermore, Cu deposited activated-CNT shows the highest potential increase of 0.4 V
after CO2 saturation, while Cu deposited acid treated-CNT has a 0.2 V increase after CO2
saturation. During 20 min discharging process, the discharge current density was kept at
0.0625 mA/cm2. The potential change at different current densities was also measured
and presented in Figure 7E, the potential was reduced from 1.2 V at a current density of
0.122 mA/cm2 to 0.8 V at a current density of 0.37 mA/cm2. In comparison, when NaHCO3
was used as electrolyte on both side of the cell, due to the low reactivity between Zn and
NaHCO3, output potential show negligible improvement when Cu-CNT was cathode
(Supplementary Materials Figure S3 in Sections S3).
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Figure 7. Discharging curve of acid-treated CNT for 20 min (A), activated CNT (B), Cu-deposited
acid-treated CNT (C), Cu deposited activated CNT (D), discharging curve of Cu deposited activated
CNT at different current densities (E).

The formation of acetic acid (CH3COOH) in the electrolyte has been verified by Nu-
clear Magnetic Resonance (NMR) (Figure 8A). NMR is used to determine the molecular
structure at the atomic level, in which all nuclei have multiple spins and are electrically
charged. Inside of NMR magnetic field, radio wave excites the nuclei from lower to
higher energy lever in a single step and generates nuclear magnetic resonance, which can
be detected by sensitive radio receiver. The resonance frequency gives access to the de-
tailed information of the electronic structure and functional group of a molecule/chemical
compounds [36,37].

According to various literature, pathways towards C2+ products are considered to
be very complex and generates debate among researchers performing theoretical studies.
Compared with C1 products, C2+ hydrocarbon by-products contain two or more carbon
atoms and have higher energy densities, although most theoretically proposed mechanisms
are based on density functional theory (DFT) simulations, however, the consensus is by
transferring a concerted proton-electron (H+/e−) from the electrolyte to adsorbed species,
which in this case is Cu surface, a CO2 molecule can reduce to carboxyl intermediate
*COOH and then to *CO and water molecule, further reaction include protonation of *CO
to *CH3O and following coupling with CO2·− to form to acetate [38], which is illustrated
in Figure 8B due to the complicated nature of the reaction as well as this could well be one
of the possible routes to form acetic acid, further studies are needed to fully confirm. The
Zn-CO2 battery has a theoretical electromotive force of 4.557 V and a theoretical energy
density of 915.75 Wh Kg−1 (Supplementary Materials Section S4). The comparison between
this work and other works can be found in Table S1 in Section S5 which proves that this
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Zn-CO2 battery has a high open voltage of 1.6 V compared to other batteries reported in
the literature.
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3. Materials and Methods
3.1. The Synthesis and Activation of CNT Sheet

The CNT sheet used in this experiment was synthesized from Floating Catalyst Chem-
ical Vapor Deposition (FCCVD) method. The FC-CVD process is a one-step continuous
process and can produce industrial-scale nanotube sheet. The process is substrate-free and
provides flexibility to tune the process and customize the material according to a specific
application. In this process, we introduced a feedstock at the inlet of the reactor. The
feedstock is composed of methanol, n-Hexane, ferrocene, and thiophene. The CNT sock
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(web of nanotubes) forms in the high-temperature synthesis zone of the reactor and is
collected at the outlet of the reactor onto a rotating drum. A detailed description of the
synthesis process tuning, process analysis, and characterization techniques can be found
in our previously published research articles [39–43,43–46]. The as-synthesized CNT sheet
materials are cleaned and expanded through an acid treatment and activation process. The
acid treatment follows the steps of immersing the sample inside a mixture of 3:1 ratio of
H2SO4 (Fisher Chemical) and HNO3 (Fisher Chemical) followed by heat reflux (90 ◦C) for 2–3 h.

For activation of the CNT sheet [29], a three-electrode method was employed using an
electrochemical workstation (Gamry, Interface 1000, Warminster, PA, USA). A rectangular
CNT sheet (34 mm × 48 mm) served as the working electrode. Ag/AgCl and graphite rods
were used as the reference and counter electrodes respectively. A 0.3 M NaCl solution was
used as the electrolyte. A cyclic voltammetry (CV) sweep was conducted at a scan rate of
50 mV/s, with an applied voltage between −2 V and +2 V, to chemically activate which
increases the surface area of the CNT sheet. Typically, 10–15 scan cycles were considered as
the optimal number of cycles to fully activate the CNT without causing structural damage
to the CNT sheet. The relationship between number of activation cycles and optimal
electrochemical performance is given in [29].

3.2. Organic Deposition of Copper on Activated CNT

The Cu electrodeposition was carried out on a workstation equipped with a power
supply (Circuit Specialists, CSI5003X5, AZ, USA), a voltage stabilizer (XY-SK35 CNC buck-
boost, Econede, FL, USA), and a time relay device (XY-WJ01 Delay Relay Module, Hardware,
TKXEC, China) were used to ensure constant voltage supply and accurate control of the
electrodeposition time. The electrodeposition setup consisted of an activated CNT sheet
sample as the cathode material that was mounted on a glass slide with a Cu strip attached
to the upper edge of the sample. The CNT cathode material and Cu anode material were
immersed and separated each other at a distance of ~20 mm in the electrolyte. Anhydrous
0.0075 g copper acetate (Cu (CH3COO)2, Sigma Aldrich, St. Louis, MO, USA) in 150 mL
acetonitrile (CH3CN, Sigma Aldrich, St. Louis, MO, USA) was used as the electrolyte for
organic deposition. Deposition times were 2 h, 5 h, 10 h, and 20 h, respectively, and the
excess electrolyte after Cu organic deposition was removed from the sample by rinsing in
deionized water. The sample was then dried in the air for 1 h.

3.3. Metal-CO2 Battery Electrochemical Measurement

Electrochemical activity for CO2 reduction experiments was conducted in a three-
electrode method using an electrochemical workstation (Gamry, Interface 1000, Warminster,
PA, USA) and a CV/linear sweep voltammetry (LSV) graph was recorded. All electrochem-
ical data was collected vs. the Ag/AgCl reference electrode. The electrolyte used in both
compartments was 1 M NaCl solution. The Ag/AgCl electrode and the Platinum electrode
were used as the reference and counter electrode. The following equation was used to
convert from the Ag/AgCl scale to the reversible hydrogen electrode (RHE) standard:

E (vs. RHE) = E(vs. Ag/AgCl) + 0.209V + 0.0591V × pH (4)

The pH value of the electrolyte in Equation (1) was measured using a digital pH meter
(Digital pH tester pen, VIVUSUN, China).

A full Zn-CO2 battery was assembled in an H-type cell separated by a Nafion mem-
brane. A Zn plate (34 mm× 48 mm) and Cu deposited CNT were used as anode and cathode
respectively. Before the experiment, ultra-pure CO2 (99.99%, Wright Brother, Cincinnati, OH,
USA) was pumped into the cathode compartment for 45 min at a rate of 0.25 sL/min to
saturate the electrolyte. The whole system is air-tight to prevent leakage and increase CO2
saturation concentration in the electrolyte (1 M NaCl).
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3.4. Material Characterization

Scanning electron microscopy (SEM) (FEI SCIOS, 5 kV, Themofisher Scientific, Waltham,
MA, USA) was used to characterize the surface morphology as well as the cross-section of
the activated CNT/Cu sample. Nuclear magnetic resonance (NMR) (Bruker NEO 400Biller-
ica, MA, USA), with Bruker Ascend 9.4 T, 54 mm (narrow) bore, BOSS-336 shim system,
equipped with Bruker 5 mm SMART 15N- 31P and 19F observe with 1H decoupling and
observe, Z-axis PFG, VT range from 150 to +150 ◦C, was used to analyze the by-product
solution from the electrochemical reduction experiment.

4. Conclusions

A Zn-CO2 battery with copper deposited CNT as a cathode and a zinc plate as an
anode is proposed. The area of the CNT electrode was increased by 4.5 times using the
electrochemical activation technique. Different copper loadings were studied for the CO2
reduction process, and it was concluded that the ten hours of organic deposition is the
optimum loading for our sample. A new approach for using activated CNT as the cathode
is presented and the assembled battery showed an open circuit voltage of 1.6 V and a
current density of 0.063 mA/cm2, which is higher than reported for most device in the
literature. Moreover, the oxidized Zn plate is easily replaceable which extends the lifetime
of the battery. However, the reduction reaction is still ambiguous and needs a better
understanding of the reaction mechanism.
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Abstract: In this study, TiO2-Bi2S3 composites with various morphologies were synthesized through
hydrothermal vulcanization with sputtering deposited Bi2O3 sacrificial layer method on the TiO2

nanorod templates. The morphologies of decorated Bi2S3 nanostructures on the TiO2 nanorod
templates are controlled by the duration of hydrothermal vulcanization treatment. The Bi2S3 crystals
in lumpy filament, nanowire, and nanorod feature were decorated on the TiO2 nanorod template
after 1, 3, and 5 h hydrothermal vulcanization, respectively. Comparatively, TiO2-Bi2S3 composites
with Bi2S3 nanowires exhibit the best photocurrent density, the lowest interfacial resistance value
and the highest photodegradation efficiency towards Rhodamine B solution. The possible Z-scheme
photoinduced charge separation mechanism and suitable morphology of Bi2S3 nanowires might
account for the high photoactivity of TiO2 nanorod-Bi2S3 nanowire composites.

Keywords: composites; vulcanization; photoactivity

1. Introduction

Nanorod arrays of TiO2 are beneficial to provide direct channels for electron transport,
reducing the recombination probability of electrons in the transmission process. The rod
morphology helps to improve the electron injection and collection efficiency of TiO2 semi-
conductor [1–5]. However, the wide band gap nature of TiO2 engenders poor response to
visible light [6,7]. In order to improve the photoactivity of TiO2, the strategy of semiconduc-
tor coupling is often used to enhance the solar energy conversion and utilization of TiO2 [8].
Several cases of TiO2 coupled with a visible light sensitizer has been shown a promising
approach to improve solar energy utilization efficiency. TiO2 microspheres coupled with
CdS nanoparticles enhance the light harvesting ability and suppress the electron-hole
recombination of TiO2 and CdS [9]. The electrospinning formed TiO2/CuO composite
nanofibers enhance light absorbance and interparticle charge transfer and lower the band
gap energy, thus promoting absorbance and utilization of photon energy from a broader
light spectrum [10]. Precise control of Bi2O3 coverage layer phase composition realizes
the high photoactivity of the one-dimensional TiO2-Bi2O3 composites [11]. The decoration
of ZnFe2O4 crystallites onto TiO2 improves the photoactivity of TiO2 and enhance the
photodegradation performance towards Methylene orange [12]. The TiO2/Bi2S3 core–shell
nanowire arrays demonstrate improved photocurrent density than that of pristine TiO2
because of the broadened light absorption ability and the increased charge carrier separa-
tion efficiency [13]. Similarly, Bi2S3 nanowires/TiO2 nanorod arrays exhibit an excellent
photoelectrochemical activity [14]. Rosette-rod TiO2/Bi2S3 shows substantial improve-
ment in photoresponse in compared with pristine TiO2 photoanode [15]. Furthermore,
hydrothermal method deposition of TiO2/Bi2S3 composite film is presented to be promis-
ing for applications of photoanode [16]. These examples clearly present the feasibility of
construction of TiO2-Bi2S3 heterogeneous system to be used in photoactive devices with an
improved efficiency.
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Among various visible-light sensitizers, Bi2S3 has attracted much attention because it is
environmentally friendly and non-toxic. Bi2S3 has a high optical absorption coefficient and
a suitable band gap, which can absorb most of the visible light spectrum [17]. Bi2S3 crystals
with a large area growth and different morphologies have been realized through various
chemical routes [18]. The photoactivity of Bi2S3 crystals is highly dependent on shape, size,
and crystalline quality. How to precisely control the microstructures of Bi2S3 in order to
fabricate TiO2-Bi2S3 composites with satisfactory photoactivity is an important issue. In
this study, Bi2S3 crystals with various microstructures were decorated on TiO2 nanorod
arrays via vulcanization of Bi2O3 sacrificial layer. The vulcanization of metal oxide to obtain
metal sulfide has been shown to be a promising and easy approach to synthesize the metal
sulfides with controllable microstructures [17,19]. Using metal oxide sacrificial layer to form
the metal sulfide through vulcanization is an easy approach to control the microstructure of
the as-synthesized metal sulfide. This approach is suitable for microstructural control of the
sulfide crystals and thus tuning the physical properties of the samples. However, studies
on synthesis of TiO2-Bi2S3 composites through vulcanization of Bi2O3 layer and their
photoactivities are lacking. A detailed vulcanization process-dependent microstructure
evolution and photoactive properties of TiO2-Bi2S3 composites are proposed in this study
to realize the design of TiO2-Bi2S3 composites with high photoactive performance.

2. Experiments

The synthesis of TiO2 nanorod template on the F-doped SnO2 (FTO) substrate was real-
ized through a hydrothermal method at 170 ◦C. Other detailed parameters and preparation
procedures have been described elsewhere [4]. The Bi2O3 thin films were sputter deposited
on the TiO2 nanorod template using a radio-frequency magnetron sputtering system. A
metallic Bi disc was used as the target (99.9 wt%, 2 inches in diameter); the substrate tem-
perature was fixed at 410 ◦C. The working atmosphere is mixed Ar/O2 with a ratio of 1/1,
the working pressure is 20 mtorr and sputtering power is 30 W. The sputtering duration
is 50 min. The Bi2O3 thin-film coated TiO2 nanorod templates are further immersed in a
20 mL reaction solution containing 0.1M thiourea and sealed in a Teflon-lined autoclave for
a hydrothermal reaction at 160 ◦C for 1, 3, and 5 h to obtain TiO2-Bi2S3 composites (named
as BT-1, BT-3, and BT-5, respectively.).

Crystallographic structures of as-synthesized samples were investigated by X-ray
diffraction (XRD) analysis using Cu Kα radiation with a two-theta scan range of 20–60◦

and scan rate of four degrees per min. The morphologies of the as-synthesized samples
were investigated using a field emission scanning electron microscopy (FE-SEM). The
morphology, high resolution images, crystallographic structure, and composition of BT-1
and BT-3 composite samples were investigated by high-resolution transmission electron
microscopy (HR-TEM). X-ray photoelectron spectroscopy (XPS) was used to analyze the
elemental binding energies of the as-synthesized samples. The diffuse reflectance spectra of
the as-synthesized samples were recorded by using UV-vis spectrophotometer (Jasco V750)
at the wavelength range of 200–800 nm. Photoelectrochemical (PEC) and electrochemical
impedance spectroscopy (EIS) properties of various photoanodes were investigated using
the potentiostat (SP150, BioLogic, Orlando, FL, USA). During measurements, an Ag/AgCl
electrode were used as the reference electrode herein. The 0.5 M Na2SO4 solution was
used as electrolyte and the light irradiation source for measurements is excited from 100 W
Xe arc lamp. The 10 mL RhB solution (5 × 10−5 M) was used as target dye solution for
photodegradation experiments. The RhB solution containing various photocatalysts with
different irradiation durations (0, 15, 30, 45, and 60 min) was carried out to understand the
photocatalytic activity of various as-synthesized samples.

3. Results and Discussion

The morphology of initial pristine TiO2 rod array template was clearly observed from
the SEM images in Figure 1a. As seen, the TiO2 rods are uniformly grown on the entire
substrate; moreover, TiO2 rods have a regular cross-section and the side-wall surfaces are
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smooth. Figure 1b displays the morphology of BT-1. A large number of lumpy filament-like
crystals are covered on the top region of the TiO2 rod template. Figure 1c shows that
abundant nanowires with around 0.8 µm length were grafted on the TiO2 rod template for
the BT-3 sample. Such a morphology is similar to that of Bi2S3 nanowire-decorated TiO2 rod
heterostructures synthesized via a facile two-step hydrothermal growth process reported
by Liu et al. [14]. Compared to Figure 1c, after extending the hydrothermal duration to 5 h,
the diameter of one dimensional Bi2S3 thickened, and the length increases from 0.8 µm to
1.2 µm as exhibited in Figure 1d. Some aggregations of one-dimensional Bi2O3 crystals
appear on the TiO2 rod template. It has been shown that Bi2O3 oxide layer is easily etched
and transfer to Bi2S3 phase during a vulcanization process with sulfur ions in the reaction
solution [20].
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Figure 1. SEM images: (a) TiO2 template, (b) BT-1, (c) BT-3, and (d) BT-5.

Figure 2 shows the possible formation processes of Bi2S3 nanostructures on the
TiO2-Bi2O3 composite rod template via different vulcanization processes in this study.
Notably, in aqueous solution the solubility of Bi2S3 is much lower than that of Bi2O3. When
the TiO2-Bi2O3 composite rods are placed in a reaction solution containing a large amount
of S2− ions, there is a high possibility of S2− ions transfer toward to the Bi2O3 surface as
exhibited in (a). Furthermore, due to solubility disparity, the formation of Bi2S3 nuclei
on Bi2O3 will occur during the vulcanization process because of the ion exchange of S2−

from the sulfur precursor solution and O2− from the Bi2O3 surface. The generation of Bi2S3
crystals will continually proceed with a result of Bi3+ reacting with S2− as exhibited in
schematic (b). Further extending reaction duration, the Bi2S3 nuclei will slowly stack up to
form loose filament structure at the given vulcanization condition of schematic (c). When
an increase of the vulcanization reaction duration to 3 h, the loose and lumpy Bi2S3 clus-
ters will transfer into abundant, distinguishable, and separable nanowire crystals covered
on the TiO2 template as displayed in schematic (d). When the reaction duration reaches
5 h, the one-dimensional Bi2S3 crystals continue to aggregate into a thicker rod structure,
as shown in schematic (e).
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Figure 2. Schematic illustration of the formation processes of Bi2S3 nanostructures.

Figure 3a–c demonstrate the XRD patterns of vulcanization-treated BT-1, BT-3, and
BT-5 samples. In addition to the Bragg reflections originated from the FTO substrate,
the characteristic diffraction peaks centered at approximately 26.61◦, 36.18◦, and 54.76◦

can be indexed to (110), (101), and (211) planes of rutile TiO2 (JCPDS No. 00-021-1276),
revealing high crystallinity of the TiO2 template. Notably, after hydrothermal vulcanization,
several visible Bragg reflections originated from orthorhombic Bi2S3 phase could be clearly
observed (JCPDS No. 017-0320) in the BT-1, BT-3, and BT-5 samples. Figure 3a–c present
that addition of thiourea in hydrothermal reaction solution can vulcanize the Bi2O3 sacrifi-
cial oxide layer to transfer into the corresponding sulfide phase in BT-1, BT-3, and BT-5. The
prolonged vulcanization process (from 1 to 5 h) improves Bragg reflection intensity of Bi2S3
phase of the samples, revealing an improved crystallinity of the samples. This might be as-
sociated with crystal morphology transformation of the loose and lumpy filament-like Bi2S3
crystals of BT-1 to one-dimensional Bi2S3 rods of BT-5 with prolonged vulcanization process.
No Bragg reflections associated with Bi2O3 and other impurity phases were detected in the
XRD patterns, revealing the vulcanization processes herein successfully synthesized the
TiO2-Bi2S3 composite structure, and the as-synthesized composite structures are crystalline.

Figure 4a shows the low-magnification TEM image of the BT-1. It can be observed that
Bi2S3 flakes decorated on the TiO2 rod. Figure 4b is the HRTEM image taken from the red
square in Figure 3a. The distinct lattice fringes with a distance of approximately 0.28 nm
are from the interplane spacing of orthorhombic Bi2S3 (2 2 1) and the lattice fringes with
a spacing of 0.33 nm are from the interplane spacing of tetragonal TiO2 (1 1 0). Figure 4c
showed the selected area electron diffraction (SAED) pattern of several BT-1. Several
clear diffraction spots arranged in centric rings are associated with the orthorhombic Bi2S3
(2 1 1), (2 2 1), and (4 3 1) planes and the rutile TiO2 (1 1 0) plane, which agrees with
the result observed by XRD analysis. This demonstrates the well-constructed TiO2-Bi2S3
heterogeneous structure of BT-1, and a good crystallinity of the composites. The EDS
spectrum in Figure 4d shows Ti, O, Bi, and S are the main elements in this composite
structure. Furthermore, the particular element line scan intensity distributions displayed in
Figure 4e reveals the construction of Bi2S3 flakes on the TiO2 rod for the BT-1.
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in (a). (e) EDS line-scanning profiles across the composite.
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Figure 5a shows the low-magnification TEM image of the BT-3 structure scratched
from the sample. The sidewall of the composite showed an undulated feature because
of the decoration of Bi2S3 crystals. However, a broken top region of the structure was
observed in Figure 5a. Because the preparation of TEM sample with a scratched off method
will destroy the integrity of the BT-3 composite, the distinct two-layered structure of the
BT-3 composite is not observed herein, as revealed in the aforementioned SEM observation.
Figure 5b displays the HRTEM image taken from the red square region in Figure 5a. The
distinct lattice fringes with a distance of approximately 0.28 nm are associated with the
interplanar spacing of Bi2S3 (2 2 1). Figure 5c demonstrates the EDS spectrum taken from
the nanostructure in Figure 5a. In addition to Cu and C originated from the TEM grid,
the Ti, O, Bi, and S are the main constituent elements in this composite structure, which
proves that TiO2 and Bi2S3 phases coexist in the composite structure. Figure 5d presents
a low-magnification image of the scratched nanowire structure from BT-3 sample. The
nanowire has the diameter of 23 nm, and the surface is smooth. The nanowire shows a little
bent state. Figure 5e shows the HRTEM image taken from the red square in Figure 5d. The
distinct and ordered lattice fringes shows the single crystalline quality of the Bi2S3 nanowire.
Similarity, a distinguishable Bi2S3 (2 2 1) lattice image in the one-dimensional Bi2S3 crystal
in an orthorhombic structure has been shown in WO3/Bi2S3 composite synthesized via
chemical bath deposition [21]. Figure 5f shows the EDS spectrum taken from the single
Bi2S3 nanowire, where the EDS spectrum indicates high purity of Bi2S3 composition of
the nanowire.
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Figure 5. (a) Low-magnification TEM image of scratched BT-3. (b) HRTEM image taken from the
local region of the sample in (a). (c) The EDS spectrum of BT-3 in (a). (d) Low magnification TEM
image of Bi2S3 nanowire scratched from BT-3. (e) HRTEM image taken from the local regions of the
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Figure 6 shows the characteristic XPS spectral lines of various samples. The main
constituent elements of Bi, S, Ti, and O are detected in BT-1, BT-3, and BT-5, supporting the
existence of Bi2S3 and TiO2 in the composite structure. Moreover, the relatively weak Ti
signals from the spectra in comparison with that of the Bi signals, revealing the capping
layer of Bi2S3 phase on the TiO2 template for the test samples, and this spectral feature has
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widely been observed in the composite structure, having obvious layering characteristics [9].
In addition to the C signal that originated from the sample contamination on exposure to
ambient air, no impurity was detected in the as-synthesized samples. In order to further
investigate the elemental binding states of the Bi2S3 capping layer, the XPS narrow scan
spectra of Bi 4f for BT-1, BT-3, and BT-5 are displayed in Figure 7a–c, respectively. Two sharp
and distinct peaks centered at approximately 157.3 eV and 162.6 eV, which are assigned
to Bi 4f7/2 and Bi 4f5/2 of Bi2S3, respectively [22]. The tiny peak located between the two
distinct characteristic peaks of Bi 4f is originated from S 2p. The binding energies of Bi
4f core-level peaks corresponded to the characteristic binding state of Bi3+ in the Bi2S3,
revealing the well formation of the Bi2S3 phase through vulcanizing the Bi2O3 layer. No
metallic Bi or Bi2O3 appeared after vulcanization.
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Notably, the narrow scan spectra of S 2p region of BT-1, BT-3, and BT-5 in Figure 8
reveal the characteristic peaks centered at approximately 162.6 eV and 160.1 eV, which are
assigned to S 2p1/2 and S 2p3/2, respectively. The S 2p binding energies herein associated
with the aforementioned Bi 4f binding states evidenced the formation of Bi-S bonds in the
capping layer synthesized via the given vulcanization processes in this study [23].

A comparison of the UV-vis absorption spectra of TiO2 template and various TiO2-Bi2S3
samples are displayed in Figure 9a. The absorption of the TiO2 template is mainly in the
UV light range. The decoration of Bi2S3 extends the absorption range of the TiO2 template
to the visible light range because of the narrow energy gap of Bi2S3. This is consistent
with the feature of optical absorption spectra for Bi2S3 nanorod/TiO2 nanoplate compos-
ites [24]. Moreover, in the previous TiO2/Bi2S3 core–shell nanowire arrays synthesized via
a successive ionic layer adsorption and reaction method, the absorption of the composite
extends to cover the visible light range, and the decoration of Bi2S3 phase increases the light
absorption ability of the pristine TiO2 nanowires [8]. Notably, the band gap energies of the
pristine TiO2 and Bi2S3 are evaluated in Figure 9b,c, respectively, from Tauc plots based on
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Kubelka–Munk function [25]. The TiO2 has a band gap energy of approximately 3.02 eV,
and the band gap energy of the reference Bi2S3 derived from the sputtering deposited
Bi2O3 layer and then vulcanized using 0.1 M thiourea is approximately 1.3 eV. Based on
the evaluated band gap energy, the construction of the TiO2/Bi2S3 heterostructure herein
improves the light harvesting ability.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 7. XPS analysis of narrow scan Bi 4f spectra: (a) BT-1, (b) BT-3, and (c) BT-5. 

Notably, the narrow scan spectra of S 2p region of BT-1, BT-3, and BT-5 in Figure 8 

reveal the characteristic peaks centered at approximately 162.6 eV and 160.1 eV, which are 

assigned to S 2p1/2 and S 2p3/2, respectively. The S 2p binding energies herein associated 

with the aforementioned Bi 4f binding states evidenced the formation of Bi-S bonds in the 

capping layer synthesized via the given vulcanization processes in this study [23]. 

 

Figure 8. XPS analysis of narrow scan S 2p spectra: (a) BT-1, (b) BT-3, and (c) BT-5. 

A comparison of the UV-vis absorption spectra of TiO2 template and various TiO2-

Bi2S3 samples are displayed in Figure 9a. The absorption of the TiO2 template is mainly in 

the UV light range. The decoration of Bi2S3 extends the absorption range of the TiO2 

template to the visible light range because of the narrow energy gap of Bi2S3. This is 

consistent with the feature of optical absorption spectra for Bi2S3 nanorod/TiO2 nanoplate 

composites [24]. Moreover, in the previous TiO2/Bi2S3 core–shell nanowire arrays 

synthesized via a successive ionic layer adsorption and reaction method, the absorption 

of the composite extends to cover the visible light range, and the decoration of Bi2S3 phase 

increases the light absorption ability of the pristine TiO2 nanowires [8]. Notably, the band 

gap energies of the pristine TiO2 and Bi2S3 are evaluated in Figure 9b,c, respectively, from 

Tauc plots based on Kubelka–Munk function [25]. The TiO2 has a band gap energy of 

approximately 3.02 eV, and the band gap energy of the reference Bi2S3 derived from the 

sputtering deposited Bi2O3 layer and then vulcanized using 0.1 M thiourea is 

approximately 1.3 eV. Based on the evaluated band gap energy, the construction of the 

TiO2/Bi2S3 heterostructure herein improves the light harvesting ability. 

Figure 8. XPS analysis of narrow scan S 2p spectra: (a) BT-1, (b) BT-3, and (c) BT-5.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 9. (a) UV–vis absorbance spectra of various samples. Band gap evaluation of (b) pristine TiO2 

and (c) pristine Bi2S3. 

Figure 10a shows the transient photocurrent performance of various photoelectrodes 

under repeated on/off irradiation cycles at 0.5 V (vs. Ag/AgCl). It is known that the 

transient photocurrent performance is highly associated with the photoresponse, charge 

carrier transport speed, charge carrier separation efficiency, and charge carrier 

recombination rate of samples. When the light is on, the photocurrent densities of all 

samples swiftly rise to a stable value of 0.12, 0.81, 0.93, and 0.47 mA/cm2 for TiO2, BT-1, 

BT-3, and BT-5, respectively. When the light is off, the photocurrent densities of the 

samples drop to their initial dark current density value instantaneously. Such a fast rise 

and fall process of the photocurrents indicates that carrier transport and separation in the 

prepared photoelectrodes proceed quickly [11]. Furthermore, the photoresponse of the 

BT-3 increased approximately three times higher than that of the TiO2 template. The BT-1 

and BT-5 also exhibited enhanced photoresponses in comparison with the TiO2 template. 

Among various composite structure, the BT-3 has the highest photocurrent response, 

indicating it has the lowest photogenerated electron/hole recombination rate. By contrast, 

the BT-5 exhibits a lower photocurrent response among various composites. This might 

be attributed to the following reason. Substantially excessive Bi2S3 deposition leads to an 

increase in the number of recombination centers, and as a result, a decrease in 

photocurrent density has been observed due to the loss of photogenerated electrons [15]. 

The results herein prove that decoration of Bi2S3 crystals onto the TiO2 template can 

effectively improve the photoinduced charge separation efficiency of the TiO2 template, 

resulting in more efficient charge migration and higher photocurrent density of the TiO2-

Bi2S3 composite structure. A similar improved transient photocurrent performance 

because of decoration of visible light sensitizer onto the wide band gap semiconductor 

with a suitable band alignment has been demonstrated in TiO2-Bi2O3 and ZnO-Sn2S3 

heterostructures [11,25]. Figure 10b presents the Nyquist plots of various photoelectrodes. 

The semicircular radius of the Nyquist plots can reflect the charge transfer resistance of 

the photoelectrode materials. As show in Figure 10b, the arc radius of the TiO2-Bi2S3 

composites herein are smaller than that of the TiO2 template, revealing that formation of 

TiO2/Bi2S3 heterojunction is beneficial for interfacial charge transfer. Comparatively, BT-3 

has the smallest radius of the Nyquist curve among various samples. The possible 

equivalent circuits shown in Figure 10c are used to fit the EIS Nyquist results, where Rs, 

R1, R2, and CPE represent the solution resistance, semiconductor depletion layer 

resistance, charge transfer resistance, and chemical capacitance, respectively [26]. Herein, 

the R2 is evaluated from the fitting results of the Nyquist plots at the low frequency region. 

The R2 values of the pristine TiO2, BT-1, BT-3, and BT-5 are 3500, 583.3, 463.4, and 925 Ω, 

respectively. The BT-3 exhibited the smallest R2 value. As the vulcanization duration was 

further prolonged, a larger size of Bi2S3 crystallites deposition occurred, which might 

prolong the electron diffusion path in the BT-5 composite, resulting a larger R2 value 

among various composites. Notably, charge transfer resistances of the BT-1, BT-3, and BT-

5 are much lower than that of TiO2. This indicates that decoration of Bi2S3 onto the TiO2 

Figure 9. (a) UV–vis absorbance spectra of various samples. Band gap evaluation of (b) pristine TiO2

and (c) pristine Bi2S3.

Figure 10a shows the transient photocurrent performance of various photoelectrodes
under repeated on/off irradiation cycles at 0.5 V (vs. Ag/AgCl). It is known that the tran-
sient photocurrent performance is highly associated with the photoresponse, charge carrier
transport speed, charge carrier separation efficiency, and charge carrier recombination rate
of samples. When the light is on, the photocurrent densities of all samples swiftly rise to a
stable value of 0.12, 0.81, 0.93, and 0.47 mA/cm2 for TiO2, BT-1, BT-3, and BT-5, respectively.
When the light is off, the photocurrent densities of the samples drop to their initial dark
current density value instantaneously. Such a fast rise and fall process of the photocurrents
indicates that carrier transport and separation in the prepared photoelectrodes proceed
quickly [11]. Furthermore, the photoresponse of the BT-3 increased approximately three
times higher than that of the TiO2 template. The BT-1 and BT-5 also exhibited enhanced
photoresponses in comparison with the TiO2 template. Among various composite structure,
the BT-3 has the highest photocurrent response, indicating it has the lowest photogenerated
electron/hole recombination rate. By contrast, the BT-5 exhibits a lower photocurrent
response among various composites. This might be attributed to the following reason.
Substantially excessive Bi2S3 deposition leads to an increase in the number of recombina-
tion centers, and as a result, a decrease in photocurrent density has been observed due
to the loss of photogenerated electrons [15]. The results herein prove that decoration of
Bi2S3 crystals onto the TiO2 template can effectively improve the photoinduced charge
separation efficiency of the TiO2 template, resulting in more efficient charge migration and
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higher photocurrent density of the TiO2-Bi2S3 composite structure. A similar improved
transient photocurrent performance because of decoration of visible light sensitizer onto
the wide band gap semiconductor with a suitable band alignment has been demonstrated
in TiO2-Bi2O3 and ZnO-Sn2S3 heterostructures [11,25]. Figure 10b presents the Nyquist
plots of various photoelectrodes. The semicircular radius of the Nyquist plots can reflect the
charge transfer resistance of the photoelectrode materials. As show in Figure 10b, the arc
radius of the TiO2-Bi2S3 composites herein are smaller than that of the TiO2 template, reveal-
ing that formation of TiO2/Bi2S3 heterojunction is beneficial for interfacial charge transfer.
Comparatively, BT-3 has the smallest radius of the Nyquist curve among various samples.
The possible equivalent circuits shown in Figure 10c are used to fit the EIS Nyquist results,
where Rs, R1, R2, and CPE represent the solution resistance, semiconductor depletion layer
resistance, charge transfer resistance, and chemical capacitance, respectively [26]. Herein,
the R2 is evaluated from the fitting results of the Nyquist plots at the low frequency region.
The R2 values of the pristine TiO2, BT-1, BT-3, and BT-5 are 3500, 583.3, 463.4, and 925 Ω,
respectively. The BT-3 exhibited the smallest R2 value. As the vulcanization duration
was further prolonged, a larger size of Bi2S3 crystallites deposition occurred, which might
prolong the electron diffusion path in the BT-5 composite, resulting a larger R2 value among
various composites. Notably, charge transfer resistances of the BT-1, BT-3, and BT-5 are
much lower than that of TiO2. This indicates that decoration of Bi2S3 onto the TiO2 could
effectively reduce the photoinduced charge transfer resistance of the TiO2 template and
enhance the separation efficiency of charge carriers. Both the transient photocurrent and
Nyquist plot results herein support an effective separation of photogenerated electron–hole
pairs and faster interfacial charge transfer occurred on the BT-3 interface, which might lead
to the enhanced photocatalytic performance.
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Figure 10. (a) Photocurrent density versus time curves of various samples at 0.5 V vs. Ag/AgCl under
chopped illumination. (b) Nyquist plot of various samples at an open-circuit potential under illumina-
tion (c) Possible equivalent circuits used to fit R2 value of the pristine TiO2 and TiO2-Bi2S3 composite.

Figure 11 shows the Mott–Schottky (M–S) plots of TiO2, Bi2S3, and TiO2-Bi2S3 com-
posites performed at 1 kHz. All the samples were measured with a positive slope in the
M–S plots, revealing an n-type nature of the composed semiconductors. The flat band
potential (Efb) of various samples can be calculated from the x intercept of the linear region
in the M–S plots according to the M–S equation [27]. Furthermore, the normal hydro-
gen electrode (NHE) potential can be converted from the Ag/AgCl reference electrode
as NHE = V(Ag/AgCl)—0.197 V. The Efb of TiO2 and Bi2S3 referenced samples are −0.21
and −0.45 V vs. NHE, respectively. Comparatively, the flat band potential of the TiO2-Bi2S3
composites has a negative shift compared to the TiO2 template as exhibited in Figure 11c–e.
Moreover, the tangent slope in the linear region of the M–S plots for the TiO2-Bi2S3 com-
posites is smaller than the TiO2 template, demonstrating the decoration of Bi2S3 crystallites
onto the TiO2 template increases carrier concentration and reduce the charge recombination
rate of the composites. A more negative shift of the flat band potential with respective to
TiO2 template is observed for the BT-3 among various TiO2-Bi2S3 composites; moreover,
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the smaller tangent slop in the linear region of the M–S plot was observed for the BT-3.
These reveal a superior electronic property of the BT-3 than that of other TiO2-Bi2S3 com-
posites. It has been shown that the crystallite size and number of visible-light sensitizers
affect the photoinduced charge separation efficiency of the visible-light sensitizer-decorated
TiO2 [28]. Moreover, the crystal quality of the semiconductor has been proved to affect its
photoactivity [29]. The BT-3 because of suitable Bi2S3 crystallite quality and size shows
the superior photogenerated carrier density and effective interface transfer ability among
various composites in this study.
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Figure 12a shows the photodegradation level of various photocatalysts towards RhB
solution. The percentage of photodegradation was calculated using the C/Co = It/Io.
The Co and C are the initial and residual concentration of the RhB solution at t = 0 and
at irradiation duration t, respectively, and can be evaluated from the intensity variation
of absorbance spectra of the RhB solution with and without photocatalytic reaction [30].
Figure 12a demonstrates that the BT-1, BT-3, BT-5, and TiO2 degrades 60.3%, 65.6%, 50.8%,
and 36.1% of RhB solution, respectively, after 30 min irradiation. Furthermore, the degrada-
tion level of RhB solution reached 77.8%, 87.2%, 71.2%, and 57.1% after 60 min irradiation
for the BT-1, BT-3, BT-5, and TiO2, respectively. Notably, the dark balanced absorptions
of various samples are also conducted to understand the initial catalysts’ surface dye
absorption efficiency. The C/Co of the BT-1, BT-3, BT-5, and TiO2 after 30 min dark bal-
anced adsorption is 7.1%, 7.6%, 5.8%, and 4.2%, respectively. Comparatively, the BT-1
and BT-3 exhibit a slightly larger surface dye adsorption ability than that of BT-5 and
TiO2. Figure 12b demonstrates the discoloration of RhB solution with BT-3 under different
irradiation durations. Apparent discoloration appeared in the RhB solution containing
BT-3 with an increased irradiation duration. To quantitatively compare the photocatalytic
activity of the as-prepared photocatalyst samples, the photodegradation data were fitted to
the pseudo-first-order kinetics equation: ln(Co/C) = kt, where k is the apparent first-order
rate constant [4]. Figure 12c presents the plot of ln(Co/C) versus t for various samples.
The higher k value is observed for the TiO2-Bi2S3 composites than that of pristine TiO2.
Moreover, the BT-3 demonstrates the highest k value of 0.03274 min−1 among various
samples, confirming the higher photocatalytic activity of BT-3 composite. The suitable
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morphology and decoration content of Bi2S3 crystallites on the TiO2 template might ac-
count for the observed result. This has also been supported by visible-light CuO sensitizer
decorated ZnO composite photocatalysts that crystal morphology and content of the CuO
substantially affect the photocatalytic activity of CuO-ZnO nanocomposites [31]. Active
groups of the photocatalytic degradation reaction were explored by the addition of free
radical capture agents, as exhibited in Figure 12d. Herein, benzoquinone (BQ, ·O2

− radical
scavenger), tertiary butyl alcohol (t-BuOH, ·OH radical scavenger), and EDTA-2Na (EDTA-
2Na, h+ radical scavenger) are used to explore the active groups of the photocatalytic
degradation reaction. Notably, the photocatalytic efficiency of RhB solution with BT-3 was
significantly inhibited after adding BQ, indicating that ·O2

− is the main active substance
for RhB degradation. Furthermore, the results herein reveal that a single scavenger could
not completely prevent the dye degradation, and the h+ and ·OH also contribute some
degrees of photodegradation towards RhB dyes.
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In the M-S analysis, the flat band potentials of the TiO2 and Bi2S3 are −0.21 and
−0.45 eV, respectively. Furthermore, the ECB bottoms of the TiO2 and Bi2S3 can be evaluated
to be−0.31 and−0.55 eV, respectively [32]. The valence band (VB) positions of the TiO2 and
Bi2S3 are evaluated to be 2.71 and 0.75 eV, respectively. According to the band structures
of TiO2 and Bi2S3, there are two possible migration mechanisms of photoinduced charge
carriers in the TiO2/Bi2S3 heterojunction as shown in Figure 13. However, the potential
of O2/·O2

− is −0.33 eV, which is more negative than CB of TiO2, and CB electrons are
not easy to reduce O2. At the same time, the photoinduced holes on Bi2S3 VB cannot
oxidize H2O to produce ·OH radicals, because the VB edge potential of Bi2S3 is more
negative than the potential of H2O/OH (2.27 V), as shown in Figure 13a. Based on the
aforementioned discussions, type II photodegradation mechanism is not suitable for the as-
synthesized TiO2-Bi2S3 composites in this study. By contrast, a direct Z-scheme mechanism
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over the TiO2/Bi2S3 heterostructure can be proposed in Figure 13b. Upon irradiation,
TiO2/Bi2S3 absorbs light greater than its band gap, electron-hole pairs are generated
(Equations (1) and (2)), and RhB will also be excited to RhB* by light irradiation at the
same time (Equation (3)). The RhB* injects electrons into the CB of Bi2S3 (Equation (4)). A
similar phenomenon of electron injection from RhB* to the TiO2 CB has been proposed in the
literature [33]. The electrons in the TiO2 CB position could migrate to the Bi2S3 VB, resulting
in the effective separation of photoinduced charge carriers (Equation (5)). The RhB+

reacts with adsorbed dye to form intermediate products by the photosensitization process
(Equation (6)). Parts of the holes in the TiO2 VB will react with the intermediate product to
degrade RhB dyes (Equation (7)). Moreover, the residual photoinduced holes in the TiO2
VB will react with the H2O molecules to generate the ·OH radicals (Equation (8)), and the
electrons are gathered on Bi2S3 CB to produce ·O2

− radicals (Equation (9)) [34]. Therefore,
the RhB dyes are effectively photodegraded with BT-3 under irradiation (Equation (10)). A
similar Z-scheme mechanism is shown in other TiO2-based composite systems decorated
with visible-light sensitizers [35–37].

TiO2 + hυ→ TiO2 e−(CB) + TiO2 h+(VB) (1)

Bi2S3 + hυ→ Bi2S3 e−(CB) + Bi2S3 h+(VB) (2)

RhB + hυ→ RhB∗(LUMO) + RhB+(HOMO) (3)

RhB∗(LUMO) + Bi2S3 e−(CB)→ Bi2S3 total e−(CB) (4)

TiO2 e−(CB) + Bi2S3 h+(VB)→ recombination (5)

RhB+(HOMO) + RhB(abs) → Intermediate (6)

Intermediate + TiO2 h+(VB)→ degradation products (7)

TiO2 h+(VB) + H2O→ ·OH (8)

Bi2S3 e−(CB) + O2 → ·O2
− (9)

RhB + ·O2
− → degradation products (10)
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4. Conclusions

TiO2 nanorod array coated with Bi2O3 layer was used to vulcanize to form TiO2-Bi2S3
composites with various morphologies. The hydrothermal vulcanization duration pro-
foundly affects the microstructure, optical properties, and photoactivity of TiO2-Bi2S3
composites. The decorated Bi2S3 crystals changed the morphology from filament, nanowire
to nanorod with an increased vulcanization duration from 1, 3, and 5 h, respectively. The
decoration of Bi2S3 crystals enhanced the light absorption capacity of the TiO2 nanorod
template. The improved photodegradation performance of the composites can be reason-
ably attributed to the construction of the direct Z-scheme heterojunction between the TiO2
and Bi2S3. This study demonstrates that design of TiO2-Bi2S3 composites with suitable
morphology of decorated Bi2S3 crystals can tune the photoactivity of the composites, and
the findings in this study may be of great value for the development of oxide-sulfide
composites for ideal photosensitive device applications.
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Abstract: The use of synthetic materials and the attention towards environmental hazards and toxicity
impose the development of green composites with natural origins. Clay is one of the candidates for
this approach. Halloysite is a natural clay mineral, a member of the Kaolin group, with characteristic
tubular morphology, usually named halloysite nanotubes (HNTs). The different surface chemistry
of halloysite allows the selective modification of both the external surface and the inner lumen by
supramolecular or covalent interactions. An interesting aspect of HNTs is related to the possibility of
introducing different species that can be released more slowly compared to the pristine compound.
Due to their unique hollow morphology and large cavity, HNTs can be employed as an optimal
natural nanocarrier. This review discusses the structure, properties, and application of HNTs in the
biological field, highlighting their high biocompatibility, and analyse the opportunity to use new
HNT hybrids as drug carriers and delivery systems.

Keywords: halloysite nanotubes; biocompatibility; drug delivery system; biomedical application

1. Introduction

As emerging materials, nanomaterials have attracted much attention over the years
due to their small size, but also due to the countless properties that distinguish them.
In fact, the nanometric dimensions of material make it assume particular and different
chemical-physical properties compared to conventional materials. These different proper-
ties, determined by the chemical composition, structure, surface, and increase in surface
reactivity in relation to volume, solubility, and state of aggregation, have raised questions
about potential human health and environmental risks [1]. In the past few years, there has
been a growing interest in research aimed at the development of new organic or inorganic
nanocomposites [2–5]. The attention of the scientific community has been drawn by nano
clays, thanks to their natural origin, worldwide abundance, availability, biocompatibility,
and sustainability [6–8]. Halloysite, largely known as halloysite nanotubes or HNTs, is
a natural mineral clay composed of alternating layers of silica and alumina geologically
laminated in mesoporous tubular particles with significant adsorption and loading capa-
bilities [9]. Compared to other tubular nanomaterials, HNTs show some advantages in
terms of processability and hydrodynamic properties [10]. In fact, for many years, much
attention was focused on carbon nanotubes (CNTs) [11–14], showing that these nanotubes
have a high cost, lower water dispersibility, and higher toxicity than HNTs [15]. The physic-
ochemical properties of HNTs were fully described, disclosing their potential for various
applications such as biomedicine and catalysis [16–19]. HNT-based composites are gaining
interest in research aimed at the development of biomaterials for drug delivery vehicles
in nanomedicine [20]. In this review, we aim to provide an overview of the properties
and biomedical applications of halloysite nanotubes as drug delivery systems. We will
discuss their possible application in biotechnology through a focus on HNT composites for
biomedical applications. Herein, we aim to provide an overview of the structure, properties,
and applicative aspects of halloysite nanotubes in the biomedical field. We start with a
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brief background about HNTs then provide a brief discussion of their biocompatibility
and application.

2. Halloysite Nanotubes

Halloysite is a two-layered aluminosilicate with a chemical composition similar to
kaolinite (chemical formula: Al2Si2O5 (OH)4·nH2O) [21,22], and a hollow tubular structure
in the sub-micrometre range [23–26]. Halloysite was first described in 1826 by the French
chemist Pierre Berthier and was later given its name in honour of the Belgian geologist
Omalius d’Halloy, who found it in the deposits of Angleur, Belgium [27]. Natural tubular
halloysite clay has attracted great interest in materials development because it is one of
the few inexpensive nanomaterials available in thousands of tons at a low price [28,29].
The nucleation of halloysite crystals occurs in different parts of the world, because of
rock erosion due to weathering, pedogenesis, and hydrothermal alteration of ultramafic
rocks [30,31]. New Zealand, Belgium, Brazil, France, China, Australia, and Turkey are rich
in deposits of halloysite, and it has been shown that with the variation of the deposits it is
possible to observe different characteristics that are maintained within the same deposit.
Halloysite is defined as a 1:1 phyllosilicate in which a planar layer of tetrahedral silicates
alternates with an octahedral geometry layer; these layers are bound together by oxygen
bridges [32]. The fundamental unit for the octahedral sheet consists of three octahedrons.
In particular, the siloxane groups are bonded via only one oxygen atom to octahedral rings
at the outer part and the apical oxygen of tetrahedra becomes the vertices of octahedra [33].
However, under certain geological conditions, halloysite can also take on forms other than
classical tubular. It is also possible to distinguish a spheroidal morphology, flat and almost
rolled [34,35]. In the “Dragon Mine” deposits of Utah (USA), halloysite is characterized by
a good degree of purity and looks like a white stone that can easily be transformed into soft,
fine powder. In some deposits, the presence of metals as contaminants induces a colour
change that becomes yellowish or brown [30]. Transmission electron microscopy (TEM)
structural analysis has shown that halloysite with predominantly tubular morphology and
heterogeneous dimensions is present in New Zealand, the United States, and Australian
deposits [36]. A very interesting aspect is linked to the different chemical composition
between the inner and outer surfaces, in which there are, respectively, aluminolic groups (Al-
OH) that give a positive charge and siloxanes (Si-O-Si) that give a negative charge [37,38].
The charges that characterize the internal and external nanotube surfaces are due to the
different dielectric and ionization properties of silicon oxides and aluminium. For pH
values of 3–10, the positive charges are distributed in the inner lumen and the negative
charges on the external surface; present on the edges is a negative/positive charge. In
particular, the tubule lumen is positively charged with pH ≤ 8.5, and the outer surface is
negatively charged with pH ≥ 1.5 [39]. Generally, because of the O and OH atoms that
carry negative charges, the halloysite nanotube is negatively charged. As a result of the
tubular shape, on the outer surface only a few hydroxyl groups are present; these are more
concentrated in the internal lumen and therefore are more reactive. In fact, for halloysite, it
is possible to classify three types of Al-OH, according to their positioning on the surface,
at the ends, and between the octahedral and tetrahedral sheets, as shown in Figure 1. All
can be reactive and dissociate according to the pH of the solutions, except those placed
between the octahedral and tetrahedral sheets, due to steric hindrance [40].

The halloysite nanotubes’ size may vary depending on the extraction site and the pu-
rification process they undergo, but they usually have an internal diameter of 10–30 nm, an
external diameter of 40–70 nm [41], and a length between 200 and 2000 nm [42] (Figure 2a,b).

Nanotubes with a length between 3 and 5 µm have been found in some deposits,
although those with smaller sizes are more interesting from a biological point of view, as
they are more suitable for use as drug carriers [44]. Halloysite is chemically like kaolinite,
but the halloysite double layers are separated by a monolayer of water molecules. In the
hydrated form of halloysite n = 2 in the formula Al2(OH)4Si2O5·nH2O. One layer of water
molecules is present between the multilayers and is named “halloysite-(10 Å)”, where
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“10 Å” indicates the d001-value of the layers. When the n value is 0 (n = 0), the halloysite
is named dehydrated or “halloysite-(7 Å)” and may be obtained through the loss of the
interlayer water molecules [30,45]. The water present in halloysite-(10 Å) can be classified
as “hole water” and “associated water”. In the first case, the water molecules are placed
on the surface of the tetrahedral sheet with different orientations and make hydrogen
bonds with the basal oxygens. The “associated” water has a greater degree of mobility at
room temperature and is located at a different level in the interlayer space, with an ice-like
configuration and forming hydrogen bonds with each other and/or with inner-surface
hydroxyls [46–50]. Generally, HNT surfaces could be classified into three types. The inner
lumen surface has a positive charge and is covered by Al-OH groups. It can undergo a
variety of covalent modifications by which certain functional groups can be added. This
method allows immobilizing several organic groups on the surface of the lumen stably.
The external siloxane surface has a negative charge and can be used to establish covalent
bonding with molecules such as organosilanes [51]. Moreover, it can be modified by coating
with cationic substances, such as polymers, biopolymers, and surfactants. This type of
modification can help to improve the dispersibility and biocompatibility of halloysite.
Interstate surfaces, held together by hydrogen bridges, can be modified by direct or indirect
intercalation of small organic molecules and some monovalent cationic salts. This, therefore,
can lead to a weakening of the hydrogen bonds interstate and an increase in the surface
between the various layers that can be understood as additional space for loading or
adsorption [52].
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3. Effects of Nanomaterial on Human Health

Despite nanomaterials having potential benefits, their interaction with biological
systems may cause unpredicted risk to human life. One concern is the variation in di-
mensions of nanoparticles, which may affect chemical, thermodynamic, optical, biological,
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spectroscopic, electronic, and electromagnetic processes, resulting in unexpected modifica-
tions [53–55]. An increasing exposure to different types of nanomaterials makes it essential
to determine their possible negative impact on human health and potential toxic effects. For
this reason, it is important to evaluate and characterize the chemical-physical properties,
dimensions, solubility, chemical composition, surface area, surface energy, etc. [56]. Among
these properties, size and surface are the most important for interaction with biological
systems as they determine how the materials will respond [57]. It was observed that the
mechanisms for cell internalization depend mainly on the material size [58] and that toxic-
ity may also depend on this aspect. The size of nanomaterials depends on the ability to
enter the biological systems, to interact with cellular functions by modifying the structure
of macromolecules, and thus interfere with biological functions [59,60]. Nanomaterial
internalisation can take place by many paths such as inhalation, oral intake, direct injection,
or skin absorption (Figure 3), and is followed by their transportation into organs and their
succeeding biological effects, including oxidative stress, inflammatory responses, cellular
apoptosis, and DNA damage [61,62].
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Nanostructures, once ingested, administered topically, or inhaled, can be transported
by blood and accumulated in various organs [63]. Subsequent to entry into the systemic
circulation, the absorption of nanoparticles by blood capillaries allows the distribution in
various body districts. Depending on their surface characteristics, they can be recognized
and degraded by macrophages [64]. Moreover, nanocarrier size also affects the in vivo
fate. In fact, particles larger than 200 nanometres are shown to accumulate in the liver
and spleen. Instead, nanoparticles smaller than five nanometres are filtered at the renal
level [65]. It has been observed that the optimal size of a nano system for application
in the biomedical field is around 100 nanometres [66]. In vivo studies have shown that
once nanomaterials enter the bloodstream they can reach the central nervous system [67],
induce pulmonary inflammatory reactions [68,69], and cause cardiovascular problems [70].
The toxic effects induced in the cells by contact with nanomaterials can be chemical or
physical. Chemical mechanisms may include the production of reactive oxygen species
(ROS) [71], disruption of electron and ion transport across the cell membrane [72], and lipid
peroxidation with a consequent decrease in the fluidity of the membranes [73]. Concerning
physical mechanisms, which depend on the size of the nanomaterial and the surface
properties [74], these include rupture of the plasma membrane and interruption of related
activities such as transport processes [75,76] and misfolding of proteins resulting in loss of
their function [77]. The life cycle of nanomaterials in the human body, their metabolism, and
their fate in human organs are dependent on the physical and chemical characteristics of the
nanomaterials and on their exposure route [78]. The exposure of humans to nanomaterials
requires an improved understanding of their potential toxicity to predict the consequences.
Future research efforts should be towards developing easy, cost-effective, and highly
biocompatible nanomaterials for their application in the biomedical field.
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4. Halloysite Biocompatibility

Thanks to their rheological properties, high interaction, and high binding capacity
with biopolymers, the role of mineral clays as a drug carrier has become the subject of
extensive research. The physical-chemical properties, including size, morphology, and sur-
face charge density, which depend on the type of mineral clay and the crystalline structure,
are the features that make them interesting [79]. The increased use of halloysite nanotubes,
their purification, modification, and large-scale preparation lead to an increasing exposure
to human society and environments. Therefore, it is important to do a systematic analysis
before their use in biomedical applications and to consider the possible consequential
effects of their use on human health. The different interactions of HNTs with living cells,
encompassing electrostatic, van der Waals, and ion exchange, as well as cellular response,
are decisive in determining the behaviour of halloysite nanotubes in biological systems [80].
Due to their abundance and perceived biocompatibility, in recent years halloysite nanotube
toxicity has been evaluated in different in vitro and in vivo models. For example, Sawicka
et al. investigated both short- (24 or 72 h) and long-term (seven days) cytotoxic effects
of HNTs at doses ranging from 10 to 200 µg/mL on human alveolar carcinoma epithelial
cells (A549) and human bronchial epithelial cells (BEAS-2B). After 24 h of exposure, the
IC50 of HNTs in A549 and BEAS-2B cells was 152 ± 6.4 µg/mL and > 400 µg/mL, respec-
tively. After 72 h of exposure, the IC50 values decreased to 49 ± 3 µg/mL in A549 and
45.1 ± 8 µg/mL, in BEAS-2B cells. Thus, the results showed that cytotoxicity of HNTs
depends on cell model, dose, and time of exposure [81]. Table 1 shows some of the toxicity
threshold values reported for different concentrations of HNTs regarding cell types.

Table 1. Cytotoxicity of HNTs towards different cell lines.

Cell Type Incubation Time HNT Concentration Reference

MCF7, HeLa 24–72 h No toxic effect up to 75 µg mL−1 [25]

A549 24 h No toxic effect up to 100 µg mL−1 [82]

Caco-2, HT29-MTX 6 h No toxic effect up to 100 µg mL−1 [83]

A549 24–48–72 h No toxic effect up to 100 µg mL−1 [84]

C6 24 h No toxic effect up to 500 µg mL−1 [85]

Colo 320 24 h No toxic effect up to 625 µg mL−1 [86]

Kamalieva et al., evaluated the internalization of pristine halloysite nanotubes using
the A549 cell line. To assess the cytotoxicity, the cells were treated for 24 h with increasing
concentrations of pristine HNT (ranging from 33 to 900 µg per 105 cells). Once the treatment
was finished, the IC50 of halloysite nanotubes for A549 cells was determined to be 300 µg per
105 cells by MTT assay [87]. Regarding the nanomaterials for applications in the biomedical
field, it is also important to verify their haemolytic potency when contacting the blood. To
this end, the hemocompatibility of the hybrid system HNT/CURBO was investigated by
exposing human red blood cells (HRBCs) both to pristine halloysite and HNT/CURBO for
24 h at 37 ◦C. After exposure to different concentrations, a non-noticeable haemolytic effect
was observed. The haemolysis percentage values induced by the exposition of HRBCs to
different concentrations of HNT/CURBO (ranging from 10 µg/mL to 200 µg/mL) were all
less than 5% (Figure 4).

77



Int. J. Mol. Sci. 2022, 23, 11518

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 19 
 

 

contacting the blood. To this end, the hemocompatibility of the hybrid system 
HNT/CURBO was investigated by exposing human red blood cells (HRBCs) both to pris-
tine halloysite and HNT/CURBO for 24 h at 37 °C. After exposure to different concentra-
tions, a non-noticeable haemolytic effect was observed. The haemolysis percentage values 
induced by the exposition of HRBCs to different concentrations of HNT/CURBO (ranging 
from 10 μg/mL to 200 μg/mL) were all less than 5% (Figure 4). 

 
Figure 4. In vitro hemocompatibility assay of (A) raw HNT and (B) HNT/CURBO after incubation 
at 37 °C for 12 h. The positive control was in ultrapure water (100% lysis), and negative control was 
in PBS 1× (0% lysis). International Journal of NanoMedicine 2021:16 4755–4768 Originally published 
by and used with permission from Dove Medical Press Ltd [88]. 

This result suggests that HNTs do not exhibit a significant haemolytic effect [88]. It 
has also been seen that HUVECs (human umbilical vein endothelial cells) and MCF-7 (hu-
man breast cancer) cells show high cell viability after being treated with different concen-
trations of HNTs for 24 h. For both cell lines, vitality remains above 85% even when the 
concentration of HNTs reaches up to 200 mg/mL. When incubation times increase (48 h 
and 72 h), a slight decrease is observed in cell viability. In particular, at 72 h in HUVEC 
cells viability is 62.1% at the maximum HNT concentration of 200 mg/mL. Furthermore, 
to investigate the cellular uptake of HNTs in HUVECs and MCF-7, the cells were incu-
bated with FITC-HNTs and monitored using confocal laser scanning microscope (CLSM) 
as shown in Figure 5 [89]. 

  

Figure 4. In vitro hemocompatibility assay of (A) raw HNT and (B) HNT/CURBO after incubation
at 37 ◦C for 12 h. The positive control was in ultrapure water (100% lysis), and negative control was
in PBS 1× (0% lysis). International Journal of NanoMedicine 2021:16 4755–4768 Originally published
by and used with permission from Dove Medical Press Ltd. [88].

This result suggests that HNTs do not exhibit a significant haemolytic effect [88].
It has also been seen that HUVECs (human umbilical vein endothelial cells) and MCF-
7 (human breast cancer) cells show high cell viability after being treated with different
concentrations of HNTs for 24 h. For both cell lines, vitality remains above 85% even when
the concentration of HNTs reaches up to 200 mg/mL. When incubation times increase (48 h
and 72 h), a slight decrease is observed in cell viability. In particular, at 72 h in HUVEC
cells viability is 62.1% at the maximum HNT concentration of 200 mg/mL. Furthermore, to
investigate the cellular uptake of HNTs in HUVECs and MCF-7, the cells were incubated
with FITC-HNTs and monitored using confocal laser scanning microscope (CLSM) as
shown in Figure 5 [89].
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Halloysite nanotube toxicity was further evaluated against human peripheral lympho-
cytes by means of mitotic index assay. Different concentrations of HNTs (10, 100, 500, and
1000 µg/mL) were incubated with the peripheral lymphocyte culture. The mitotic index
assay revealed inhibition of the proliferation of lymphocytes only at the highest concentra-
tion (1000 µg/mL) [90]. Despite many in vitro studies indicating that HNTs exhibit a high
level of biocompatibility, the in vivo toxicity of HNTs remains unclear. HNT toxicity has
been evaluated in in vivo models and in all cases, results show that this nanomaterial is
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non-toxic or scarcely toxic depending on the tested condition. Several concentrations of
HNTs (ranging from 0.25 to 50 mg/mL) were tested towards zebrafish embryos and larvae
from 24 h post-fertilization (hpf) to 120 hpf and the results showed that the percent survival
of zebrafish embryos and larvae have no significant changes at different developmental
stages (24, 48, 72, 96, and 120 hpf) except at the highest concentrations (25 and 50 mg/mL)
(Figure 6).
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toxic to the nematode. They only induce mechanical stress in the digestive system, which 
is restored once the treatment is finished. In extended depth of field (EDF) microscopy 
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Figure 6. Effects of HNTs on the morphology of developing zebrafish. Embryos were treated
with different concentrations of HNTs (0, 0.25, 2.5, 5, 25, and 50 mg mL−1) starting from 6 hpf.
(A–D) Percent of malformed zebrafish was analysed at 72, 96, and 120 hpf. (E) Morphology of
zebrafish larvae treated with HNTs was photographed using a microscope at 48, 72, 96, and 120 hpf.
The values are represented as mean ± SD (n = 24). Each bar represents the collated data of three
separate experiments. The data were analysed using Graph Prim 6 for one-way ANOVA and a
Tukey’s post hoc test. *** p < 0.001 versus control group. Adapted from [89].

Following the treatment at relatively low HNT concentrations, the percent survival
for all the hpf data sets increases slightly above 100%, then the HNTs increase the survival
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of the zebrafish at low concentrations and have little effect on the survival, proving to
be weakly toxic [89]. Fakhrullin et al. evaluated the in vivo toxicity of HNTs by using
as a model organism the nematode Caenorhabditis elegans. The results showed that HNTs
within the investigated concentrations, ranging from 0.05 mg/mL to 1 mg/mL, were not
toxic to the nematode. They only induce mechanical stress in the digestive system, which
is restored once the treatment is finished. In extended depth of field (EDF) microscopy
images, halloysite nanotubes were found exclusively in the alimentary system of the worms
(Figure 7) [91].
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pheric pressure [99]. Thanks to hydroxyl groups present both on the outer and inner sur-
face, HNTs can be functionalized and used as delivery vehicles of drugs [18,100]. In fact, 
thanks to the structural properties, high surface area (up to 184.9 m2/g), and the large pore 
volume (up to 0.353 cm3/g), over the last few years, halloysite has attracted increasing 

Figure 7. HNT localization in the nematode’s intestines by EDF microscopy: (a) inside the foregut;
(b,c) in the midgut; (d) inside the hindgut; (e–h) EDF images of the intestine near the uterus taken
at different focal planes demonstrating the localisation of HNTs exclusively inside the intestine.
Adapted from [91].

In addition, a phytotoxic study carried out on Raphanus sativus has shown that hal-
loysite nanotubes do not affect the germination process, xylem differentiation, and devel-
opment, thus demonstrating a high biocompatibility also with respect to plant species [92].
Another study evaluates the biodistribution and pulmonary toxicity of the purified HNTs
in mice, following an intragastric administration for 30 days. The results showed that HNT
oral administration caused considerable aluminium accumulation mainly in the lungs.
Oral administration of HNTs stimulated the growth of the mice at low dose (5 mg/kg BW)
with no pulmonary toxicity. When concentrations increased ten times (50 mg/kg BW), the
mouse growth was inhibited and resulted in lung inflammation and oxidative stress [93].
An additional study instead showed normal mice weight gain at an oral dose of 5 mg kg−1

and a reversible inflammation of the small intestine [94]. It is possible to state that HNTs
have been shown to be almost non toxic under the tested conditions, and no cell toxicity
makes HNTs suitable as safe materials for biomedical applications.

5. Halloysite Nanotube Application in Drug Delivery

Clay minerals are commonly used in the pharmaceutical industry either as excipients
or activated ingredients. Indeed, it is known that when drugs and clay mineral are ad-
ministered simultaneously the absorption capacity reduces by interacting with the drug.
These kinds of interactions can represent advantages, for example in drug release [95].
Research has recently focused on the development of new drug delivery systems based
on the use of nanomaterials, with the aim of improving the efficacy from the therapeutic
point of view and reducing the side effects, especially, in cancer treatment. In several
studies HNTs have been used as nanocontainers or nanocarriers for drug delivery. Since
unmodified halloysite nanotubes have been shown to establish weak interaction with
the drugs, several methods of modification have been developed, for example, tubular
entrapment, adsorption, or intercalation [96–98]. Commonly, the methods used for the
HNT loading consists of three steps. The first step is mixing the clay dry powder with
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the saturated solution of the guest molecule; the second step is the sonication and stirring
of the HNT/guest molecule dispersion; and the last step is the vacuum pumping in/out
operation, in which the dispersion is transferred from atmospheric pressure to a vacuum jar.
The third step was introduced to optimize the quantity of active molecules loaded inside
the nanotubes by keeping the system under vacuum and then cycling it back to atmospheric
pressure [99]. Thanks to hydroxyl groups present both on the outer and inner surface,
HNTs can be functionalized and used as delivery vehicles of drugs [18,100]. In fact, thanks
to the structural properties, high surface area (up to 184.9 m2/g), and the large pore volume
(up to 0.353 cm3/g), over the last few years, halloysite has attracted increasing attention in
several areas such as carriers for drug delivery, adsorbents, photocatalysts, etc. [101]. The
functional groups of external (Si-OH) and internal (Al-OH) surfaces affect the loading of
molecules of interest into HNTs. The negative charge of HNTs at pH above three, is due to
silanol group deprotonation. The anionic nature of the external HNT surface enables it to
interact with cationic compounds, while aluminol groups located on the internal lumen
surface carry a positive charge and support the loading of anionic molecules. Moreover,
interactions between HNTs and molecules can take place by van der Waals, hydrogen
binding, or other specific interactions [102]. Due to the unique properties mentioned in the
previous sections, HNTs have attracted research interest for application in drug delivery. In
fact, drug molecules could be encapsulated inside the tube lumen or might be adsorbed
on the outer surface [103–105]. Furthermore, the tubular morphology allows an increase
in tensile and bending strength [106]. Taking advantage of the hollow tubular shape and
the large cavity volume, HNTs can be used as desirable natural nanocarriers for biolog-
ically active agents. Drug therapy is the main approach in cancer treatment. Due to the
poor loading capacity of hydrophobic molecules commonly used in cancer therapy, as for
example curcumin, doxorubicin, and paclitaxel, halloysite nanotubes are not considered as
an efficient carrier system for cancer drug therapy [107–109]. Since the surface of halloysite
nanotubes is negatively charged, polycations such as chitosan can be coated onto HNTs.
Thanks to this type of approach, drugs released from the HNT lumen may be sustained over
a long period of time. Following this reasoning, curcumin was entrapped into the lumen
of halloysite with the aid of vacuum suction and release obtaining drug-loaded halloysite
nanotubes (DLHNTs). Then, the DLHNTs were coated with chitosan (DLHNTs-CH). The
viability assay performed on MCF7 cells showed that polycationic coated HNTs have the
potential to serve as a drug carrier [110]. Following surface modification of distearoyl phos-
phoethanolamine (DSPE), paclitaxel (PTX) is successfully loaded onto HNT surfaces with
different inner lumen diameters giving rise to the system DSPE-HNTs-PTX, designed to de-
liver this drug to cancer cells. The antitumoral effects of the DSPE-HNTs-PTX system were
evaluated on MDA-MB-231-bearing mice. The results showed that the system can inhibits
tumour growth, suggesting a good anticancer effect [111]. Another study was conducted
to evaluate the anticancer effect of chitosan-modified HNT loaded with curcumin-gold
hybrid nanoparticles (HNT@CUR-Au/CS). This HNT hybrid system consisted of AuNP
which have near-infrared (NIR) responsive property and pH-responsive curcumin release.
The anticancer efficacy of HNT@CUR-Au/CS was tested on MCF-7 breast cancer cells
showing more effective anticancer activity at pH 5.5 (intracellular tumour environment)
than at a pH value of 7.4 (extracellular conditions) [112]. Taheri-Ledari et al. exploiting the
properties of HNTs and gold nanoparticles (AuNPs), proposed a new system for controlled
release of docetaxel (DTX), a cytotoxic anticancer agent. The DTX@HNT/Au-SORT system
is composed of HNTs conjugated with monoclonal antibody as a biologically active agent
for targeted drug delivery and small plasmonically active AuNPs included in the HNT
pores. In vitro cytotoxicity assay performed on 3T3 (human normal fibroblast) and caov-4
(human ovarian cancer) cell lines showed high selectivity of DTX@HNT/Au-SORT in
cell adhesion and internalization. At a concentration of DTX@HNT/Au-SORT equal to
50 µg mL−1 the cytotoxicity was approximately 90% for caov-4 cells and 16% for the 3T3
cell line demonstrating that it could be a promising system to use in the treatment of ovar-
ian cancer [113]. In recent years, various methods have been developed to functionalize
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HNTs and allow them to be used as delivery systems for anticancer drugs. In Table 2 we
summarize literature reports with respect to some anticancer drugs entrapped in HNTs.

Table 2. HNT nanocomposites for controlled and sustained anticancer drug delivery.

Anticancer
Drug Cell Type HNT Modifications Reference

Anthocyanins MCF-7, HT-29 HNT-Anth [114]

Atorvastatin Caco-2, HT-29 HNT-ATV@HF-CEL [115]

Camptothecin HeLa f-HNT/CPT and
Fmoc-F/f-HNT/CPT [116]

Camptothecin Caco-2 CPT@COS/MHNTs and
CPT@FA-COS/MHNTs [117]

Curcumin Caco-2 HNT-APT-PMVEMA@MF [118]

Curcumin HepG2, MCF-7, SV-HUC-1,
EJ, CaSki, HeLa HNT-COOH/Chitosan [119]

Curcumin SUM 149, MDA-MB-231,
HL60, HL60R f-Hal-1, 2, 4, 5, 6, and 7 [120]

Curcumin MCF-7
PCL/PEO-Cur/HNT,

PCL/PEO-Cur/HNT-GPTMS, and
PCL/PEO-Cur/HNT-APTES

[121]

Doxorubicin MCF-7 DOX@HNTs-g-COS [122]

Doxorubicin A549 DNA-wrapped HNTs [123]

Doxorubicin SKOV3, 293T DOX@HNTs-S-S-β-CD-Ad-PEG-FA [124]

Doxorubicin MCF-7 DOX@HNTs-PEG-FA [125]

Doxorubicin HeLa DOX loaded Fe3O4@HNT [126]

Doxorubicin MCF-7 Au-HNT-DOX@BSA-FA [127]

Doxorubicin MCF-7, COLO 205 HNT-liposome-coated surfaces [128]

Doxorubicin HeLa, MCF-7 HNTs-DOX conjugated
with anti-EpCAM antibody [129]

Changes in the HNTs surface are important to improve their hydrophilicity and
compatibility. One of the advantages of the use of clay nanomaterials is the ability to
protect drugs against degradation by chemicals and enzymes while extending the drug
release rate [130]. In the inner cavity of HNTs is possible to load not only small drug
molecules but also proteins, DNA, or antibacterial agents [131–134]. Various modifica-
tions of the HNTs’ lumen can increase the affinity of the drug towards the HNTs, thereby
controlling the release rate [135]. Molecules and drugs released from HNTs’ lumen can
take place by diffusion from the lumen or by desorption from the external surface. Re-
lease from the lumen can be controlled by the tube diameter or by addition of tube-end
stoppers [136,137]. The functionalization of HNTs with stimuli-responsive materials, for
example with thermosensitive polymers, allows the release profile to be adjusted [138].
Kartogenin is a small molecule that promotes the selective differentiation of multipotent
mesenchymal stem cells into chondrocytes, stimulating the repair of damaged cartilage.
Unfortunately, like most organic molecules with biological properties, it possesses short-
term stability in an aqueous medium. As an efficient treatment for osteoarthritis, halloysite
nanotubes have been proposed as a carrier system for potential intra-articular delivery of
KGN by means of laponite hydrogel (HNT/KGN/Lap). The cytotoxicity of the hybrid
hydrogels was evaluated in human liver HepG2 cells. The efficacy of HNT/Lap hydrogel
as a carrier for KGN was proved by in vitro release experiments performed at pH 7.4 and
in ex vivo synovial fluid at 37 ◦C and it was observed that KGN has a slower release in
synovial fluid than that of phosphate buffer at pH 7.4 [139]. Alternative approaches can be
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employed for HNT surface modifications before the loading of drugs. One of these is the
modification through (3-Aminopropyl) triethoxysilane (APTES), known for the functional-
ization of surfaces due to their ease of use and low toxicity. Its role is to introduce a silanol
group on the surfaces of halloysite nanotubes to establish a bond with hydroxyl groups [95].
Pristine HNTs and APTES-modified HNTs were tested as drug carriers for loading and
release of ibuprofen (IBU) that was encapsulated into the lumen and partially loaded
onto the external surface. When unmodified halloysite nanotubes are used as a carrier for
ibuprofen, a low loading rate and rapid release is achieved because the only established
interactions between HNTs and ibuprofen are weak bonds (Van der Waals). HNT surface
modification with APTES increases the loading of IBU by creating an electrostatic attraction
between the introduced aminopropyl groups of the grafted APTES and the carboxyl group
of ibuprofen and induces a delay in the release from the lumen of nanotubes [140]. In
addition to exploiting the HNT lumen for drug encapsulation, it is possible to adsorb
or add by covalent bonding molecules on the outer surface of nanotubes. By combining
both, it is possible to obtain a system that can release the drug from the external surface
initially and subsequently, in a slow and controlled way, that of the lumen. This type of
system can be obtained through the functionalization of the external surface, for example,
with some linkers. It has been observed that the functionalisation of the outer surface
of nanotubes by the addition of triazolium salts is useful for the transport of curcumin.
This system, in addition to demonstrating high efficiency for curcumin encapsulation and
for controlled and prolonged release capacity, shows cytotoxic effects against different
tumour cell lines [141]. The bioavailability of ciprofloxacin (CIP), due to its complexation
with iron present in the body, decreases subsequent to administration. Entrapping the
drug in a carrier could be a solution. To this end, CIP was loaded onto APTES modified
halloysite nanotubes. The result was a high adsorption capacity in modified HNTs for CIP
(70% ± 1.7%), compared to that of pristine halloysite nanotubes [142]. A multi-layered
polylactic acid (PLA)/HNT porous membrane encapsulated with gentamicin was prepared
for use in bone regeneration as antibacterial membrane. The membrane was shown to
have good antibacterial efficacy against both Gram-negative and Gram-positive bacteria,
suggesting that it could be used in the prevention of infection in bone regeneration appli-
cations [143]. Over the years, systems for pulmonary drug delivery systems have been
developed to treat lung disease. Jermi et al. designed a clay-based system with release
capability of dexamethasone (Dex), to be used in coronavirus disease (COVID-19) treat-
ment. They designed the system ZnFe2O4/Hal/DEX/PEG (Dex 5% wt/wt) sensitive to
pH 5.6, able to release Dex at pulmonary infectious pH conditions [144]. Bordini et al. have
developed an injectable GelMA-based nanotube modified hydrogel for controlled release
of dexamethasone, illustrating the potential of this system for mineralized tissue regenera-
tion. The DEX-loaded nanotube modified GelMA hydrogel (GelMA + 5.0%HNT-DEX10%)
showed relevant properties from a mechanical point of view, but also biodegradability
and cytocompatibility with mesenchymal stem cells from human exfoliated deciduous
teeth (SHEDs). Moreover, the system had in vivo biocompatibility, and it also supported
bone regeneration in vivo [145]. Phototherapy is described as a safe and secure way to
destroy cancer cells when light waves of a particular wavelength are used with appropriate
activating agents. Li et al. developed halloysite nanotubes decorated with poly(sodium-
p-styrenesulfonate) (PSS) to enhance the biocompatibility, and further functionalized by
lumen loading the type-II photosensitizer indocyanine green (ICG) to obtain a biomimetic
nanocarrier platform for target-specific delivery of phototherapeutic agents. The obtained
system, HNT-PSS-ICG, showed an excellent in vivo phototherapeutic effect against breast
cancer in model mice [146]. Tan et al. developed a system of HNT-based multifunctional
nanoparticles designed for tumour targeting and phototherapy in breast cancer treatment.
Fluorescein isothiocyanate (FITC) was adsorbed on the HNT surfaces, and indocyanine
green (ICG) was loaded as the photothermal agent into the lumen. To enhance the bio-
compatibility, the system was wrapped with red blood cell membrane (RBCM). Finally,
anti-EpCAM was conjugated with HNTs-FITC-ICG-RBCM with the assistance of strepta-
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vidin to improve the specific uptake of breast cancer cells. The cell viability assay results
for MCF-7 cells indicated that the HNTs-FITC-ICG-RBCM cytotoxicity was irradiation
time and concentration dependent and that this could be potentially used in breast cancer
treatment [147]. As evidenced by Lisuzzo et al., HNTs are excellent candidates as interfa-
cially active inorganic particles for the formation of Pickering emulsions thanks to their
advantages, as for example low cost, biocompatibility, mechanical strength, tubular mor-
phology, etc. [148]. The functionalization of HNT surfaces allows the synthesis of infinite
nano-architectures which have different properties and can be modulated according to the
desired performance and the field of application. It is, therefore, clear why it has led to a
deepening of the research for their possible applications.

6. Conclusions

Halloysite nanotubes are naturally occurring and cost-effective nanomaterials that are
finding applications in several areas, some discussed here. Several types of functionalisation
of HNT have been discussed, including the advantageous tubular structure that has given
it numerous roles as drug delivery and gene delivery agents or nanocarriers. Recent studies
demonstrate the potential of halloysite clay nanotubes for life science applications since
results suggest that HNTs are a safe nanomaterial which can be used in biomaterials without
serious side effects. However, more studies are needed to clarify the in vivo outcomes
of long and chronic oral exposure to HNTs, which seems to depend on the administered
concentration. Overall, the results obtained to date open wide prospects of investigation to
better understand the use of these systems for a potential application as drug carrier and
delivery systems. The combination of the innumerable properties of halloysite nanotubes,
together with their biocompatibility and the possibility of functionalising the surfaces,
makes them ideal candidates for the development of an innovative therapeutic approach.
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Abstract: Spherical cellulose nanocrystal (CNC), as a high value cellulose derivative, shows an
excellent application potential in biomedicine, food packaging, energy storage, and many other fields
due to its special structure. CNC is usually prepared by the mixed acid hydrolysis method from
numerous cellulose raw materials. However, the pretreatment route in preparing spherical CNC from
cellulose fiber is still used when choosing microcrystalline cellulose (MCC) as the raw material, which
is not rigorous and economical. In this work, pretreatment effects on the properties of spherical CNC
produced from MCC by mixed acid hydrolysis were systematically studied. Firstly, the necessity of
the swelling process in pretreatment was examined. Secondly, the form effects of pretreated MCC
(slurry or powder form) before acid hydrolysis in the preparation of spherical CNC were carefully
investigated. The results show that the swelling process is not indispensable. Furthermore, the form
of pretreated MCC also has a certain influence on the morphology, crystallinity, and thermal stability
of spherical CNC. Thus, spherical CNC with different properties can be economically prepared from
MCC by selecting different pretreatment routes through mixed acid hydrolysis.

Keywords: spherical cellulose nanocrystals; pretreatment; microcrystalline cellulose; mixed acid
hydrolysis; crystallinity; thermal stability

1. Introduction

In pursuit of environmentally friendly and sustainable development, the preparation
and application of biomass materials have attracted great attention [1]. Cellulose is con-
sidered to be the most abundant, biodegradable, renewable, and sustainable biopolymer
on Earth and its biosynthesis, chemistry, and ultrastructure remains an active field of
research [2–4]. As one of the most important derivatives of cellulose, nanocellulose has
great potential in biomedicine, food packaging, energy storage, environmental remediation,
and many other fields [5]. Cellulose nanofibril (CNF) and CNC are the two main forms of
nanocellulose [6–8]. CNF (≥1 µm of length) has a larger aspect ratio than CNC, which can
form a unique entangled network structure. CNC (about 100–200 nm of length) is much
shorter than CNF, while it has a higher crystallinity and a nanometer size. Moreover, CNC
has the advantages of great mechanical properties, good biocompatibility, a high specific
surface area, biodegradability, and a low thermal expansion coefficient [9,10].

In the past decades, various approaches have been proposed for CNC preparation.
The size, shape, morphology, and structural properties of the cellulose nanomaterials were
determined by these methods [11]. The morphology of a cellulose nanomaterial is closely
related to its application characteristics, which will have a great impact on its application
prospects. According to the existing literature, Ding et al. first prepared spherical CNC
by a mixed acid hydrolysis method (sulfuric acid/hydrochloric acid) from short-staple
cotton in 2000 [12]. As one of the nanocelluloses, spherical CNC has a large specific surface
area, uniform particle size, higher bulk density, and higher thermal stability [1]. It has
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more prominent advantages in many aspects, which has attracted the attention of many
researchers. Yu et al. changed the type of mixed acid and also prepared spherical CNC
from Lyocell fiber using formic acid/hydrochloric acid, as well as acetic acid/hydrochloric
acid [13–15]. Furthermore, enzymatic hydrolysis is also a common method to prepare
spherical CNC from cotton fiber [16], pulp fiber [1,5,17,18], or bacterial cellulose [19].
Moreover, Cheng et al. prepared spherical CNC through the chemical hydrolysis of Lyocell
fiber in an ammonium persulfate solution [20]. In addition, a single acid combined with
mechanical action was used to prepare spherical CNC from oil palm empty fruit bunch
pulp [21] or sesame husk [22]. Meanwhile, other approaches were also proposed to prepare
spherical CNC [2,23,24].

Among the above methods, the mixed acid hydrolysis method (sulfuric acid and
hydrochloric acid) is a widely used method to prepare spherical CNC. In these studies, the
pretreatment and hydrolysis processes are basically the same as shown in Figure 1a [3,12,25].
Even when the raw material was replaced by commercial MCC, the pretreatment process
used was still the same as that of cellulose fibers (Figure 1b) [4]. The sizes of MCC and
cellulose fibers are not in the same order of magnitude, and their chemical composition
and physical structure are distinctly different [26–28]. Moreover, some series of MCC are
obtained by acid hydrolysis from cellulose fibers through many high energy consuming
steps [29–31]. Therefore, using the same pretreatment process from different raw materials
is not rigorous and economical, although spherical CNC can be prepared.
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Figure 1. Schematic process flow of (a) spherical cellulose nanocrystal (CNC) preparation from
cellulose fiber, and (b) spherical CNC preparation from commercial microcrystalline cellulose (MCC).

In the pretreatment process for cellulose fibers, sodium hydroxide is chosen to hy-
drolyze the amorphous region and swell fibers at the same time [3,16,22]. Meanwhile, the
crystal type can be changed during the sodium hydroxide treatment from a cellulose I to a
cellulose II structure, from which it is easier to fabricate spherical CNC [15,24]. DMSO is
mainly used to swell cellulose fibers [3,12]. At present, the necessity of the DMSO swelling
process in the preparation of spherical CNC by the mixed acid hydrolysis method from
MCC requires investigation.

Furthermore, the obtained substance in slurry form after the DMSO swelling process
will be hydrolyzed with mixed acid [3,4]. On the one hand, the form of slurry is conducive
to maintaining the swelling effect, making it easier for mixed acid to enter the amorphous
region or even the crystalline region of cellulose fibers [21]. On the other hand, the water
content in the slurry cannot be easily controlled, resulting in poor repeatability, poor
long-term storage stability, and excessive acid needed to ensure the product quality.

In the present work, commercial MCC was used as the raw material to prepare spheri-
cal CNC by mixed acid hydrolysis. The necessity of the swelling process in pretreatment
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during the preparation of spherical CNC from commercial MCC was examined. In addition,
the form effects of pretreated MCC (slurry or powder form) before mixed acid hydrolysis
on the preparation of spherical CNC were carefully investigated. This work will provide
support for selecting the pretreatment routes of MCC to prepare desired spherical CNC for
further studies.

2. Results and Discussion
2.1. Chemical Structure

FTIR spectroscopy was used to evaluate the chemical structure of MCC before and
after the pretreatment processes. Figure 2a illustrates FTIR spectra of MCC, MCC after
alkaline treatment (MCC+NaOH), and MCC after alkaline treatment and swelling treatment
by DMSO (MCC+NaOH+DMSO). It can be observed that all samples have the common
peaks representative of cellulose: O–H stretching vibrations and flexural vibrations of
intra- and intermolecular hydrogen bonds near 3000–3700 cm−1 [16,19], C–H stretching
vibrations at 2900 cm−1 [21], O–H bending of absorbed water at 1647 cm−1 [16], H–C–H
and O–C–H in-plane bending vibrations at 1430 cm−1 [4], C–H deformation vibrations at
1372 cm−1 [32], C–O stretching vibrations at 1160 cm−1 [22], O–H bending in β-glycosidic
linkages between the anhydroglucose units at 897 cm−1 [21,33], and C–OH out-of-plane
bending at 667 cm−1 are characteristic peaks of cellulose [4,32].
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Figure 2. (a) FTIR spectra of MCC, MCC after alkaline treatment, and MCC after alkaline
treatment and swelling treatment; (b) FTIR spectra of CNC samples prepared through different
pretreatment routes.

The main differences between the FTIR spectra in Figure 2a are the crystalline I charac-
teristic peaks presented in the commercial MCC, O–H stretching vibrations at 3272 cm−1,
and O–H out-of-plane bending at 710 cm−1 [34]. Furthermore, the 1430 and 1111 cm−1

absorption peaks can also be used to study the type of crystalline cell and the crystallinity
changes because the crystalline cellulose I spectra differs clearly in these peaks from cellu-
lose II [35]. Ring asymmetric stretching at 1111 cm−1 is a characteristic peak of cellulose
I. Meanwhile, the peak near 1430 cm−1 is attributed to H–C–H symmetric bending or a
scissoring motion which is known to be the sum of the cellulose I peak at 1430 cm−1 and
the cellulose II peak at 1420 cm−1 [36]. Comparing the FTIR spectra of MCC before and
after alkaline treatment, it can be seen that the intensity of peak at 1430 cm−1 is signifi-
cantly reduced and characteristic peaks at 3272 cm−1, 1111 cm−1, and 710 cm−1 are absent,
indicating the complete conversion of cellulose I to cellulose II after alkaline treatment. In
addition, the peak at 809 cm−1 in the commercial MCC spectra is due to glucomannan
from hemicellulose [37], which disappeared in the sample spectra after alkaline treatment,
meaning that the residual hemicellulose is completely removed during alkaline treatment.

Based on the FTIR analysis from Figure 2a, the molecular structures of pretreated MCC
were changed from cellulose I to cellulose II through the alkaline treatment. As shown in
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Figure 2b, all CNC samples prepared with different pretreatments maintain the cellulose II
structure, due to the absence of characteristic peaks of cellulose I at 3272 cm−1, 1111 cm−1,
and 710 cm−1.

2.2. Micromorphology

Figure 3 demonstrates the FE-SEM images of MCC before and after different pretreat-
ment routes. Compared with original MCC (Figure 3a), MCC+NaOH is smoother and
more fragmented, as shown in Figure 3b. Due to the alkaline hydrolysis of cellulose, the
surface and some amorphous regions of MCC are hydrolyzed first, leading to the above
morphological structure. With further swelling by DMSO (Figure 3c), MCC+NaOH+DMSO
becomes much more fragmented as some small organic molecules are dissolved in DMSO.
In addition, their morphology becomes more irregular because of the deformation during
the drying process from the swelling state.
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treatment and swelling treatment (1000× magnification).

FE-SEM images of CNC samples prepared with different pretreatments are presented
in Figure 4. It can be seen that all CNC samples show an approximately spherical ap-
pearance and exhibit a very small size with a narrow size distribution, which has been
annotated in Figure 4. In particular, the roundness of CNC(NP-DS-H) and CNC(NS-H) is
improved, which is attributed to the easier entry of mixed acid into MCC when MCC is in
slurry form. In Figure 4c,d, some nanoparticles with larger sizes are actually aggregates of
small spherical CNC, which are easily formed during the natural evaporation of water in
the sample preparation process for FE-SEM observation. Through the analysis and calcula-
tion of ImageJ software, the average diameters of CNC(NP-DP-H) and CNC(NP-DS-H) are
10.4 ± 3.7 nm and 10.1 ± 1.5 nm, respectively. Meanwhile, without any additional swelling
treatment, CNC(NP-H) and CNC(NS-H) display an average diameter of 11.2 ± 1.9 nm and
9.2 ± 2.0 nm, respectively. It can be seen that the average particle size of CNC(NP-DS-H)
and CNC(NS-H) is a bit smaller because the MCC has swollen, which makes it easier for
the mixed acid solution to enter the MCC, resulting in a higher hydrolysis efficiency. It
should be noted that in the preparation of CNC samples without any additional swelling
treatment, MCC in slurry form has been initially swelled in the alkaline treatment [3,16,22].
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Figure 4. FE-SEM images of CNC samples prepared through different pretreatment routes
(200,000× magnification).

These FE-SEM images strongly demonstrate that spherical CNC can be appropriately
prepared from commercial MCC by mixed acid hydrolysis combined with ultrasonication,
whether there is an additional swelling treatment or not and whether the form of MCC
before mixed acid hydrolysis is powder or slurry. In addition, all the obtained suspensions
of spherical CNC exhibited an excellent dispersion stability, as shown in Figure S1; thus,
they are convenient for long-term storage without any special protection measures.

2.3. Crystallinity

XRD was performed to examine the changes in the crystalline structure and the
crystallinity of MCC during the pretreatment. Figure 5a shows the XRD patterns of MCC,
MCC+NaOH, and MCC+NaOH+DMSO. In the XRD pattern of MCC, there are diffraction
peaks at 2θ around 14.9◦, 16.3◦, 22.5◦, and 34.6◦ that correspond to the (110), (110), (200),
and (004) crystallographic planes, in accordance with the characteristic diffraction peaks
of cellulose Iβ [16,38,39]. The diffractograms of other samples show peaks located at
2θ around 12.0◦, 20.0◦, and 22.0◦, which are characteristic of the (110), (110), and (200)
crystallographic planes of cellulose II. The results indicate that the crystal type of pretreated
MCC has been transformed from cellulose I to cellulose II through alkaline treatment,
whereas the swelling treatment by DMSO has no effect on the crystal type. These XRD
findings are supportive of and consistent with the FTIR results.

The crystallinity of different samples was calculated according to the XRD results as
listed in Table 1. Compared with the 78.85% crystallinity of commercial MCC, the crys-
tallinity of MCC+NaOH is lower—only 58.56%—which is attributed to the transformation
of crystal type. In Liu’s study, the crystallinity of cellulose also decreased significantly after
alkaline treatment [24]. Meanwhile, the crystallinity of MCC+NaOH+DMSO increased to
64.81% because of the removal of residual small molecules by DMSO.

95



Int. J. Mol. Sci. 2022, 23, 10764Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 5. (a) XRD patterns of MCC, MCC after alkaline treatment and MCC after alkaline treatment 

and swelling treatment; (b) XRD patterns of CNC samples prepared through different pretreat-

ment routes. 

The crystallinity of different samples was calculated according to the XRD results as 

listed in Table 1. Compared with the 78.85% crystallinity of commercial MCC, the crys-

tallinity of MCC+NaOH is lower—only 58.56%—which is attributed to the transfor-

mation of crystal type. In Liu’s study, the crystallinity of cellulose also decreased signif-

icantly after alkaline treatment [24]. Meanwhile, the crystallinity of MCC+NaOH+DMSO 

increased to 64.81% because of the removal of residual small molecules by DMSO. 

Table 1. The crystallinity and crystallite size for different samples. 

Sample CrI (%) 
Crystallite Size (D, nm) 

(1𝟏̅0) (110) (200) 

MCC 78.85 4.06 3.81 5.06 

MCC+NaOH 58.56 3.81 4.52 4.08 

MCC+NaOH+DMSO 64.81 4.36 5.18 4.65 

CNC(NP-DP-H) 73.39 7.15 5.98 5.87 

CNC(NP-DS-H) 73.40 7.42 6.13 5.65 

CNC(NP-H) 78.30 7.51 6.10 5.47 

CNC(NS-H) 74.11 7.24 5.99 5.69 

The average cross-sectional dimensions of the elementary crystallites perpendicular 

to the (11̅0), (110), and (200) crystallographic planes of different samples were quantified 

using the XRD results and the Scherrer equation as listed in Table 1 [39]. Due to the 

transformation of crystal type, there was no correlation between the crystallite size data 

of commercial MCC and pretreated MCC. After further swelling treatment by DMSO, the 

regularity of the crystallite size data is consistent with that of alkaline treatment only, in 

which the crystallite size of (110) is the largest, (200) is the second, and (11̅0) is the 

smallest, but all values are increased. This indicates that the swelling treatment by DMSO 

contributes to the growth of cellulose unit cells through swelling and drying processes. 

The diffractograms in Figure 5b show the characteristic peaks of cellulose II, indi-

cating that the crystal type of pretreated MCC is maintained in all the obtained CNC 

samples. As there is a crystal transformation during the pretreatment, it is meaningless to 

compare the crystallinity of commercial MCC and CNC samples. Therefore, compared 

with the pretreated MCC, the crystallinity of all the obtained CNC samples is obviously 

increased, as listed in Table 1. This indicates that mixed acid hydrolysis causes a prefer-

ential degradation of amorphous regions in the material structure, whereas crystalline 

regions are domains with a higher resistant ability to the mixed acid [19,21]. Acid hy-

drolysis treatment increasing the crystallinity of CNC by the removal of disordered 

Figure 5. (a) XRD patterns of MCC, MCC after alkaline treatment and MCC after alkaline treat-
ment and swelling treatment; (b) XRD patterns of CNC samples prepared through different
pretreatment routes.

Table 1. The crystallinity and crystallite size for different samples.

Sample CrI (%)
Crystallite Size (D, nm)

(1
¯
10) (110) (200)

MCC 78.85 4.06 3.81 5.06

MCC+NaOH 58.56 3.81 4.52 4.08

MCC+NaOH+DMSO 64.81 4.36 5.18 4.65

CNC(NP-DP-H) 73.39 7.15 5.98 5.87

CNC(NP-DS-H) 73.40 7.42 6.13 5.65

CNC(NP-H) 78.30 7.51 6.10 5.47

CNC(NS-H) 74.11 7.24 5.99 5.69

The average cross-sectional dimensions of the elementary crystallites perpendicular to
the (110), (110), and (200) crystallographic planes of different samples were quantified using
the XRD results and the Scherrer equation as listed in Table 1 [39]. Due to the transformation
of crystal type, there was no correlation between the crystallite size data of commercial
MCC and pretreated MCC. After further swelling treatment by DMSO, the regularity of the
crystallite size data is consistent with that of alkaline treatment only, in which the crystallite
size of (110) is the largest, (200) is the second, and (110) is the smallest, but all values are
increased. This indicates that the swelling treatment by DMSO contributes to the growth of
cellulose unit cells through swelling and drying processes.

The diffractograms in Figure 5b show the characteristic peaks of cellulose II, indicating
that the crystal type of pretreated MCC is maintained in all the obtained CNC samples.
As there is a crystal transformation during the pretreatment, it is meaningless to compare
the crystallinity of commercial MCC and CNC samples. Therefore, compared with the
pretreated MCC, the crystallinity of all the obtained CNC samples is obviously increased, as
listed in Table 1. This indicates that mixed acid hydrolysis causes a preferential degradation
of amorphous regions in the material structure, whereas crystalline regions are domains
with a higher resistant ability to the mixed acid [19,21]. Acid hydrolysis treatment increasing
the crystallinity of CNC by the removal of disordered structure in MCC or cellulose fibers
can be found in previous reports [2,15,21], but some studies still support the opposite
conclusion [40,41].

The crystallinity of CNC(NP-H) is 78.30%, which is higher than that of CNC(NS-H) at
74.11%, meaning that the form of slurry or powder before the mixed acid hydrolysis exerts
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a certain impact on the crystallinity of these CNC samples. It can be inferred that in slurry
form, the mixed acid can enter the pretreated MCC, which provides easier contact with the
crystalline region. While the amorphous region is hydrolyzed, a small part of the crystalline
region will be destroyed as well. While in powder form, MCC can only be hydrolyzed
gradually from the outside, giving priority to the amorphous region; thus, its crystallinity is
higher. However, the crystallinity of CNC(NS-DP-H) and CNC(NS-DS-H) is nearly the same,
meaning that the form before the mixed acid hydrolysis has no impact on the crystallinity
of the CNC samples obtained with the pretreatments of alkaline treatment and swelling
treatment. This may be due to the good swelling effect of DMSO. In powder form, there are
many cracks caused by the incomplete recovery of deformation after swelling by DMSO,
providing the mixed acid easy contact with the crystalline region [42]. Therefore, there is
basically no difference in their crystallinity.

The crystallite size of CNC samples was also calculated (Table 1). The regularity of the
crystallite size data is different from that of the pretreated MCC, in which the crystallite
size of (110) is the largest, (110) is the second, and (200) is the smallest, and all values are
clearly increased. This phenomenon also exists in other works [2,15,43]. Ahmed-Haras
explained that the growth of cellulose crystals may be due to the partial removal of the
MCC amorphous region by acid hydrolysis [2]. Although mixed acid may destroy the
crystalline region, it is more inclined to hydrolyze the amorphous region, resulting in an
increase in crystallinity at the macro level and the rearrangement of cellulose chains or
cellulose cell units at the micro level.

2.4. Thermal Stability

To evaluate the thermal stability of commercial MCC and pretreated MCC, thermo-
gravimetric analysis was performed as shown in Figure 6a,b. Their thermal degradation
processes can be divided into four steps: the loss of absorbed water before 100 ◦C, the
appearance of a plateau until 220 ◦C, the degradation of cellulose at temperatures ranging
from 220 to 400 ◦C, and the carbonation of the residual products over 400 ◦C [20].
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The thermal degradation parameters such as the onset degradation temperature
(T0), the maximum degradation temperature (TMax), and the corresponding weight loss
(WL) are calculated from the TG and DTG curves as listed in Table 2. Compared with
commercial MCC, the water absorption capacity of pretreated MCC increases significantly,
which is attributed to the full exposure of cellulose [43]. In particular, the hydrogen bond
in MCC can be destroyed by hot water, and new hydroxyl groups will be introduced
obtaining more adsorbed water. Due to its higher crystallinity, the T0 of MCC is higher
than that of pretreated MCC, while their TMax is basically the same. The above results
show that the thermal stability of MCC decreased slightly after pretreatment, but the
hydrophilicity increased.

Table 2. Thermal degradation parameters of different samples.

Sample Initial Weight
Loss (%)

T0 (◦C)
Main Stage I Main Stage II Final

Residue (%)TMax (◦C) WL (%) TMax (◦C) WL (%)

MCC 2.45 315.1 340.1 84.62 – – 4.97

MCC+NaOH 3.34 295.5 343.0 78.22 – – 9.79

MCC+NaOH+DMSO 3.28 299.0 344.0 75.60 – – 13.41

CNC(NP-DP-H) 3.70 220.5 271.2 42.56 348.7 22.94 16.72

CNC(NP-DS-H) 3.67 206.3 267.8 36.96 347.8 19.82 27.60

CNC(NP-H) 3.77 236.3 265.8 48.18 353.3 18.81 18.97

CNC(NS-H) 4.95 198.1 267.6 36.37 350.1 20.29 24.86

Figure 6c,d shows the thermogravimetric analysis diagram of CNC samples prepared
with different pretreatments. Their thermal degradation processes can be divided into
another four steps: the loss of absorbed water before 100 ◦C, the loss of bonded water
and degradation of cellulose at temperatures ranging from 100 to 290 ◦C (main stage I as
listed in Table 2), the slow charring process of the solid residue at temperatures ranging
from 290 to 400 ◦C (main stage II as listed in Table 2), and the carbonation of the residual
products over 400 ◦C. Previous literature also mentions these two main stages in the thermal
decomposition process of CNC [16,33,34,40].

The thermal degradation parameters of CNC samples were calculated from the TG
and DTG curves which are also listed in Table 2. Compared with the T0 (at around 300 ◦C)
of pretreated MCC, the T0 of CNC samples is sharply decreased to about 200 ◦C. The TMax
of CNC samples in main stage I is much lower than the TMax of pretreated MCC, while
the TMax of CNC samples in main stage II is slightly higher than that of pretreated MCC.
The obvious decrease in the thermal stability of CNC samples is because the sulfate groups
introduced on cellulose chains can catalyze the thermal degradation of cellulose [20,34,41].
Furthermore, the high surface area of CNC samples may also play an important role in
diminishing their thermal stability due to the increased exposure of the surface area to
heat [1,16]. Moreover, the decomposition of CNC samples occurring at lower temperatures
may also indicate a faster heat transfer in CNC samples [34,38]. It also can be seen that
the amount of char residue in CNC samples is noticeably larger than that of pretreated
MCC [34]. Wang et al. explained that CNC particles had a great number of free end
chains due to their small particle size, which started decomposition at a lower temperature
facilitating the increase in the char yield of CNC [40].

In comparison with the thermal degradation parameters of CNC samples, CNC
samples with different thermal stability can be obtained from different pretreatments.
The initial weight loss of CNC(NS-H) is higher than other CNC samples because of more
absorbed water and bonded water. At the same time, more bonded water will lead to
a significant decrease in its T0, which is 198.1 ◦C. Due to its higher crystallinity, the T0
of CNC(NP-H) is 236.3 ◦C. Meanwhile, the T0 of CNC(NP-DS-H) is lower than that of
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CNC(NP-DP-H): 206.3 and 220.5 ◦C, respectively. A reasonable explanation is that the
amorphous regions are more concentrated in CNC(NP-DP-H) than in CNC(NP-DS-H),
which is more readily thermally decomposed. In addition, the TMax values of CNC samples
in main stage I show no significant differences, ranging from 265.8 to 271.2 ◦C. Interestingly,
the TMax and WL of all CNC samples in main stage II are basically the same, meaning that
the slow charring process of the solid residue at temperatures ranging from 290 to 400 ◦C
has nothing to do with the pretreatment of MCC.

From the above results, it can be concluded that the pretreatment of MCC has a certain
influence on the properties of the spherical CNC subsequently obtained by mixed acid
hydrolysis. Table 3 shows the pretreatment and hydrolysis processes of preparing spherical
CNC by mixed acid hydrolysis in existing works. Among them, cellulose fiber and MCC
were usually pretreated in the same way, and the rationality of this was not systematically
investigated. Meanwhile, spherical CNC can also be obtained from MCC by acid hydrolysis
without any pretreatment, from which can be drawn the same argument as this work—
that DMSO swelling is not indispensable for the preparation of spherical CNC by acid
hydrolysis. In addition, the mixed acid hydrolysis time of 2 h is sufficient, which can reduce
carbonization and energy consumption.

Table 3. Spherical CNC (cellulose II) prepared by mixed acid hydrolysis with different pretreatments.

Raw
Material Pretreatment Form before

Hydrolysis
Mixed Acid
Hydrolysis CrI (%) T0 (◦C) Particle Size

(nm) Ref.

Cotton fiber NaOH, 75 ◦C, 4 h;
DMSO, 75 ◦C, 4 h Slurry H2SO4:HCl = 3:1; 75 ◦C,

Ultrasonic, 8 h - - 50 [12]

Cellulose
fiber

NaOH, 80 ◦C, 3 h;
DMSO, 80 ◦C, 3 h Slurry H2SO4:HCl = 3:1; 80 ◦C,

Ultrasonic, 8 h 82.0 - 80 [3]

Cellulose
fiber

NaOH, 80 ◦C, 3 h;
DMSO, 80 ◦C, 3 h Slurry H2SO4:HCl = 3:1; 80 ◦C,

Ultrasonic, 8 h - - 5.9–10.9 [25]

MCC NaOH, 80 ◦C, 3 h;
DMSO, 80 ◦C, 3 h Slurry H2SO4:HCl = 3:1; 80 ◦C,

Ultrasonic, 8 h 81.3 - 60 [4]

MCC NaOH, 80 ◦C, 3 h;
DMSO, 80 ◦C, 3 h Powder H2SO4:HCl = 3:1; 80 ◦C,

Ultrasonic, 2 h 73.4 220.5 10.4 This
work

MCC NaOH, 80 ◦C, 3 h;
DMSO, 80 ◦C, 3 h Slurry H2SO4:HCl = 3:1; 80 ◦C,

Ultrasonic, 2 h 73.4 206.3 10.1 This
work

MCC NaOH, 80 ◦C, 3 h Powder H2SO4:HCl = 3:1; 80 ◦C,
Ultrasonic, 2 h 78.3 236.3 11.2 This

work

MCC NaOH, 80 ◦C, 3 h Slurry H2SO4:HCl = 3:1; 80 ◦C,
Ultrasonic, 2 h 74.1 198.1 9.2 This

work

3. Materials and Methods
3.1. Materials

MCC with a particle size of 25 µm and sodium hydroxide (NaOH, 96%) were pur-
chased from Macklin Biochemical Co, Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO,
≥98%) was supplied by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Sulfuric acid (H2SO4, 95–98%) and hydrochloric acid (HCl, 36–38%) were bought from
Shuanglin Chemical Reagent Co., Ltd. (Hangzhou, China). All chemicals were used
as received.

3.2. Pretreatment of MCC
3.2.1. Alkaline Treatment of MCC

MCC (30 g) was treated with a 5 M NaOH (250 mL) aqueous solution under mechanical
stirring at 80 ◦C for 3 h, then filtered and washed with distilled water until pH < 8. The
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slurry form was obtained at a vacuum of 0.06 MPa. Meanwhile, the powder form was
obtained after drying at 40 ◦C for 24 h.

3.2.2. Swelling Treatment of Alkaline Treated MCC

The obtained powder of alkaline-treated MCC was immersed into DMSO (250 mL)
under mechanical stirring at 80 ◦C for 3 h, then filtered and washed with distilled water.
The slurry form after swelling treatment by DMSO was obtained at a vacuum of 0.06 MPa.
Meanwhile, the powder form was obtained after drying at 40 ◦C for 24 h. The pretreatment
routes of MCC are shown by a flow diagram in Figure 7.
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3.3. Mixed Acid Hydrolysis

One quarter of pretreated MCC (slurry form or powder form) was hydrolyzed with
mixed acid (250 mL) at 80 ◦C under mechanical stirring and ultrasonication (40 KHz,
100 W, KQ2200DV, Shumei, China). The mixed acid was prepared by mixing sulfuric acid,
hydrochloric acid, and distilled water at a ratio of 3:1:6 (v/v). Due to the ultrasonication
during spherical CNC preparation, the acid molecules quickly penetrated into the inner
amorphous region of the cellulose fibrils. Therefore, the hydrolysis reaction simultaneously
occurred at the surface and in the inner amorphous regions of MCC. This caused MCC to
first hydrolyze to the sub-micrometer fragments, instead of directly obtaining the CNC.
Moreover, because the mixed acid concentration was mild, the dissolving capability of the
cellulose fragments was very limited. Thus, the sub-micrometer fragments were further
hydrolyzed by the mixed acid to form spherical CNC particles gradually [11,12,39,42].

The hydrolysis time in this work was fixed at 2 h to avoid the carbonization caused
by further hydrolysis as shown in Figure S2. After hydrolysis, the suspensions were
immediately diluted using an 8 times volume of distilled water to terminate the hydrolysis
reaction. Then, the suspensions were centrifuged at 10,000 rpm for 10 min to remove
the excessive acid solution and washed with distilled water several times. Finally, the
washed CNC was dialyzed using dialysis membranes (MWCO 8000–14,000, 44 mm) against
distilled water for three days until the pH was constant. Samples prepared through different
routes are recorded as CNC(NP-DP-H), CNC(NP-DS-H), (CNC(NP-H) and CNC(NS-H),
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respectively. Among them, the route of preparing CNC(NP-DS-H) is the common method
in existing works as marked with red lines.

3.4. Characterization
3.4.1. Fourier Transform Infrared (FTIR) Spectroscopy

MCC or CNC samples were mixed with KBr to produce tablets. FTIR spectra were
conducted on a Nicolet 5700 spectrophotometer (MI, USA) in the range of 4000 to 400 cm−1

at a resolution of 2 cm−1 over 30 scans.

3.4.2. Morphological Investigation

The morphology of MCC and CNC samples was observed using a field-emission
scanning electron microscope (FE-SEM, FEI Quanta FEG 650, Hillsboro, OR, USA). MCC
samples were directly laid on the conductive adhesive. The CNC suspensions were diluted
to 0.01 wt.% with distilled water, and then dropped on the conductive adhesive and dried
at room temperature. Then, these samples were coated with platinum to make them
conductive prior to the analysis. The ImageJ software was used to calculate the particle
size of CNC samples from the FE-SEM images.

3.4.3. X-ray Diffraction (XRD) Analysis

The XRD spectra of MCC and CNC samples were measured with the X-ray diffrac-
tometer (D8 Advance, Bruker, Germany) using Cu-Kα radiation (λ = 0.15418 nm) at an
accelerating voltage of 40 kV and a current of 40 mA.

The data were collected in the range of 2θ = 5◦ to 45◦. The degree of crystallinity could
be relatively expressed by the percentage crystallinity index (CrI, %). The equation used to
calculate the CrI was described by Segal et al. [44] in the following form,

CrI (%) = [(I200 − Iam)/I200]× 100 (1)

where, I200 is the counter reading at peak intensity at a 2θ angle close to 22◦ representing
the crystalline part and Iam is the counter reading at peak intensity at 2θ = 18◦ representing
the amorphous part in cellulose.

The crystallite size was calculated using the Scherrer equation,

D = Kλ/β cosθ (2)

where, D is the “apparent crystallite size”, β is the full width of the diffraction peak
measured at half maximum height (FWHM) by Lorentz function, and the constant K is
equal to 0.94 [45].

3.4.4. Thermal Analysis

Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of MCC and
CNC samples were obtained using a Netzsch TG209 F3 instrument (Bavaria, Germany) over
a temperature range of 30 ◦C to 800 ◦C at a heating rate of 10 ◦C/min under nitrogen supply.

4. Conclusions

In this study, spherical CNC samples with an average size of around 10 nm were
successfully prepared by mixed acid hydrolysis from commercial MCC with different
pretreatment routes. The physicochemical properties of spherical CNC were evaluated
by FT-IR, FE-SEM, XRD, and TG. The characterization results revealed that an additional
swelling process is not indispensable for the preparation of spherical CNC from MCC by
mixed acid hydrolysis. Spherical CNC can also be readily obtained from alkaline-treated
MCC without any other pretreatment. Furthermore, the form of pretreated MCC before
acid hydrolysis (slurry or powder form) also has a certain influence on the morphology,
crystallinity, and thermal stability of spherical CNC. This comparative study provides
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support for further studies in selecting pretreatment processes of MCC to economically
prepare desired spherical CNC with a high repeatability.
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Abstract: Metasurfaces can enable the confinement of electromagnetic fields on huge surfaces and
zones, and they can thus be applied to biochemical sensing by using surface-enhanced Raman
scattering (SERS) and surface-enhanced infrared absorption (SEIRA). Indeed, these metasurfaces
have been examined for SERS and SEIRA sensing thanks to the presence of a wide density of hotspots
and confined optical modes within their structures. Moreover, some metasurfaces allow an accurate
enhancement of the excitation and emission processes for the SERS effect by supporting resonances
at frequencies of these processes. Finally, the metasurfaces allow the enhancement of the absorption
capacity of the solar light and the generation of a great number of catalytic active sites in order to
more quickly produce the surface reactions. Here, we outline the latest advances in metasurfaces for
SERS and SEIRA sensors as well as photocatalysis.

Keywords: metasurfaces; SERS; SEIRA; photocatalysis; plasmonics; sensors

1. Introduction

During the last two decades, the using of metasurfaces has increased significantly with
applications in various domains such as light nanosources [1,2], quantum devices [3,4],
photovoltaics [5–7], photodetectors [8–10], planar optics [11–13], holography [14–16],
lenses [17–19], an optical cloak [20–23], far-field thermal emission [24–27], near-field radia-
tive energy transfer [28–31], second and third harmonic generation [32–35], refractive index
sensing [36], surface-enhanced infrared absorption (SEIRA) [37–41], surface-enhanced Ra-
man scattering (SERS) [42–46] and photocatalysis [47–50]. The metasurfaces are generally
constituted of nanoresonators (building blocks) named meta-atoms whose dimensions are
smaller than the incident light wavelength. Indeed, these blocks of meta-atoms can be
periodically organized to realize an one-dimensional chain, a two-dimensional metasur-
face and a three-dimensional metamaterial. Their properties derive not from those of the
materials of natural origin but come from their artificial nanostructuration, which can be
controlled by adjusting their geometric parameters (organization, shape and size) [51,52].
Thus, myriad applications are workable compared to naturally arising materials. Meta-
surfaces have several key advantages such as the confinement of electromagnetic fields
on huge surfaces, greater absorption compared to conventional materials under their bulk
form, a spatially localized absorption, a tunable light absorption on a whole solar spectrum
and a focusing of densities of charge-carriers in the vicinity of active reaction locations.
Moreover, metasurfaces can operate like open cavity structures where light is confined
by structuring the building blocks of meta-atoms [53,54]. In addition, the metasurfaces
mainly used in the literature can be classified into two groups—the first one being di-
electric metasurfaces and the second one being plasmonic metasurfaces. The dielectric
metasurfaces are based on the Mie resonances of dielectric nanostructures which have
a high refractive index [55–57] and for the plasmonic metasurfaces on surface plasmon
resonances of metallic nanostructures [53,58,59].

In this review paper, the aim was to introduce the latest advances (2019–2022) in
metasurfaces for sensing by surface-enhanced spectroscopies and for photocatalysis. In
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addition, several review papers on metasurfaces already exist in the scientific literature but
with different focus points [11–13,51,53,54]. Here, we will concentrate on the metasurfaces
for SERS sensors, then for SEIRA sensors, and lastly for photocatalysis.

2. Metasurfaces for Surface-Enhanced Raman Scattering Sensors

In this first part, the latest advances in metasurfaces for surface-enhanced Raman
scattering (SERS) are introduced (see Table 1). For SERS sensors, the plasmonic or dielectric
metasurfaces enable one to confine local electromagnetic fields in the vicinity of optical
antennas resonating in a large spectral range matching with the excitation or Raman
emission wavelengths or both, on huge domains. The SERS signal can be improved with
an enhancement factor (EF) of |E|4/|E0|4.

Table 1. Unit cell of metasurfaces, detected molecules and the enhancement factor (EF) for surface-
enhanced Raman scattering sensors (4-mPBA = 4-mercaptoPhenylBoronic Acid; AuNPHs = gold
NanoPolyHedrons; 4-ATP = 4-AminoThiophenol; 4-MBA = 4-MercaptoBenzoic Acid; HAV = Hepati-
tis A Virus; ZnO = Zinc Oxide; MIM NS = Metal–Insulator–Metal NanoStructures; Al2O3 = Alumina;
MG = Malachite Green; PS = PolyStyrene; CV = Crystal Violet).

Unit Cell of Metasurfaces Detected Molecules EF References

One Ag nanohole 4-mPBA – [60]
Six AuNPHs 4-ATP 1.7× 106 [61]

Three Au pyramidal nanoholes 4-MBA, HAV 5× 106–6× 106 [62]
Three Au triangular nanocavities 4-MBA, Shiga Toxins 9× 107 [63]

One Ag cellulose disk–hole matrix 1,4-benzenedithiol – [64]
Seven vertical Au/ZnO nanorods Rhodamine 6G 2× 104 [65]

Quasi-(dis)ordered MIM NS Human tear uric acid 106–5× 106 [66]
Seven Au nanoholes Benzenethiol 106 [67]

Truncated Au/Al2O3 cones 4-ATP 106 [68]
Au nanoparticle assembly 4-MBA 105 [69]

Au/Ag microcracks MG – [70]
Ag-coated PS microspheres Rhodamine 6G 108 [71]

Ag aggregates on one Ag NP Rhodamine 6G 4× 107–9× 107 [72]
Ag nanocube superlattice CV, drugs 107 [73]

Seven ring-shaped nanogaps Rhodamine 6G 3× 108 [74]
Seven Au nanospheres Benzenethiol 104–105 [75]

Seven Au chiral nanogaps L/D-cysteine – [76]
Au nanogrooves Graphene – [77]

Au-coated silica nanoflowers Benzoic acid 106 [78]

Sarychev et al. related the use of a metal-dielectric metasurface for the SERS detection
of molecules of 4-mercaptophenylboronic acid (4-mPBA). This metasurface was constituted
of a modulated dielectric coated by a silver layer, permitting the matching of plasmonic
resonances to the excitation wavelength (785 nm) [60]. Chen et al. demonstrated a SERS
detection of 4-aminothiophenol (4-ATP) molecules via a plasmonic metasurface consisting
of a superlattice sheet of gold nanopolyhedrons (AuNPHs). An EF of 1.7 × 106 was
achieved thanks to the matching of the plasmonic resonance of this superlattice sheet of
AuNPHs with the excitation wavelength of 633 nm, whose associated electric fields were
strongly confined and induced by powerful interparticle coupling [61]. The group of Petti
demonstrated the SERS detection of the hepatitis A virus (HAV) and 4-mercaptobenzoic acid
(4-MBA) molecules by employing a metasurface constituted of gold inverted nanopyramids.
An EF comprised between 5× 106 and 6× 106 was reached. This enhancement owed to
a significant peak in absorbance (plasmonic resonance) near the excitation wavelength
(532 nm) [62]. In addition, this same group reported the SERS detection of Shiga toxins by
using a metasurface composed of gold octupolar nanostructures. The authors obtained
an EF of 9× 107 due to the presence of a plasmonic double resonance in the visible and
near-infrared regions, one of which had a plasmonic resonance close to the excitation
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wavelength (785 nm) used for SERS measurements [63]. Caligiuri et al. introduced the
SERS detection of 1,4-benzenedithiol molecules via a plasmonic metasurface consisting
of a square array of cellulose nanoholes covered by a thin layer of silver. The authors
attained an enhancement factor of 6 for the SERS signal from the metasurface compared
to a flat silver film. This increase in the SERS signal was due to the overlapping of the
plasmonic mode corresponding to the low-energy bonding optical mode with the excitation
wavelength of 785 nm [64].

Additionally, Gabinet and Osuji showed a SERS detection of rhodamine 6G (R6G)
molecules through a plasmonic metasurface (see Figure 1a,b) consisting of an array of
zinc oxide (ZnO) vertical nanorods (NRs) coated with a gold layer. An EF of 2 × 104

was reached by a dint of the overlapping of a plasmonic resonance of this Au/ZnO NR
array with the excitation wavelength (532 nm employed for SERS measurements, see
Figure 1c), and the spatial localization (vicinity of Au/ZnO NR tops, see inset of Figure 1c)
of the electric field [65]. In another way, Narasimhan et al. realized a flexible metasurface
composed of a quasi-(dis)ordered group of Au nanodisks on nanoholes isolated by a
silicon dioxide nanogap (in a metal–insulator–metal arrangement) for the SERS detection
of human tear uric acid (UA). Enhancement factors comprised between 106 and 5× 106

were achieved due to the broadband plasmonic resonance overlapping with the excitation
wavelength as well as the emission wavelengths of some Raman peaks [66]. Yang et al.
have fabricated a metasurface constituted of Au nanoholes hexagonally arranged on a SiO2
film itself deposited on a gold mirror for the SERS detection of benzenethiol molecules. The
authors demonstrated by adjusting the structure parameters that a very strong absorption
and a significant enhancement of electric near-fields at the wavelength used for SERS
measurements were reached, thus allowing to obtain an EF of 106 [67]. Zhao et al. employed
a metasurface consisting of hyperbolic metaparticles composed of five gold layers isolated
by alumina (Al2O3) layers for the SERS sensing of 4-ATP molecules. The dimensions of
these hyperbolic metaparticles were tuned to obtain a scattering resonance at 785 nm,
thus overlapping with the excitation wavelength employed for Raman measurements,
resulting in an EF of 106 [68]. Furthermore, Ma et al. created an electrotunable plasmonic
metasurface for the SERS detection of 4-mercaptobenzoic acid (4-MBA) molecules. This
metasurface consisted of Au nanoparticle arrays deposited on titanium nitride (TiN)/Ag
substrate (electrode).

The authors observed an EF of 105 for a potential of 0.7 V versus potential of zero
charge (PZC) where the gold nanoparticles were densely assembled (see Figure 2a,b). This
EF was due to a stronger plasmonic coupling between gold nanoparticles (NPs) and the
redshift of plasmonic resonance towards the excitation wavelength (633 nm; see the red
curve in Figure 2c) upon the densification of these gold NPs when a potential of 0.7 V vs.
PZC was applied [69]. In another way, Kovalets et al. have created a metasurface by metallic
deposition (thermal sputtering of gold or silver) on track-etched membranes, then stretched
leading the generation of microcracks in the metal layer for SERS sensing of malachite
green (MG) molecules. The authors have noted that the number of microcracks increased
when the deformation (stretching) of samples increased, thus inducing an increase in the
SERS signal of MG molecules. This increase in the SERS signal is owed to the increase
in the number of hotspots (zones of strong electric fields) at the level of microcracks [70].
Nguyen et al. studied the SERS sensing of R6G molecules via a metasurface consisting of
a monolayer of polystyrene (NS) nanospheres coated by a thin layer of silver deposited
on silver mirror. An EF of 108 was achieved thanks to the matching of the broadband
plasmonic resonance of the metasurface with the excitation wavelength as well as the
emission wavelengths of Raman bands of R6G molecules [71]. Zhang’s group realized a
broadband SERS substrate for the detection of R6G molecules consisting of a plasmonic
metasurface composed of large silver (Ag) nanoparticles on which small aggregates of
silver were obliquely deposited. Enhancement factors from 4× 107 to 9× 107 were achieved
due to the matching of the broadband plasmonic resonance of the metasurface with the
three excitation wavelengths using Raman measurements [72]. Wang et al. investigated
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a plasmonic metasurface composed of Ag nanocube (NC) arrays with an average gap
between NCs of 1 nm for the detection of crystal violet (CV) molecules and several drugs
such as lidocaine and methotrexate. An EF of 107 was obtained, and this was due to the
strong electric fields located in the nanogaps between Ag NCs at the excitation wavelength
used for Raman experiments [73]. To finish this section dedicated to the metasurfaces for
SERS sensors, the last three works concern studies based on metasurfaces using metallic
nanogaps. For the first example, Luo et al. fabricated a plasmonic metasurface composed
of ring-shaped nanogap arrays realized in gold film for the SERS sensing of R6G molecules.
The authors obtained an EF of 3 × 108 owing to the matching of the broad plasmonic
resonance with the excitation wavelength for SERS measurements, and regions of strong
electric fields located in the gap zone [74].

Figure 1. (a) SERS spectra of R6G molecules on the plasmonic metasurface for different R6G con-
centrations; (b) illustration of the fabrication process of the plasmonic metasurface composed of
gold-coated ZnO nanorods; and (c) absorbance spectra of the plasmonic metasurface at different
reduction cycles. The black dashed line corresponds to the excitation wavelength for SERS measure-
ments. Inset displays the electric field mapping in the Au/ZnO nanorod array. All the figures are
reprinted (adapted) with permission from [65], Copyright 2021 American Chemical Society.
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Figure 2. (a) Illustration of the electrotunable plasmonic metasurface composed of gold nanoparticles
assembled on TiN/Ag substrate at 0.1 V vs. PZC (at left) and 0.7 V vs. PZC (at right). (b) SERS
spectra of 4-MBA adsorbed on the metasurface at 0.1 V vs. PZC (blue color) and 0.7 V vs. PZC (red
color). (c) Reflectance spectra of the plasmonic metasurface at 0.1 V vs. PZC (blue color) and 0.7 V
vs. PZC (red color). The dashed black line corresponds to the excitation wavelength used for SERS
measurements. All the figures are reprinted (adapted) with permission from [69], Copyright 2020
American Chemical Society.

Then, Bauman et al. reported the SERS detection of benzenethiol molecules through a
plasmonic metasurface composed of gold nanospheres (AuNS) with a tunable gap between
AuNS (see Figure 3a,b). EFs from 104 to 105 were obtained thanks to the overlapping of the
excitation wavelength and the wavelength of the absorbance peak of the metasurface as
well as to strong electric fields obtained in the nanogaps at the excitation wavelength (see
Figure 3c), for an optimal gap width of 0.55 nm [75]. Zhang et al. related the fabrication of
a plasmonic metasurface consisting of an array of chiral nanogaps for the selective SERS
detection of the L-cysteine and D-cysteine molecules. The authors showed that chiral
nanogaps with a gap size of 5 nm were optimal for this SERS detection because their
circular dichroism activity and g-factor were more important. These L-chiral nanogaps
allowed obtaining the SERS spectrum of L-cysteine with more intense peaks than for the
D-cysteine, and the R-chiral nanogaps allowed obtaining the SERS spectrum of D-cysteine
with more intense peaks than for the L-cysteine [76]. In addition, Thareja et al. reported the
use of anisotropic plasmonic metasurface composed of an array of the parallel nanogrooves
fabricated into a gold film for the SERS detection of characteristic Raman peaks (G and
2D) of graphene. The SERS intensities of G and 2D Raman peaks for graphene were
improved of a factor of 25–50. This enhancement of the SERS signal was owing to the
excitation of propagating gap plasmons in the nanogrooves generating stronger electric
fields in controlled directions [77]. To finish this first part, Jiang et al. fabricated a plasmonic
metasurface composed of an array of Au-coated silica nanoflowers for the SERS sensing
of benzoic acid molecules. An EF of 106 was reached and this was due to the significant
electric fields located in the gaps between nanopetals generated by the near-field coupling
between these same nanopetals [78].
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Figure 3. (a) Illustration of the plasmonic metasurface composed of gold nanospheres self-assembled
on silicon substrate. Inset corresponds to a TEM picture of the plasmonic metasurface with gaps
of 0.55 nm (white bar = 100 nm) (b) SERS spectra of benzenethiol adsorbed on the metasurface
with different values of nanogap. (c) Mappings of the electric field enhancement for three values of
nanogap (g = 0.6 nm, 1.0 nm and 2.0 nm). All the figures are reprinted (adapted) with permission
from [75], Copyright 2022 American Chemical Society.

3. Metasurfaces for Surface-Enhanced Infrared Absorption Sensors

In this part, we present the latest advances in metasurfaces for surface-enhanced
infrared absorption (SEIRA) (see Table 2). For this application, the plasmonic or dielectric
metasurfaces allow the improvement of the infrared absorption of molecules by the con-
finement of local electromagnetic fields in the vicinity of optical antennas resonating in
the mid-infrared (mid-IR) domain on vast areas. The SEIRA signal will increase with an
enhancement factor (EF) of |E|2/|E0|2, when the frequency matching between plasmonic
or dielectric nanostructures and molecular vibration modes occurs.
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Table 2. Unit cell of metasurfaces, detected molecules and the enhancement factor (EF) for
surface-enhanced infrared absorption sensors (ssDNA = single-stranded DNA; ODAM = human
odontogenic ameloblast-associated protein; a-Si:H = anisotropic hydrogenated amorphous silicon;
4H-SiC = 4H-silicium carbide; h-BN = hexagonal boron nitride; CBP = 4,4′-bis(N-carbazolyl)-1,1′-
biphenyl).

Unit Cell of Metasurfaces Detected Molecules EF References

Two germanium ellipses Polylysine, ssDNA, ODAM 6000 [79,80]
Two a-Si:H ellipses Proteins A/G 1500 [80]
Two 4H-SiC teeth Cyclohexane – [81]

Five aluminum ellipses Liposomes 30–160 [82]
Two monoisotopic h-BN ribbons CBP 10 [83]

As first example, Altug’s group showed the detection of human odontogenic ameloblast-
associated protein (ODAM), polylysine and single-stranded DNA (ssDNA) by using dielec-
tric metasurfaces with high-quality factors. The resonance for this dielectric metasurface
was controlled with the incidence angle of light and the polarization in order to obtain
molecular fingerprint details. In addition, the building block (meta-atom) of this dielectric
metasurface was composed of two elliptical shapes in germanium realized on a calcium
fluoride (CaF2) substrate (see Figure 4a), and the principal axes of two ellipses were rotated
asymmetrically between them. This metasurface thus permitted enhancing the electromag-
netic near-fields (EF = 6000) located at the tips of elliptical shapes, where the interactions
between biomolecules and light occur. Finally, by employing this approach, the detection
of mid-IR absorption fingerprints of biomolecules (here: polylysine, ssDNA, and ODAM,
see Figure 4b,c) was realized without any tunable laser and/or expensive spectrometers
that take up space [79,80]. Another example of this same research group is presented.
In this example, the authors used pixelated dielectric metasurfaces for the detection of
proteins A/G by SEIRA. Each metapixel of this metasurface was constituted of an array
of anisotropic hydrogenated amorphous silicon ellipses (with an EF = 1500 and the same
geometry as the previous example, as can be seen in Figure 4a), whose resonance can be set
over a given range of fingerprints of target molecules by adjusting the lateral dimensions
of the unit cell by a factor named S. Thus, thanks to this pixelated dielectric metasurface,
they accessed the signals of biomolecules over an expanded spectrum of wavelength with
a great sensitivity [80].

Folland et al. demonstrated the sensing of cyclohexane using a metasurface composed
of 4H-silicium carbide (4H-SiC) high-aspect-ratio gratings (HAGs, see Figure 5a,b). Thanks
to this metasurface, a vibrational coherent coupling between the epsilon-near-zero (ENZ)
waveguide mode and a vibrational mode of cyclohexane was evidenced by the mode
splitting coming from the interaction between these two modes and following a dependence
in
√

C with the cyclohexane concentration (see Figure 5c,d) [81]. The work of Leitis et al. has
related the use of plasmonic metasurfaces in order to observe the liposome catching. These
plasmonic metasurfaces were fabricated on alumina (Al2O3) membranes and they were
composed of aluminum (Al) nanoantennas (or meta-atoms), thus enabling a conception
with various resonances in the mid-IR. Thereby, these resonances enhanced and overlapped
the absorption bands of the liposomes in this case. To resume, the authors succeeded
in demonstrating the catching of liposomes by SEIRA thanks to the high electric field
enhancements (EF = 30–160) located at the hotspots of Al nanoantennas whose resonances
overlapped with the absorption bands of the liposomes [82]. To finish this section, Autore
et al. reported the sensing of 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) molecules using
a metasurface composed of monoisotopic hexagonal boron nitride (h-BN) ribbon arrays
realized on a CaF2 substrate. They observed a SEIRA signal increase of a factor of 10 for
CBP molecules with this monoisotopic h-BN metasurface compared to the reference sample
without the metasurface. This increase in the SEIRA signal was due to coupling between
hyperbolic phonon-polariton modes and vibration modes of CBP molecules [83].
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Figure 4. (a) Principle scheme of the unit cell for the dielectric metasurface. (b) Normalized reflectance
spectra for the different incidence angles of light. (c) Absorbance spectra of polylysine, ssDNA and
ODAM. All the figures are reprinted (adapted) with permission from [80], Copyright 2021 American
Chemical Society.

Figure 5. (a) Principle scheme of 4H-SiC high-aspect-ratio gratings (HAGs) with the tooth height h of
grating, the grating period Λ and the tooth spacing of grating g. (b) SEM image of the 4H-SiC HAG.
(c) Reflectance spectra with different concentrations of cyclohexane. The dashed line corresponds
to the vibration mode of cyclohexane located at 903 cm−1. (d) Mode splitting versus cyclohexane
concentration. The red line corresponds to the fit with a square root function. All the figures are
reprinted (adapted) with permission from [81], Copyright 2020 American Chemical Society.

4. Metasurfaces for Photocatalysis

In this last part, we introduce the latest advances in metasurfaces for photocatalysis
(see Table 3). For photocatalysis, a broadband absorption of light and an enhancement of
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photocurrents are required. Thus, by adjusting the size, shape and organization of building
blocks, the plasmonic or dielectric metasurfaces will improve the photon–electron energy
conversion, thus enabling the enhancement of this absorption capacity of the solar light and
the generation of a great number of catalytic active sites in order to more quickly produce
the surface reactions. In addition, the enhancement factor is defined for the following
examples as the ratio of photocurrents or reaction rates obtained for the metasurface and
the reference sample (metasurface/reference).

Table 3. Unit cell of metasurfaces, reactions of photocatalysis and their EF (CrOx = p-
type Chromium Oxide; NiOx = p-type Nickel Oxide; NRs = Nanorods; PEC = Photoelectro-
chemical; a-GaP = amorphous Gallium Phosphide; AuPd = Gold/Palladium; NPs = Nanopar-
ticles; Cu@Pt = Copper–Platinum Core–Shell; Zn/Cu = Zinc/Copper; TiO2 = Titanium Diox-
ide; NO = Nitrogen Monoxide; TiO2−x = Loss-engineered Substoichiometric Titanium Oxide;
TiN = Titanium Nitride; HM = Hematite).

Unit Cell of Metasurfaces Photocatalysis EF References

Random CrOx–NiOx NRs PEC hydrogen generation 30 [84]
One a-GaP nanodisk PEC hydrogen generation 5.7 [85]
Random AuPd NPs PEC reduction of water 5–20 [86]

One Cu@Pt NP PEC hydrogen generation 5–20 [87]
One Zn/Cu nanocube Methanol production 93–181 [88]

One TiO2 nanohole NO oxidation reaction rate 5.7 [89]
Two TiO2−x ellipses Ag reduction reaction 7 [90]
One TiN nanodisk Hydrogen evolution rate 3.2 [91]

Au nanodisk on HM/Au bilayer Water splitting 2–6 [92]

At first, Ozbay’s group demonstrated a catalyzed reaction of the hydrogen evolution
(HER) using a metasurface constituted of random CrOx–NiOx nanorods. CrOx nanorods
were chosen for their quality of light absorption in zones close to the surface thanks to
hotspots generated by this geometry of random nanorods, and for easing the separation
of charges. NiOx was chosen as an HER catalyst. For the CrOx–NiOx metasurface (CrOx
metasurface covered by a NiOx layer, and then annealed at 600 °C over 30 min), the authors
have shown an increase in the photocurrent values of a factor of 30 and 3 compared to those
of a planar conception and those of a bare CrOx-30 metasurface (30 = annealing at 600 °C
over 30 min), respectively. This increase was due to the separation of charges which
triggered the HER. This separation of charges was possible thanks to a good band alignment
between the conduction bands of CrOx, NiOx and the HER potential. In addition to the
increase in photocurrent values, the ICPE measurements exhibited an enhancement of
the efficiency in the conversion process [84]. Furthermore, based on similar principles,
the group of Cortes also reported an increase in the photocurrent values of a factor of
5.7 compared to those of a planar conception upon HER conditions by using a different
metasurface composed of amorphous gallium phosphide (a-GaP) nanodisks deposited on
an indium tin oxide film itself deposited on a SiO2 substrate [85].

Building upon the above, Xiao et al. reported an increase in the photocurrent values
of a factor 5–20 upon the reduction of water by using a plasmonic metasurface composed
of AuPd nanoparticles deposited on a bilayer film of titanium dioxide and gold itself
deposited on a glass substrate (see Figure 6a,b and blue curve in Figure 6b). This increase
in photocurrent was due to the mixed photon-to-energy conversion of gold and palladium
through plasmonic resonances for gold and interband transitions of Pd. Moreover, the
incident photon conversion efficiency (IPCE) exposed an efficiency improvement in the
conversion process (see blue curve in Figure 6c) [86].
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Figure 6. (a) Principle scheme of the plasmonic metasurface. (b) Linear sweep voltammogram
scans with chopped visible light. (c) Incident photon conversion efficiency (IPCE) versus wave-
length. All the figures are reprinted (adapted) with permission from [86], Copyright 2021 American
Chemical Society.

Finally, Deng et al. have shown an improvement in photocurrent of a factor of 5–20
during the HER by employing a metasurface constituted of lattices of copper–platinum
core–shell nanoparticles deposited on an ITO/quartz substrate (see Figure 7a–c). This
best improvement in photocurrent is owed to the surface lattice resonances of lattices of
Cu@Pt nanoparticles inducing robuster absorption of light (see the IR part of Figure 7d,
where the dip indicates the presence of a surface lattice resonance) and electromagnetic
fields [87]. A work of Kherani’s group has reported on the enhancement of the rate of
methanol production of a factor 93–181 via the use of a metasurface constituted of ZnO/Cu
nanocubes on an Au/Cu bilayer film. This enhancement was obtained by combining the
broadband absorption and the plasmonics, thus inducing strong electric fields over the
(nonplasmonic) absorption range [88]. Capitolis et al. demonstrated an enhancement of a
factor 5.7 on the reaction rate of the NO oxidation through the use of a metasurface formed
of nanohole arrays realized in a silicon nitride (SiNx) film, then covered by a TiO2 layer. This
enhancement was due to the significant absorption of the incident light (UV-light in this
case) via slow light modes produced by the periodic lattice of metasurface [89]. Additionally,
Hu et al. created a metasurface composed of loss-engineered substoichiometric titanium
oxide (TiO2−x) ellipses and based on the bound states in the continuum (BIC) for increasing
the reaction rate of silver (Ag) reduction. The authors have reported an EF of 7 for the
reaction rate of Ag reduction with the low-defect TiO2−x (named TiO2-L), which was
due to the matching of the excitation wavelength with the quasi-BIC resonance of the
metasurface by adjusting all the geometric parameters of the unit cell of metasurface. This
matching enabled an optimal absorption of the visible light and an optimal enhancement
of near-fields, thus inducing a better reaction rate [90].

Yu et al. reported an improvement of a factor 3.2 for the hydrogen evolution rate by
employing a metasurface composed of titanium nitride (TiN) nanodisks fabricated on a
thin TiN film and arranged in square array, then covered by a photocatalyst polymer (see
Figure 8a–c; TiN film without any nanodisk serves as reference). This improvement of
the HER was obtained thanks to the broadband plasmon resonance of the metasurface
(see Figure 8d) producing strong electric fields and thus increasing different rates, such as
those of absorption light, carrier separation and the transfer of hot carriers in photocatalyst
polymers [91]. To terminate this part on metasurfaces for photocatalysis, Dutta et al.
reported the use of a plasmonic metasurface for the water splitting. This metasurface
consisted of arrays of gold nanodisks deposited on a hematite film—itself deposited on
gold film. Enhancement factors of 2 and 6 in the photocurrent of the water oxidation
were obtained above and below the bandgap of hematite, respectively. The EF of 2 in the
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photocurrent obtained above the bandgap was owed to an improved scattering by the
Au nanodisks and a back-reflection from the Au mirror. The EF of 6 in the photocurrent
obtained below the bandgap was due to the hot electrons produced by plasmon decay [92].

Figure 7. (a) Principle scheme of the unit cell of the metasurface. (b) Illustration of HER measurements.
(c) Linear sweep voltammogram scans of HER at different wavelengths (see the caption in the curves).
(d) Transmission spectrum of the Cu@Pt nanoparticle array, where three ranges of light are indicated
by the shading of each. All the figures are reprinted (adapted) with permission from [87], Copyright
2021 American Chemical Society.

Figure 8. (a) Principle scheme of the hydrogen evolution induced by visible light by employing the
TiN metasurface covered by the photocatalyst polymer. (b) SEM picture of the metasurface composed
of TiN nanodisks. (c) HER rate of the photocatalyst polymer deposited on a TiN metasurface and
TiN film (reference) versus time. (d) Calculated absorption spectra of the photocatalyst polymer
deposited on the TiN metasurface and TiN film (reference). All the figures are reprinted (adapted)
with permission from [91], Copyright 2021 American Chemical Society.

5. Conclusions and Outlook

In summary, we depicted the latest advances in the performance of plasmonic or
dielectric metasurfaces for SERS and SEIRA sensors as well as photocatalysis. Thanks to
the performances of these metasurfaces, enhancement factors were obtained ranging from 2
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to 81 for photocatalysis, from 10 to 6000 for SEIRA sensors and from 104 to 3× 108 for SERS
sensors. These enhancement factors were due to the confinement of local electromagnetic
fields in the vicinity of optical antennas that had resonances in a large spectral range
being thus able to increase the SERS and SEIRA signals. Furthermore, some metasurfaces
enabled an accurate enhancement of the excitation and emission processes for the SERS
effect by supporting resonances at frequencies of these processes. Another advantage of
using metasurfaces is to achieve the good reproducibility and uniformity of the SERS signal
on the whole substrate thanks to the present fabrication techniques, which permit the
identical realization of plasmonic or dielectric nanostructures. Finally, these metasurfaces
permitted the enhancement of the absorption capacity of the solar light and the generation
of a great number of catalytic active sites in order to more quickly produce the surface
reactions. A couple of interesting perspectives concerning the metasurfaces to be used
would be chemo-tunable metasurfaces that can allow a chemical modulation to control
their optical properties alternately to electrotunable metasurfaces (presented here in one or
two examples), or surface-functionalized metasurfaces for handling their properties. For
instance, proteins can be functionalized on metasurfaces in order to obtain very selective
biochemical interactions for improving the sensing of antibodies or antigens. Finally, we
think that, in the near future, chemo-tunable or surface-functionalized metasurfaces will
offer perspectives for photocatalysis and sensing based on surface-enhanced spectroscopies.
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Abstract: We report a very simple, rapid and reproducible method for the fabrication of anisotropic
silver nanostars (AgNS) that can be successfully used as highly efficient SERS substrates for different
bioanalytes, even in the case of a near-infra-red (NIR) excitation laser. The nanostars have been
synthesized using the chemical reduction of Ag+ ions by trisodium citrate. This is the first research
reporting the synthesis of AgNS using only trisodium citrate as a reducing and stabilizing agent. The
key elements of this original synthesis procedure are rapid hydrothermal synthesis of silver nanostars
followed by a cooling down procedure by immersion in a water bath. The synthesis was performed in
a sealed bottom flask homogenously heated and brought to a boil in a microwave oven. After 60 s, the
colloidal solution was cooled down to room temperature by immersion in a water bath at 35 ◦C. The
as-synthesized AgNS were washed by centrifugation and used for SERS analysis of test molecules
(methylene blue) as well as biological analytes: pharmaceutical compounds with various Raman cross
sections (doxorubicin, atenolol & metoprolol), cell lysates and amino acids (methionine & cysteine).
UV-Vis absorption spectroscopy, (Scanning) Transmission Electron Microscopy ((S)TEM) and Atomic
Force Microscopy (AFM) have been employed for investigating nanostars’ physical properties.

Keywords: anisotropic silver nanostars; SERS; bioanalytes; cell lysates; pharmaceutical compounds

1. Introduction

Plasmonic nanoparticles are in the limelight of modern nanotechnology applications,
basically owing to their unique optical properties that are strongly dependent on their
shape and size. The possible use of plasmonic nanoparticles as highly effective Surface
Enhanced Raman Spectroscopy (SERS) substrates when using a NIR excitation laser led
to the development of a plethora of synthesis methods for different types of noble metal
nanoparticles, both isotropic or anisotropic [1,2]. Over time, it turned out that spherical
isotropic plasmonic nanoparticles have a limited applicability as SERS substrates given
their relatively low electromagnetic field enhancement. As a result, different aggregation
techniques, leading to the creation of randomly oriented hot-spots capable of locally
amplifying the Raman spectra of the analytes have been reported in the literature [3].

From the point of view of analytical quantitative analysis, the aggregation technique
holds a major drawback since the process cannot be controlled and the amplified Raman
spectra of analytes lack reproducibility [4,5]. The random orientation of the hot-spots
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and the very poor reproducibility of the amplified Raman spectra represent the two most
important obstacles that must be overcome for the introduction of SERS spectroscopy in
clinical ultrasensitive biodetection applications.

On the other hand, it has been demonstrated that the strong Surface Plasmon Reso-
nance (SPR) effect observed in the case of anisotropic nanoparticles significantly influ-ences
the SERS effect [6,7]. SERS enhancement depends on the size but mostly on the shape of
the plasmonic substrates. For instance, in the case of anisotropic silver nanoparticles, it has
been shown that the amplification can be 20 times higher than that of silver nanospheres [8].

In this paper, we present a very simple and rapid method for the creation of a new
class of SERS substrates able to generate highly reproducible SERS spectra for molecules
of biomedical interest, possessing a very low Raman cross section (e.g., pharmaceutical
compounds, cell lysates). The here-proposed plasmonic substrates have the capacity to
operate even in the case of using a NIR excitation laser, which represents a sine qua non
condition for SERS measurements performed on bio analytes. The plasmonic substrates
consist of silver nanostars, synthesized using an original method developed in MedFuture’s
Research Center laboratory. The only chemical precursors employed in this wet-chemical
procedure are silver nitrate and trisodium citrate, with no addition of any other reagents.
The microwave-assisted synthesis of the nanostars has been performed in a sealed bottom
flask, which turned out to be a critical parameter in the synthesis process. The chemical
reaction took place inside of a microwave oven capable of generating an almost uniform
temperature in the whole volume of the liquid in a very short period. By the end of the
synthesis process, the colloidal solution was immersed in a water bath at 35 ◦C. The SERS
activity of the here-proposed AgNS has been evaluated on test molecules (Methylene Blue)
as well as on pharmaceutical compounds with low Raman cross section (doxorubicin,
atenolol & metoprolol), cell lysates and amino acids (cysteine & methionine), by pouring a
very small volume of colloidal solution (~1.5 µL) onto a MgF2 glass plate heated at 50 ◦C,
prior to the deposition of the analytes. The quality of the vibrational spectra collected using
the here-proposed plasmonic substrates represents strong experimental evidence of their
versatility, especially in the case of bioanalytes.

2. Results and Discussion

In this study we proposed an original procedure for the microwave-assisted synthesis
of silver nanostars by involving trisodium citrate as a reducing and stabilizing agent of Ag+

ions. The role of microwave heating is to create a more homogenous thermal environment
for the synthesis procedure and to speed up the process as shown in literature [9]. Once
the synthesis procedure was completed, the nanostars’ morphology was analyzed by
microscopic complementary techniques (TEM/STEM, AFM). Their plasmonic properties
have been tested on several biological analytes by means of SERS using a NIR excitation
wavelength (785 nm). The SERS experiments were carried out on interconnected AgNS
that can be regarded as solid plasmonic substrates, as well as on individual nanostars that
can be easily localized on the MgF2 port-probe using an optical microscope.

2.1. Characterization of AgNS Colloids by UV-Vis Spectroscopy

UV-Vis absorption spectroscopy is the first experiment that can be employed for
the characterization of colloidal solutions containing nanoparticles of different types and
shapes. The UV-Vis absorption spectrum of the colloidal solution containing silver nano
stars is presented in Figure 1 together with the optical images of the colloids, right after
synthesis (inset a) and after purification (inset b) through centrifugation, respectively.

The spectrum is characterized by the occurrence of a strong absorption peak located
around 420 nm, specific for silver nanoparticles. The broadness of this peak is quite high
with respect to isotropic silver nanoparticles [10–12], and this is a direct consequence of
the presence of anisotropic silver nanostars in the solution. The full-width half-maximum
(FWHM) value is ~200 nm in this case, which is more than double as compared to silver
spherical nanoparticles. However, this property allows the use of NIR excitation lasers
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(785/830 nm) for SERS analysis of biological samples, strongly decreasing their intrinsic
fluorescence and facilitating the recording of highly qualitative SERS spectra of pharmaceu-
tical compounds, amino acids or even cell lysates.
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Figure 1. UV-Vis absorption spectra of the colloidal solution containing AgNS. The inset shows
an optical image of the colloidal solutions before (a) and after purification through centrifugation
(b) respectively.

2.2. Transmission Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy
(STEM) Characterization

TEM together with STEM has been employed for a proper characterization of AgNS.
A typical TEM image of an individual nanostar is presented in Figure 2a, together with a
zoom image of its central part (Figure 2b).
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Figure 2. TEM image of a typical individual silver nanostar (a). TEM image of the central zone of the
nanostar (b).

One can clearly distinguish that our AgNS consist of a central nanoparticle inter-
connected with several highly one-dimensional individual arms. The Energy Dispersive
Analysis (EDS) confirmed that AgNS are composed of silver atoms (Figure S1). The STEM
images of similar AgNS are presented in Figure 3.
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nanostar (b).

The STEM images revealed the same structure as the one obtained from TEM images.
The AgNS appear as branched 3D structures with high electron-scattering capacities. The
structure points towards a {1 1 1} oriented crystalline structure [13] with a single center
seed particle being the origin of the branching arms. Differences in the contrast of the outer
section of the nanostars (Figure 3b) are also indicative of a {1 0 0} preferential growth of the
crystals as presented in [14] and, thus, could be interpreted as having a 2D structure. These
results are complementary to the TEM morphological analysis of the nanostars presented
in Figure 2.

2.3. Atomic Force Microscopy (AFM) Characterization

The evolution of the AgNS deposited onto the heated MgF2 glass slides was evaluated
by means of AFM measurements (Figure 4). All the measurements were performed on semi-
contact operating mode. The 2D and 3D topographic images (height images) were recorded
together with phase contrast ones (data not shown). The phase contrast images gave
us a clear indication regarding the substrate’s composition which is a very homogenous
one (very small phase variations have been detected on the samples). On the other hand,
the topographic images confirmed the presence on the substrate of interconnected AgNS
that coexist with individual ones (Figure 4a). Their sizes vary between a few hundred
nanometers and a few microns. The cross-sectional analysis of the individual nanoflowers
revealed they have a maximum height of 600 nm, which is much smaller (~one order of
magnitude) than their lateral dimensions.
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As a result of the slow heating process, the space between the individual one-directional
arms (identified in the TEM images) has been completely filled, as can be noticed in the
high-resolution topographic image presented in Figure 5. The formation of the 2D network
has been also observed.
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2.4. SERS and Raman Analysis

All SERS measurements included in this study were performed on plasmonic sub-
strates obtained by pouring colloidal solutions containing silver nanostars on Raman
transparent MgF2 glass slides heated at 50 ◦C. The as-obtained plasmonic substrates al-
lowed the recording of very reproducible SERS spectra on different regions of the substrate
for all the bioanalytes here presented.

All Raman measurements were performed on MgF2 transparent glass using a 785 nm
laser excitation.

The SERS spectrum of the pristine silver substrate were recorded under the same
experimental conditions and can be observed in Figure 6. The intensity of the vibrational
bands is very low as can be seen in the figure, emphasizing, the capacity of the here-
proposed plasmonic substrates to be employed for SERS analysis of various bioanalytes.
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The enhancement capabilities of the plasmonic substrate were first tested on rho-
damine 6G (R6G). This analyte was used in a first instance for testing the reproducibility of
the recorded spectra. Finally, the Raman and SERS spectra of R6G were employed for the
calculation of the substrate’s enhancement factor (EF). In the case of SERS, 1 µL solution
of 1 mM R6G was deposited on the plasmonic substrate and left to dry. In the case of
Raman, 1 µL solution of 1 mM R6G was poured on a MgF2 glass slide and left to dry. The
SERS spectrum of R6G is presented in Figure S2b. A value of ~8 × 103 was calculated for
the substrate’s enhancement factor (EF). This value was obtained by comparing Raman
(Figure S2a) and SER spectra of R6G (Figure S2b).

For a proper assessment of the substrates’ plasmonic properties, we performed SERS
measurements using as analytes a standard test molecule (methylene blue-MB) and three
pharmaceutical compounds having different Raman cross sections: doxorubicin (DOX),
atenolol (ATE), and metoprolol (MET). The capacity of our AgNS to perform as very
efficient plasmonic substrates was further tested on cell lysates (DLD1 cells) and two amino
acids (methionine and cysteine) The spectra were recorded using NIR excitation laser
(785 nm).

In the case of MB and DOX, previous studies reported comprehensive analysis of their
SERS spectra collected on different plasmonic substrates together with a complete vibra-
tional band assignment. Given their great Raman cross section, they can be considered “stan-
dard” analytes for the evaluation of the plasmonic properties for new substrates [10,12,15].
The MB Raman and SERS spectra, collected on our substrates, are presented in Figure 7.
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The major vibrational peaks of MB, as described in the literature, are clearly visible
even for an analyte concentration of µM. The main vibrational bands of MB are located at
451, 504, 677, 773, 1178 and 1395 cm−1. The most visible ones can be assigned to C-N-C
skeletal deformations (447 and 500 cm−1) and asymmetric C-N stretching (1395 cm−1). The
assignment of the most important bands is presented in Table S1. The spectrum is similar
with the one recorded using other types of plasmonic substrates, suggesting a similar
geometry of interaction between the substrate and the analyte.

The first pharmaceutical compound that was employed for testing the plasmonic
substrate was doxorubicin. The typical vibrational frequencies of DOX are presented in
Figure 8. The SERS spectrum of DOX included in this figure were collected using the
individual nanostar highlighted in the inset of Figure 8. This spectrum is very similar to
those reported in the scientific literature [16] recorded using other plasmonic substrates. The
majority of DOX vibrational bands originate from the conjugated aromatic chromophore of
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the drug molecule. A tentative assignment of the most important bands is summarized in
Table S1.
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In order to prove the capacity of the here-reported AgNS to be used as plasmonic substrates
for biomolecules with low Raman cross section, we have performed SERS measurements on
Metoprolol (Figure 9) and Atenolol (Figure 10). The spectra were recorded on an individual
AgNS (MET) and on a solid substrate containing interconnected AgNS (ATE), respectively. The
Raman spectra of MET and ATE are also presented (Figures 9b and 10b, respectively).
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In the scientific literature, there are very few studies reporting a SERS analysis of these
two pharmaceutical compounds belonging to the class of beta-blockers [11]. These two
drug molecules have a very similar chemical structure. The central part of both molecules
consists of a phenyl ring linked to an amine alkanol side chain containing the asymmetric
carbon atom.

As expected, both spectra included in Figures 9 and 10 are very similar, being domi-
nated by the bands assigned to the vibrational breathing mode of the central phenyl ring
located at 852 cm−1 (MET) and 859 cm−1 (ATE), respectively. Other significant vibrational
bands with their corresponding attributions are listed in Table S1. According to Moskovits’
surface selection rules, this is a direct proof of a similar geometry of interaction between
these two molecules and the plasmonic substrates [17]. On the other hand, the quality,
reproducibility, and ease of recording of the SERS spectra can be attributed to the unique
plasmonic properties of AgNS.

Very recently it has been shown that Raman/SERS spectroscopy has the potential to
provide very useful information related to the nanoscale molecular interactions between
analytes and plasmonic substrate [5,18].

As such, cell lysates were used for testing the plasmonic properties of our AgNS. A
typical SERS spectrum of DLD1 cell lysate is presented in Figure 11a, while the Raman
spectrum is presented in Figure 11b.

The spectrum from Figure 11 is dominated by a very intense vibrational peak at
725 cm−1. This peak can be assigned to the presence of adenine and adenosine as it
has been recently shown by Genova et al. [19]. The presence of adenosine triphosphate
in relatively high concentration could be an explanation for the strong intensity of this
vibrational band. In the spectral fingerprint region (600–900 cm−1) one can detect the
presence of another two distinct peaks at 627 cm−1 and 656 cm−1. The latest peak can be
assigned to guanine ring breathing vibrational mode. This behavior represents a strong
proof of the fact that, in the case of untreated cells, one can detect the presence of the
same biomolecular species responsible for the occurrence of specific vibrational bands.
According to Barhoumi et al. [20], the rest of the prominent vibrational bands observed in
the lysate spectrum can be assigned to vibration modes of PO2 (1094 cm−1) and adenine
(1328 & 1586 cm−1), respectively.
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The last class of bio analytes that were used for testing the Raman signal enhancing
capacities of our plasmonic AgNS were the amino acids. We have chosen Cysteine (Cys)
and Methionine (Met) because their sidechain contains one sulfur atom that has the capacity
to interact directly with the silver surface [21]. SERS and Raman spectra of Cys and Met
are presented in Figures 12 and 13, respectively.

The strong affinity of Sulphur atoms for silver surface is confirmed by the presence
of two very intense vibrational bands (665 cm−1 for Cys & 682 cm−1 for Met) that have
been assigned to C-S stretching vibrations of the two amino acid, in SERS spectra of Cys
(Figure 12a) and Met (Figure 13a). Nevertheless, the presence of a strong vibrational peak
around 1050 cm−1 (1054 cm−1 for Cys/1049 cm−1 in the case of Met) indicates a possible
interaction of amino acids with the silver substrate through the amino group.
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Table S1 represents a tentative assignment of the main vibrational bands for all the
samples that were analyzed in this study.

3. Materials and Methods
3.1. Materials

All chemical compounds employed in this paper were of analytical grade. Silver nitrate
(AgNO3) and trisodium citrate were purchased from Roth (Karlsruhe, Germany) and Merck
(Darmstadt, Germany), respectively. The aqueous solutions were prepared in Milli-Q water
(Milli-Q®Direct Water Purification System, Darmstadt, Germany). MgF2 polished glasses
(Crystran Ltd., Poole, UK), having a diameter of 20 mm, were used as port probes for the
creation of the solid SERS substrates. The analytes and the pharmaceutical compounds used
for SERS measurements (methylene blue MB, doxorubicin DOX, atenolol ATE, metoprolol
MET, cysteine Cys and methionine Met) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Cell culture products: Roswell Park Memorial Institute (RPMI 1640) cell culture
medium, Fetal Bovine Serum (FBS), Glutamine, Penicillin/Streptomycin and Phosphate
Buffered Saline solution (PBS 1X) were purchased from Gibco (Grand Island, NY, USA).

3.2. Cell Culture and Lysates

DLD1 (ATCC® CCL-221™) colorectal carcinoma cells were acquired from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) and were maintained in RPMI
1640 cell culture medium, supplemented with 10% FBS, 1% Glutamine and 1% Peni-
cillin/Streptomycin. During the experiment, the cells were stored in a humidified incubator
at 37 ◦C and 5% CO2.

For obtaining the cell lysates, the cells were detached from the culture flasks and
washed three times with fresh complete medium, followed by three washing steps with
PBS 1X. Then the cell pellet was washed three times with UltraPure DNAse/RNAse free
water. The washing steps were performed by centrifugation of the cells at 600× g, for 5 min
at room temperature. After the washing procedures, the cell pellet was resuspended in
333 µL of UltraPure DNAse/RNAse free water and stored at −80 ◦C until further use.

The lysate processing involved mechanical lysis steps. The samples were removed
from −80 ◦C and placed in the heating block at 37 ◦C for 15 min. The samples were
sonicated with the following settings for the EpiShear 5/64′ (2 mm) Probe Sonicator (Active
Motif, Carlsbad, CA, USA): 18 s with pulse of 3 s and 80% amplitude (from a maximum
intensity level of 200 µm). After the sonication process, the samples were stored at −80 ◦C
for 15 min, and the samples were sonicated and frozen two more times.
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The cell lysate, processed as mentioned above, was stored at −80 ◦C and thawed only
when the sample was analyzed.

3.3. Fabrication of Silver NanoStars (AgNS)

Colloidal suspensions of silver nanostars (AgNS) were prepared using an original
method developed in MedFuture’s laboratories. The chemical reduction of Ag+ ions by
trisodium citrate molecules were performed in a sealed-bottom flask introduced in the
center of a microwave oven having a nominal power of 2100 W, operating at 2450 MHz
capable of inducing water boiling (100 ◦C) after 30 s of irradiation. After 60 s of heating,
the vials were removed from the oven, immersed in a water bath at 35 ◦C and let to accom-
modate at this temperature for 5 min, with no stirring. In a typical synthesis procedure,
10 mg of AgNO3 were dissolved in 50 mL of Milli-Q water and introduced in an empty
100 mL bottom flask. Trisodium citrate solution (1%, 1 mL) was added to the flask. The two
solutions were gently stirred for 20 s, and then the bottom flask was sealed and introduced
in the microwave oven. No sign of chemical reaction between the silver ions and the citrate
molecules was observed at this stage. Afterwards, the solution was exposed to microwaves
for 1 min. It was noted that, after 30 s of microwave exposure, the aqueous solution started
to boil in the whole volume. After 15 more seconds, the solution suddenly changed its
color from colorless to milky grey, indicating the successful formation of silver nanostars.
By the end of the process, the colloidal solution was cooled down at room temperature
using a two-step process. First the vials were immersed in a water bath at 35 ◦C for 5 min,
and then they were brought to room temperature and left for another 5 min in air. The
whole synthesis procedure took no more than 15 min.

3.4. Preparation of SERS Substrates

The SERS substrates were prepared by pouring 1.5 µL of as-synthesized AgNS solution
onto a MgF2 glass slide heated at 50 ◦C. After 2 min from the deposition, the glass slides
were removed from the heated plate and the substrates were let to accommodate at room
temperature for 15 min. Once this final procedure was completed, the SERS substrates
containing self-aggregated as well as individual nanostars were ready for use.

3.5. Preparation of Samples for SERS and Raman Investigation

Stock aqueous solutions of standard Raman-test molecules (methylene blue MB) as
well as of therapeutic agents (doxorubicin DOX, atenolol ATE, metoprolol MET) and amino
acids (cysteine Cys and methionine Met) were prepared. The concentration of all stock
solution was 1 mM. Further dilutions were prepared using Milli-Q water. Once the drying
process of the solid SERS substrates was completed, a very small volume of analytes
aqueous solution (1 µL) was poured in the center of the solid substrate. The solution was
left to dry for 30 min at room temperature. By the end of this process the samples were
ready for SERS measurements, using a NIR excitation laser (785 nm).

The Raman spectra were recorded on dry solutions poured over Raman transparent
MgF2 glass, using the same 785 nm laser excitation.

3.6. Characterization of Silver Nanostars and Solid Plasmonic Substrates

The colloidal solutions containing silver nanostars and the solid plasmonic sub-strates
they formed were characterized by UV-VIS, STEM, TEM, AFM and SERS.

UV-Vis absorption measurements of the silver colloid were performed using a T92+
Spectrophotometer (PG Instruments, Lutterworth, UK) in the 190–900 nm wavelength
range with a 2 nm resolution.

Electron microscopy measurements were performed on a Hitachi HT7700 Trans-
mission Electron Microscope (Hitachi, Tokyo, Japan) operating at 120 kV, in the high-
resolution mode.

The topography of the substrates was investigated by an Atomic Force Microscope
(NT-MDT NTEGRA, NT-MDT Spectrum Instruments, Zelenograd, Russia) coupled with a
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micro-Raman system. The topographic images presented in this paper were acquired in
the semi-contact operating mode.

The SERS spectra were recorded using a multilaser confocal Renishaw InVia Reflex
Raman spectrometer. The wavelength calibration was performed on an internal refer-
ence sample (silicon). The 785 and 830 nm laser lines were employed as the excitation
sources, but preliminary tests have been performed also on 532 and 633 nm laser lines. The
emit-ting laser power was measured for each laser and for each objective on top of the
sample. The SERS spectra presented in this paper were recorded using a 50× objective
and different acquisition times ranging from few seconds to 50 s. The spectral resolution
of the spectrometer was 0.5 cm−1. Baseline correction was applied to all SERS spectra, in
order to eliminate the background. Each spectrum represents the average of a minimum
of 30 spectral acquisitions. The baseline correction was performed by using the Wire 4.2
software provided by Renishaw (Gloucestershire, UK), with the inVia spectrometer. For all
the spectra included in this study, the intensity of the vibrational bands is represented in
kconts/(mW × s) units.

The calculations of EF have been performed according to the procedure developed by
Gupta and Weimar [22], using the following equation:

EF =
MRaman × SSurf × ISurf

MSurf × SRaman × IRaman

where MSurf and MRaman are the numbers of molecules, SSurf and SRaman are the geometrical
areas of the molecular films and ISurf and IRaman are the SERS/Raman intensities of the
most intense vibrational band that was used for the calculation of EF (1510 cm−1). Both
measurements were performed using a 50× objective and an excitation laser of 785 nm. In
the case of Raman measurements, a 100% laser power was used, the acquisition time was
10 s and the number of spectral acquisitions was 4. In the case of SERS measurement, the
only modification that was made was the laser power which was set to 0.1%. The laser
intensity, measured on sample surface, was 113 mW (100 % laser power) and 0.22 mW
(0.1% laser power,), respectively. The intensities of all vibrational bands included in this
study were plotted in kcounts/(mW × s) units. In the case of Raman/SERS measurements
employed for EF calculation, 1 mM aqueous solutions of R6G were used. The diameter of
the circular spot was ~2 mm in both cases. The Raman/SERS values of 1510 cm−1 band
intensities were 43.3 and 0.0054 kcounts/(mW × s), respectively.

4. Conclusions

In this research, we report a very simple, rapid and reproducible microwave-aassisted
method for the fabrication of anisotropic silver nanostars (AgNS) that can be successfully
used as highly efficient SERS substrates for a broad range of bioanalytes: pharmaceutical
compounds, cell lysates and/or amino acids. The AgNS consist of a central nanoparticle
interconnected with several highly one-dimensional individual arms having a star shape.
The microwave-assisted synthesis of the nanostars was performed in a sealed- bottom flask
in a very short time interval (less than 3 min). The only chemical precursors employed in this
wet-chemical procedure were silver nitrate and trisodium citrate, with no addition of any
other reagents. Based on their unique properties, our plasmonic substrates have the capacity
to generate very intense SERS spectra even in the case of using a NIR excitation laser, which
represents a sine qua non condition for SERS measurements on biological samples.

The high quality and reproducibility of the vibrational spectra collected using the here-
proposed plasmonic substrates represents strong experimental evidence of their versatility
and application potential, especially in the case of bioanalytes.
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Abstract: The use of molecular imaging technologies for brain imaging can not only play an impor-
tant supporting role in disease diagnosis and treatment but can also be used to deeply study brain
functions. Recently, with the support of reporter gene technology, optical imaging has achieved a
breakthrough in brain function studies at the molecular level. Reporter gene technology based on tra-
ditional clinical imaging modalities is also expanding. By benefiting from the deeper imaging depths
and wider imaging ranges now possible, these methods have led to breakthroughs in preclinical
and clinical research. This article focuses on the applications of magnetic resonance imaging (MRI),
single-photon emission computed tomography (SPECT), and positron emission tomography (PET)
reporter gene technologies for use in brain imaging. The tracking of cell therapies and gene therapies
is the most successful and widely used application of these techniques. Meanwhile, breakthroughs
have been achieved in the research and development of reporter genes and their imaging probe
pairs with respect to brain function research. This paper introduces the imaging principles and
classifications of the reporter gene technologies of these imaging modalities, lists the relevant brain
imaging applications, reviews their characteristics, and discusses the opportunities and challenges
faced by clinical imaging modalities based on reporter gene technology. The conclusion is provided
in the last section.

Keywords: reporter gene; MRI; radionuclide imaging; brain imaging

1. Introduction

Molecular imaging is an imaging technique that visualizes, characterizes, and mea-
sures biological processes in vivo at the molecular and cellular levels [1]. Reporter gene
imaging is a critical technical route for molecular imaging, which introduces or expresses
imaging agents into cells through so-called reporter genes. Reporter genes are those genes
that, when introduced into target cells (e.g., brain tissues, cancer, and circulating white
cells), produce a protein receptor or enzyme that binds, transports, or traps a subsequently
injected imaging probe, which becomes the contrast agent for reporter gene imaging [2].
Reporter gene imaging is developing very rapidly for monitoring cell therapy and gene
therapy by providing critical information on the biodistributions, magnitudes, and dura-
tions of viral gene expressions. Imaging the brains of large animals or humans on a large
scale has become the next challenge of reporter gene imaging.

Among multiple imaging modalities, fluorescence reporter genes have drawn great
attention; however, penetration depths limit their in vivo application [3]. Recently, other
imaging modalities, including magnetic resonance imaging (MRI), single-photon emission
computed tomography (SPECT), positron emission tomography (PET), and ultrasound (US)
imaging, have been explored in the field of reporter genes [2]. The advantages of genetically
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encoded fluorescent imaging are high spatiotemporal resolution, high sensitivity, and high
molecular specificity, while some conventional imaging modalities that use modern reporter
gene indicators are effective in clearly examining the brains of larger subjects in deep organs
and on large scales. Compared with optical reporter gene imaging, other types of reporter
gene imaging have a variety of properties, as shown in Table 1. For the imaging depths and
scales, clinical imaging techniques provide better performance, while fluorescence reporters
are excellent in terms of their temporal–spatial resolution, noninvasiveness, molecular and
cell specificity, and sensitivity.

Table 1. Pros and cons of reporter gene brain imaging techniques.

MRI PET SPECT US Optical Imaging

Penetration depth Limitless Limitless Limitless
>10 cm, limited in

hard and
air-containing tissue

250–500 µm

Field of view Whole body Whole body Whole body Whole organ 1–2 mm2

Spatial resolution 100–1000 µm 4–7 mm 1 cm 50–500 µm Poor at greater
depths

Temporal
resolution 100–1000 ms s min 1–100 ms Good

Detection
capability µM pM-fM pM pM nM

Imaging time min–h min–h min–h s–min ms–min

Ionization
radiation No Yes Yes No No

Clinical utility Yes Yes Yes Yes Limited

Sensitivity poor Excellent Excellent excellent Excellent

Information
Anatomical,

physiological,
molecular

Physiological,
molecular

Physiological,
molecular

Anatomical
physiological

Physiological,
molecular

Brain imaging includes imaging of diseases, such as neurodegenerative disease and
glioma, and foundational brain research, which can be divided into two categories: macro-
scopic, noninvasive human cognitive neuroscience and invasive reductionist neurobiol-
ogy [4]. Reporter gene base brain imaging includes both of these categories. Nonoptical
imaging modalities are commonly used in clinics, which means that such studies involve
direct human applications.

Observing brain activity is a dream of researchers. Gene-encoded fluorescent in-
dicators that are used to dynamically monitor neurotransmitters and neuromodulators
with fluorescence imaging have recently achieved great breakthroughs and have been
reviewed in excellent studies [3]. We note that, for clinical imaging modalities, such as
MRI, radionuclide imaging, and US, some breakthroughs have been achieved in reporter
gene-based brain studies. A number of positive reviews have summarized reporter gene
materials [5], the history of MRI in brain activity detection [4], transgene-based strategies
in nuclear-based imaging [6], nanoparticle-mediated brain imaging [7], and reporter gene
imaging in oncolytic virotherapy and gene therapy [2]. Here, we focus on the recently
developed nonoptical techniques of reporter gene imaging used in brain imaging.

2. Principle of Reporter Gene Imaging

The two basic elements of reporter gene imaging consist of reporter genes and their
respective imaging probes (which are also the referred to as imaging agents, substrates,
or imaging reporters in other references). The accumulation of imaging probes directly
depends on the protein products of reporter gene expression, thereby imaging the reporter
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gene. Because it only monitors living cells, it can accurately provide important information
such as that of survival, proliferation, migration, differentiation, and functional integration
of transplanted cells in vivo [1,8,9].

2.1. Reporter Gene Imaging with MRI

MRI employs the resonance properties of atomic nuclei subjected to strong magnetic
fields and radiofrequency pulses to generate signals and reconstruct images. MRI re-
porter genes can directly or indirectly produce magnetic resonance contrast signals that
are based on the expressions of coding enzymes, receptors, metalloproteins, etc., which
can specifically combine with MRI contrast agent [10–13]. MRI reporter genes can be
used to longitudinally monitor the cell migration process and gene expressions by using
noninvasive imaging [14]. The main types of existing MRI reporter genes include reporter
genes that encode enzymes (e.g., tyrosinase), reporter genes that encode receptors on cells
(e.g., transferrin receptor (TfR)), endogenous reporter genes (e.g., ferritin and aquaporin 1
(AQP1)), and reporter genes that express CEST-detectable proteins (e.g., lysine rich-protein
(LRP)) [15].

As shown in Figure 1A,B, the most classic contrast agent for MRI reporter genes is
iron. As a ubiquitous protein in the cells of various organisms, ferritin is assembled by
two subunits, a heavy chain and a light chain. The proportions of light and heavy chains
vary in different tissues. The ferritin heavy chain (FTH1) contains ferrous oxidase and can
combine with iron oxide to transform unstable Fe2+ into stable, insoluble, and nontoxic
Fe3+ forms. The light chain mainly increases the activity of FTH1 and stabilizes ferritin.
Ferritin can specifically bind to iron, which results in accumulations of intracellular iron
particles and decreases in T2 signals [16], and it is one of the most commonly used reporter
genes in MRI (Figure 1A). The transferrin receptor (TfR) is another commonly used MRI
reporter gene. TfR can bind to transferrin and transfer iron into cells via endocytosis,
thus reducing the T2 relaxation time (Figure 1B) [14,17]. Lysine-rich protein (LRP) is an
artificially designed gene. Due to the uniquely high chemical exchange rate of poly-L-
lysine, LRP can be used as a reporter gene in chemical exchange saturation transfer (CEST)
MRI (Figure 1C) [18,19]. The CEST mechanism occurs because exchangeable protons have
chemical shifts that are different from water. These protons are selectively saturated and
exchanged with water molecules, thus reducing the water signal. Magnetic resonance
diffusion-weighted imaging (DWI) is an imaging method that uses MRI to observe the
microdiffusion movements of water molecules in living tissues. It can noninvasively image
the structures and physiological functions of living brain tissues. The apparent diffusion
coefficient (ADC) is used to describe the diffusion rate of water molecules in DWI. A positive
correlation exists between them. When water molecules with freer diffusion are dephasing,
the level of signal loss is greater, the signal is weaker, and it appears darker in DWI, and vice
versa [20,21]. Aquaporins mediate the selective exchange of water-conducting molecules
across plasma membranes in many cell types, and their expressions are related to water
diffusivity and DWI signals in several disease states [22,23]. Previous studies have shown
that overexpression of aquaporin can increase tissue water diffusivity without affecting
viability, and contrasts are observed in diffusion-weighted MRI (Figure 1D) [24].

2.2. Reporter Gene Imaging with Radionuclides

Radionuclide imaging refers to SPECT and PET. SPECT detects gamma rays that
are produced by the decay of the radioactive isotopes used in imaging, and it has been
developed to elucidate the basic molecular neurodegeneration mechanism in PD, AD,
and drug addiction, as well as to improve therapeutic strategies with minimum adverse
effects. PET uses the annihilation of positrons (emitted by decaying radioisotopes in the
imaging agent) and electrons to generate 510 keV collinear photons, which are detected
simultaneously to generate a three-dimensional map of radioactivity distributions in the
body [6]. Radionuclide imaging has very high sensitivity and good penetration ability in
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tissues, and it can be used in clinical practice. It has been widely used for noninvasive
tracing and monitoring of living cells.
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Figure 1. The principle of MRI reporter genes commonly used in brain imaging. (A) The expression
of ferritin will cause intracellular iron particles to aggregate, resulting in a decrease in the T2 signal
in MRI images. (B) The expression of TfR increases the iron uptake of cells and shows low signal
intensity on T2 images of MRI. (C) LRP has a high chemical exchange rate and can be used in CEST
MRI. (D) Aquaporin can increase water diffusivity and produce contrast in diffusion-weighted MRI.

PET imaging of reporter gene expression utilizes reporter gene imaging agents that
are labeled by positron radionuclides. Currently, there are three types of commonly used
radionuclide reporter gene imaging systems based on enzymes, receptors, and transporters,
as shown in Figure 2 [6,25]. The most common reporter genes of enzymes are herpes
simplex virus 1 thymine kinase (HSV1-tk) [9] and human ∆-mitochondrial thymine kinase
type 2 (h∆tk2) [26]. The most common reporter genes are human somatostatin receptor
type 2 (hSSTR2) [27] and dopamine D2 receptor (D2R) [28]. The most common reporter
genes of transporters are human sodium–iodide symporter (hNIS) [29] and human nore-
pinephrine transporter (hNET) [2,30].

One of the first and hence most intensively studied reporter genes, HSV1-tk, is also a
suicide gene that adds an extra layer of control to ensure safety. NIS imaging is the most
mature reporter gene imaging method used in human clinical trials and is more sensitive
and longer lasting than HSV1-tk.

The SPECT imaging system was developed to elucidate the basic molecular neurode-
generation mechanism in PD, AD, and drug addiction, as well as to improve therapeutic
strategies with minimum amounts of adverse effects. PET imaging can provide diagnosis
and treatment guidance for tumors and cardiovascular and brain diseases. PET imaging
of reporter gene expressions is capable of monitoring gene and cell therapy [6]. In brain
studies, brain cancer and neurodegenerative disorders are the major diseases diagnosed
and monitored by reporter gene expression PET imaging, as discussed thoroughly in
Section 3.2.
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Figure 2. The major types of reporter gene expression in radionuclide imaging, based on (A) enzymes,
(B) receptors, and (C) transporters.

3. Reporter Gene Imaging in Brain Studies
3.1. Brain Imaging of Reporter Genes with MRI

In view of the diversity, high resolution, and noninvasive nature of MRI, MRI imaging
of the brain can be used in a variety of applications, such as observing the process of virus
infection through in vivo imaging, longitudinally monitoring cell migration and prolifer-
ation during cell therapy, noninvasive detection of neural connections, and monitoring
neurogenesis. The majority of studies of MRI reporter genes in brain imaging are listed in
Table 2.

Table 2. Reporter genes in brain imaging of MRI.

Class Reporter Gene Imaging Mode Properties Ref.

Receptor TfR–FTH T2WI Shows increased contrast on T2-weighted brain images. [31]

Endogenous
reporter genes

Ferritin–EGFP T2WI, FI Synaptically connected neural network can be detected
by ex vivo MRI and fluorescence imaging. [32]

Ferritin T2WI

Realizes the accumulation of iron ions, resulting in a
change in MR signal in the infected regions.

Allows in vivo MRI to observe the process of virus
infection and detect the neural circuits of living animals.

[33]

FTH–EGFP T2WI, FI Tracks the tropism and fate of MSCs after systematic
transplantation into orthotopic gliomas [34]

FTH1 DWI, SWI, T2WI

Allows in vivo detection of BMSCs transplanted due to
cerebral ischemia/reperfusion injury and to

treat intervention.
FTH1-BMSC transplantation in the treatment of focal

cerebral infarction is safe, reliable, and traceable by MRI;
SWI is more sensitive than T2WI.

[35]
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Table 2. Cont.

Class Reporter Gene Imaging Mode Properties Ref.

FerrH T2WI Allows noninvasive visualization of neurogenesis in
normal and ischemic rat brains using T2-weighted MRI [36]

IFNβ–FTH T2WI Traces MSCs and detects the therapeutic effect of IFNβ

on glioma. [37]

FTH1–iRFP–
EGFP T2WI, NIF, FI Tracks cells transplanted into the brain of mice during

cell therapy by multimodal imaging. [38]

AQP1 DWI
The expression of AQP1 can provide DWI image

contrast, which makes it possible to image the gene
expression of intracranial tumor xenografts.

[24]

EGFP–AQP1 DWI Detection of astrocytes by fluorescence imaging and
diffusion-weighted MRI. [39]

AQP1 DWI Detection of brain-wide neural networks in vivo by
metal-free MRI. [40]

CEST

LRP CEST MRI Increases the contrast of CEST images of cell lysates and
rat gliomas. [18]

rd LRP CEST MRI The CEST MRI contrast of mouse brain tumor is higher
than that of LRP. [41]

dNKs CEST MRI
Accurate localization in mouse intracranial tumor model.
Realizes noninvasive two-color imaging of polygenes in

deep tissue of living animals.
[42]

Visualization of neural networks helps provide a better understanding of the mecha-
nisms of some brain functions and brain diseases. In the study of Wang et al. [32], vesicular
stomatitis virus (VSV), a neurovirus that can spread sequentially in synaptic networks, was
used to carry chimeric genes that encode ferritin and enhanced green fluorescent protein
(EGFP). After recombinant VSV (rVSV) was injected into the somatosensory cortex (SC)
of mice, the structural nerve connections were detected by MRI and fluorescence imaging.
However, due to the high toxicity of VSV, mice infected with rVSV cannot survive for
long periods, and in vivo MRI research is not allowed. The MRI and fluorescence images
obtained after the death of mice are shown in Figure 3. In another study conducted by
the team [33], hypotoxicity virus adeno-associated virus (AAV) was used as a vector to
integrate the ferritin coding gene to obtain a ferritin coding viral vector (e.g., rAAV2-retro–
CAG–Ferritin), which was injected into the caudate putamen (CPu) of mice to achieve
noninvasive detection of neural networks in vivo. The CPu connection area was displayed
by MRI at different time points after rAAV2-retro–CAG–ferritin injection (Figure 4). The
team then focused on describing the activity of astrocytes, which are a major component
of the central nervous system. They used the EGFP–AQP1 fusion gene of EGFP and
aquaporin 1 (AQP1) as the reporter gene, detected astrocytes by fluorescence imaging
and diffusion-weighted MRI, and established a new technique for the noninvasive detec-
tion of astrocytes in vivo for the first time [39]. In the newly published work [40] of the
team, a tool virus rAAV-retro–AQP1–EGFP expressing nonmetallic magnetic resonance
reporter gene AQP1 was prepared and used for in vivo brain-wide neural network de-
tection. Three weeks after microinjection of virus rAAV-retro–AQP1–EGFP into the CPU
brain area of mice, the changes in magnetic resonance signals in multiple brain regions
(CPU, Ctx, BLA, Ins, Tha, HIP, etc) were observed by diffusion-weighted MRI, and the
rapid imaging of specific brain region-related brain networks was successfully realized
(increase from 60 days [33] to 21 days). The project also combined with the Cre–loxP
system to prepare a brain network expressing Cre-dependent AQP1-related tool virus
rAAV-retro–DIO–AQP1–EGFP for in vivo detection of specific neuronal types in specific
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brain regions. This strategy provides a solid foundation for the visualization of neural
networks in rodents and nonhuman primates.
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Figure 4. After different times (10 days, 30 days, or 60 days) of the rAAV2-retro–CAG–Ferritin
injection, the CPU connection area is displayed by MRI in vivo (expressed by the change in T2
relaxation times). A color change (red–yellow) is used to indicate a change in T2 relaxation time
(4–12 ms). Reproduced with permission from Ref. [33], 2021, Wiley.
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Mesenchymal stem cells (MSCs) can cross the blood–brain barrier and tend to accu-
mulate in tumors [43]; hence, they can be developed as cell carriers to treat gliomas [44–46].
Longitudinal in vivo monitoring of the migration and fate of MSCs is very important for
the development of MSCs as cell carriers. Cao et al. [34] used a lentivirus as a vector to
carry the ferritin heavy chain (FTH) and EGFP genes and transferred it to MSCs. MCSs
expressing reporter genes were injected into a rat glioma model using different injection
methods (e.g., arterial injection, intravenous injection, and stereotactic injection), and the
homing and migration behaviors of MSCs were detected by MRI. The results showed that
arterial injections of MSCs had a clear ability to treat glioma. MRI based on the ferritin
reporter gene can be used to trace the tendency of MSCs to accumulate in glioma in vivo.
Mao et al. [37] constructed MSCs with high expressions of interferon-β (IFNβ) and FTH in
a similar manner. MRI was used to evaluate whether MSCs can be used as cell carriers to
carry IFNβ to treat brain tumors, which provides a new option for treating brain tumors.
Studies have shown that FTH-based MRI can monitor this treatment process.

MRI reporter genes are also used to study brain viral infections and for brain tu-
mor imaging. Oncolytic viruses can be used to treat malignant tumors, such as glioblas-
toma [47,48]. The infection process is expected to be observed by MRI. In clinical trials,
Christian et al. [18] integrated the lysine-rich protein (LRP) gene into a herpes simplex
virus-derived oncolytic virus G47∆ virus. CEST MRI was used to detect gliomas in rats
before and 8 h after injection of G47∆-LRP or a control G47∆-empty virus. The contrast
increased in tumors of CEST images after infection with G47∆-LRP virus. This study shows
that LRP can be used as a reporter gene for real-time monitoring of virus transmission, but
the highly repeated gene sequence of LRP may lead to DNA recombination events and
expression of a series of truncated LRP protein fragments, which limits the sensitivity of
CEST imaging. To address this problem, Perlman et al. [41] redesigned an LRP reporter (rd
LRP) without DNA repeat sequences and improved its CEST MRI contrast. The in vivo
CEST MRI of brain tumors in mice is shown in Figure 5.
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Figure 5. In vivo imaging of the rd LRP. (a,b) The amide proton CEST amplitudes of glioma cells
that did not express rd LRP (a) and expressed rd LRP (b) in mouse brain. (c) Comparison of the T2
relaxation time of the two groups. The results showed no significant difference, and there was edema
in the tumor area. (d,e) T2-weighted imaging corresponding to (a,b) respectively. (f,g) Overlay of
the amide proton CEST contrast (obtained using a frequency selective saturation pulse (a,b)) on the
(d,e) image. (h) Comparison of CEST amplitudes of amide proton. CEST signal increased significantly
in rd LRP group. Reproduced with permission from Ref. [41], 2020.
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Additional innovative studies have been reported. Hyla et al. [42] developed a system
called GeneREFORM, calculated and designed a group of two-color reporter genes and
probes, and established a two-color gene imaging system. With the aid of existing MRI
technology, GeneREFORM can accurately locate and achieve noninvasive two-color imag-
ing of multiple genes in the deep tissues of living animals. The GeneREFORM system is
also applicable to nontumor models.

There are also potential MRI reporter genes that can be used for brain imaging, no-
tably gas vesicles (GVs). GVs [49] are gas-filled protein nanostructures that are originally
located in the cells of some bacteria and archaea that regulate cell buoyancy in aqueous
environments [50,51]. GVs are gene-encoded nanoscale probes composed of the primary
structural protein, GvpA, the optional external scaffolding protein, GvpC, for structure
reinforcement, and several secondary proteins that function as essential minor constituents
or chaperones [52]. GVs consists of external hydrophilic and internal hydrophobic protein
structures, which cause their interiors to form gas cavities filled with gas that is separated
from the surrounding medium and realizes the simultaneous free exchange of internal and
external gas [53]. In the biological world, photosynthetic bacteria use the contents of gas
contained in vesicles to regulate buoyancy and accomplish their own floating behavior.
The magnetic susceptibility of GVs is quite different from that of water, which can produce
large contrasts in magnetic resonance imaging, even at sub-nanomolar concentrations.
The gas cavities of the vesicles can scatter sound waves and produce ultrasonic contrasts.
When the pressure on the air wall is greater than the threshold, the vesicles collapse; thus,
background-free imaging can be achieved by acoustically modulated magnetic resonance
imaging. The mechanical and surface characteristics of GvpC can be genetically modified
by replacing the natural external GvpC with its recombinant variant, thus changing its
magnetic susceptibility and collapse pressure, with the potential to obtain multichannel
imaging. George et al. [54] showed that background-free imaging can be achieved by
acoustic modulation MRI after injection of GVs into the striatum of mice. When using
the same method, MRI contrast could not be obtained after injections of phosphate buffer
without GVs. These results indicate that GVs are expected to become an MRI reporter gene
for brain imaging.

Vasoactive peptides are another potential MRI reporter gene for use in brain imaging.
Their expression can cause vasodilation and facilitate hemodynamic imaging. Designed
probes based on vasodilating peptides can image brain regions [55] and can be used to
detect important molecules in the brain, such as neurochemicals [56]. Its use provides the
potential to examine a wide variety of molecular phenomena in the brain and other organs.

3.2. Brain Imaging of Reporter Genes with Radionuclide

The majority of radionuclide imaging studies in the brain are related to cell/gene
therapy monitoring, as shown in Table 3 [57–74]. They must be able to address challenges
such as penetrating the blood–brain barrier (BBB), imaging in regions of high endogenous
gene expressions in the central nervous system (CNS), low specificity, and endogenous
expressions of reporter genes in microglia [73]. Shimojo [57] used bacterial dihydrofolate
reductase (ecDHFR) as a reporter gene and [18F]FE-TMP as an imaging probe, which
functioned as a dual probe in both fluorescence and PET imaging to image the CNS system.
As a result, PET could analyze mammalian brain circuits at the molecular level.

Table 3. Reporter genes and corresponding radiotracer in radionuclide brain imaging.

Class Reporter Gene Imaging Probe Properties Refs.

Enzyme ecDHFR [18F]FE-TMP

Allows PET analyses of mammalian brain circuits at the
molecular level.

TMP can be conjugated with fluorophores, while the
radioactive analogs, [11c]TMP and [18F]TMP are compatible

with PET.

[57]
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Table 3. Cont.

Class Reporter Gene Imaging Probe Properties Refs.

HSV1-TK [18F]FHBG

Safely enables the longitudinal imaging of T cells stably
transfected with a PET reporter gene in patients.

Allows noninvasive monitoring of cell fate in cell therapy.
Does not cross BBB.

[58–60]

HSV1-TK [18F]FHBT
Shows no statistically significant improvement of BBB

permeability compared with [18F]FHBG. [61]

HSV1-TK [18F]FIAU,
[18F]FEAU

Potential PET imaging agents for suicide gene expression. [62]

HSV1-TK [124I]FIAU FIAU does not penetrate the intact BBB significantly. [63]

HSV1716 [131I]FIAU SPECT in patients, intratumoral injection. [64]

HSV1-TK [131I]FIAU
SPECT in rat.

Local injection of stem cells is needed. [65]

HSV1-TK [76Br]FBAU Shows intracranial tumors. [66]

Receptor

D2R [11C]NMSP
Can assess the neural stem-cell-induced D2R expression in

rat model. [68]

D2R80A [18F]fallypride
A potent reporter to detect hMSCs (human mesenchymal

stem cells) by PET in vivo. [69,70]

hCB(2) [11C]GW405833
Dual-modality imaging viral vectors encoding hCB(2)(D80N)
reporter system has potential clinical use as a PET reporter

in the intact brain.
[71]

Transporter

hNIS 99mTc SPECT in rat, for neural stem-cell tracing. [72]

Pyruvate kinase
M2 [18F]DASA-23

Applicable in all areas of the CNS of mice without breaking
the blood–brain barrier. [73]

DMT1 [52Mn2+]
Dual-modality PET/MR tracking of transplanted stem cells

in the central nervous system. [74]

ecDHFR, bacterial dihydrofolate reductase; D2R, the dopamine type 2 receptor; [11C]NMSP, [11C]N-
methylspiperone; D2R80A, a mutant of the dopamine type 2 receptor; hCB(2), human type 2 cannabinoid
receptor; [11C]-GW405833, [11C]-labeled CB(2) ligand; DMT1, divalent metal transporter 1; FIAU, fluoro-5-iodo-1-
beta-D-arabinofuranosyluracil; FEAU, fluoro-5-ethyl-1-beta-D-arabinofuranosyluracil; FLT, fluoro-3′deoxy-3′-L-
fluorothymidine; [52Mn2+], Mn based PET contrast agents.

SPECT and PET are useful in neuroscience research, especially in studies of neurode-
generation and neuro-oncology [64,75]. Stem = cell therapy offers new strategies for treating
neurological diseases, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-
ease, and multiple sclerosis caused by the loss of different types of neurons and glial cells
in the brain. SPECT [65,72] and PET [68,69,73] can trace and evaluate the function of stem
cells in the nervous system [76]. Multimodality imaging using several reporter genes used
dual [77,78] or triple [79] fusion reporter vectors to enable high-sensitivity detection of
cells in living animals. A dual-membrane protein positron and gamma-imaging reporter
system using sodium iodide symporter and mutant dopamine D-2 receptor transgenes was
developed for brain tumor detection.

HSV1-TK using the imaging probe, FHBG, has been used in glioma treatments to
monitor chimeric antigen receptor (CAR) T-cell biodistributions and proliferation [58,59].
A study of the imaging probe, FIAU, in patients showed that FIAU cannot penetrate an
intact BBB [63,64]. After gene therapy, substantial levels of FIAU may be detected within
areas of BBB disruption; hence, clinically relevant levels of HSV-1-tk gene expression in
brain tumors can be detected [63]. FBAU [66] is another promising imaging probe that has
been studied in glioma imaging based on a mouse model.

In addition to glioma, bone marrow stem cells (BMSCs) used in experimental middle
cerebral artery occlusion (MCAO) rat models have been imaged with a reporter gene–probe
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system [65], consisting of the HSV1-tk and [131I]FIAU pair. BMSCs were introduced into
MCAO rat models via local injections into the brain or via injections into the lateral ventricle,
carotid artery, or tail vein. The quantity of injected dose per gram in infarcted brain tissue
in rats receiving injections into the brain was significantly higher than that in rats receiving
injections elsewhere. No differences were seen in the other cell transplantation groups.
SPECT imaging with [131I]FIAU 24 h after injection provides peak target-to-nontarget
count ratios. Neural stem cells have also been traced by SPECT [72]. The human sodium
iodide symporter (hNIS) has been used as a reporter gene to track neural stem cells after
transplantation in the brains of rats by using SPECT/CT imaging with technetium-99m
to indicate the effectiveness and lack of interference with neural stem cell functioning.
Dopamine type 2 receptor (D2R) and its mutant (D2R80A) have been used for neural
stem cell tracing in the central nervous system. [11C]N-methylspiperone microPET has
been proven useful in imaging neural stem-cell-induced D2R expressions in a rat model
of traumatic brain injury [68]. It has also been proven in athymic rats that D2R80A is an
effective reporter gene for human mesenchymal stem-cell detection in vivo [69]. In another
study with mice and cats, a separate adeno-associated virus type 1 vector with identical
gene expression control elements was co-injected with the D2R80A vector. This dual-vector
approach allows the D2R80A gene to be used with any therapeutic gene and to be injected
into a single site for monitoring [70].

The BBB penetration ability of imaging probes hampers the usage of reporter gene
imaging. FHBT was studied to improve BBB permeability [61], but there were no significant
improvements compared with the traditional probe, FHBG. It was demonstrated that the
novel scaffold proposed in this study supports the development of a new imaging probe
with better BBB permeability for HSV1-tk and its mutant in the future. This imaging
probe combined with reporter genes other than HSV1-TK provides a better solution for
crossing the intact BBB. The human-type 2 cannabinoid receptor (hCB(2)) related ligand,
[11C]GW405833, for example, is readily distributed across the BBB. hCB(2)(D80N) was
locoregionally overexpressed in the rat striatum by stereotactic injections of lentiviral and
adeno-associated viral vectors. Kinetic PET revealed specific and reversible CB(2) binding
of [11C]GW405833 in the transduced rat striatum. The hCB(2) expressions were followed
for 9 months, which demonstrates the potential future clinical use of CB(2) as a PET reporter
in the intact brain [71]. In another study [73], the PKM2 reporter gene was delivered to the
brains of mice by adeno-associated virus (AAV9) via stereotactic injection. PET imaging at
8 weeks post AAV delivery showed that the AAV-injected mice had increases in [18F]DASA-
23 brain uptake in the transduced sites. PKM2 can be used in the central nervous system to
monitor gene and cell therapy without breaking the BBB.

Shimojo et al. [57] used bacterial dihydrofolate reductase, ecDHFR, and its unique
antagonist, TMP, to visualize the neuronal circuit activities elicited by chemogenetic manip-
ulation in the mouse hippocampus. In addition to mice, a 3.4 year old common marmoset
underwent PET scans 45 days after AAV injection, when ecDHFR-EGFP was expressed in
the brain. The PET results and postmortem fluorescence images are shown in Figure 6.

Biological variables are the byproducts of reporter gene expression PET imaging.
Xu et al. [80] described a method that minimizes both the design and variability of vector
delivery vehicles for alternative PET reporter genes (PRG) and the biological variability
of the in vivo target when comparing the efficacy, sensitivity, and specificity of alterna-
tive PET reporter gene/PET reporter probe (PRP) combinations for in vivo PRG imaging.
The Xu group described the process of comparing the standard HSVsr39TK/[18F]FHBG
PRG/PRP reporter system to four other PRGs, which were all coupled with the same PRP,
18F-L-FMAU.
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Figure 6. PET imaging of ecDHFR/TMP reporters in primate brain. (A) Representative coronal PET 
images generated by averaging dynamic scan data at 60–180 min after i.v. injection of [18F]FE-TMP. 
Note that reporter molecules were densely distributed in thalamus and substantia nigra pars com-
pacta, which are connected to the neocortex and putamen via direct neuronal tract, respectively. 
PET images are overlaid with an individual MRI. Scale bar represents the SUV. (B) Time–radioac-
tivity curves for [18F]FE-TMP in the putamen and neocortex carrying ecDHFR-EGFP or control AAV, 
and in the hippocampus are displayed in the upper panel. Curves in the thalamus, substantia nigra, 
and cerebellum along with hippocampus data are also shown in the lower panel. (C) Postmortem 
analysis of ecDHFR-EGFP expression in brain slices of different part with high-magnification image 
frames in inserts. Reproduced with permission from the authors (2021) [57]. 
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Figure 6. PET imaging of ecDHFR/TMP reporters in primate brain. (A) Representative coronal
PET images generated by averaging dynamic scan data at 60–180 min after i.v. injection of [18F]FE-
TMP. Note that reporter molecules were densely distributed in thalamus and substantia nigra pars
compacta, which are connected to the neocortex and putamen via direct neuronal tract, respectively.
PET images are overlaid with an individual MRI. Scale bar represents the SUV. (B) Time–radioactivity
curves for [18F]FE-TMP in the putamen and neocortex carrying ecDHFR-EGFP or control AAV, and
in the hippocampus are displayed in the upper panel. Curves in the thalamus, substantia nigra, and
cerebellum along with hippocampus data are also shown in the lower panel. (C) Postmortem analysis
of ecDHFR-EGFP expression in brain slices of different part with high-magnification image frames in
inserts. Reproduced with permission from the authors (2021) [57].

4. Opportunities and Challenges
4.1. About the Modalities

Four clinical imaging modalities have the potential for conducting reporter gene
imaging. MRI is the most common modality in brain detection and study. The limitations
of MRI are the sensitivity of available imaging agents, the cost, and the imaging time.
PET and SPECT have been used in gene and cell therapy because of their high sensitivity.
SPECT needs strict collimation to maintain resolution, which may cause an increase in
radioisotope dose. PET is more sensitive and has higher resolution than SPECT. SPECT and
PET are often combined with CT for co-registered anatomical and functional imaging. The
reporter genes for ultrasound, namely, the acoustic reporter gene (ARG), are exclusively
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GVs. Studies in prokaryotic cells and mammalian cells have been carried out. Traditionally,
imaging with probes that directly interact with target cells or molecules is called direct
imaging. Imaging with probes that react to surrogate components that are related to the
target cells or molecules is called indirect imaging. Imaging based on reporter genes is
indirect. In existing brain studies, GVs can be used in brain imaging as probes but are
not produced by target cells through transgenic technology. Further studies are needed to
indirectly correlate GVs with target cells or molecules. The future of GVs as reporter genes
or imaging contrast or therapy methods is very promising.

4.2. MRI

The high spatial resolution of MRI leads to its wide use in brain imaging research.
The use of targeted contrast agents [81] has further improved its signal-to-noise ratio, and
reporter gene technology has further improved the sensitivity and specificity of imaging.
Some MR reporter genes (e.g., β-galactosidase) need to be used together with contrast
agents to be detected, while some MR reporter genes (e.g., ferritin) do not need to add
exogenous contrast agents, which has unique advantages compared with targeted contrast
agents. On the one hand, the use of only reporter genes avoids the biological barriers that
need to be overcome by injecting contrast media and the clearance barriers that contrast
agents retain in the blood and tissue. Moreover, these reporter genes are generally not
diluted with cell division-like targeted contrast agents (e.g., SPIO [82,83]), which can
achieve more long-term and effective MRI monitoring [84,85]. On the other hand, reporter
genes are generally expressed only in living cells, and they generally do not report both
living and dead cells like imaging probes (e.g., the perfluorocarbon tracer), resulting in
false-positive results [86–88].

Reporter gene-based MRI has great potential for use in brain imaging applications, but
there are still many limitations to be overcome. Low sensitivity is a major limitation of MRI,
while reporter genes based on CEST need high expression levels to achieve observable con-
trasts, which greatly limits the sensitivity of CEST. Reporter genes based on metal proteins
or metal ion transporters may be hindered by the bioavailability or toxicity of metal ions.
Therefore, there is a great demand for new MRI reporter genes that do not require metals
and can be detected at low expression levels. The emergence of the aquaporin reporter
gene improves these problems to some extent, but a potential limitation of aquaporin is its
negative contrast enhancement.

In recent years, with the rapid development of MRI reporter genes, many innovative
studies have been conducted. An interesting research direction is to integrate several types
of reporter genes and combine the advantages of multiple imaging methods to achieve
multimodal imaging. The search for new MRI reporter molecules is also an important
research direction. In recent years, some studies have suggested that additional new
molecules can be used as MRI reporter genes. For example, gas vesicles may become
unique and powerful reporter genes in background-free MRI [54]. The ability to map
several transgenes expressed at the same time by MRI will further enrich the gene transform
palette and add additional “colors”, thus expanding the “multicolor” imaging toolbox to
image previously inaccessible deep tissues [42]. However, most current research is currently
in the animal experiment stage, and there is still a long way to go before they can be applied
in clinics.

4.3. Radionuclide Imaging

Radionuclide brain imaging has been used in molecular imaging for tumor detection
and therapy and has even exhibited the possibility of brain function studies. The SPECT-
based reporter gene technique has been studied in patients [64]. The progress of gene
expression, posttranscriptional events, and brain circuit function can be noninvasively
visualized by repetitively using reporter genes. Most of the paired imaging probes of
the studied reporter genes are already clinically approved, which causes reporter gene
radionuclide imaging to be close to clinical usage. Cell tracking studies have experienced
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great improvements. [18F]FHBG imaging was safe in tracking HSV1-tk reporter gene
expressions present in chimeric antigen receptor-engineered cytotoxic T lymphocytes and
enabled the longitudinal imaging of T cells that were stably transfected with a PET reporter
gene in patients [58].

The difficulty when choosing a reporter is that host-compatible reporters have no
immune rejection risks, while their endogenous expressions may interfere with the real
signal. Radionuclide imaging cannot be used in long-term studies due to decay of the
imaging probe. The reporter gene will be expressed by the undiluted target cells for
the lifetime of the cells and even for expanding cells. Until the design of viral tools for
noninvasive gene delivery can apply these reporters to biomedical radionuclide imaging of
human brains [89], researchers must face safety, cost-effectiveness, and ethics challenges.

HSV1-tk and its mutant are the most popular reporter genes for PET imaging. The
inability to pass through the blood–brain barrier makes it difficult for them to be used
in brain studies [68]. Imaging probes (e.g., PET tracers and reporter probes) that can
cross the BBB have been developed [61,71,73]. A central nervous system multiparameter
PET optimization (CNS PET MPO) algorithm was developed by a group from Pfizer that
provides predictions of the required physicochemical properties of clinically useful CNS
PET agents [61,90]. Reporter gene PET imaging is combined with other modalities, such as
MRI [74] and optical imaging [71].

4.4. Pharmacodynamic and Pharmacokinetic Assessment

A wide spectrum of therapeutic viruses, genes, and cells have been developed in
recent years for personalized treatment of cancers. Despite of many undergoing clinical
trials and some now licensed for clinical use, the safety, accuracy, and efficiency of these
therapies remain big concerns [91,92]. In vivo imaging tools are in urgent need for the
longitudinal monitoring of the biological distribution and fate of these exogenous cells,
genes, and viruses, as well as an evaluation of the therapeutic response and promotion
of their clinical translation [91,93]. As one of the most promising approaches, reporter
genes feature a high level of cellular specificity, without signal dilution, such as cellular
proliferation or tumor metastasis. Among all the modalities, reporter genes expressing PET
tracers have progressed quickly and are considered most valuable for clinical translation.
Notably, the combination of PET and MRI reporter genes exhibits translational potential
with superiority in both specificity and localization [94].

However, in practice, multiple factors need to be taken into accounts, including the
background signal contaminations, the favorable dosage over radiation exposure, and the
limited or no biological effect deriving from expression of the transgene. Additionally,
the potential for nonhuman reporter genes to be immunogenic must also be taken into
consideration when addressing ideal system design, since this may affect functionality and
survival of transduced cells once injected into humans [2,14].

In addition to the performance improvement of reporter gene and imaging probe,
the clinical usage of reporter gene imaging faces some major problems such as the stable
transfer of reporter gene safely and efficient delivery of reporter gene into primary cells that
cannot be cultured ex vivo for long period. Early collaborations between molecular imagers
and cell gene therapists may solve these problems, which would afford a parallel approach
starting with pre-clinical studies so that reporter gene imaging can be incorporated into
the cell or gene therapy. Members of the molecular–genetic imaging industry such as
CellSight Technologies have bridged the gap between reporter gene technologies and
clinical trials [2,91].

4.5. Neuron Imaging with Reporter Gene

Reporter gene imaging for neuron imaging is a new rising direction with only a
few studies reported. Wang’s group imaged astrocytes in the whole brain with engi-
neered AAVs and DWI in vivo [39]. They also use ferritin-encoding trans-synaptic [32] and
adeno-associated virus [33] to detect neural connections ex vivo and longitudinal neural
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connections in vivo, respectively. Shimojo et al. [57] used ecDHFR and TMP to visualize the
neuronal circuit activities elicited by chemo-genetic manipulation in the mouse hippocam-
pus. These studies provide substitutes for genetically encoded fluorescent probes, enabling
in vivo gene targeted neuronal activity observation to be carried out in real time in larger
animals. Hence, more mechanisms of neuron activity will be discovered in nonhuman
primates or even humans in the future.

5. Conclusions

Reporter genes for use with clinical imaging modalities have greatly improved in
recent years. For brain imaging studies, in addition to tumor detection and therapy, brain
function-related studies cut a striking figure. Advances in gene techniques will bring great
progress in brain imaging. The development of molecular functional MRI tools for animal
research is accelerating, but the maximum benefits of this technology will eventually be
achieved in human subjects. The abovementioned reporter gene technologies should be
used and should not be limited to proof-of-concept experiments. Only in this way will it be
possible to recognize the practical limitations of the emerging reporting mechanisms and
identify important ways to improve them.
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Abbreviations

Abbreviations Full name
MRI Magnetic resonance imaging
TfR Transferrin receptor
AQP1 Aquaporin 1
CEST Chemical exchange saturation transfer
LRP Lysine-rich protein
FTH Ferritin heavy chain
FerrH Ferritin heavy chain
DWI Diffusion-weighted imaging
ADC Apparent diffusion coefficient
EGFP Enhanced green fluorescent protein
T2WI T2-weighted image
FI Fluorescence imaging
MSCs Mesenchymal stem cells
SWI Susceptibility-weighted imaging
BMSCs Bone marrow mesenchymal stromal cells
IFNβ Interferon-β
iRFP Near-infrared fluorescent protein
rd LRP Redesigned LRP reporter
dNKs Deoxyribonucleoside kinases
VSV Vesicular stomatitis virus
rVSV Recombinant VSV
SC Somatosensory cortex
AAV Adeno-associated virus
CPU Caudate putamen
Ctx Cerebral cortex
BLA Basolateral amygdala
Ins Insular cortex
Tha Thalamus
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HIP Hippocampus
GVs Gas vesicles
PET Positron emission tomography
SPECT Single-photon emission computed tomography
US Ultrasound
HSV1-tk Herpes simplex virus-1 thymine kinase
h∆tk2 Human ∆-mitochondrial thymine kinase type 2
hSSTR2 Human somatostatin receptor type 2
D2R Dopamine type 2 receptor
h NIS Human sodium–iodide symporter
h NET Human norepinephrine transporter
ecDHFR Bacterial dihydrofolate reductase
[11C]NMSP [11C]N-methylspiperone
D2R80A Mutant of the dopamine type 2 receptor
hCB(2) Human type 2 cannabinoid receptor
[11C]-GW405833 [11C]-labeled CB(2) ligand
DMT1 Divalent metal transporter 1
FIAU Fluoro-5-iodo-1-beta-D-arabinofuranosyluracil
FEAU Fluoro-5-ethyl-1-beta-D-arabinofuranosyluracil
FLT Fluoro-3′deoxy-3′-L-fluorothymidine
[52Mn2+] Mn-based PET contrast agents
CAR Chimeric antigen receptor
BMSCs Bone marrow stem cells
MCAO Middle cerebral artery occlusion
PRG PET reporter gene
PRP PET reporter probe
ARG Acoustic reporter gene
CNS PET MPO Central nervous system multiparameter PET optimization
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Abstract: Vibrio vulnificus (V. vulnificus) infection-associated multiple antibiotic resistance has raised
serious public health concerns. Recently, nanosponges (NSs) have been expected to provide in-
novative platforms for addressing antibacterial and drug-resistant challenges by targeting various
pore-forming toxins (PFTs). In the present study, we constructed NSs to explore the effects and
possible mechanism of recombinant V. vulnificus hemolysin (rVvhA)-induced injuries. In vitro, NSs
significantly reversed rVvhA-induced apoptosis and necrosis, and improved toxin-induced intra-
cellular reactive oxygen species (ROS) production, adenosine triphosphate (ATP) depletion, and
apoptosis signaling pathway disruption. To explore the clinical translation potential of NSs, we
established VvhA-induced septicemia and wound infection mouse models, respectively, and fur-
ther found NSs could notably attenuate rVvhA-induced acute toxicity and septicemia-associated
inflammation, as well as local tissue damage. In a conclusion, NSs showed excellent protective effects
against rVvhA-induced toxicity, thus providing useful insights into addressing the rising threats of
severe V. vulnificus infections.

Keywords: Vibrio vulnificus; nanosponge; VvhA; pore-forming toxins; biodetoxification

1. Introduction

Vibrio vulnificus (V. vulnificus) is an alkalophilic, halophilic, rod-shaped, gram-negative
bacterium of the Vibrio genus [1,2]. Exposure to V. vulnificus-contaminated seawater usually
results in hemorrhagic necrotic skin lesions and secondary sepsis, while ingestion of
contaminated raw or undercooked seafood mainly leads to primary septicemia [3–5].
Septicemia caused by V. vulnificus exerts high mortality (>50%), especially in patients with
chronic liver diseases or immunocompromising conditions [6–9]. Currently, combination
antibiotic therapy is the first choice for V. vulnificus infections and includes doxycycline,
third-generation cephalosporin, fluoroquinolone, and trimethoprim-sulfamethoxazole, as
well as aminoglycosides [10]; however, due to the excessive use of antibiotics in humans,
agricultural and aquaculture systems, multiple antibiotic resistance has emerged in up to
50% of V. vulnificus strains in various countries, which raises serious public health and
economic concerns [10,11]. Thus, the development of alternative agents is urgently needed.

V. vulnificus hemolysin (VvhA) is a pore-forming toxin (PFT) encoded by vvhA, which
is a key virulence factor in the pathogenesis of V. vulnificus infections. Earlier studies [12,13]
have shown that local and systemic administration of VvhA in animal models reproduces
the same clinical and pathological manifestations as live V. vulnificus, and purified VvhA
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can induce lethal effects in vivo, including hypotension, tachycardia, and pulmonary dam-
age; moreover, VvhA may also contribute to pathogen invasion, vasodilatation and septic
shock [14–17]. These results indicate that VvhA should be a logical target for the devel-
opment of alternative therapeutics to combat V. vulnificus infection. More importantly,
targeting the VvhA strategy could effectively prevent drug resistance since it exerts less
selective pressure on pathogens themselves; however, the cellular targeting sites of VvhA
remain controversial and unclear [16]. For example, the cholesterol on cell membranes was
believed to be the receptor for VvhA, while some other reports suggested that VvhA local-
ized on both cholesterol and glycan moieties rich membrane domain and other membrane
domains [18,19]; conversely, the molecular mechanism of cell damage after the interaction
between VvhA and the host cell during V. vulnificus infection has also not been clarified
yet. For example, some studies demonstrate that VvhA induced NF-κB-dependent mito-
chondrial cell death via lipid raft-mediated reactive oxygen species (ROS) production [20];
some other studies proposed that VvhA induced autophagy upregulation through the lipid
raft-mediated c-Src/NOX signaling pathway and ERK/eIF2α activation [18]. Collectively,
structure-specific PFT-targeting strategies or some signal pathway inhibitors would be
insufficient to thoroughly combat VvhA-induced injuries.

Recently, Hu et al. [21,22] proposed a broad-spectrum detoxification strategy, known
as “nanosponges (NSs)”, which focused on the whole membranes of affected host cells
instead of targeting specific structures. Wrapped with red blood cell (RBC) membranes,
NSs provide sufficient, intact, and natural targets for PFTs to bind with, and divert them
away from the host cells; moreover, the natural membrane shells endow NSs with lower
immunogenicity and prolonged circulation time in vivo [23]. Currently, the NS platform
has been proven to be effective against injuries from gram-positive pathogen-derived
toxins [24,25]; however, fewer studies have been conducted to investigate the protective
effects and possible molecular mechanisms of NSs against gram-negative pathogen-derived
PFTs.

In this study, we tried to construct NSs by fusing RBC vesicles onto poly (DL-lactide-co-
glycolide) (PLGA) nanoparticles (NPs), which are the biocompatible polymers approved by
the US Food and Drug Administration [26–28]. In vitro, we chose human pulmonary artery
endothelial cells (HPAECs) as effector cells, which are the most common target cells in V.
vulnificus-related sepsis. Then, we examined the effects and possible mechanisms of NSs
on toxin-induced intracellular oxidative stress, adenosine triphosphate (ATP) depletion,
and the activation of apoptosis signaling pathways. In vivo, we respectively constructed
VvhA-induced septicemia and wound infection mouse models to simulate clinical cases,
then tested the protective effects of NSs against VvhA by recording the animal survival
rates, inflammatory cascades as well as lung and tissue damage.

2. Results
2.1. Characterization of NSs

To characterize the hydrodynamic size and zeta potential, PLGA NPs and RBC-derived
NSs were measured by dynamic light scattering (DLS). The results revealed that the
diameters of NPs increased from 61.3± 1.1 to 77.2± 1.4 nm with a narrow size distribution,
corresponding to the bilayered membrane coating on a polymeric core; moreover, the zeta-
potential of the PLGA NPs decreased from−35.8± 0.3 to−26.5± 0.6 mV, and the latter one
corresponds to the potential of RBC vesicles (Figure 1A). These results demonstrated fusion
between the NP cores and the RBC membranes. To characterize the nanostructures, the
resulting NS sample was dried and examined by transmission electron microscopy (TEM).
Compared to bare NPs, the resulting NSs exhibited a typical core-shell structure with PLGA
cores enwrapped with thin membrane shells, verifying the formation of NSs (Figure 1B).
To further characterize the protein contents retained on NSs, the resulting NS sample was
examined by SDS-PAGE. The results showed that most membrane proteins were retained
on NS shells, which were consistent with those of RBC ghosts and extruded RBC vesicles
with a negligible loss during preparation (Figure 1C). Finally, NSs were suspended in
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1 × phosphate-buffered saline (PBS) and 100% fetal bovine serum (FBS) and showed only
negligible increases in particle size over 7 d at 4 ◦C, confirming the excellent stability of the
prepared NSs (Figure 1D).
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Figure 1. Characterization of NSs. (A) Hydrodynamic size, polydispersity index and zeta potential of
PLGA NPs, RBC vesicles, and NSs. (B) TEM image showing the structure of PLGA NPs (lower) and
NSs (upper). (Scale bar: 50 nm.) (C) Proteins in RBC ghosts, RBC vesicles, and NSs were examined
by SDS-PAGE. (D) NSs were suspended in 1 × PBS or 100% FBS, and the hydrodynamic size was
monitored for 7 d.

2.2. Inhibitory Effect of NSs on Cell Viability and Apoptosis Induced by Recombinant
VvhA (rVvhA)

After expression and purification of rVvhA (Figures S1 and S2) [29], we then used
HPAECs as target cells to investigate the protective effect of NSs against VvhA-induced cyto-
toxicity. According to the dose-effect and time-effect relationship of the toxin (Figure 2A,B),
we chose the optimal dose of rVvhA (500 ng/mL, the dose producing 50% inhibition) and
exposure time (4 h) for subsequent detoxification study. rVvhA-induced cytotoxicity was
significantly inhibited by NSs (10–40 µg/mL), and 40 µg/mL NSs almost completely re-
versed the cytotoxicity of rVvhA, while NSs exerted no effect on cell viability (Figure 2C,D).
Similar detoxification effects of NSs (40 µg/mL) were also observed in the context of rVvhA
(500 ng/mL)-induced cell apoptosis (Figure 2E,F).
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Figure 2. Inhibitory effects of NSs on rVvhA-induced cell death and apoptosis in HPAECs. (A) Dose-
response of cell viability in HPAECs treated with rVvhA for 4 h. (B) Time response of HPAECs
treated with rVvhA (500 ng/mL) over a period of 8 h (0, 1, 2, 4, 6, 8 h). (C) HPAECs were treated
with increasing concentrations of NSs (0, 1.25, 2.5, 5, 10, 20 and 40 µg/mL) for 4 h. (D) HPAECs
were treated with increasing concentrations of NSs (0, 1.25, 2.5, 5, 10, 20 and 40 µg/mL) in the
presence of rVvhA (500 ng/mL) for 4 h. (E,F) HPAECs were treated with PBS, NSs (40 µg/mL),
rVvhA (500 ng/mL), rVvhA (500 ng/mL) plus NSs (40 µg/mL) for 4 h, respectively. The percentages
of total apoptotic cells were measured and quantified by using Annexin V/PI staining and flow
cytometry. (The data represent the means ± SE. n = 3. * p < 0.05).

2.3. NSs Inhibited ROS Production and ATP Depletion Induced by rVvhA

It was reported that oxidative stress and intracellular ATP depletion were associated
with cell necrosis and apoptosis [30,31]; thus, we measured intracellular ROS and ATP
levels in this study. As shown in Figure 3A, rVvhA (500 ng/mL) induced a significant
increase in intracellular ROS levels, which reached a peak at 1 h; however, NS treatment
(40 µg/mL) completely attenuated rVvhA-induced ROS production. Concretely, fluores-
cence detection via flow cytometry revealed decreased fluorescence in NS-treated cells,
and ROS-related fluorescence was quantitively weak under a fluorescence microscope after
treatment (Figure 3B–D), indicating that NSs could prevent toxin-induced oxidative stress.
Since ATP depletion is a terminal outcome of oxidative stress injuries in mitochondria, we
further explored the effects of NSs on intracellular ATP depletion. Our results showed
that rVvhA (500 ng/mL) caused a reduction in intracellular ATP in a time-dependent
manner, and ATP was reduced by over 90% over a period of 12 h (Figure 3E,F); however,
NSs also substantially prevented toxin-induced ATP depletion after 12 h (Figure 3G,H).
Accordingly, we demonstrated that NSs may exert protective effects against rVvhA by
improving oxidative stress and mitochondrial injury.
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Figure 3. Inhibitory effects of NSs on rVvhA-induced ROS production and ATP reduction in HPAECs.
(A) Time response of ROS production in HPAECs treated with rVvhA (500 ng/mL). (B) Flow cy-
tometry results showing ROS production in HPAECs with various treatments. (C) ROS production
(green) was visualized by fluorescence microscopy in HPAECs treated with PBS, NSs (40 µg/mL),
rVvhA (500 ng/mL), rVvhA (500 ng/mL) plus NSs (40 µg/mL), respectively. (Original magnifi-
cation × 200). (D) The quantification of ROS production in (C). (E,F) Time response of ATP levels
in rVvhA-stimulated cells over a period of 12 h (0, 1, 3, 6, 12 h) were examined by a luminometer
and bioluminescence imaging. (G,H) Analysis of ATP levels for 12 h in HPAECs treated with PBS,
NSs (40 µg/mL), rVvhA (500 ng/mL), rVvhA (500 ng/mL) plus NSs (40 µg/mL), respectively, as
detected by a luminometer and bioluminescence imaging. (The data represent the means ± SE. n = 3.
* p < 0.05).

2.4. NSs Inhibit PKC/ERK/JNK and NF-κB Pathway Activation Induced by rVvhA

According to previous studies, VvhA exposure can activate PKC/JNK/ERK phos-
phorylation, stimulate lipid raft-mediated ROS production, and ultimately cause NF-κB-
dependent cell apoptosis in intestinal epithelial cells [20,32]. We, thus, measured the protein
expression of these signaling pathways in HPAECs to explore the intracellular changes
and protective effects of NSs against VvhA. In our study, we confirmed that rVvhA could
stimulate PKC phosphorylation and induce the phosphorylation of both JNK and ERK from
30 to 90 min (Figure 4A), and these events were responsible for the activation of the tran-
scription factor NF-κB; however, NSs significantly blocked rVvhA-induced PKC/JNK/ERK
phosphorylation (Figure 4B). Next, we examined the effect of rVvhA on the activation of
the NF-κB pathway, which is a direct transcriptional target of the apoptotic signaling path-
way. Our results showed that rVvhA (500 ng/mL) increased the phosphorylation level of
NF-κB from 15 min to 60 min (Figure 4C); however, NSs notably attenuated toxin-induced
NF-κB signaling pathway activation (Figure 4D). A similar inhibitory effect of NSs on
NF-κB accumulation in the nucleus was also confirmed by immunofluorescence staining
(Figure 4E). Finally, the expression of the main apoptosis factors, including Bcl-2, Bax,
Caspase-9, and Caspase-3, was measured, and these factors play key roles in mitochondrial
pathways. Our results revealed that rVvhA altered the Bcl-2/Bax ratio from 60 to 180 min,
and these proteins are two NF-κB-dependent apoptosis-determining factors (Figure 4F).
Consistently, rVvhA also stimulated caspase-9/-3 activation while promoting apoptotic cell
death; however, NSs notably reversed VvhA-mediated changes in mitochondrial apoptotic
indicators (Figure 4G).
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Figure 4. NSs inhibited rVvhA-induced activation of the PKC/JNK/ERK and NF-κB pathways.
(A) The phosphorylation of PKC/JNK/ERK in HPAECs treated with rVvhA (500 ng/mL) was
examined by Western blotting. The data represent the means ± SE. n = 3. * p < 0.05 versus 0 min.
(B) The phosphorylation of PKC/JNK/ERK in HPAECs treated with NSs (40 µg/mL) and rVvhA
(500 ng/mL) for 60 min. The data represent the means ± SE. n = 3. * p < 0.05 versus Cont. (C) The
phosphorylation of NF-κB in HPAECs treated with rVvhA (500 ng/mL) was examined by Western
blotting. The data represent the means ± SE. n = 3. * p < 0.05 versus 0 min. (D) The phosphorylation
of NF-κB in HPAECs treated with NSs (40 µg/mL) and rVvhA (500 ng/mL) for 60 min. The
data represent the mean ± SE. n = 3. * p < 0.05 versus Cont. (E) Nuclear accumulation of NF-κB
was examined after 60 min by immunostaining with a Cy3-labeled NF-κB p65 antibody (Original
magnification × 400). (F) HPAECs were incubated with rVvhA (500 ng/mL) for 180 min, and then
Bcl-2 and Bax were analyzed by Western blotting. The data represent the means ± SE. n = 3. * p < 0.05
versus 0 min, # p < 0.05 versus 0 min. (G) The expression of Bcl-2 and Bax was measured in the
presence of NSs. The data represent the means ± SE. n = 3. * p < 0.05 versus Cont, # p < 0.05
versus Cont.

2.5. In Vivo Neutralization of rVvhA by NSs

To examine the systemic detoxification effects of NSs against rVvhA in vivo, we first
analyzed rVvhA-induced acute toxicity by injecting various amounts of rVvhA via the
tail vein. Our results showed that the mortality of mice increased with increasing doses
of rVvhA (Figure 5A). The survival curve shown in Figure 5B revealed that NS treatment
dose-dependently improved the survival of mice that received lethal doses of rVvhA.
When the dose of NSs exceeded 200 mg/kg, the survival rate was greater than 80%. Then,
NSs (200 mg/kg) were used to examine the reduction in inflammatory cascade reactions
caused by rVvhA (3.7 mg/kg, 0.75 × LD50, a rational dose to trigger inflammatory and
lung damage without lethality). NSs dramatically reversed rVvhA-induced interleukin-6
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(IL-6) and tumor necrosis factor-α (TNF-α) accumulation after 3 h (Figure 5C–F). NSs also
apparently improved rVvhA-induced lung damage, such as typical hemorrhagic injuries,
neutrophil aggregation, and alveolar structural changes (Figure 5G).
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Figure 5. Protective effects of NSs in vivo. (A) Different doses of rVvhA (3, 4, 5, 6, 7 mg/kg) were
injected intravenously, and mouse mortality was recorded. (B) A lethal dose of rVvhA (6 mg/kg) was
injected via the tail vein, and different doses of NSs (0, 50, 100, 150, 200, 250 mg/kg) were immediately
administered for treatment. (C,E) Mice were exposed to sublethal doses of rVvhA (3.7 mg/kg), and
inflammatory factors, including IL-6 and TNF-α, were examined at predetermined times (0, 3, 6,
12 h). (D,F) NSs (200 mg/kg) were used to neutralize rVvhA (3.7 mg/kg) for 3 h in vivo, and then
IL-6 and TNF-α in the blood were measured. (G) rVvhA (3.7 mg/kg) was used to stimulate mice
for 3 h with or without NSs (200 mg/kg), and the lungs were harvested for hematoxylin and eosin
(H&E) staining and pathological observations. Untreated mice and mice injected with NSs were
used as controls. (Original magnification × 400) (H) rVvhA (30 µg) was injected subcutaneously to
imitate local infections, and NSs (50 mg/kg) were used for treatment. After 3 d, the injection sites
were measured and photographed, and then the topical skin and muscle tissues were harvested for
H&E staining and pathological observations. (Scale bar: 50 µm. The data represent the means ± SE.
n = 6. * p < 0.05).

To examine the local detoxification effects of NSs against rVvhA in vivo, we further
examined the effects of NSs (50 mg/kg) on a rVvhA-induced wound infection mouse
model. Histological analyses showed that rVvhA induced obvious reddish ecchymosis
and ulcerations on topical skin at 3 d, with typical edema, cell death and inflammation
in the skin and muscles, while NS treatment significantly alleviated this tissue damage,
confirming the local detoxification effects of NSs (Figure 5H).

3. Discussion

V. vulnificus is a highly fatal human pathogen that is increasingly being considered
an emerging pathogen associated with public health concerns [33]; however, current
antibiotic resistance combined with a lack of broad-spectrum virulence factor-targeting
strategies highlights the need for innovative research into alternative strategies to combat
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diseases [10]. In this study, a stable and biocompatible biomimetic nanodetoxification
system was developed to neutralize VvhA for the first time. Specifically, NSs showed
significant inhibitory effects on not only VvhA-induced apoptosis/necrosis but also toxin-
induced septicemia and wound infections. In contrast to traditional strategies, NSs prevent
the recognition and interaction between toxins and cells by absorbing and neutralizing
VvhA toxins regardless of their specific structures, and further avoiding customization of
inhibitors against VvhA-activating cell signaling molecules in treatment. Our work may
offer significant potential for the treatment of severe V. vulnificus infections.

Multiple-organ failure caused by V. vulnificus-associated sepsis always begins with
pulmonary dysfunction, which is characterized by increased vascular permeability due
to pulmonary endothelial cell damage [34–37]. We, thus, used HPAECs as target cells to
investigate the protective effect of NSs against VvhA-induced cytotoxicity. We first found
that NSs could dramatically improve VvhA-induced apoptosis and necrosis in HPAECs.
Since oxidative stress and intracellular ATP depletion are associated with necrosis and
apoptosis [38–40], we further explored the effects of NSs on intracellular ROS production
and ATP levels. Our results confirmed that NSs could prevent toxin-induced oxidative
stress; moreover, we also found that NSs could apparently improve toxin-induced ATP
depletion, which is a terminal outcome of oxidative stress injuries in mitochondria [38,40].
Accordingly, the above results revealed that NSs may exert protective effects against
VvhA-induced apoptosis and necrosis by improving oxidative stress and mitochondrial
injury. Then, we further explored the effects of NSs on various cell signaling pathways
related to oxidative stress and mitochondrial injury. We confirmed that VvhA could induce
NF-κB-dependent cell apoptosis via ROS production through the distinct activation of
PKC/JNK/ERK in HPAECs. Additionally, NS treatment significantly blocked the activa-
tion of the above signaling pathways, as well as apoptosis-related proteins, confirming
the protective mechanism of NSs on molecular levels. In previous studies [21,24,41–43],
NSs were indicated to bind and neutralize toxins via lipid membrane interactions with a
high natural affinity and prevent host-toxin interactions. Thus, we hypothesize that the
protective mechanism of NSs against VvhA-induced cell apoptosis and necrosis may be
associated with toxin sequestration and blocking toxin-host cell interactions, thus radically
avoiding the downstream activation of toxin-induced cell signaling disruptions, as well
as further cellular injuries. Therefore, for VvhA-induced sepsis, especially pulmonary
dysfunction, the sequestration of VvhA by NSs can exert broadly protective effects without
consideration of customization of inhibitors against disease-related cell signaling molecules
in clinical trials.

To explore the clinical translation potential of NSs, we further established VvhA-
induced septicemia mouse models and tested the systemic detoxification effects of NSs
against VvhA in vivo. Our work showed that isolated VvhA toxins were fatal but NS
injection significantly reversed VvhA-induced mortality, inflammation, and target organ
damage, demonstrating that VvhA was indeed a vital virulence factor and NSs exerted
significant anti-inflammatory and detoxification effects in vivo. In addition, given that V.
vulnificus infection often occurs in exposed skin wounds [44], and VvhA can reproduce the
same clinical and pathological manifestations as live V. vulnificus, we also subcutaneously
injected VvhA into mice to simulate local wound infections. Similarly, we found that
NSs could alleviate VvhA-induced skin and muscle lesions. These results indicated that
NSs have great potential for treating local or systematic V. vulnificus infections clinically;
however, many challenges should be tackled in preclinical trials [45,46]. First, immune
responses are still very critical, and blood-type dependent biological applications may be a
good strategy since NSs exert effects via natural RBC membranes. Second, the long-term
compatibility of NSs should be further confirmed in large animal models (e.g., primates)
before human trials [47]. Finally, the challenge of batch-to-batch quality control should
also be addressed before scale-production. Overall, there is still a long way to go before
practical application.
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4. Materials and Methods
4.1. Cells, Animals and Reagents

HPAECs were obtained from Xinyu Biotechnology (Shanghai, China) and cultured
at 37 ◦C in a humidified atmosphere of 5% CO2 in Roswell Park Memorial Institute 1640
(RPMI 1640) medium containing 10% FBS and antibiotics. All the animal experiments
were performed according to the Guide for the Care and Use of Laboratory Animals
and were approved by the Medical Ethics Committee of Naval Medical University. FBS,
PBS, tris buffered saline tween (TBST) and 0.25% (w/v) trypsin−0.03% (w/v) ethylene-
diaminetetraacetic acid (EDTA) solution were purchased from Grand Island Biological
Co. (New York, NY, USA). RPMI 1640 medium was purchased from Solarbio Co. (Beijing,
China). Cell-counting (CCK-8) kit was purchased from Dojindo Molecular Technologies,
Inc. (Rockville, MD, USA). ROS and ATP detection kits were purchased from Beyotime
Biotechnology (Shanghai, China). Carboxy-terminated 50:50 PLGA (Mw 48 000, 0.67 dL/g)
was purchased from Lactel Co. (Birmingham, UK). Monoclonal antibodies against PKC
(#2056), phosphorylated PKC (p-PKC, #9379), NF-κB (#8242), p-NF-κB(#3033), Bcl-2 (#),
caspase-3 (#9664) and caspase-9 (#9509) were purchased from Cell Signaling Technology
(Shanghai, China). Monoclonal antibodies against JNK (#AF1048), phosphorylated JNK (p-
JNK, #AF1762), ERK (#AF1051), phosphorylated ERK (p-ERK, #AF1891) and Bax (#AF1270)
were purchased from Beyotime Biotechnology (Shanghai, China). Tryptone and yeast
extract were purchased from Thermo Fisher Scientific (Oxoid, Waltham, MA, USA). All
other reagents were of analytical grade, commercially available, and used as received.

4.2. Preparation and Characterization of NSs
4.2.1. Preparation of RBC Ghosts and Vesicles

RBC ghosts were prepared as described previously with slight modifications [48].
First, whole blood was collected from male ICR mice (25–30 g) via a cardiac puncture
protocol [49]. Then, the cells were washed three times with cold 1 × PBS (pH 7.4) to
remove plasma and the buffy coat. Sequentially, to obtain RBC ghosts, the sediments were
repeatedly resuspended in 0.25 × PBS for 30 min followed by centrifugation at 14,000 rpm
for 20 min at 4 ◦C until a white pellet was obtained. Finally, to obtain RBC-derived vesicles,
the collected RBC ghosts were sonicated for 3 min at a frequency of 45 kHz and power
of 200 W (SB-5200DT bath sonicator, Scientz, Ningbo, China) and then serially extruded
through 400 nm and 200 nm polycarbonate porous membranes (Avanti mini extruder,
Avanti Polar Lipids, Birmingham, UK).

4.2.2. Preparation of PLGA Cores and NSs

PLGA NPs were prepared via the nanoprecipitation method [50]. Briefly, the PLGA
polymer was first dissolved in 1 mL of acetone solution (5 mg/mL) and then injected into
3 mL of distilled water. The mixture was subsequently stirred for 1 h and then placed into
a vacuum for complete evaporation of the acetone. The resulting NPs were examined by
DLS. RBC vesicles and PLGA NPs were mixed at a 1:1 ratio (w/w) and then sonicated in
a bath sonicator for 2 min. As a result, NSs were formed by sequentially extruding the
mixture through 400 nm, 200 nm, and 100 nm polycarbonate porous membranes 12 times.

4.2.3. Characterization of NSs

First, the hydrodynamic size and zeta potential of RBC-derived NSs were measured
by DLS. Then, the NS structure was examined by TEM with 1% uranyl acetate for negative
staining. Additionally, the membrane protein characteristics of RBC ghosts, RBC vesicles,
and NSs (with an equivalent protein concentration of 1 mg/mL) were examined by SDS-
PAGE on a 6–12% Bis-Tris gel that was run at 150 V for 1 h. The resulting gels were stained
with Coomassie Blue (Sangon, Shanghai, China) for visualization. Finally, the stability of
NSs was measured by DLS in both PBS and 100% FBS at 4 ◦C for 7 d.
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4.3. Cell Viability and Apoptosis/Necrosis Detection in HPAECs

HPAECs were grown on 96-well plates and synchronized in the G0/G1 phase by
culture in a serum-free medium for 24 h. Then, various doses of rVvhA (0, 5, 10, 50,
100, 500, 1000 ng/mL) were added and incubated for an additional 4 h, after which cell
viability was analyzed using a CCK-8 kit. Subsequently, the time-dose effect of the toxin
was also examined using rVvhA (500 ng/mL, the dose producing 50% inhibition) to treat
HPAECs. For toxin neutralization, various doses of NSs (0, 1.25, 2.5, 5, 10, 20, 40 µg/mL)
were added and incubated with rVvhA (500 ng/mL) for 30 min and then centrifuged at
10,000 rpm for 10 min. The resulting supernatant was harvested and used to treat cells
for 4 h, after which cell viability was examined. A similar detoxification effect of NSs
was also examined by measuring cell apoptosis with flow cytometry (FACSCalibur, BD,
New York, NY, USA). First, NSs (40 µg/mL) were incubated with rVvhA (500 ng/mL) for
30 min and then centrifuged at 10,000 rpm for 10 min. Subsequently, cells were treated with
the supernatants for 4 h and processed with an Annexin V and PI staining kit (Beyotime,
Shanghai, China). PBS and NSs were used as controls.

4.4. Intracellular ROS and ATP Detection

To quantify intracellular ROS levels, HPAECs were grown on 6-well plates and treated
with 10 mM 2’-7’dichlorofluorescin diacetate (DCFH-DA) probes for 20 min before be-
ing exposed to rVvhA (500 ng/mL). As a well-established ROS-inducing agent, Rosup
(50 µg/mL) was used as a positive control. At predetermined times (0, 0.5, 1, 2, 4, 6 h), the
cells were harvested for fluorescence detection at excitation and emission wavelengths of
488 and 525 nm, respectively. To examine the protective effect of NSs, a toxin-containing
culture medium was immediately incubated with NSs (40 µg/mL) for 30 min and then
centrifugated at 10,000 rpm for 10 min. The supernatants were obtained and used to treat
cells for 1 h, and then intracellular ROS levels were measured using flow cytometry or
fluorescence microscopy.

For ATP detection, HPAECs were incubated with rVvhA (500 ng/mL) for various times
(0, 1, 3, 6, 12 h), lysed and centrifuged at 14,000 rpm for 5 min at 4 ◦C. The supernatants were
harvested, and the intracellular ATP concentration was measured using a luminometer and
bioluminescence imaging. Next, toxins were pre-incubated with NSs in medium for 30 min,
followed by centrifugation for harvesting supernatants. After that, HPAECs were treated
with harvested supernatants for 12 h. Then, all the cells were harvested for fluorescence
intensity detection via a luminometer or bioluminescence imaging. Cells treated with PBS
or NSs served as controls.

4.5. Analysis of PKC/ERK/JNK and NF-κB Pathway in HPAECs

First, we explored the effects of rVvhA (500 ng/mL) on apoptosis-related signaling
pathways. At predetermined time points (0, 15, 30, 60, and 90 min), rVvhA-treated HPAECs
were harvested, washed, and then lysed to obtain cellular proteins to detect PKC-JNK-ERK
and NF-κB pathways. Similarly, at different time points (0, 60, 90, 120, and 180 min),
rVvhA-treated cells were harvested to detect apoptosis-related proteins. After determining
the optimal exposure time, the effects of NSs (40 µg/mL) on apoptosis-related factors were
then investigated. NSs were first pre-incubated with rVvhA (500 ng/mL) in RPMI 1640
medium for 30 min, followed by centrifugation to obtain supernatants. The cells were then
treated with the supernatants and harvested at the optimal time point for apoptotic factor
analysis.

Specifically, for Western blotting experiments, 20 micrograms of protein were resolved
by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The mem-
brane was blocked with 5% skim milk for 2 h and incubated with the appropriate primary
antibody (1:500) at 4 ◦C overnight. Next, the membrane was washed with TBST and
incubated with a horseradish peroxidase-conjugated secondary antibody (1:2000) for 1 h.
Subsequently, the protein bands were visualized by a ChemiDoc XRS+ System (Bio-Rad,
Richmond, VA, USA) and quantified using ImageJ software (Version 1.8.0, NIH, Bethesda,
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MD, USA). For immunofluorescence staining, the cells were fixed for 10 min at room temper-
ature, rinsed with PBS, blocked, and then incubated with NF-κB p65 antibodies overnight
at 4 ◦C. After being washed with PBS three times, the cells were incubated with conjugated
antibodies for 1 h at room temperature. After that, 4′,6-diamidino-2-phenylindole (DAPI)
dye was added and incubated for 5 min before an anti-fluorescence quenching liquid was
used and the cells were observed under a fluorescence microscope.

4.6. In Vivo rVvhA Detoxification by NSs

To analyze rVvhA-induced acute toxicity, male ICR mice (18–20 g) were randomly
divided into five groups (n = 6), and different doses of rVvhA (3, 4, 5, 6, 7 mg/kg) were
injected intravenously via the tail vein. The survival rate of each group was then recorded
and analyzed. For systemic detoxification experiments, various amounts of NSs (0, 50,
100, 150, 200, 250 mg/kg) were injected via the tail immediately after exposure to a lethal
intravenous dose of rVvhA (6 mg/kg), and the survival rate was recorded. For anti-
inflammatory experiments, the mice were first injected with a sub-lethal dose of rVvhA
(3.7 mg/kg, 0.75 × LD50). Then, at predetermined times (0, 3, 6, 12 h), the inflammatory
factors, including IL-6 and TNF-α, were measured using ELISA kits. After that, the optimal
time point (3 h), when rVvhA exerted the most obvious inflammatory injuries, was chosen
to examine the inhibitory effects of NSs on toxin-induced inflammatory cascades. Finally,
the mice were sacrificed, the lungs were harvested, and the tissues were fixed for H&E
staining and pathological observations.

The local detoxification abilities of NSs against rVvhA were also tested. First, rVvhA
(30 µg) was injected subcutaneously into the right flanks of mice to imitate local infec-
tions. Then, NSs (50 mg/kg) were injected immediately into the same regions to test their
protective effects against rVvhA-induced wound injuries. An equal amount of PBS was
used in the negative control group. After 3 d, the injection sites were measured and pho-
tographed, and then the topical skin and muscle tissues were harvested for H&E staining
and pathological observations.

4.7. Statistical Analysis

The data are presented as the mean ± standard error (SE). Statistical significance was
evaluated using one-way ANOVA (p < 0.05).

5. Conclusions

In conclusion, we synthesized a biocompatible nanoscale detoxification system (NSs)
and used it for VvhA neutralization for the first time. NSs exerted significant protective
effects on VvhA-induced damage both in vitro and in vivo, which may be associated with
toxin sequestration and blockage of toxin-host cell interactions. These results provide
new insights into how NS is a novel treatment strategy for the detoxification of PFTs from
antibiotic-resisted V. vulnificus.
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Abstract: In this study, n-type MoS2 monolayer flakes are grown through chemical vapor deposition
(CVD), and a p-type Cu2O thin film is grown via electrochemical deposition. The crystal structure
of the grown MoS2 flakes is analyzed through transmission electron microscopy. The monolayer
structure of the MoS2 flakes is verified with Raman spectroscopy, multiphoton excitation microscopy,
atomic force microscopy, and photoluminescence (PL) measurements. After the preliminary process-
ing of the grown MoS2 flakes, the sample is then transferred onto a Cu2O thin film to complete a p-n
heterogeneous structure. Data are confirmed via scanning electron microscopy, SHG, and Raman
mapping measurements. The luminous energy gap between the two materials is examined through
PL measurements. Results reveal that the thickness of the single-layer MoS2 film is 0.7 nm. PL
mapping shows a micro signal generated at the 627 nm wavelength, which belongs to the B2 excitons
of MoS2 and tends to increase gradually when it approaches 670 nm. Finally, the biosensor is used to
detect lung cancer cell types in hydroplegia significantly reducing the current busy procedures and
longer waiting time for detection. The results suggest that the fabricated sensor is highly sensitive to
the change in the photocurrent with the number of each cell, the linear regression of the three cell
types is as high as 99%. By measuring the slope of the photocurrent, we can identify the type of cells
and the number of cells.

Keywords: photoelectrochemical; chemical vapor deposition; molybdenum disulfide (MoS2); cuprous
oxide (Cu2O); positive oxide trap state; DNA; biosensor

1. Introduction

Molybdenum disulfide (MoS2) is one of the two-dimensional (2D) transition metal
chalcogenides that have been studied recently [1–6]. Materials related to nanometer-scale
electronic and optoelectronic components, such as field-effect transistors, prospective
memory components, light-emitting diodes (LED), and sensors, have been manufactured
because of the excellent spin-valley coupling and flexural and optoelectronic properties of
MoS2 [7–19]. However, MoS2 is a layered structure, which has good lubricity, resistance
to pressure, and wear resistance, and is mostly used as solid lubricant [20]. It is used
in equipment operating under high-speed, heavy-load, high-temperature, and chemical
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corrosive conditions. MoS2 is a black hexagonal crystal structure with silver-gray luster,
its Moiré mass is 160.07 g/mol, density is 5.06 g/cm3, and melting point is 1185 ◦C. MoS2
itself is insoluble in water, generally insoluble in other acids, alkalis, and organic solvents.
However, at 400 ◦C, oxidation occurs slowly, and molybdenum trioxide (MoO3) gradually
forms. PN heterostructures have been widely used in the semiconductor industry; as a
typical P-type semiconductor, Cu2O is considered to be the most effective material [21].
With these characteristics, Cu2O can be effectively used as an absorption layer in the visible
wavelength range [22–25]. In a bulk MoS2 semiconductor, an indirect energy gap of 1.2 eV
between the G- and S-point conduction bands, and a single-layer MoS2 semiconductor
has a direct energy gap of 1.84 eV. Studies on light absorption, light reflection, and light
excitation spectroscopy have evolved from bulk materials to single-layer TMDs [26]. In
2014, Yu-Fei Zhao et al. used a simple chemical synthesis method to cover MoS2 suc-
cessfully on p-Cu2O semiconductors for high-efficiency solar hydrogen production [21].
In 2016, Xinne Zhao et al. assembled Cu2O nanoparticles and MoS2 nanosheets with a
2D planar structure into a 3D MoS2/Cu2O porous nanocomposite through hydrothermal
synthesis [27,28]. In 2017, Linxia Fang et al. successfully decorated Cu2O nanoparticles
on flower-like MoS2 and used them for non-enzymatic current detection in glucose. This
structure has Cu2O nanoparticles dispersed in MoS2 [29]. Gang Li et al. reported the
hydrothermal synthesis of MoS2/Cu2O nanocomposites with a tunable heterojunction to
enhance the photochemical activity and stability of visible light [30]. The lack of energy
gap of graphene in two-dimensional materials has shifted the focus on two-dimensional
transition metal dichalcogenides (TMDs) with different energy gaps obtained by changing
the number of layers. In the review of previous studies on MoS2/Cu2O, MoS2/Cu2O has
high-performance photocatalysis, excellent electrocatalysis, strong stability, reproducibility,
and high selectivity for non-MEI sensors. This structure can be used as a hydrogen oxide
biosensor for environmental engineering applications, such as energy storage and water
purification. It can also be used as a non-MEI current detection in glucose oxidation. It
is better for the signal interference of uric acid, dopamine, and ascorbic acid. Apart from
inorganic biosensors, organic materials are also getting attention in the last few years.
Some biosensors using poly(methylene blue) (PMB), poly(alizarin yellow R), poly(azure
A), poly(azure B), poly(azure C), poly(brilliant cresyl blue), and poly(thionine) has been
widely studied and reported [31–37]. Even though these biosensors have good selectivity,
their disadvantages include instability, cost, and a need for a mediator in some cases [38].
On the other hand, in recent years due to the excellent electrochemical properties of Cu2O,
much research has been conducted towards its application as a sensor [39–42]. MoS2 which
has a similar structure to graphene due to its conductivity and good electrical and chemical
properties has been widely reported to be employed in numerous biosensors [43–45].

Hence, in this research, a new MoS2/Cu2O PN heterojunction structure, can reduce the
predominant disadvantage of noise interference to the detection signal through different
growth methods, material special characteristics, and the structure itself. This MoS2/Cu2O
structure is applied to a sensor for cancer cells with different canceration levels. In this
study, CVD is conducted for single-layer MoS2 to obtain large-area and uniform MoS2
films. Several measurement techniques, including Raman mapping, are used to check
the number of layers. Atomic force microscopy (AFM) is employed for thickness analysis
and scanning electron microscopy (SEM) is utilized to observe surface morphology. X-ray
diffraction (XRD; Figure S1 for XRD) is conducted to measure whether a signal appears, and
transmission electron microscopy (TM; Figure S4) is performed to determine the direction
of the crystal lattice. However, studies on the synthesis of semiconductor materials and
nanostructures have also been carried out. During the research, Cu2O nanostructures have
been successfully fabricated through electrochemical deposition. The major application of
this heterostructure is to develop a low-cost and rapid way to detect lung cancer cell types
in hydroplegia by fabricating a PEC biosensor that is highly sensitive to lung cancer cells
significantly reducing the current busy procedures and longer waiting time for detection.
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2. Materials and Methods

The glass substrate used in the experiment was indium tin oxide (ITO) for Cu2O
electroplating. The resistance of the ITO surface was 7 Ω, and the thickness of the coating
was 200 nm. All the chemicals used were all American Chemical Society (ACS) and guar-
anteed reagent (GR) to avoid the failure of results because of insufficient purity or residual
impurities in the grown crystals, especially low-chlorine Sigma-Aldrich (Burlington, MA,
USA) 98+% for sodium hydroxide because the solution of Cu2O deposition was susceptible
to the influence of chloride ions to produce copper chloride precipitation.

2.1. Process and Steps of Electrochemical Cu2O Growth
2.1.1. Substrate and Electrolysis Pretreatment

Cu2O was prepared through electrochemical deposition, and the substrate used
was a 2 cm × 2 cm transparent conductive film made of ITO for Cu2O electroplating
(Supplementary Section S1.1 for the Material characteristics of Cu2O). P-type Cu2O has
a small energy gap of 2.0 eV, which was a suitable conduction band [46,47]. Acetone,
methanol, isopropanol, and deionized water were used to reduce the impurities, such
as dust, oil stains, or residues, on the electrode surface after ITO plating. The adhesion
of impurity contamination also improved the stability of film growth to obtain a higher-
quality Cu2O film (Supplementary Section S3 for the List of substrates, organic solvents,
gases, and chemicals used to grow Cu2O and MoS2). In the cleaning steps, the electrode
surface was first cleaned with acetone in an ultrasonic oscillator for 10 min to dissolve and
remove surface oil stains or other organic impurities. After the specimen was shaken and
washed with acetone, it was rinsed with methanol in an ultrasonic oscillator for 10 min
to dissolve and remove residual copper contamination on the surface. Isopropanol was
used for cleaning in an ultrasonic oscillator for 10 min to dissolve and remove surface oil
stains or other organic impurities. The glass substrate was soaked in deionized water with
a resistivity of 18.2 M W·cm (25 ◦C), and an ultrasonic oscillator was used for 10 min to
remove residual organic solvents. The sample was taken out, and a high-pressure nitrogen
gun was used to remove the moisture on the surface of the ITO glass substrate. The ITO
glass substrate was baked in an oven at 100 ◦C for 30 min to remove the residual moisture
on the substrate and placed in a clean moisture-proof box for later use. The cut graphite
rods with a diameter of 1 cm and a length of 18 cm were subjected to electrochemical Cu2O
deposition. The main purpose of cleaning the electrodes of the graphite rods was to reduce
impurities, such as dust, oil stains, and residual powder, on the electrode surface during
graphite rod production. External impurities contaminated Cu2O electrolytic deposition
and improved film growth stability. For cleaning, the graphite rod was soaked in 1 M
sodium hydroxide solution and washed with ultrasonic vibration for 30 min to remove
grease and organic pollutants adsorbed on the surface. The surface of the graphite rod
was ground with sandpaper and rinsed with deionized water during grinding to remove
the powder remaining in the graphite rod manufacturing. The graphite rod was soaked
in deionized water and shaken for 30 min with ultrasonic cleaning to reduce the residual
impurities on the surface. The graphite rod was baked in an oven at 100 ◦C for 30 min to re-
move the surface moisture and placed in a moisture-proof box to complete the pretreatment
of the graphite electrode.

2.1.2. Preparation of Cu2O Film

A Cu2O thin film was prepared for electrochemical deposition to grow a highly uni-
form thin film on the ITO glass substrate (Supplementary Section S1.2 for Cu2O Synthesis).
The electrolyte was made of 0.4 M copper sulfate powder (CuSO4), 85% lactic acid, and 5 M
sodium hydroxide (NaOH) prepared into a 1000 c.c. aqueous solution. The pH could be
adjusted to 10, 11, and 12 through the amount of sodium hydroxide, which was measured
in real time by a portable Starter300 pH meter (ST300). A DC power supply (MOTECH
LPS505N) was used to power the two-pole electrochemical deposition system equipment
in which the positive electrode was a graphite rod, and the negative electrode was con-
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nected to the ITO glass substrate (Supplementary Section S2.1 for the electrochemical
deposition system). The temperature of the growing electrolyte was controlled at 60 ◦C
to ensure that the lactic acid works. The deposition time was fixed at 30 min to achieve
high quality and uniformity. At the end of the film, the sample was washed with deion-
ized water, and the surface moisture was removed with a high-pressure nitrogen gun for
subsequent experiments.

2.1.3. Cu2O Grinding

A plane grinder was widely used for the single-sided grinding and polishing of
various materials, such as LED sapphire substrates, optical glass wafers, quartz wafers,
silicon wafers, germanium wafers, molds, light guide plates, and optical skewer joints. The
Cu2O thin film was processed by grinding to smoothen the Cu2O surface and facilitate
the subsequent transfer of MoS2 while maintaining the integrity of the morphological
characteristics of MoS2 and reducing the transfer failure rate. The rotation speed of the
grinder was controlled at the minimum, and the time was set at 1 h. Considering Cu2O
was a thin film at the micrometer scale, we chose the micro grade at the scale of a diamond
polishing sheet.

2.1.4. Experimental Materials and Drug Specifications of MoS2

The substrate used to grow MoS2 was silicon dioxide (SiO2) for chemical vapor depo-
sition (CVD; Supplementary Section S1.2 for obtaining MoS2 layers). The thickness of the
chosen silicon wafer (100) crystal plane was 300 nm. The purity of sulfur powder (S) and
molybdenum oxide (MoO3) powder was 99.98% and 99.95%, respectively, to avoid impuri-
ties that affect the CVD or the remaining impurities of grown single crystals. The quartz
tubes and ceramic crucibles in the tubular thermal tubes were cleaned with aqua regia. The
concentrations of nitric acid and hydrochloric acid were 37% and 68–69%, respectively, to
avoid the adhesion of impurities from the previous growth during cleaning, which affects
the experimental parameters and reproducibility of the next growth of monolayer MoS2.

2.2. Process and Steps of CVD-Grown MoS2

The majority of 2D material layer identification studies focus on film synthesis using
mechanical stripping [48–50]. Most 2D material layer identification studies have focused
on film synthesis through mechanical stripping [51]. In the present experiment, a 300 nm
SiO2 silicon substrate was prepared and cleaned with ultrasonic vibration in acetone for
10 min to remove impurities and oil stains on the surface; deionized water was then used
to remove the organic solvent acetone (Supplementary Section S5 for CVD-grown MoS2).

After 10 min, the sample was taken out, and the moisture on the surface of the ITO
glass substrate was removed with a high-pressure nitrogen gun. The method used to
grow MoS2 was CVD [52–57]. The substrate was placed under specific pressure and
temperature conditions and one or more precursors were chemically reacted on the surface
of the substrate to produce a high-quality large-area thin film. The application of CVD
in the preparation of single-layer TMDs starts with MoS2 growth. The inert gas used to
grow MoS2 through CVD was argon. Afterward, 500 sccm of argon was used to clean
the internal cavity and keep it in a clean environment. The heating rate was set to 20◦C
per min, the growth temperature was 650 ◦C, and the temperature was held for 30 min.
Once the temperature was dropped to 400 ◦C, the lid was opened. The MoS2 structure
was obtained when the temperature decreases to room temperature. The experimental
process was shown in Figure 1. With molybdenum trioxide (MoO3) and sulfur powder (S)
as precursors, a 2 cm × 2 cm silicon dioxide/silicon (SiO2/Si) substrate was placed on the
crucible and sent into the furnace tube. The vaporization point of MoO3 was 650 ◦C [58–60].
The vaporization point of S was above 200 ◦C. Gas-phase MoO3 undergoes two chemical
reactions in high-temperature environments to produce molybdenum oxide (MoO3-x)
intermediates. The resulting molybdenum oxide intermediates diffuse to the substrate and
vaporize to form a MoS2 film. The distance between the two crucibles was 46 cm. This long
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distance was to ensure that the vapor concentration gradient of sulfur was negligible on
the substrate compared with that of the MoO3 concentration gradient because the distance
between MoO3 and the substrate was small. CVD can effectively prepare single- and
multi-layer MoS2. It can grow high-quality single-crystal materials and prepare uniformly
distributed thin films on a large area, which was conducive to subsequent optoelectronic
component manufacturing.
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Figure 1. Schematic of a growing MoS2 film.

MoS2 Transfer Process

A spin coater was used to coat uniformly the photoresistant PMMA A5 on the substrate
to transfer MoS2 after CVD growth on the Cu2O surface and left for the PMMA to dry. The
substrate was covered with photoresistant liquid into 2 M NaOH as an etching solution for
separating the substrate and PMMA A5. The removed photoresist was placed in DI water
and blown dry with high-pressure nitrogen to prepare for the subsequent transfer. Then,
PMMA A5 was placed on the original SiO2 substrate, which was cut to an appropriate
size with a three-axis leveling table and placed on the surface of the Cu2O substrate. The
temperature was set to 210◦ for about 30 s to make the PMMA adhere to the substrate. The
sample was soaked in acetone for 30 min, and photoresistance was removed, leaving MoS2
to complete the entire transfer process (Figure 2).
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transfer process.
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3. Results
3.1. Growth Results of MoS2/Cu2O

Based on the above growth methods and measurement results, the CVD-grown MoS2
was transferred electrochemically to grown Cu2O (Supplementary Section S4 for the results
of Cu2O electrochemical growth under different parameters). Material and optical charac-
teristics were analyzed: Raman mapping (Supplementary Section S2.2 for micro-Raman
Spectroscopy), SEM (Supplementary Section S2.5 for scanning electron microscope), and
SHG measurements (Supplementary Section S2.8 for multiphoton excitation microscope).

3.1.1. Cu2O Flattening Comparison

This study has used the Cu2O film grown by the electrochemical method as the
template for MoS2 transfer. The SEM image is used to detect the success rate of the transfer,
and the result is consistent with the Cu2O image without transfer in the SEM image, as
shown in Figure 3a,b. The reason for the failure is that the Cu2O surface used for the
electrochemical method is quite rough, and the rough surface causes the MoS2 transfer to
be broken or unable to be transferred because of the uneven surface. Afterward, the Cu2O
film was ground to smoothen the Cu2O surface and facilitate the subsequent transfer of
MoS2 while maintaining the integrity of the morphological characteristics of MoS2 and
reducing the transfer failure rate. Figure 4a shows the AFM data results of Cu2O before
grinding. Under the following parameters, i.e., Z range of 740.16 nm, Rms of 97.496, and
data scale of 0–800 nm (height), Figure 4b shows the results of Cu2O after surface polishing
by grinding. Under the following parameters, i.e., Z range of 94.623 nm, Rms of 3.849
nm, and data scale of 0–50 nm (height), the top and flat views of the Cu2O film in the
SEM image are shown in Figure 3c,d, respectively. The surface after grinding is smooth.
According to the above data, grinding may be used to treat the Cu2O surface.
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Figure 4. (a,b) AFM measurements of the Cu2O film before and after polishing.

3.1.2. MoS2 Transfer Result on Cu2O

After the Cu2O surface is polished by the abovementioned grinding method, the SEM
image result shows that the surface is smoother than the original unpolished surface, and
the surface roughness is reduced by 96% in the AFM measurement result (Supplementary
Section S2.6 for atomic force microscope). Then CVD-grown MoS2 film is transferred to the
Cu2O surface, and SEM is performed (Figure 5). Although few irregularities are observed
on the surface of the Cu2O, SEM analysis shows that MoS2 is transferred successfully, and
the morphological characteristics of MoS2 are completely present on the surface of Cu2O.
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Figure 5. SEM image of MoS2 transferred to the Cu2O surface.

3.1.3. Analysis of MoS2/Cu2O Materials and Optical Properties

After the transfer of the CVD-grown MoS2 film onto the electrochemically grown Cu2O
surface. Its material and optical properties are analyzed by employing OM (Supplementary
Section S2.4 for optical microscope), SHG images, SEM, and Raman and PL mapping. A
multiphoton image is used to identify the signal display during the MoS2 transfer (Figure 6).
The morphological characteristics of MoS2 grown by CVD are obvious. A core point exists
in most triangles, and when this core point corresponds to a multiphoton image, the signal
becomes stronger than the color of the triangles other than the core point. Figure 6b
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shows the multiphoton image of MoS2/Cu2O/ITO after the transfer. Although many blue
irregularities in the image, they are not evenly dispersed to make it clear whether they are
MoS2 triangles.
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However, the comparison of the obvious bright spots in the image in Figure 6a suggests
that a bright spot signal may be the core image after MoS2 transfer and because Cu2O
is not completely flat like the SiO2 surface after being polished. Moreover, this bright
spot at the center of MoS2 is due to the nucleation of MoS2. The growth parameters, such
as carrier gas, growth temperature, precursors, substrates, and promoters can affect the
nucleation and growth modes of MoS2 [61]. However, Ho Kwon Kim et al. has shown
that the pre-exposure of growth substrates to alkali metal halides and the Mo precursor
before the growth stage appears can suppress nucleation of MoS2 [62]. Therefore, the
other blue part may be a multi-photon image of a mixture of MoS2 and Cu2O. As shown
in Figure 5, the grown MoS2 has been successfully transferred to the Cu2O film. These
two data can be combined, proving that MoS2 has been successfully transferred to the
Cu2O film by grinding and transfer. Raman mapping, which is the best method to analyze
the number of layers, has been used to analyze the image of the transferred MoS2/Cu2O
sample [63–65]. In this study, a 532 nm band is used as a laser excitation light source. From
Figure 7b we can observe that the blue-green area is the MoS2 film, and the red area is
part of a Cu2O film. The 532 nm band was used as the laser excitation light source in
this study. As shown in Figure 7a, the Raman shift of MoS2 has a peak at 384.3 before
transfer while the Raman shift had a peak at 402.8 cm−1 after the transfer. The Raman
shift of Cu2O before the transfer has a peak at 221.8 cm−1. After transferring MoS2 onto
the Cu2O film, the Raman shift did reach peaks at 221.8, 384.3, and 402.8 cm−1. It can be
clearly inferred that the Raman peak of Cu2O appearing at 221.8 cm−1 indicates that the
surface of Cu2O was partially oxidized. Similarly, the Raman shifts of MoS2 at 384.3 and
402.8 cm−1 are in accordance with E12g and A1g, respectively, and combined vibrations
of two different phonons (A1g(M)−LA(M)), respectively, which indicates the existence of
MoS2 structures [66–69]. In the Cu2O/MoS2 composite films, the diffraction peaks of Cu2O
and MoS2 are still observed. The result shows that the grown MoS2 has a uniform film in
the image and can replace the morphology. E12g and A1g vibration modes are the main
signals for the judgment of MoS2. The two vibration modes are highly dependent on the
thickness of MoS2. When the ∆k value of the subtraction of E12g and A1g peaks is less than
20 cm−1, the analyzed MoS2 is regarded as a single-layer structure.

Figure 8a shows the OM image of MoS2/Cu2O, Figure 8b illustrates the 625-band
image selected for the PL mapping image. The MoS2 spectrum consists of two peaks corre-
sponding to the A1 and B1 excitons at 667 nm (1.86 eV) and 627 nm (1.97 eV), respectively.
The measured PL for Cu2O grown by the electrochemical method was about 720–900 nm.
In the measurement of the PN heterostructure material combination of MoS2/Cu2O, Raman
measurement was first performed on the OM image. After the signal of MoS2 is found, PL
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measurement is carried out, and the combined structure is examined through the measure-
ment results to show that the band range covers 625–900 nm. We found that a micro signal
is generated at about 627 nm in the orange elliptical dashed circle, and the wavelength
of 627 nm belongs to the B2 excitons of MoS2. The signal gradually increases when it
approaches 670 nm. However, the Cu2O signal is not in this part because its light-emitting
band starts to generate signals from 720 nm. Therefore, the Cu2O film may be too thick, and
the single-layer MoS2 film thickness is only 0.7 nm, so the two heterostructure materials are
combined in the wavelength range of 670–700 nm. The entire signal undergoes a red-shifted
phenomenon because the Cu2O film signal is strong.
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3.2. Photocurrent Response Analysis

This research uses the preparation of biosensors, and the photocurrent measure-
ment system and impedance analysis system set up in the laboratory (see Supplement 1,
Section S6 for Analysis of Structural Characteristics of Photoelectrochemical Biosensors).
The photocurrent measurement of the three lung cancer cells A549, H460 and H520 was
carried out by the carrier transport mechanism of photogenerated charge, and the zigzags-
toothed microelectrode was used to perform aggregation and impedance analysis of the
cancer cells. In this study, we utilized two characteristic substances, glutathione (GSH)
and glutathione disulfide (GSSG), to verify the detection mechanism of the developed
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biosensor. Generally, GSH in cells exists in two forms: 90% of GSH is present in the cy-
toplasm as reduced GSH, and 10% is present in the mitochondria. For healthy cells, the
ratio of GSH to GSSG is greater than 10:1. However, when cells become cancerous, the ratio
of GSH to GSSG decreases [70,71]. Because the majority carriers in N-type PEC are elec-
trons and hence GSSG participating in PEC reaction is more significant. When irradiated,
electron-hole pairs are generated, GSSG recombines with photo-generated electrons, and
photo-generated holes are detected, forming a system of hole currents. As the degree of
canceration becomes more severe, the concentration of GSSG contained in cancer cells in-
creases, and the measured photocurrent also increases [72,73]. On the contrary, the majority
of carriers in the P-type PEC biosensor are holes and hence GSH participates in the PEC
reaction more significantly. After being illuminated, GSH recombines with photo-generated
holes, photo-generated electrons are detected, and a system of electron flow is formed.
The more severe the carcinogenesis of the structure, the smaller the GSH concentration
and also a decrease of the photocurrent [74,75]. As shown in Figure 9 the photocurrent
decreased with the increase of suspended cell density, which indicated that more GSH was
involved in the PEC process. From Figure 10, it can be known that different cells have
different amounts of change, there is a highly linear relationship between the photocurrent
change and the number of cells, and the linear regression of the three cell types is as high as
99%. The slopes corresponding to the three cell lines A549, NCI-H460 and NCI-H520 were
approximately 0.000452, 0.000749 and 0.000174, respectively. By measuring the magnitude
of the photocurrent, we can calculate the regression curve equation, thereby identifying
which cell of the three cells is. In the growth mechanism of Cu2O, as the thickness increases,
the stress or dislocation will increase, resulting in a certain optimal thickness of the material.
Previous studies also shows that the best growth thickness of Cu2O under the environment
and parameters of our growth is 2 µm [76].

Int. J. Mol. Sci. 2022, 23, 4745 11 of 17 
 

 

smaller the GSH concentration and also a decrease of the photocurrent [74,75]. As shown 

in Figure 9 the photocurrent decreased with the increase of suspended cell density, which 

indicated that more GSH was involved in the PEC process. From Figure 10, it can be 

known that different cells have different amounts of change, there is a highly linear 

relationship between the photocurrent change and the number of cells, and the linear 

regression of the three cell types is as high as 99%. The slopes corresponding to the three 

cell lines A549, NCI-H460 and NCI-H520 were approximately 0.000452, 0.000749 and 

0.000174, respectively. By measuring the magnitude of the photocurrent, we can calculate 

the regression curve equation, thereby identifying which cell of the three cells is. In the 

growth mechanism of Cu2O, as the thickness increases, the stress or dislocation will 

increase, resulting in a certain optimal thickness of the material. Previous studies also 

shows that the best growth thickness of Cu2O under the environment and parameters of 

our growth is 2 μm [76]. 

 

Figure 9. P. (a) Photocurrent responses of A549 under different cell numbers, (b) Photocurrent 

responses of NCI-H460 under different cell numbers and (c) Photocurrent responses of NCI-H520 

under different cell numbers. 

Figure 9. P. (a) Photocurrent responses of A549 under different cell numbers, (b) Photocurrent
responses of NCI-H460 under different cell numbers and (c) Photocurrent responses of NCI-H520
under different cell numbers.

180



Int. J. Mol. Sci. 2022, 23, 4745Int. J. Mol. Sci. 2022, 23, 4745 12 of 17 
 

 

 

Figure 10. Linear relationship between photocurrent changes and cell number in three lung cancer 

cell lines on biosensing chips. 

4. Discussion 

When the MoS2 film has a single-layer structure, the A1g signal is stronger than that 

of a multilayer film. If the MoS2 film has a multilayer structure, the E12g signal is stronger 

than that of a single-layer film. The PL signal of MoS2 also decreases as the number of 

layers increases. Therefore, we can observe the contrast of the image by selecting the PL 

mapping images of 625 and 675 nm, corresponding to the color bar value. Single- and 

multi-layer MoS2 film signals are found in the selected 625-band image compared with 

much fewer signals in the 675-band image. When we grow the MoS2 film, single- and 

multi-layer structures form. In the selection of images for mapping, more multi-layer 

MoS2 films are covered. The PL measurement results in this study use a 532 nm laser as 

the excitation light source to measure the PL of a single-layer MoS2 film. The measurement 

results show that a strong signal is generated at the wavelength of 667 nm, and the energy 

is 1.84 eV after conversion. It is the energy gap of single-layer MoS2. However, from Gang 

Li et al., the energy band alignment of bulk MoS2 and single layer MoS2 was observed at 

1.4 eV and 1.78 eV, respectively [29]. From our study, the single layer MoS2 was observed 

at 1.84 eV, close to the previous observations. The future scope of this project can be split 

into two aspects. First, after the two materials are combined, by using them as electric 

double-layer transistors their electrical properties can be tested. After confirming the 

positive state of the oxide trap. We can also try to bombard the element with high-energy 

particles to explore its characteristic influence and figure out if it affects the transformation 

of the mechanism. If the result of the electron beam bombardment affects the element and 

causes the characteristics to change, it can be checked again whether the electrical 

property changes from the positive oxide trap state to the negative interface trap state. 

Second, CVD can be performed to grow MoS2 in the 2H phase. MoS2 has three crystal 

structures: 2H (semiconductor characteristics), 1T (metallic characteristics), and 3R 

(semiconductor characteristics). The intensity difference can be detected in the PL 

mapping and electrostatic force microscope (EFM) images of 2H-MoS2 and 1T-MoS2. The 

future scope of this study is to collect a large amount of data to build a large-scale database 

by measuring the cell impedance and photocurrent in the patient’s pleural effusion. After 

analyzing the data through Artificial Intelligence (AI), a human-machine display interface 

will be designed which provides the types of cancer cells defined by the system, assisting 

Figure 10. Linear relationship between photocurrent changes and cell number in three lung cancer
cell lines on biosensing chips.

4. Discussion

When the MoS2 film has a single-layer structure, the A1g signal is stronger than that
of a multilayer film. If the MoS2 film has a multilayer structure, the E12g signal is stronger
than that of a single-layer film. The PL signal of MoS2 also decreases as the number of
layers increases. Therefore, we can observe the contrast of the image by selecting the PL
mapping images of 625 and 675 nm, corresponding to the color bar value. Single- and
multi-layer MoS2 film signals are found in the selected 625-band image compared with
much fewer signals in the 675-band image. When we grow the MoS2 film, single- and
multi-layer structures form. In the selection of images for mapping, more multi-layer MoS2
films are covered. The PL measurement results in this study use a 532 nm laser as the
excitation light source to measure the PL of a single-layer MoS2 film. The measurement
results show that a strong signal is generated at the wavelength of 667 nm, and the energy
is 1.84 eV after conversion. It is the energy gap of single-layer MoS2. However, from Gang
Li et al., the energy band alignment of bulk MoS2 and single layer MoS2 was observed at
1.4 eV and 1.78 eV, respectively [29]. From our study, the single layer MoS2 was observed
at 1.84 eV, close to the previous observations. The future scope of this project can be split
into two aspects. First, after the two materials are combined, by using them as electric
double-layer transistors their electrical properties can be tested. After confirming the
positive state of the oxide trap. We can also try to bombard the element with high-energy
particles to explore its characteristic influence and figure out if it affects the transformation
of the mechanism. If the result of the electron beam bombardment affects the element and
causes the characteristics to change, it can be checked again whether the electrical property
changes from the positive oxide trap state to the negative interface trap state. Second,
CVD can be performed to grow MoS2 in the 2H phase. MoS2 has three crystal structures:
2H (semiconductor characteristics), 1T (metallic characteristics), and 3R (semiconductor
characteristics). The intensity difference can be detected in the PL mapping and electrostatic
force microscope (EFM) images of 2H-MoS2 and 1T-MoS2. The future scope of this study
is to collect a large amount of data to build a large-scale database by measuring the cell
impedance and photocurrent in the patient’s pleural effusion. After analyzing the data
through Artificial Intelligence (AI), a human-machine display interface will be designed
which provides the types of cancer cells defined by the system, assisting physicians to
determine the patient’s cancer status and provide appropriate treatment methods.
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5. Conclusions

In this study, an electrochemical method was used to grow a Cu2O film with a uni-
form and superior crystal lattice. The micro-roughened surface structure of Cu2O was
polished by grinding. Then, CVD-grown single crystal MoS2 was transferred to the Cu2O
film. OM, SHG, SEM, Raman, and PL mapping measurements were used to analyze the
combination of the two materials. Electrochemical methods were successfully used to
achieve relatively good electrical properties. TEM showed that Cu2O is a single crystal
structure, and SEM revealed that the surface should be processed by subsequent grinding
methods. After grinding and polishing were performed, AFM and SEM were used to
obtain the experimental results. MoS2 structure was grown through CVD, and E12g and
A1g peaks were obtained via Raman analysis. The main luminescence peak at 667 nm was
determined through PL analysis. The single layer of MoS2 was transferred to the polished
Cu2O surface, which was confirmed by SEM and SHG results. Raman and PL mapping
image analysis on MoS2/Cu2O indicated that the grown MoS2 had a uniform film. The
combined structure was measured through PL measurement to verify that the band range
covered 625–900 nm. A micro signal was found at the 627 nm wavelength. It belonged to
the B2 excitons of MoS2 and tended to increase gradually as it approached 670 nm. The
Cu2O film was too thick, whereas the thickness of the single-layer MoS2 film was only
0.7 nm. As such, the two heterostructure materials combined in the wavelength range of
670–700 nm. The strong signal of the Cu2O film itself led to a red shift in the entire signal.
This study also successfully fabricated a low-cost PEC biosensor that is highly sensitive
to lung cancer cells which is a rapid way to detect lung cancer cell types in hydroplegia.
The photocurrent response is measured using the MoS2/Cu2O biochip material grown by
electrochemical deposition. As the number of cancer cells measured increases, the content
of oxidized GSSG also increases, and the measured photocurrent decreases accordingly. It
is also possible to use dielectrophoresis to gather cancer cells to form a pearl string, measure
unlabeled cancer cells, and use the slope of the admittance value to shape lung cancer cells.
The linear regression curve is compared with the admittance value and the photocurrent
measurement value to distinguish the types of cancer cells in the pleural effusion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23094745/s1.

Author Contributions: Conceptualization, V.E.F., S.-W.F. and. S.B.A.; methodology, S.-W.F., Y.-M.T.,
Y.-C.H. and Y.-S.L.; software, S.-W.F., V.E.F. and Y.-S.L.; validation, S.B.A., S.-W.F. and H.-C.W.; formal
analysis, S.-W.F., Y.-M.T. and Y.-S.L.; investigation, Y.-S.L., Y.-H.W. and A.M.; resources, S.-W.F.,
Y.-M.T., Y.-C.H. and Y.-H.W.; data curation, S.B.A.; writing—original draft preparation, S.B.A., A.M.
and Y.-H.W.; writing—review and editing, A.M. and H.-C.W.; supervision, S.-W.F., V.E.F. and H.-C.W.;
and project administration, H.-C.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Ministry of Science and Technology, The Republic of
China under the grants MOST 105-2923-E-194-003 MY3, 108-2823-8-194-002, 109-2622-8-194-001-TE1,
and 109-2622-8-194-007. This work was financially/partially supported by the Advanced Institute
of Manufacturing with High-tech Innovations (AIM-HI) and the Center for Innovative Research on
Aging Society (CIRAS) from The Featured Areas Research Center Program within the framework
of the Higher Education Sprout Project by the Ministry of Education (MOE) and Kaohsiung Armed
Forces General Hospital research project 108-016 in Taiwan.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors declare no conflict of interest.

182



Int. J. Mol. Sci. 2022, 23, 4745

References
1. Geim, A.K.; Novoselov, K.S. The rise of graphene. In Nanoscience and Technology: A Collection of Reviews from Nature Journals; World

Scientific: Singapore, 2010; pp. 11–19.
2. Sarma, S.D.; Adam, S.; Hwang, E.H.; Rossi, E. Electronic transport in two-dimensional graphene. Rev. Mod. Phys. 2011, 83, 407.

[CrossRef]
3. Lin, X.; Su, L.; Si, Z.; Zhang, Y.; Bournel, A.; Zhang, Y.; Klein, J.-O.; Fert, A.; Zhao, W. Gate-Driven Pure Spin Current in Graphene.

Phys. Rev. Appl. 2017, 8, 034006. [CrossRef]
4. Wu, C.; Zhang, J.; Tong, X.; Yu, P.; Xu, J.; Wu, J.; Wang, Z.M.; Lou, J.; Chueh, Y.-L. A critical review on enhancement of

photocatalytic hydrogen production by molybdenum disulfide: From growth to interfacial activities. Small 2019, 15, 1900578.
[CrossRef] [PubMed]

5. Yang, D.; Wang, H.; Luo, S.; Wang, C.; Zhang, S.; Guo, S. Paper-Cut Flexible Multifunctional Electronics Using MoS2 Nanosheet.
Nanomaterials 2019, 9, 922. [CrossRef] [PubMed]

6. Zhang, Y.; Wan, Q.; Yang, N. Recent Advances of Porous Graphene: Synthesis, Functionalization, and Electrochemical Applica-
tions. Small 2019, 15, e1903780. [CrossRef] [PubMed]

7. Choi, M.S.; Lee, G.-H.; Yu, Y.-J.; Lee, D.-Y.; Lee, S.H.; Kim, P.; Hone, J.; Yoo, W.J. Controlled charge trapping by molybdenum
disulphide and graphene in ultrathin heterostructured memory devices. Nat. Commun. 2013, 4, 1624. [CrossRef] [PubMed]

8. Han, T.; Liu, H.; Wang, S.; Chen, S.; Xie, H.; Yang, K. Probing the Field-Effect Transistor with Monolayer MoS2 Prepared by
APCVD. Nanomaterials 2019, 9, 1209. [CrossRef] [PubMed]

9. Lee, C.-H.; Lee, G.-H.; van der Zande, A.M.; Chen, W.; Li, Y.; Han, M.; Cui, X.; Arefe, G.; Nuckolls, C.; Heinz, T.F.; et al. Atomically
thin p–n junctions with van der Waals heterointerfaces. Nat. Nanotechnol. 2014, 9, 676–681. [CrossRef]

10. Lu, G.Z.; Wu, M.-J.; Lin, T.-N.; Chang, C.-Y.; Lin, W.-L.; Chen, Y.T.; Hou, C.-F.; Cheng, H.-J.; Lin, T.-Y.; Shen, J.-L.; et al. Electrically
Pumped White-Light-Emitting Diodes Based on Histidine-Doped MoS2 Quantum Dots. Small 2019, 15, 1901908. [CrossRef]

11. Park, Y.J.; Sharma, B.K.; Shinde, S.M.; Kim, M.-S.; Jang, B.; Kim, J.-H.; Ahn, J.-H. All MoS2-Based Large Area, Skin-Attachable
Active-Matrix Tactile Sensor. ACS Nano 2019, 13, 3023–3030. [CrossRef]

12. Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147–150.
[CrossRef]

13. Roh, J.; Ryu, J.H.; Baek, G.W.; Jung, H.; Seo, S.G.; An, K.; Jeong, B.G.; Lee, D.C.; Hong, B.H.; Bae, W.K.; et al. Threshold Voltage
Control of Multilayered MoS2 Field-Effect Transistors via Octadecyltrichlorosilane and their Applications to Active Matrixed
Quantum Dot Displays Driven by Enhancement-Mode Logic Gates. Small 2019, 15, 1803852. [CrossRef] [PubMed]

14. Zhao, J.; Li, N.; Yu, H.; Wei, Z.; Liao, M.; Chen, P.; Wang, S.; Shi, D.; Sun, Q.; Zhang, G. Highly Sensitive MoS2 Humidity Sensors
Array for Noncontact Sensation. Adv. Mater. 2017, 29. [CrossRef] [PubMed]

15. Zhang, P.; Yang, S.; Pineda-Gómez, R.; Ibarlucea, B.; Ma, J.; Lohe, M.R.; Akbar, T.F.; Baraban, L.; Cuniberti, G.; Feng, X.; et al.
Electrochemically Exfoliated High-Quality 2H-MoS2 for Multiflake Thin Film Flexible Biosensors. Small 2019, 15, 1901265.
[CrossRef]

16. Yang, K.; Liu, H.; Wang, S.; Li, W.; Han, T. A Horizontal-Gate Monolayer MoS2 Transistor Based on Image Force Barrier Reduction.
Nanomaterials 2019, 9, 1245. [CrossRef] [PubMed]

17. Yadav, V.; Roy, S.; Singh, P.; Khan, Z.; Jaiswal, A. 2D MoS2-based nanomaterials for therapeutic, bioimaging, and biosensing
applications. Small 2019, 15, 1803706. [CrossRef] [PubMed]

18. Shin, M.; Yoon, J.; Yi, C.; Lee, T.; Choi, J.-W. Flexible HIV-1 Biosensor Based on the Au/MoS2 Nanoparticles/Au Nanolayer on the
PET Substrate. Nanomaterials 2019, 9, 1076. [CrossRef] [PubMed]

19. Sarkar, D.; Liu, W.; Xie, X.; Anselmo, A.C.; Mitragotri, S.; Banerjee, K. MoS2 Field-Effect Transistor for Next-Generation Label-Free
Biosensors. ACS Nano 2014, 8, 3992–4003. [CrossRef]

20. Jia, X.; Huang, J.; Li, Y.; Yang, J.; Song, H. Monodisperse Cu nanoparticles @ MoS2 nanosheets as a lubricant additive for improved
tribological properties. Appl. Surf. Sci. 2019, 494, 430–439. [CrossRef]

21. Zhao, Y.-F.; Yang, Z.-Y.; Zhang, Y.-X.; Jing, L.; Guo, X.; Ke, Z.; Hu, P.; Wang, G.; Yan, Y.-M.; Sun, K.-N. Cu2O Decorated
with Cocatalyst MoS2 for Solar Hydrogen Production with Enhanced Efficiency under Visible Light. J. Phys. Chem. C 2014,
118, 14238–14245. [CrossRef]

22. Paracchino, A.; Laporte, V.; Sivula, K.; Grätzel, M.; Thimsen, E. Highly active oxide photocathode for photoelectrochemical water
reduction. Nat. Mater. 2011, 10, 456–461. [CrossRef]

23. Mahmoud, M.A.; Qian, W.; El-Sayed, M.A. Following Charge Separation on the Nanoscale in Cu2O–Au Nanoframe Hollow
Nanoparticles. Nano Lett. 2011, 11, 3285–3289. [CrossRef]

24. Radi, A.; Pradhan, D.; Sohn, Y.; Leung, K.T. Nanoscale shape and size control of cubic, cuboctahedral, and octahedral Cu−Cu2O
core−shell nanoparticles on Si (100) by one-step, templateless, capping-agent-free electrodeposition. ACS Nano 2010, 4, 1553–1560.
[CrossRef]

25. De Jongh, P.E.; Vanmaekelbergh, D.; Kelly, J.J. Photoelectrochemistry of Electrodeposited Cu2O. J. Electrochem. Soc. 2000,
147, 486–489. [CrossRef]

26. Li, Z.; Ezhilarasu, G.; Chatzakis, I.; Dhall, R.; Chen, C.-C.; Cronin, S.B. Indirect Band Gap Emission by Hot Electron Injection in
Metal/MoS2 and Metal/WSe2 Heterojunctions. Nano Lett. 2015, 15, 3977–3982. [CrossRef]

183



Int. J. Mol. Sci. 2022, 23, 4745

27. Zhao, X.; Li, Y.; Guo, Y.; Chen, Y.; Su, Z.; Zhang, P. Coral-like MoS2/Cu2O porous nanohybrid with dual-electrocatalyst
performances. Adv. Mater. Interfaces 2016, 3, 1600658. [CrossRef]

28. Mukundan, A.; Tsao, Y.-M.; Artemkina, S.B.; Fedorov, V.E.; Wang, H.-C. Growth Mechanism of Periodic-Structured MoS2 by
Transmission Electron Microscopy. Nanomaterials 2021, 12, 135. [CrossRef]

29. Fang, L.; Wang, F.; Chen, Z.; Qiu, Y.; Zhai, T.; Hu, M.; Zhang, C.; Huang, K. Flower-like MoS2 decorated with Cu2O nanoparticles
for non-enzymatic amperometric sensing of glucose. Talanta 2017, 167, 593–599. [CrossRef]

30. Li, G.; Zhang, W.; Hou, J.; Li, T.; Li, P.; Wang, Y.; Liu, J.; Wang, K. Enhanced visible light photochemical activity and stability of
MoS2/Cu2O nanocomposites by tunable heterojunction. Mater. Today Commun. 2020, 23, 100933. [CrossRef]

31. Koyun, O.; Sahin, Y. Voltammetric determination of nitrite with gold nanoparticles/poly (methylene blue)-modified pencil
graphite electrode: Application in food and water samples. Ionics 2018, 24, 3187–3197. [CrossRef]

32. Amini, N.; Gholivand, M.B.; Shamsipur, M.; Movahedi, A.A.M.; Farahi, S.; Habibi-Rezaei, M.; Maleki, A.; Rezaee, M.; Naderi, K.
Fabrication of a glycation induced amyloid nanofibril and polyalizarin yellow R nanobiocomposite: Application for electrocat-
alytic determination of hydrogen peroxide. Int. J. Biol. Macromol. 2018, 123, 1297–1304. [CrossRef] [PubMed]

33. Agrisuelas, J.; González-Sánchez, M.-I.; Gómez-Monedero, B.; Valero, E. A Comparative Study of Poly(Azure A) Film-Modified
Disposable Electrodes for Electrocatalytic Oxidation of H2O2: Effect of Doping Anion. Polymers 2018, 10, 48. [CrossRef] [PubMed]

34. Liu, Y.; Song, N.; Ma, Z.; Zhou, K.; Gan, Z.; Gao, Y.; Tang, S.; Chen, C. Synthesis of a poly (N-methylthionine)/reduced graphene
oxide nanocomposite for the detection of hydroquinone. Mater. Chem. Phys. 2019, 223, 548–556. [CrossRef]

35. da Silva, W.; Ghica, M.E.; Brett, C.M. Novel nanocomposite film modified electrode based on poly (brilliant cresyl blue)-deep
eutectic solvent/carbon nanotubes and its biosensing applications. Electrochim. Acta 2019, 317, 766–777. [CrossRef]

36. Shamspur, T.; Biniaz, Z.; Mostafavi, A.; Torkzadeh-Mahani, M.; Mohamadi, M. An Electrochemical Immunosensor Based
on Poly(Thionine)-Modified Carbon Paste Electrode for the Determination of Prostate Specific Antigen. IEEE Sens. J. 2018,
18, 4861–4868. [CrossRef]

37. Ali, S.; Gupta, A.; Shafiei, M.; Langford, S. Recent Advances in Perylene Diimide-Based Active Materials in Electrical Mode Gas
Sensing. Chemosensors 2021, 9, 30. [CrossRef]

38. Kozitsina, A.N.; Svalova, T.S.; Malysheva, N.N.; Okhokhonin, A.V.; Vidrevich, M.B.; Brainina, K.Z. Sensors Based on Bio and
Biomimetic Receptors in Medical Diagnostic, Environment, and Food Analysis. Biosensors 2018, 8, 35. [CrossRef]

39. Feng, T.; Chen, X.; Qiao, X.; Sun, Z.; Wang, H.; Qi, Y.; Hong, C. Graphene oxide supported rhombic dodecahedral Cu2O
nanocrystals for the detection of carcinoembryonic antigen. Anal. Biochem. 2015, 494, 101–107. [CrossRef]

40. Ma, H.; Li, Y.; Wang, Y.; Hu, L.; Zhang, Y.; Fan, D.; Yan, T.; Wei, Q. Cubic Cu2O nanoframes with a unique edge-truncated
structure and a good electrocatalytic activity for immunosensor application. Biosens. Bioelectron. 2016, 78, 167–173. [CrossRef]

41. Park, J.C.; Kim, J.; Kwon, H.; Song, H. Gram-Scale Synthesis of Cu2O Nanocubes and Subsequent Oxidation to CuO Hollow
Nanostructures for Lithium-Ion Battery Anode Materials. Adv. Mater. 2009, 21, 803–807. [CrossRef]

42. Wang, H.; Zhang, Y.; Wang, Y.; Ma, H.; Du, B.; Wei, Q. Facile synthesis of cuprous oxide nanowires decorated graphene oxide
nanosheets nanocomposites and its application in label-free electrochemical immunosensor. Biosens. Bioelectron. 2017, 87, 745–751.
[CrossRef]

43. Su, S.; Sun, H.; Cao, W.; Chao, J.; Peng, H.; Zuo, X.; Yuwen, L.; Fan, C.; Wang, L. Dual-Target Electrochemical Biosensing Based on
DNA Structural Switching on Gold Nanoparticle-Decorated MoS2 Nanosheets. ACS Appl. Mater. Interfaces 2016, 8, 6826–6833.
[CrossRef]

44. Su, S.; Zou, M.; Zhao, H.; Yuan, C.; Xu, Y.; Zhang, C.; Wang, L.; Fan, C.; Wang, L. Shape-controlled gold nanoparticles supported
on MoS2 nanosheets: Synergistic effect of thionine and MoS2 and their application for electrochemical label-free immunosensing.
Nanoscale 2015, 7, 19129–19135. [CrossRef]

45. Wang, X.; Shen, L.; Deng, W.; Yan, M.; Liu, H.; Ge, S.; Yu, J.; Song, X. A sensitive electrochemiluminescent immunosensor based
on 3D-flower-like MoS2 microspheres and using AuPt nanoparticles for signal amplification. RSC Adv. 2016, 6, 23411–23419.
[CrossRef]

46. Wu, I.-C.; Weng, Y.-H.; Lu, M.-Y.; Jen, C.-P.; Fedorov, V.E.; Chen, W.C.; Wu, M.T.; Kuo, C.-T.; Wang, H.-C. Nano-structure
ZnO/Cu2O photoelectrochemical and self-powered biosensor for esophageal cancer cell detection. Opt. Express 2017,
25, 7689–7706. [CrossRef]

47. Chen, Y.-S.; Liao, C.-H.; Chueh, Y.-L.; Lai, C.-C.; Chen, L.-Y.; Chu, A.-K.; Kuo, C.-T.; Wang, H.-C. High performance Cu2O/ZnO
core-shell nanorod arrays synthesized using a nanoimprint GaN template by the hydrothermal growth technique. Opt. Mater.
Express 2014, 4, 1473–1486. [CrossRef]

48. Zhao, Y.; Luo, X.; Li, H.; Zhang, J. Interlayer breathing and shear modes in few-trilayer MoS2 and WSe2. Nano Lett. 2013,
13, 1007–1015. [CrossRef]

49. Li, H.; Wu, J.; Yin, Z.; Zhang, H. Preparation and Applications of Mechanically Exfoliated Single-Layer and Multilayer MoS2 and
WSe2 Nanosheets. Acc. Chem. Res. 2014, 47, 1067–1075. [CrossRef]

50. Li, H.; Lu, G.; Yin, Z.; He, Q.; Li, H.; Zhang, Q.; Zhang, H. Optical identification of single-and few-layer MoS2 sheets. Small 2012,
8, 682–686. [CrossRef]

51. Li, K.-C.; Lu, M.-Y.; Nguyen, H.T.; Feng, S.-W.; Artemkina, S.B.; Fedorov, V.E.; Wang, H.-C. Intelligent Identification of MoS2
Nanostructures with Hyperspectral Imaging by 3D-CNN. Nanomaterials 2020, 10, 1161. [CrossRef]

184



Int. J. Mol. Sci. 2022, 23, 4745

52. Wang, Q.; Lei, Y.; Wang, Y.; Liu, Y.; Song, C.; Zeng, J.; Song, Y.; Duan, X.; Wang, D.; Li, Y. Atomic-scale engineering of chemical-
vapor-deposition-grown 2D transition metal dichalcogenides for electrocatalysis. Energy Environ. Sci. 2020, 13, 1593–1616.
[CrossRef]

53. Cai, Z.; Liu, B.; Zou, X.; Cheng, H.-M. Chemical Vapor Deposition Growth and Applications of Two-Dimensional Materials and
Their Heterostructures. Chem. Rev. 2018, 118, 6091–6133. [CrossRef] [PubMed]

54. Jeon, J.; Jang, S.K.; Jeon, S.M.; Yoo, G.; Jang, Y.H.; Park, J.-H.; Lee, S. Layer-controlled CVD growth of large-area two-dimensional
MoS2 films. Nanoscale 2014, 7, 1688–1695. [CrossRef] [PubMed]

55. Lee, Y.-H.; Zhang, X.-Q.; Zhang, W.; Chang, M.-T.; Lin, C.-T.; Chang, K.-D.; Yu, Y.-C.; Wang, J.T.-W.; Chang, C.-S.; Li, L.-J.; et al.
Synthesis of Large-Area MoS2 Atomic Layers with Chemical Vapor Deposition. Adv. Mater. 2012, 24, 2320–2325. [CrossRef]

56. van der Zande, A.M.; Huang, P.Y.; Chenet, D.A.; Berkelbach, T.C.; You, Y.; Lee, G.-H.; Heinz, T.F.; Reichman, D.R.; Muller, D.A.;
Hone, J.C. Grains and grain boundaries in highly crystalline monolayer molybdenum disulphide. Nat. Mater. 2013, 12, 554–561.
[CrossRef]

57. Najmaei, S.; Liu, Z.; Zhou, W.; Zou, X.; Shi, G.; Lei, S.; Yakobson, B.I.; Idrobo, J.C.; Ajayan, P.M.; Lou, J. Vapour phase growth and
grain boundary structure of molybdenum disulphide atomic layers. Nat. Mater. 2013, 12, 754–759. [CrossRef]

58. Hyun, C.-M.; Choi, J.-H.; Lee, S.W.; Park, J.H.; Lee, K.-T.; Ahn, J.-H. Synthesis mechanism of MoS2 layered crystals by chemical
vapor deposition using MoO3 and sulfur powders. J. Alloy. Compd. 2018, 765, 380–384. [CrossRef]

59. Liu, H.; Bin Yang, R.; Yang, W.; Jin, Y.; Lee, C.J. Atomic layer deposition and post-growth thermal annealing of ultrathin MoO3
layers on silicon substrates: Formation of surface nanostructures. Appl. Surf. Sci. 2018, 439, 583–588. [CrossRef]

60. Pondick, J.V.; Woods, J.M.; Xing, J.; Zhou, Y.; Cha, J.J. Stepwise sulfurization from MoO3 to MoS2 via chemical vapor deposition.
ACS Appl. Nano Mater. 2018, 1, 5655–5661. [CrossRef]

61. Kim, H.; Ovchinnikov, D.; Deiana, D.; Unuchek, D.; Kis, A. Suppressing Nucleation in Metal–Organic Chemical Vapor Deposition
of MoS2 Monolayers by Alkali Metal Halides. Nano Lett. 2017, 17, 5056–5063. [CrossRef]

62. Zhou, D.; Shu, H.; Hu, C.; Jiang, L.; Liang, P.; Chen, X. Unveiling the Growth Mechanism of MoS2 with Chemical Vapor
Deposition: From Two-Dimensional Planar Nucleation to Self-Seeding Nucleation. Cryst. Growth Des. 2018, 18, 1012–1019.
[CrossRef]

63. KaiáLee, M. Large-area few-layered graphene film determination by multispectral imaging microscopy. Nanoscale 2015,
7, 9033–9039.

64. Lu, M.-Y.; Wu, S.-C.; Wang, H.-C. Time-evolution of the electrical characteristics of MoS2 field-effect transistors after electron
beam irradiation. Phys. Chem. Chem. Phys. 2018, 20, 9038–9044. [CrossRef]

65. Hsieh, Y.-P.; Wang, Y.-W.; Ting, C.-C.; Wang, H.-C.; Chen, K.-Y.; Yang, C.-C. Effect of Catalyst Morphology on the Quality of CVD
Grown Graphene. J. Nanomater. 2013, 2013, 6. [CrossRef]

66. Park, B.; Lee, D.; Kim, H.-S.; Cho, Y.; Park, S.; Kim, C.; Lee, T.; Woo, D.H.; Kim, J.H. Synergetic enhancement in optical nonlinearity
of Au nanoparticle decorated MoS2 via interaction between excitonic and surface plasmon resonances. Appl. Surf. Sci. 2020,
532, 147486. [CrossRef]

67. Zhang, G.; Zhang, Z.; Xia, D.; Qu, Y.; Wang, W. Solar driven self−sustainable photoelectrochemical bacteria inactivation in
scale−up reactor utilizing large−scale fabricable Ti/MoS2/MoOx photoanode. J. Hazard. Mater. 2020, 392, 122292. [CrossRef]

68. Yuan, Y.; Wang, W.; Shi, Y.; Song, L.; Ma, C.; Hu, Y. The influence of highly dispersed Cu2O-anchored MoS2 hybrids on reducing
smoke toxicity and fire hazards for rigid polyurethane foam. J. Hazard. Mater. 2019, 382, 121028. [CrossRef]

69. Lu, C.; Xuan, H.; Zhou, Y.; Xu, X.; Zhao, Q.; Bai, J. Saturable and reverse saturable absorption in molybdenum disulfide dispersion
and film by defect engineering. Photonics Res. 2020, 8, 1512. [CrossRef]

70. Hao, X.-Y.; Bergh, J.; Brodin, O.; Heltman, U.; Mannervik, B. Acquired resistance to cisplatin and doxorubicin in a small cell
lung cancer cell line is correlated to elevated expression of glutathione-linked detoxification enzymes. Carcinogenesis 1994,
15,1167–1173. [CrossRef]

71. Hammond, C.L.; Lee, T.K.; Ballatori, N. Novel roles for glutathione in gene expression, cell death, and membrane transport of
organic solutes. J. Hepatol. 2001, 34, 946–954. [CrossRef]

72. Kang, Z.; Yan, X.; Wang, Y.; Bai, Z.; Liu, Y.; Zhang, Z.; Lin, P.; Zhang, X.; Yuan, H.; Zhang, X.; et al. Electronic Structure
Engineering of Cu2O Film/ZnO Nanorods Array All-Oxide p-n Heterostructure for Enhanced Photoelectrochemical Property
and Self-powered Biosensing Application. Sci. Rep. 2015, 5, srep07882. [CrossRef] [PubMed]

73. Tang, J.; Kong, B.; Wang, Y.; Xu, M.; Wang, Y.; Wu, H.; Zheng, G. Photoelectrochemical detection of glutathione by IrO2–Hemin–
TiO2 nanowire arrays. Nano Lett. 2013, 13, 5350–5354. [CrossRef]

74. Zang, Y.; Ju, Y.; Jiang, J.; Xu, Q.; Chu, M.; Xue, H. Cu2+-Modulated in situ growth of quantum dots for split-type photoelectro-
chemical immunoassay of prostate-specific antigen. Anal. 2019, 144, 4661–4666. [CrossRef]

75. Zhu, Y.; Xu, Z.; Yan, K.; Zhao, H.; Zhang, J. One-Step Synthesis of CuO–Cu2O Heterojunction by Flame Spray Pyrolysis for
Cathodic Photoelectrochemical Sensing of l-Cysteine. ACS Appl. Mater. Interfaces 2017, 9, 40452–40460. [CrossRef] [PubMed]

76. Tran, M.H.; Cho, J.Y.; Sinha, S.; Gil Gang, M.; Heo, J. Cu2O/ZnO heterojunction thin-film solar cells: The effect of electrodeposition
condition and thickness of Cu2O. Thin Solid Film. 2018, 661, 132–136. [CrossRef]

185





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





Academic Open 
Access Publishing

www.mdpi.com ISBN 978-3-0365-8324-2


	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

