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Preface to ”Biosensing and Bioimaging: Trends and

Perspective”

In recent decades, bioimaging and biosensing have emerged as active research areas that have

attracted a tremendous amount of attention in various fields devoted to the visualization of dynamic

biological processes and to the in-depth understanding of important disease mechanisms, particularly

in precise theranostics and in the effective treatment of intractable diseases, such as cancers. The

development of novel bio-responsive material-based biosensors and intelligent supramolecules, or

nanoscale probes, has facilitated target bioimaging and smart nano-medicine. Substantial interest has

been focused on their versatile roles as excellent biosensing elements and high-resolution contrast

agents for multimodal imaging, on the basis of luminescence, magnetics, plasmonics, and high X-ray

attenuation properties, among others.

This collection of research articles and reviews in this Special Issue aims to highlight the

proceedings in smart biomolecules and nanostructure-based probes for bioimaging and biosensing

applications. The topics include intelligent fluorescent shRNA, DNA assembly, chimeric proteins

and biodegradable materials. These elements allow electrochemical biosensors, microfluidic chips

and multimodal bioimaging systems with high performances to be developed.

We sincerely thank all the editors for the section ”Biosensors and Healthcare”, published in

Biosensors, for their help, and hope that the collection can provide a unique perspective of current

biosensing and bioimaging fields.

Xuemei Wang and Hui Jiang

Editors

vii
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Abstract: The long non-coding RNA (lncRNA) MALAT1 acts as an oncogene. RNA interference
(RNAi) is an effective method to control the expression of specific genes and can be used for the
treatment of tumors, but an effective and safe carrier system is a significant obstacle to gene therapy.
Herein, we explored the possibility of constructing an in situ bio-responsive self-assembled fluores-
cent gold-short hairpin RNA nanocomplex (Au–shRNA NCs) delivery system by co-incubating gold
and MALAT1-shRNA for precise hepatocellular carcinoma (HCC) imaging and treatment. Due to
the characteristics of the cancer microenvironment, Au–shRNA NCs self-assembled in HCC cells
(HepG2) but did not occur in control cells (L02) under the same conditions. The in situ bio-responsive
self-assembled Au–shRNA NCs delivery system can realize cancer cell bioimaging and promote cell
uptake and endosomal escape mechanism, thereby realizing effective transfection. They effectively
silenced target gene MALAT1, and with the downregulation of MALAT1, we found that several
molecules involved in autophagic flux were also regulated. In vitro and tumor-bearing mouse model
experiments demonstrated that the as-prepared fluorescent Au–shRNA NCs can readily realize
tumor bioimaging and effectively silence the target gene MALAT1, and those autophagy-related
pathway molecules were significantly downregulated, thereby exerting a tumor suppressor efficiency.
This raises the possibility of realizing accurate multi-scale bio-imaging from the molecular-level
with targeted gene-recognition to cancer cell imaging as well as in vivo tumor tissue imaging for the
simultaneous precise cancer therapy.

Keywords: bio-responsive fluorescent complexes; shRNA delivery; LncRNA MALAT1; cancer cells
bioimaging; therapeutics; autophagy

1. Introduction

Long noncoding RNAs (lncRNAs) are more than 200 nucleotides in length [1,2] and
participate in numerous physiological and pathophysiological activities such as carcino-
genesis and autophagy [3–5]. Aberrant expression or dysfunction of lncRNAs is closely
associated with various diseases [6–9]. Recently, research findings have illustrated that
lncRNAs may also be involved in remodeling the tumor microenvironment and in tumor
metastasis [10]. Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is one
of the star molecules of lncRNA, which has been determined to participate in various
processes including cell apoptosis and proliferation [11]. As reported in several studies,
MALAT1 serves as a potentially valuable biomarker in cancer diagnosis and progno-
sis [12]. Meta-analyses have shown the association between high MALAT1 level and poor
clinical outcomes [13,14]. In addition, it is reported that MALAT1 is a mutation factor
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associated with the occurrence of hepatocellular carcinoma (HCC) [15]. However, how
MALAT1 can be used to target HCC therapeutically and the underlying mechanism remain
largely unknown.

RNA interference (RNAi) is considered to be a gene silencing phenomenon present
in most eukaryotic cells. RNAi has the potential to treat almost any disease by using
appropriate sequences to silence the expression of virtually any target gene [16]. Small
interfering RNAs (siRNAs) are effector molecules in the process of RNAi [17]. Although the
simplest RNAi method is cytoplasmic delivery via siRNA oligonucleotides, the technology
is restricted to cells suitable for transfection and is mainly used in transient expression
study. An exogenously introduced expressing short hairpin RNA (shRNA) has similar
functions to siRNA and can also exert RNAi effects [18]. The shRNA can be converted into
siRNA in the cell to exert a gene silencing effect and achieve long-term knockdown of the
targeted gene. In addition, shRNA is being rapidly developed into a new avenue for gene
function analysis and a new treatment modality. However, this approach faces significant
challenges in achieving tissue specificity and the safe and effective delivery of shRNA.

Several obstacles related to systemic shRNA delivery include clearance by the retic-
uloendothelial system, the complex extracellular matrix and environment around tumor
cells, off-target effects, and poor cellular uptake [19,20]. Given the above, in this study, we
designed in situ bio-self-assembled Au–shRNA nanocomplexes (Au–shRNA NCs), then
examined their ability to silence target gene MALAT1 and their effectiveness in tumor
bioimaging and treatment. Currently, the alarming incidence of chronic hepatitis B virus
and C has led to most HCCs, and these cases have become the third leading cause of
cancer death [21,22]. HCC has been mechanistically explored in some studies, but these
efforts have not improved survival. Thus, it is vital to exploit the molecular mechanisms
that regulate the metastatic behavior of HCC to develop new therapies that target HCC.
More importantly, this approach can also accurately help real-time tumor monitoring and
bioimaging. MALAT1 has unique mechanisms of action in different types of cancer [23],
which acts as an oncogenic lncRNA in HCC and is often highly expressed [24,25]. Au-
tophagy is a conservative lysosome-mediated intracellular catabolic process, which is very
important for cellular homeostasis [26]. Studies have shown that lncRNA plays a crucial
role in the process of autophagy [27]. MALAT1 promotes proliferation and metastasis of
invasive pancreatic cancer through autophagy stimulation [28]. Silencing MALAT1 can
inhibit chemically induced autophagy, while overexpression of MALAT1 can promote
autophagy in gastric cancer [11]. However, whether silencing MALAT1 affects HCC cell
autophagy is unclear.

The bioimaging process is the most direct and effective way for biological structure
and function research. It uses optical or electron microscopes to directly obtain microstruc-
ture images of biological cells and/or tissues, and understands various physiological
processes of biological cells through the analysis of the resulting images [29]. Furthermore,
applying new materials such as nanomaterials makes imaging technology play a more
significant role [30]. At present, the growing trend of bioimaging technology also requires
the advancing direction of molecular imaging technology not only for clinical diagnosis
and treatment, but also for new drug development and basic research of human science.

Herein, we explored a new approach of the systemic shRNA delivery for lncRNA
MALAT1-regulated autophagy via the in situ synthesis of bio-self-assembled Au–shRNA
NCs in HCC cells/or in vivo tissues. Biological imaging techniques such as confocal,
transmission electron microscopy (TEM), and atomic force microscopy (AFM) help us
observe that the ability of the as-prepared fluorescent Au–shRNA NCs to regulate target
gene MALAT1 on autophagy and silence MALAT1, and demonstrate its efficiency for the
real-time imaging and monitoring of tumor treatments. This raises the possibility of the
in vivo utilization of this novel Au–shRNA NC delivery system via RNAi to inhibit HCC
progression and realize effective HCC imaging and therapy.
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2. Materials and Methods

2.1. Cell Culture

In the research, we purchased human hepatocarcinoma cell lines (HepG2, SMMC-
7721) and control cells (human embryonic liver L02) from ATCC (Manassas, VA, USA). L02,
HepG2, and SMMC-7721 cells were cultured with DMEM (4.5 g/L glucose) supplemented
with 1% penicillin/streptomycin and 10% fetal bovine serum (all from Gibco, Australia).
The culture conditions were strictly at 37 ◦C, 5% CO2, and a 95% humidity environment.

2.2. Patients and Specimens

This study was approved by the First Affiliated Hospital, Shihezi University School of
Medicine. From May 2019 to January 2021, a total of 30 tumor tissues and matched normal
adjacent tissues were collected from HCC patients registered to our hospital through
surgical resection. Importantly, all tissues were snap-frozen in liquid nitrogen until further
use. We excluded patients from receiving chemotherapy or radiotherapy preoperatively or
postoperatively. All human samples were obtained with the patients’ written consent. In
Table S1, the clinicopathological characteristics of the HCC patients are listed in detail.

2.3. qRT-PCR

We used TRIzol reagent (Invitrogen, USA) to isolate the total RNA from frozen tissue.
Before further experiments, the purity and concentration of the extracted RNA samples
were quantified using NanoDrop ND-1000 equipment. The steps described in the Hairpin-
it qRT-PCR Kit (GenePharma Co., Shanghai, China) were followed to reverse-transcribe
the total RNA (2 μg) of each sample. Then, the qRT-PCR ran according to the qRT-PCR
Kit instructions, and the CT values were obtained after the end of the reaction. Finally,
the relative changes in gene expression were calculated by the 2−ΔΔCT method. In this
experiment, GAPDH was used as an internal control. The primer sequences were purchased
from Invitrogen (Waltham, MA, USA) and are shown in Table S2. All PCR runs were
performed in triplicate.

2.4. MTT Cytotoxicity Assessment and Cytostatic Test

Initially, deionized water was used to dilute the HAuCl4 (Shanghai Yuanye Bio, China,
CAS:27988-77-8, pH = 7.2) to create solutions with the appropriate concentrations for the
toxicity tests. Briefly, we took the prepared liquid with a concentration of 10 nM HAuCl4,
and then diluted it according to the experimental design. The final concentration gradient
was 0, 0.5, 1, 5, 10, 30, 50, 100, 200, and 500 μM for the experiment. Then, we used trypsin
to digest L02 and HepG2 cells, and 200 μL complete medium containing approximately
4000 cells was placed in 96-well plates. Following this, the experimental arrangement was
incubated with different concentrations of HAuCl4 for 48 h and the experiment proceeded
following instructions in the MTT Kit where the absorbance measurement needs to be
performed at a wavelength of 490 nm. Next, according to the concentration range provided
in the instructions, the best shRNA concentration and silencing effect were determined.
Finally, HepG2 cells in the logarithmic growth phase were seeded in a single cell suspension
in a 96-well plate, and a cytostatic test was carried out for five days. After 24 h of incubation,
complete fresh medium was added to the cells, followed by the addition of HAuCl4 and
shRNA1 successively, and then co-incubated for 0, 1, 2, 3, 4, and 5 days. The concentrations
of shRNA1 and HAuCl4 were 3 ng/μL and 5 μM, respectively. At each time interval
point, we analyzed the absorbance value and drew the cell growth curve. Each experiment
needed to ensure that three biological replicates were used.

2.5. Wound Healing Assay

A 6-well plate to culture cells was used (the number of cells per well is the same),
and when the cell density reached 80–90%, a p200 pipette tip was employed to scrape the
cells. Different groups of cells at 0, 12, 24, and 48 h were processed, and their images were
captured at the same time interval, respectively. Finally, all images were analyzed using
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ImageJ software. In this experiment, the concentrations of shRNA1 and HAuCl4 were
3 ng/μL and 5 μM in the Au–shRNA1 NC group, respectively.

2.6. In Situ Biosynthetic Au–shRNA1 NCs

Adherent HepG2 cells in culture were exposed to HAuCl4 solution at a final concen-
tration of 5 μM. The cells were gently shaken to mix the solution well with the medium.
Then, the cells were put back into the cell incubator. After a few minutes, the cells were
settled, and the shRNA1 plasmid (ViGene Biosciences, China) that silences MALAT1 was
added to the medium for co-incubation. After incubating for at least 24 h, the medium
was first discarded. Next, the cells were washed three times with PBS and trypsinized for
1–2 min. The remaining trypsin solution was removed, and 2 mL PBS was added, and
the sample was centrifuged in a sterile centrifuge at 1500 rpm for 3 min. After that, the
supernatant was removed, and deionized water was added to resuspend the cells. As
previously described [31], the repeated freeze–thaw method was used to prepare the cell
extracts for further characterization.

2.7. Cellular Uptake and Colocalization Studies

HepG2 cells were plated (1 × 106 cells per well) on a laser confocal culture dish, and
the cells were first pretreated with various endocytosis inhibitors for about 1 h, then, gold
salt and shRNA were added sequentially and incubated with the cells for 6 h. The con-
centrations of the inhibitors was as follows: 37 mg/mL methyl-β-cyclodextrin, 10 μg/mL
chlorpromazine, 10 mg/mL rottlerin, 200 μg/mL genistein, and 5 μg/mL filipin III (Sigma-
Aldrich, MO, USA). After 6 h of co-incubation, the HepG2 cells were washed three times
with PBS and fixed with 4% paraformaldehyde for 30 min. The cell nucleus was stained
with DAPI (Beyotime, Shanghai, China). Finally, a confocal microscope was used to image
the sample with 488 nm (Leica, Wetzlar, Germany).

To observe the subcellular localization of Au–shRNA NCs, gold salt and the shRNA
were co-incubated with HepG2 cells at 37 ◦C for 12 h. The specific experimental process was
the same as that above-mentioned. Endosomes and lysosomes were labeled by Lysotracker
Red for 30 min and washed with PBS (three times), followed by nuclei staining with DAPI
for 3 min. The images were obtained by confocal microscopy (Leica, Wetzlar, Germany).

2.8. Transmission Electron Microscopy (TEM)

We first diluted the Au–shRNA1 NC extracts with deionized water, then dropped it
on the copper grid and waited for it to dry naturally. We used TEM (JEM-2100, JEOL Ltd.,
Tokyo, Japan) to characterize the size and distribution confirmation of the in situ formation
of Au–shRNA1 NCs. In addition, we also evaluated the structure of lysosomes and au-
tophagosomes and/or autolysosomes through bio-TEM. Briefly, HepG2 cells were seeded
in 6-well plates and processed according to different groups. After 24 h of incubation,
the cells were collected, the culture medium was discarded, and the electron microscope
fixation solution (glutaraldehyde) was added for fixation. Finally, the cells were observed
under TEM (Hitachi-HT7700, Hitachi High-Tech Corporation, Tokyo, Japan) and collected
for image analysis.

2.9. Atomic Force Microscopy (AFM)

Before adding the sample, the mica flakes (15 mm × 15 mm) were immersed in Mg2+

solution (10 nM MgCl2 solution) for 5 min in advance. Next, the lysis sample (10 μL) with
deionized water was deposited onto freshly cleaved mica to adsorb for 5 min, rinsed gently
with distilled water, and then we waited for a few minutes until the specimen was dry. The
morphology and characteristics of Au–shRNA1 NCs were characterized by AFM (Bruker
Dimension Icon, Bruker, Billerica, MA, USA). The concentrations of shRNA1 and HAuCl4
added to the original extraction solution were 3 ng/μL and 5 μM, respectively.

4
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2.10. Fluorescence Confocal Microscopy

HepG2 cells were seeded on a laser confocal culture dish, processed according to differ-
ent groups, and incubated for 24–48 h. Next, HepG2 cells were fixed (4% paraformaldehyde)
for 30 min, washed with PBS three times, and then permeabilized with 0.3% Triton X-100
for 20 min. Finally, DAPI was added to stain the HepG2 cell nuclei (blue). The images were
obtained by confocal microscopy (Leica, Wetzlar, Germany).

2.11. Western Blot Analysis

Western blotting was performed as described previously [31,32]. Briefly, whole-cell
lysates containing approximately 40 μg of protein were loaded on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Then, the transfer of the PVDF membrane was
carried out by the electrotransfer method. After that, the membranes were incubated with
the antibodies listed in Table S3. According to the experiment, we added the appropriate
secondary antibody and incubated it together, then captured the blots on the Bio-Rad
chemiluminescence imager. We then used ImageJ software for relative protein content
analysis. The experimental internal reference was GAPDH and repeated three times.

2.12. GFP-(Microtubule-Associated Protein 1 Light Chain 3 (LC3)/Lysosomal-Associated
Membrane Protein2 (LAMP2)/p62 Staining

Different groups of cells were processed according to the experimental conditions
and cultured on laser confocal Petri dishes. After incubation with shRNA1 and gold
salt for 24–48 h, HepG2 cells were washed twice with cold 1 × PBS, then placed in the
fixative solution (4% paraformaldehyde) for 30 min in the same method as described
for the fluorescence confocal microscopy and permeabilized for 20 min. Subsequently,
6.5% bovine serum albumin was added to block the cells for 40 min. Anti-LAMP2/green
fluorescent protein-LC3 (GFP-LC3)/p62 antibodies were added for incubation, and then
FITC/tetramethylrhodamine-conjugated secondary antibodies were used for fluorescent
staining. Cells were stained with DAPI to visualize the nuclei, where the green dots indicate
LAMP2 staining, whereas the red dots indicate GFP-LC3/p62 staining. The observed
yellow dots, due to the merger of the red and green channels, represent autophagosomes.
Finally, immunofluorescence was analyzed under a confocal microscope (Leica TCS SPE,
Leica, Wetzlar, Germany). In this experiment, the final concentrations of shRNA1 and
HAuCl4 were 3 ng/μL and 5μM, respectively, and the total volume in the laser confocal
culture dish was 2 mL.

2.13. Orthotopic Tumor Model

We purchased several four-week-old BALB/c athymic nude mice from SPF (Beijing)
Biotechnology Co. Ltd., Beijing, China and established the tumor model to simulate the
natural cancer microenvironment. All animals were kept strictly by the standards and
followed the guidance of the Southeast University Animal Research Ethics Committee to
conduct all experiments involving mice. HepG2 cells (5 × 107) in 100 μL PBS were injected
into the left side of the mouse abdomen using a sterile syringe (1 mL).

When the tumor reached a diameter of about 3 mm, 16 tumor-bearing mice were
randomly subdivided further into four groups, and four different preparations were
injected five times intravenously every three days. Normal saline (control, 100 μL), free
shRNA1 (40 μg), Au NCs (2 mM HAuCl4, 100 μL), and Au–shRNA1 NCs (2 mM HAuCl4,
100 μL; 40 μg shRNA1) were injected into the four groups (n = 4 mice per group). Then,
in vivo fluorescence imaging was performed at 0, 12, 24, and 48 h, and the wavelength
of the excitation filter was 460 nm. The mice were anesthetized with 2% isoflurane gas,
observed with an IVIS Lumina XRMS Series III (Perkin Elmer, Waltham, MA, USA), and
the experimental results were recorded. In addition, the body weight of the mice and tumor
volume needed to be measured and observed every three days. At the end of the treatment
cycle (day 15), all mice were euthanized. The tumor xenografts were harvested and strictly
weighed and the main organs dissected for further analyses. Finally, we detected the
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levels of autophagy-related molecules in different groups of the tumor xenografts by
western blotting.

2.14. Statistical Analysis

In this study, the statistical analysis software used included GraphPad Prism 8.0 and
Origin 8.5. We tested the normality and the variance homogeneity of the data, which
were shown as mean ± standard deviation (SD). All experiments required three biological
replicates. We used the Student’s t-test to compare differences between the means of the
two groups. Two-way analysis of variance was used to make paired observations and
repeat measurements over time. Significance in statistical analysis was defined as p < 0.05.

3. Results and Discussion

3.1. Elevated Expression of MALAT1 Identified in HCC Patients and HCC Cell Lines

In recent years, a cancer-specific data repository called Oncomine [33,34] has been
created and has been of enormous utility for cancer researchers. The MALAT1 expression
in liver cancer was compared with those in normal samples using the Oncomine online
database. The list was obtained using a meta-analysis of Oncomine data (Figure S1a).
The scoring of MALAT1 overexpression in liver cancer samples (hepatocellular adenoma
and HCC, using a set of three studies containing 160 samples) versus normal controls
is shown [35,36]. Lnc2Cancer 3.0 is an updated version of the cancer storage system
that includes investigational support for human cancer-associated lncRNAs and related
data [37]. Lnc2Cancer 3.0 was used to obtain detailed data on MALAT1 in HCC including
box plots, stage plots, and survival plots (Figure S1b–d). The relevant observations for
MALAT1 in HCC demonstrated higher expression levels of MALAT1 in HCC than the
controls (p < 0.01). The MALAT1 expression in HCC tumors and corresponding adjacent
non-cancer tissues (ANCTs) were evaluated by qRT-PCR. The increased expression level of
MALAT1 was observed in HCC samples compared with ANCTs (Figure S1e). Moreover,
we found that MALAT1 expression was significantly higher in HepG2 and SMMC-7721
than in L02 (Figure S1f). Next, we analyzed the relationship between MALAT1 expression
level and disease progression and prognosis in HCC patients (Table S1). In brief, the
above results suggest that MALAT1 might be a high-risk factor for the occurrence and
development of HCC.

3.2. In Situ Self-Assembly of Au–shRNA NCs

Based on the above observations, we investigated the possibility of utilizing the
specific pathological environment of HCC for the in situ bio-self-assembled Au–shRNA
NCs to achieve biological effects (e.g., RNAi) for target cancer theranostics. As we know,
due to different pH values, tumor cells/tissues will spontaneously produce a large amount
of active substances, which causes the tumor microenvironment to be different from
normal tissues [38,39]. The unique characteristics of the tumor microenvironment can be
exploited by in situ imaging due to the presence of relatively high amounts of specific agents
that can act as reducing agents of gold ions for producing fluorescent Au NCs [40–42].
Similar to those of siRNA, the related bases of shRNA are negatively charged [43]. Thus,
positively charged Au(III) salt reduction can readily attach to negatively charged shRNA,
leading to efficient shRNA intracellular transfection to construct fluorescent Au–shRNA
NCs. Meanwhile, we observed that in the unique microenvironment of cancer cells, the
fluorescent Au–shRNA NCs can readily self-assemble to facilitate tumor bioimaging and
treatments, especially when realizing precise RNA silencing effects (Figure 1).

3.3. Characterization of Au–shRNA NC Uptake and Escape

To explore possible uptake mechanisms, in this study, we used different inhibitors that
inhibit specific endocytic pathways. Methyl-β-cyclodextrin (inhibits lipid-raft-mediated
endocytosis), chloropromazine (inhibits clathrin-mediated endocytosis), rottlerin (inhibits
macropinocytosis), genistein (inhibits caveolae-mediated endocytosis pathway), and filipin
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III inhibitors were used in our study. We used laser confocal microscopy to image and ex-
cited at 488 nm (Figure 2a–f). The effect of different inhibitors on the uptake of Au–shRNA
NC by living HepG2 cells was analyzed in detail, as shown in Figure S2. The results demon-
strated that the cells treated with rottlerin significantly reduced the uptake of Au–shRNA
NCs compared to the control group. Second, the cells treated with methyl-β-cyclodextrin,
chloropromazine, and genistein were also reduced to a certain extent compared with
the control. This result suggests that these Au–shRNA NCs are internalized predomi-
nantly via the macropinocytosis pathway. Meanwhile, this also suggests a significant role
of the lipid-raft-mediated pathway in the uptake, and the caveolae-mediated pathway
and clathrin-mediated pathway are also involved in the uptake of Au–shRNA NCs by
HepG2 cells.

Figure 1. Schematic illustration of the in situ bio-self-assembled fluorescent Au–shRNA NCs to
achieve biological effects for cancer imaging and theranostics.

Endosomal escape is another major factor of the intracellular fate of Au–shRNA
NCs after successful cell internalization. Complexes entering the cell via one or more
endocytic pathway become entrapped in the vesicles, the vesicles mature, forming early
endosomes and late endosomes, and eventually end up in the lysosome. The complexes
are effective in achieving endosome escape, otherwise, enzymatic degradation processes
take place [44]. Therefore, endosomal escape is also very important for shRNA delivery.
If these intracellular nanocomplexes cannot escape from the endosome or lysosome, the
Au–shRNA NCs cannot release the encapsulated shRNA into the cytoplasm or nucleus
for tumor therapy. Therefore, we further investigated the intracellular distribution and
colocalization of Au–shRNA NCs and endosomes/lysosomes by confocal microscopy
imaging. Our previous study showed that in situ self-assembly gold nanoclusters in the
presence of miRNA/DNA can generate green fluorescence spontaneously at 488 nm [31,32].
Fluorescent cellular images of shRNA and gold salt treated cells (i.e., after co-incubation
for 12 h) are shown in Figure 2g. Through imaging, it can be seen that most of the bio-self-
assembly Au–shRNA NCs escaped from the endosomes/lysosomes, while the rest were
captured, preventing their accumulation in the cytoplasm, which are shown as yellow dots
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in the image. The position and number of protonable free tertiary amine groups in Au–
shRNA NCs may promote the retention of this small part of the nanocomposite [44]. Taken
together, with the help of confocal imaging, we intuitively observed that the self-assembled
Au–shRNA NC delivery system can successfully realize cellular internalization in targeted
cancer cells, and have better endosomal escape capabilities in HepG2 cells.

Figure 2. Characterization of Au–shRNA NC uptake and escape. Effect of inhibitors on the uptake of Au–shRNA NCs by
live HepG2 cells. When excited at 488 nm, fluorescent confocal images of cells after incubation with Au–shRNA NCs in the
absence (a) and presence of methyl-β-cyclodextrin (b), chloropromazine (c), rottlerin (d), genistein (e), and filipin III (f).
4′,6-Diamino-2-phenylindole (DAPI) was used for nucleic staining. (g) Colocalization between Au–shRNA1 NCs and
endosomes/lysosomes. Green: Au–shRNA1 NCs by 488 nm excitation, Blue: nucleus stained by DAPI; Red: lysosome
stained by Lysotracker Red. Scale bar: 10 μm.

3.4. Effective Silencing of Target Gene MALAT1 via Au–shRNA NCs

To demonstrate the feasibility of the synthesized Au–shRNA NCs to silence MALAT1
in HCCs, we first performed cytotoxicity testing on L02 and HepG2 cells. These results
indicate that gold salt (HAuCl4 solution) has outstanding biocompatibility with HepG2 and
L02 cells. For HepG2 cells, after 48 h of incubation in HAuCl4 with a final concentration
of ≤5 μM, cell viability remained greater than 80% (Figure 3a). Based on these observations,
we further examined the ability of shRNA1 and shRNA2 to silence MALAT1 in HepG2 cells
by incubating the cells with gold salt. According to the instructions, we constructed two
optimized concentrations of shRNA (1.5 ng/μL, 3.0 ng/μL). The most obviously silencing
effect on MALAT1 was at the concentration of shRNA1 (3.0 ng/μL) (Figure 3b). Analysis
of the in situ gold nanotransfection shRNA-mediated inhibition indicated that not only
was the effect in the presence of HAuCl4 notably higher than that without HAuCl4, but
the effect of shRNA1 with HAuCl4 solution was also better than that of shRNA2 with
HAuCl4. In addition, the inhibitory effect at 24 h was obviously lower than that at 48 h
(Figure 3c). Moreover, we examined the ability of shRNA1 and shRNA2 at concentrations of
3.0 ng/μL to silence MALAT1 in HCC cells by the Lipofectamine 3000 Transfection Reagent
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(Invitrogen, USA, Lip 3000) (Figure 3d). Consistent with the above results, shRNA1 was
better than shRNA2 in silencing MALAT1 by Lip 3000. Thus, shRNA1 was selected for
MALAT1 silencing in subsequent experiments at a concentration of 3.0 ng/μL.

Figure 3. Biochemical characteristics of bio-self-assembled Au–shRNA NCs. (a) MTT cell viability and toxicity analysis
of HepG2 and L02 cells with HAuCl4. (b) MTT assay of HepG2 cells with Au–shRNA NCs generated with different
concentrations of shRNA1 and shRNA2 (normalized to unprocessed cells). (c) The inhibitory effects of shRNA1 and
shRNA2 with (green) and without (blue) gold salt in HepG2 cells at 24/48 h treatment. (d) The ability of 3 ng/μL shRNA1
and shRNA2 to silence MALAT1 in HepG2 cells was examined by Lip 3000 transfection. (e) Long-term (5-day) MTT
proliferation analysis of HepG2 cells under different conditions (ANOVA, * p < 0.05). Control group (unprocessed), shRNA1
group (shRNA1, 3 ng/μL), Au NCs group (HAuCl4, 5 μM), and Au–shRNA1 NC group (shRNA1, 3 ng/μL; HAuCl4, 5 μM).
(f,g) The corresponding HepG2 cell scratch-healing experimental analysis and morphological images are also displayed.
** p < 0.01, *** p < 0.001. (h) HepG2 cells treated with shRNA1 with or without gold salt were analyzed by the TUNEL assay.
The red color indicates cell apoptosis, and the blue color indicates HepG2 cell nucleus.
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3.5. Cell Proliferation Inhibition and Apoptosis via Au–shRNA1 NCs

The cell proliferation of the Au–shRNA1 NCs group was significantly lower than
that of the non-treatment and Au NC group in the 5-day MTT assay (Figure 3e). Through
scratch healing experiments, we found that the migration of HepG2 cells with Au–shRNA1
NCs was significantly decreased (Figure 3f,g). Moreover, the percentage of TUNEL positive
nuclei (31.16%) in the Au–shRNA1 NC group was significantly higher than the control
(0.66%) and the Au NC (4.66%) group (p < 0.05; Figure 3h and Figure S3). These observations
demonstrate that the generated bio-responsive self-assembling biosynthetic Au–shRNA1
NCs could enhance apoptosis and retard the migration and proliferation of cancer cells.

3.6. Physicochemical Characteristics of Bio-Self-Assembled Au–shRNA1 NCs

To verify the conformation of Au–shRNA1 NCs, we harvested cytoplasmic extracts
from cells and further characterized them by TEM and AFM. The TEM image clearly shows
the in situ self-assembly Au–shRNA1 NCs in the HepG2 cell extract (Figure 4a,b). When
shRNA1 was added, Au NCs with a diameter of about 2–3 nm were clearly visible. This
is consistent with our previous research results on gold nanoclusters in the presence of
miRNA/DNA [31,32]. Figure 4c–e shows the AFM images of self-assembled biosynthetic
Au–shRNA1 NCs isolated from HepG2 cells that had been incubated with shRNA1 and
gold salt. The height analysis of the scribe part of the AFM diagram shows that the cumula-
tive height of Au–shRNA1 NCs appears to be approximately 2–3 nm, and the above result is
consistent with the TEM characterization. Moreover, HepG2 cells can spontaneously form
fluorescent Au NCs under 488 nm excitation by laser confocal fluorescence microscopy.
The existence of self-assembled Au–shRNA1 NCs was successfully indicated by green
fluorescence inside the cells, and were well dispersed around the nucleoli of the cells,
where DAPI were used to stain the nuclei (Figure 4f). We observed that the intracellular
fluorescence intensity of the Au–shRNA1 NCs culture group was higher than that of the
gold salt-only culture group. This observation suggests that these Au–shRNA1 NCs can
enhance intracellular fluorescence. In contrast, such fluorescent characteristics were not
observed in L02 cells under all experimental conditions (Figure S4).

3.7. Inhibition of Autophagic Flux through Silencing of MALAT1 by Au–shRNA1 NCs

Studies suggest that autophagy is associated with poor clinical prognosis of certain
cancers, and inhibition of autophagy has been shown to reduce cancer growth [11,28,45].
Biological imaging is an important research method to understand the tissue structure
of organisms and clarify various physiological functions of organisms. In the current
study, the bio-TEM image was performed to confirm the formation of autophagosomes
in different groups. The bio-TEM image shows that the whole cell was a long spindle
shape, the edge of the cell membrane was relatively complete, the cell matrix was evenly
distributed, and the organelles were abundant. The noticeable difference was that there
were fewer autophagosomes in the Au–shRNA NC group compared to the other groups
(red arrow). Our findings revealed an obvious decrease in the cytoplasmic structures of
autophagosomes and autolysosomes and lysosomes in HepG2 cells after co-incubation
with gold salt and the shRNA1 (Figure 5a). Compared with the control group and the Au
NC group, the autophagy level of the Au–shRNA1 NC group was reduced. Western blot
image analysis also supports this result (Figure 5b,c). In order to explore the correlation
between MALAT1 silencing and autophagy flux in HepG2 cells, western blot analysis
was performed to detect LC3 to determine the abundance of autophagosomes in the
cytoplasm. LC3 is currently recognized as a marker for autophagy [46]. During the
formation of autophagy, the cytoplasmic LC3 (i.e., LC3-I) will enzymically decompose
a small segment of the membrane and transform it into (autophagosome) membrane
(i.e., LC3-II). The ratio of LC3-II/I can estimate the level of autophagy. p62 can connect LC3
and ubiquitinated substrates, and then be integrated into autophagosomes, and degraded in
autophagolysosomes, so it is used as an indicator of autophagy degradation [47]. Therefore,
it can be considered that the decrease in the ratio of LC3-II/I and the increase in p62
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level during the autophagic flux of organisms indicate autophagy inhibition. LAMP2 is a
lysosomal membrane protein that can be used to monitor autophagosome and lysosome
fusion. Our results showed that compared with the control group and the Au NC group,
the Au–shRNA1 NC group had a significantly lower LC3-II/I level, while the p62 level
was significantly increased.

Figure 4. Physicochemical characteristics of bio-self-assembled Au–shRNA1 NCs. (a) Typical TEM
and (b) a higher magnification TEM image of Au–shRNA1 NCs obtained from HepG2 cells after 48 h
of culture with HAuCl4 (5 μM) and shRNA1 (3 ng/μL). (c) Typical AFM height diagram (left) and
corresponding phase diagram (right) of the isolated Au–shRNA1 NCs. (d) A 3D model diagram
corresponding to (c). (e) Height analysis of the underlined area in (c) (left). (f) Laser confocal
fluorescence images of HepG2 cells cultured with DMEM, the shRNA1, gold salt, or both the shRNA1
and gold salt. After excitement at 488 nm, visualization of biosynthetic fluorescent Au–shRNA1 NCs
in HepG2 cells by fluorescence imaging DAPI was used for nucleic staining. In the above tests, the
concentration of shRNA1 was 3 ng/μL, while that of HAuCl4 was 5 μM.

Interestingly, confocal immunofluorescence imaging of a single tumor cell, as shown
in Figure 5d, co-incubating gold salt and the shRNA1 similarly increased the number of
RFP-LC3 positive dots (red), while decreased the number of LAMP2 positive spots (green).
The number of p62 positive spots increased in shRNA1 and gold salt transfected cells,
while the ratio of p62-LAMP2 pooled (merge) spots/p62 spots decreased compared to other
cells (seen in Figure 5e). In addition, RFP-positive/p62 puncta were partly colocalized
with LAMP2 in HepG2 cells co-incubated with gold salt and the shRNA1. Through bio-
TEM and confocal imaging, the dynamics of autophagy flux and the expression changes
of autophagy molecular markers in tumor cells are tracked to realize complex dynamic
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spatiotemporal analysis. Together, these results demonstrate that silencing of MALAT1 by
Au–shRNA1 NCs inhibits autophagic flux.

Figure 5. Silencing of MALAT1 by Au–shRNA1 NCs inhibits autophagic flux. (a) Bio-TEM images of HepG2 cells
showing the accumulation of autophagosomes with or without gold salt treatment (bars = 0.5 μm). Red arrows indicate
autophagosomes. (b,c) Western blot analysis was used to compare the expression levels of LC3 and p62 in the untreated
control group, shRNA1, Au NC, and Au–shRNA1 NC groups. * p < 0.05, ** p < 0.01 (n = 3–5). (d) Representative images
show RFP-LC3 and LAMP2 expression among different groups of HepG2 cells. Cells were first transfected with RFP-LC3
for 24 h, and then separately incubated with the shRNA1, gold salt, or the shRNA1 and gold salt together for 12 h. DAPI
staining was applied to observe the cell nucleus. Scale bar: 5 μm. The figure shows the quantification of RFP-LC3 (red)
dots. The bottom graph shows the combined point/RFP-LC3 ratio. ** p < 0.01 (n = 3–5). (e) Representative images of p62
and LAMP2 between different groups. The yellow dots in the merged image indicate the co-localization of LAMP2 and
p62. Scale bar: 5 μm. The quantitative analysis of p62 (red) spots/cells and fusion spots/p62 in HepG2 cells is indicated
(bottom). ** p < 0.01 (n = 3–5).
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3.8. Au–shRNA1 NCs for Effective Bioimaging and Theranostics in an Orthotopic Tumor Model

Based on the cell experiments, we speculated that MALAT1-silenced cells had consid-
erably lower pro-tumorigenic functions through reduced autophagy. To better understand
and simulate the therapeutic effect of the synthesized Au–shRNA1 NCs, a xenograft tumor
model was developed for further assessment. We inoculated xenograft tumors by injecting
HepG2 cells and successfully established HCC tumor models (Figure S5a). We randomly
divided the tumor model mice into four groups (i.e., the control, Au NC, shRNA1, and
biosynthesized Au–shRNA1 NC groups), with four mice per group. We first explored
whether self-assembled Au–shRNA1 NCs could be effectively delivered to tumors us-
ing real-time fluorescence imaging. According to the different experimental designs, the
groups of mice were injected with different substances, and images were collected at 2–48 h
(Figure 6a). The fluorescence intensity in the tumor tissue at different periods is shown
in Figure 6b. The results show that self-assembled Au–shRNA1 NCs can achieve non-
invasive fluorescence imaging of live animals and real-time detection of targeted tumors.
The average intensity of the fluorescent signal increased with time and reaches a maximum
in 24 h. In addition, the fluorescence signal of the Au–shRNA1 NC group was much higher
than the Au NC group. Moreover, the resulting fluorescence was more intense in tumors,
which further showed that the biosynthesized fluorescent Au–shRNA1 NCs were present
in target tumors.

Figure 6. Silencing of MALAT1 by Au–shRNA1 NCs inhibits tumor proliferation in orthotopic tumor model via suppression
of autophagic flux. (a) Dynamic biodistribution of normal saline (control), shRNA1, Au NCs, and Au–shRNA1 NCs in
mice using fluorescent imaging at 0, 12, 24 and 48 h. (b) Fluorescence imaging of nude mice bearing HepG2 tumors at
various time points after the injection of HAuCl4 (black) or HAuCl4 and shRNA1 (red) (n = 4). (c) Weights of each group of
mice during the 15-day treatment. (d) HepG2 tumor growth in different time courses after treatment (ANOVA, ** p < 0.01).
(e) Tumor images on day 15. (f) The expression of MALAT1 in tumor tissues of different treatment groups was detected
by the qRT-PCR assay (** p < 0.01). (g) The expression of autophagy markers (LC3 and p62) in tumor tissues of different
treatment groups was detected by western blot assay.

In addition to the above observations, we recorded the weights of the mice (Figure 6c).
No remarkable differences were observed between the different groups during the treat-
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ment, suggesting few side effects. After five cycles of injection treatment, all nude mice
were euthanized and xenograft tumors were collected for further analysis. Consistent
with the results obtained in the in vitro cell experiment, the self-assembly biosynthesis
Au–shRNA1 NC group showed enhanced inhibition of tumor growth (Figure 6d). The in
situ self-assembled Au–shRNA1 NC treated group significantly reduced tumor volume
(Figure 6e and Figure S5b,c). In addition, ex vivo imaging of mice treated with in situ syn-
thesized Au NCs and Au–shRNA1 NCs showed that gold was mainly eliminated in vivo
by the liver and kidneys (Figure S5d), which is consistent with previous reports [48,49].

Furthermore, we tested the mRNA levels of MALAT1 in different groups of tumor
tissues to verify the ability of Au–shRNA1 NCs to silence MALAT1. As shown in Figure 6f,
compared with that in the control groups treated with PBS, shRNA1 alone, or gold salt
alone, the mRNA level of MALAT1 in the Au–shRNA1 NC group was significantly reduced.
We then focused on the expression levels of p62 and LC3-II/I, which were measured in
the aforementioned studies. The depletion of MALAT1 inhibited autophagy in tumor
cells, and the western blot results showed that the LC3-II/I level in the Au–shRNA1 NC
group was significantly reduced, while the p62 level was significantly increased compared
with those in the control groups (Figure 6g). Moreover, to further evaluate the safety of
the complex in vivo, we tested the biochemical parameters in the blood after the mice
were killed (Figure S5e–i) and performed hematoxylin-eosin staining of the major organs
(Figure S6). The results showed that the in situ biosynthetic Au–shRNA1 NCs had no
obvious toxicity and did not cause damage to the liver or kidneys in mice.

4. Conclusions

shRNAs/siRNAs have great promise in disease treatment as potential drugs for
silencing disease-related genes. However, due to the lack of effective and safe carriers,
their usage is restricted. For cancer treatment, many major breakthroughs have been made
in the past two decades, but there are still huge challenges. There is an urgent need to
introduce safe and effective approaches for real-time bioimaging and monitoring of tumor
development and treatments. At present, the application of bioimaging technology in
clinical medical diagnosis has attracted much attention. The development of non-invasive
in vivo imaging technology is an important prerequisite for its wide application in disease
diagnosis and treatment. Furthermore, the participation of new fluorescent materials
such as bio-self-assembly nanomaterials makes the application of imaging technology
more accurate and biocompatible. Fluorescent nanomaterials have received increasing
attention due to their unique physicochemical properties, and were used in medicine and
other fields [50]. Nanocarriers as drug delivery systems are promising and have increased
in popularity, especially for cancer treatment. Thus, with the help of bio-responsive
molecular-level bioimaging technology, the development of a non-toxic, safe, and effective
gold nanoparticle delivery system for shRNA/siRNA is critical to the clinical success of
gene therapy.

Herein, we propose a novel method for shRNA delivery, imaging, and treatment of
cancers using bio-responsive self-assembled fluorescent Au–shRNA NCs. It has significant
advantages such as high targeting efficiency and high biocompatibility in precise tumor
bioimaging and drug delivery systems. Its advantages in regulating cytotoxicity, cellular
uptake, endosomal escape, and shRNA transfection efficiency may come from changing the
balance between modules with different functions (e.g., electrostatic charge and pH) [51,52].
In situ self-assembled Au–shRNA NCs can protect shRNA from external effects, realize
cellular uptake, and effective endosomal escape. In addition, the TEM and AFM images as
well as the fluorescent characterization of these complexes, provide consistent evidence
of in situ self-assembling Au–shRNA1 NCs. These observations support the formation
of bio-responsive Au–shRNA1 NCs in vivo that form specifically in the unique cancer
microenvironment [42,53,54].

Studies have demonstrated that MALAT1 is involved in the autophagy pathway
and may be an inducer of autophagy [28,55,56]. More evidence shows that autophagy
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can help cancer cells overcome stress conditions, and tumor cells rely on autophagy as
a survival strategy [57]. In this study, we used bio-self-assembled Au–shRNA1 NCs to
silence MALAT1 and observed the resulting biological effects. In situ Au–shRNA1 NCs self-
assembled in HepG2 HCC cells, and their various conformation states were further proven
by TEM and AFM characterization. Furthermore, from a biological point of view, through a
series of in vivo and in vitro related experiments and biological imaging, our observations
demonstrated that the self-assembled fluorescence Au–shRNA1 NCs effectively bioimaged
the diseased locations and silenced MALAT1, inhibiting the proliferation of HepG2 cells by
suppressing autophagic flux (Figure 7).

Figure 7. Schematic diagram of the potential mechanism by which Au–shRNA1 NCs effectively silence MALAT1 to inhibit
the proliferation of HepG2 cells via the suppression of autophagy.

In summary, based on the observations above, our results demonstrate that the bio-
responsive self-assembly Au–shRNA NCs could readily realize real-time cancer cell imag-
ing and precise monitoring of tumor-targeting treatment from multi-scale levels, which
can be further used to guide targeted cancer therapy. To the best of our knowledge, it is the
first example to report a new shRNA self-assembled for a targeted nano-delivery system
from the genetic level for non-invasive and effective cancer bioimaging and treatment.
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MALAT1 is one of the star molecules of lncRNA and is upregulated in HCC; in this study,
MALAT1-shRNA was first utilized to exploit the considerable efficiency of the in-situ
bio-responsive self-assembly Au–shRNA NCs on silencing target gene MALAT1, which led
to significant changes in autophagy. Meanwhile, when combined with bio-TEM and laser
confocal imaging studies to track the dynamic changes of autophagic flux caused by the
as-prepared Au–shRNA1NCs, it is exciting to realize high-resolution complex dynamic spa-
tiotemporal analysis readily. This raises the possibility of facilitating accurate multi-scale
bio-imaging from the molecular-level with target gene-recognition to cancer cell imaging
and in vivo tumor tissue imaging for simultaneous precise targeted cancer therapy. In
the future, we can further increase the sample size and more cell lines, combining them
with the corresponding clinic samples. Thus, we believe that the ongoing cutting-edge
studies will eventually provide a unique and promising theranostics strategy for cancer
early diagnosis and precision treatment.
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Figure S5: Au–shRNA NCs to achieve biological effects for tumor mice imaging and theranostics.
Figure S6: Tissue sections of major dissected organs from different treatment groups were stained
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employed for western blot analysis.
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Abstract: Arch-cruciform DNA are self-assembled on AuNPs/VS2 scaffold as a highly sensitive
and selective electrochemical biosensor for michigan cancer foundation-7 (MCF-7) breast cancer
cells. In the construction, arch DNA is formed using two single-strand DNA sequences embedded
with the aptamer for MCF-7 cells. In the absence of MCF-7 cells, a cruciform DNA labeled with
three terminal biotin is bound to the top of arch DNA, which further combines with streptavidin-
labeled horseradish peroxidase (HRP) to catalyze the hydroquinone-H2O2 reaction on the electrode
surface. The presence of MCF-7 cells can release the cruciform DNA and reduce the amount of
immobilized HRP, thus effectively inhibiting enzyme-mediated electrocatalysis. The electrochemical
response of the sensor is negatively correlated with the concentration of MCF-7 cells, with a linear
range of 10~1 × 105 cells/mL, and a limit of detection as low as 5 cells/mL (S/N = 3). Through
two-dimensional materials and enzyme-based dual signal amplification, this biosensor may pave
new ways for the highly sensitive detection of tumor cells in real samples.

Keywords: MCF-7 cells; electrochemistry; 2-D materials; signal amplification; DNA assembly

1. Introduction

Breast cancer is the fifth leading cause of death among all cancers, and it is also
the most common non-skin cancer in women [1,2]. The breast cancer cell line can be
classified based on the status of three important receptors, including estrogen receptor
(ER), progesterone receptor (PR), and human epithelial receptor-2 (HER2) [3]. MCF-7
(ER+PR+HER2-), a typical breast cancer cell line, accounts for more than two-thirds of the
cell lines used in related studies, along with T47-D and MDA-MB-231 cells, which have
been widely used for breast cancer modelling. It is noteworthy that breast cancer cells
can endanger the lives of patients through proliferation and metastasis over a short time.
Early diagnosis and treatment can be helpful to better understand the patients’ condition,
and make appropriate treatment plan according to the degree of disease, which is very
important to improve the survival rate of breast cancer [4–6].

At present, there are several common breast cancer screening methods, including com-
puted tomography (CT) [7,8], magnetic resonance imaging (MRI) [9,10], positron emission
computed tomography (PET) [11,12] and flow cytometry [13]. However, these techniques
are usually expensive and time-consuming, and can lead to false-positive or negative results
due to limited resolution [14]. Therefore, it is necessary to develop alternative molecular
biological methods with high sensitivity, high accuracy and low cost for breast cancer
diagnosis. There are numerous methods to detect MCF-7, including electrochemistry [15],
electrochemiluminescence [16], colorimetry [17] and photoelectrochemical methods [18].
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Aptamers, which are single-stranded DNA or RNA analogues to antibodies [19], have been
attracting a lot of interest due to their advantages over traditional recognition molecules.
As the recognition probe for cancer cells, aptamers can specifically bind and recognize
proteins on the surface of cancer cells [4,20,21]. Based on aptamers, highly sensitive and
selective biosensors can be constructed for the detection of MCF-7 cancer cells.

For this purpose, a careful choice needs to be made with regard to biosensing elements
with multiple amplification capacity. The first issue is to seek an efficient scaffold to sup-
port the physical or biochemical amplification. Recently, two-dimensional (2D) matrices
have received tremendous interest [22–24]. Among them, vanadium disulfide (VS2) is the
most common vanadium-based transition metal dichalcogenide [25]. VS2 nanosheets have
excellent conductivity and have been well used in high-performance rechargeable metal
ion batteries with abundant metal ion storage sites and low ion diffusion barriers [26–28],
photoelectrochemical water splitting and solar cells [29,30]. More importantly, VS2 has a
high specific surface area and superior mechanical properties, which is conducive to the
construction of an effective biosensor platform. For example, Tian et al. [31] constructed
an electrochemical aptasensor for kanamycin based on VS2/AuNPs nanocomposites and
CoFe2O4 nanoenzyme as signal amplifiers. The recognition of kanamycin by aptamers
results in the decrease in nanoenzyme accumulation and the increase in electrochemical sig-
nals by methylene blue. Actually, it may be more rational to design aptasensors depending
on both VS2 nanosheets and the self-assembled complementary DNA sequences.

Hence, this work aims to construct a highly sensitive human breast MCF-7 cancer cell
sensing platform with synergistic amplification by both VS2 nanocomposites and aptamer-
binding enzyme (Scheme 1). Firstly, AuNPs are electrodeposited on the surfaces of VS2
nanosheets to fabricate an ideal electrochemical scaffold. Then, the arch DNA aptamer
that specifically binds to MCF-7 cells is self-assembled on this scaffold through the well-
known gold-thiolate interaction. In the absence of MCF-7 cells, the immobilized arch DNA
is hybridized with biotin-labeled cruciform DNA and further linked with biotinylated
horseradish peroxidase (HRP), which may catalyze the reaction of hydrogen peroxide
(H2O2) and hydroquinone (HQ) to produce electrochemical signals. Target MCF-7 cells
may compete with the cruciform DNA for the binding site of the arch DNA aptamer, and
cause the release of the cruciform DNA, which further inhibits the immobilization of HRP
on the electrode, thus reducing the electrochemical response. Based on this principle, the
concentration of MCF-7 cells can be detected by the electrochemical signals. This biosensor
may pave new ways for the highly sensitive detection of tumor cells in real samples.
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Scheme 1. Illustration of highly sensitive breast cancer cell sensor based on VS2.

2. Materials and Methods

2.1. Reagents and Instruments

Sodium orthovanadate (Na3VO4·12H2O), H2O2, 6-mercaptohexanol (MCH), horseradish
peroxidase (HRP), and anhydrous ethanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Thioacetamide (CH3CSNH2), HQ, HAuCl4·4H2O, tris-
(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Aladdin Co., Ltd.
(Shanghai, China). All DNA strands used were purchased from Sangon Biotechnology Co., Ltd.
(Shanghai, China), and the base sequences are listed in Table S1 (Supplementary Materials).

The details of instruments are listed in Table S2. The electrochemical experimental
conditions and parameters are shown in Table S3.

2.2. Preparation of VS2 Nanosheets

VS2 nanosheets were prepared by the hydrothermal method. In a typical reaction,
the precursors of sodium orthovanadate (2.36 g) and thioacetamide (2.79 g) were slowly
dissolved in 60 mL of distilled water, and continuously stirred for 30 min to obtain a
uniform solution. The solution was transferred to a 100 mL autoclave and kept at 180 ◦C
for 20 h. After the reaction system was cooled to room temperature, the collected black
precipitates were washed and centrifuged 3 times and dried at 60 ◦C for 12 h.

2.3. Preparation of Cruciform DNA

The cruciform DNA probe was assembled by four single strands of DNA, namely,
DNA1, DNA2, DNA3 and DNA4. Firstly, the four single chains were mixed in the same
molar ratio, and the final concentration of cruciform DNA was 1 μmol/L. Then, the mixture
was heated to 95 ◦C for 10 min, and gradually cooled to 4 ◦C to obtain cruciform DNA
probe by annealing steps (part B, Scheme 1). The successful preparation of cruciform DNA
was verified by gel electrophoresis (Figure S2B). The cytotoxic assays also demonstrate the
excellent biosafety of cruciform DNA (Figure S2A).
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2.4. Cytotoxicity Test of Arch and Cruciform DNA

MCF-7 cells were seeded in 96-well plates at 1 × 104/well. After 24 h, the cells
completely adhered to the well and the medium was removed. After 24 h incubation
with different concentrations of arch DNA and cruciform DNA, 10 μL CCK-8 solution was
added in each well and incubated at 37 ◦C for 2 h in dark. The optical density of each well
at 450 nm was measured by microplate, and the cell survival rate was calculated [32].

2.5. Preparation of Biosensor

Firstly, glassy carbon electrode (GCE) was pretreated with aluminum oxide powder,
cleaned and dried. VS2 suspension (1 mg/mL) was dripped on the electrode surface
and dried in air to obtain VS2/GCE. Then, VS2/GCE was immersed in a mixed solution
containing 0.1% HAuCl4 and 0.1 mol/L KCl, and AuNPs were electrodeposited by the
amperometric I-t method with deposition voltage of −0.2 V and deposition time of 25 s [33].
AuNPs were in situ synthesized on the electrode surface to form AuNPs/VS2/GCE. The
mixed aptamer solution was obtained by dissolving 1 μmol/L aptamer S1 and 1 μmol/L
aptamer S2 in Tris-HCl buffer of pH 7.0 (containing 50 mmol/L NaCl, 10 mmol/L MgCl2,
and 10 mmol/L TCEP). An amount of 10 μL of the above mixed solution was coated
on AuNPs/VS2/GCE and incubated at room temperature for 12 h. Both DNA strands
were immobilized on the electrode by Au-S bond and electrostatic interaction. Note that
S1 and S2 have complementary tail sequences to form arched DNA. After washing with
distilled water, MCH (5 μL, 1 mmol/L) was incubated on the electrode surface for 30 min
to block the active sites and inhibit the non-specific adsorption. An amount of 8 μL
cruciform DNA probe was then modified on the electrode surface by incubation at 37 ◦C
for 80 min, in virtue of the hybridization of cruciform DNA to the top of arch DNA. At each
modification step, the electrode was washed with Tris-HCl buffer (pH = 7.4) to remove the
unbound molecules.

For cellular measurements, different concentrations of cell suspension of 8 μL were
incubated at room temperature for 100 min, and the aptamer S1 was used to capture the
cells. Subsequently, 8 μL HRP (10 μg/mL) labeled with streptavidin was immobilized on
the electrode surface at 37 ◦C for 30 min and bound to the cruciform DNA surface by biotin–
streptavidin interaction. For DPV tests, the electrodes were placed in 10 mL 0.1 mol/L PBS
(pH 5.0) containing 1.8 mmol/L H2O2 and 2 mmol/L HQ, respectively.

3. Results and Discussion

3.1. Characterization of VS2

The morphology of VS2 is characterized in Figure 1. The SEM images show that a large
number of 2D VS2 nanosheets are stacked and interwoven to form a flower-like structure
(Figure 1A,B). These nanosheets are uniform in thickness (~30 nm) and the diameter
ranges from 0.5 to 1 μm. The TEM image in Figure 1C show that single flower-like VS2 is
composed of loosely arranged nanosheets, which are connected by the center to form three-
dimensional layers. The thin layer extends outwards and provides an excellent electron
transfer interface. Figure 1D shows a high-resolution transmission electron microscope
(HR-TEM) image inside a nanoplate, showing that the interlayer spacing is about 0.576 and
0.253 nm, corresponding to the (001) and (011) crystal plane of VS2 [34], respectively.

The distribution of elemental components in VS2 was studied by energy-dispersive
X-ray spectroscopy (EDS) (Figure 2A). The results show the presence of V, S, C, and O on
the surface of substrate. The atomic number ratio of V to S is about 1:1.95, which is very
close to the theoretical atomic number ratio of 1:2 of VS2, indicating a high purity. The XRD
results (Figure 2B) show that the diffraction peaks of VS2 nanosheets are located at 15.41◦,
36.12◦, 45.46◦, 57.15◦, 69.23◦ and 75.25◦, which can be attributed to the corresponding
diffraction crystal planes of (001), (011), (012), (110), (201) and (202), respectively, for the
hexagonal phase of 2H-VS2 (JPCDS No. 89-1640). Moreover, the sharp (011) diffraction peak
proves that VS2 has good crystallinity and layered structure [27]. In Raman spectroscopy,
the characteristic peaks of VS2 are 138.71 cm−1, 192.25 cm−1, 282.67 cm−1, 404.24 cm−1,
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686.58 cm−1 and 991.42 cm−1 in the range of 100~1100 cm−1 (Figure 2C). Typically, the
peaks at 138.71 cm−1 and 192.25 cm−1 can be attributed to the vibration dispersion of VS2.
The characteristic peak at 282.67 cm−1 corresponds to the plane (E1g) vibration mode in
VS2, which is the opposite vibration of two S atoms relative to V atoms in the plane; the
peak at 404.24 cm−1 corresponds to the out of plane (A1g) vibration mode of the S atom
along the c axis [34]. The small half peak width and high intensity of these peaks also
indicate that the VS2 samples are in a highly crystalline state. The XPS (Figure 2D) also
shows the V, S, C and O elements in samples, which is consistent with the EDS results. The
two binding energy peaks of V 2p spectrum (Figure 2E) appear at 524.3 eV and 516.7 eV,
which could correspond to the molecular orbits of V 2p1/2 and V 2p3/2, indicating that
V exists at + 4 valence in VS2. The S 2p3/2 and S 2p1/2 peaks are located at 161.4 and
164.24 eV, respectively (Figure 2F), proving that the presence of −2 valence [30].

 
Figure 1. Morphological characterization of VS2 nanosheets: (A,B) SEM images; (C)TEM image;
(D) HR-TEM image.

3.2. Electrochemical Characterization

To fabricate the biosensor, we used a dual amplification strategy on the basis of
AuNPs/VS2 nanocomposites and enzyme, using aptamers with highly addressable and
strong affinity, selectivity and stability. Considering that 2D and 3D DNA structures have
stronger selective binding affinity and better stability compared to other common nucleic
acid structures, an arch-cruciform-shaped DNA is introduced, which can combine with
more enzymes for signal amplification.

In principle, when the cell target does not exist, cruciform DNA with biotin at three
ends will hybridize with the sequence on the top of the arched DNA surface. Then, HRP
labeled with streptavidin is immobilized by the streptavidin–biotin interaction, which can
further catalyze the reaction of HQ and H2O2 on the electrode surface. In the presence of
tumor cells, the cruciform DNA is released due to the affinity between the aptamer and
the target, which effectively inhibits the sequent immobilization of HRP on the electrode
surface, resulting in a weak electrical signal. Therefore, the electrochemical signal is
negatively correlated with the concentration of the target (Scheme 1). In this strategy,
AuNPs/VS2 plays a crucial role of signal amplification (Figure S1). Moreover, it may also
provide a solid scaffold for the immobilization of arch DNA and cruciform DNA, and
the latter further provides a large number of HRP loading sites, enabling the enzyme-
mediated signal amplification. Therefore, a dual signal amplification system was fabricated
by this design.
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Figure 2. Characterization of VS2 nanosheets: (A) EDS; (B) XRD; (C) Raman; (D) XPS. (E,F) show the
amplified V 2p and S 2p zone in XPS.

The electrochemical characteristics on a series of modified electrodes were investigated
by CV (Figure 3A,B) and EIS (Figure 3C,D). Firstly, the modification of VS2 increases the
electron transfer rate and the surface roughness of the electrode, resulting in a 1.3-fold
increase in the electrochemical response (curve b) compared with bare GCE (curve a).
Furthermore, the redox currents further increase by 27% upon the deposition of AuNPs
on the modified electrode, giving AuNPs/VS2/GCE (curve c). When the arch DNA is
immobilized on the electrode surface (curve d), the negatively charged DNA strand hinders
the electron transport of ferricyanide, and the redox currents decrease to a level similar to
those on the bare electrode (curve a). After the treatment of blocking agent MCH (curve e),
the non-specific binding sites on the electrode surface are blocked, and the electrochemical
signal further decreases by 15%. With the modification of cruciform DNA (curve f) and
target MCF-7 cells (curve g), the electrostatic repulsion and steric hindrance induced by the
DNA strand and cells further passivate the electrode surface. The last step of modification
is to immobilize HRP to the biotin-labeled cruciform DNA strand, and it shows the lowest
electrochemical signal due to the low conductivity of proteins (curve h).
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Figure 3. CV (A,B) and EIS (C,D) of different electrodes: (a) GCE; (b) VS2/GCE; (c) AuNPs/VS2/GCE;
(d) arch DNA/AuNPs/VS2/GCE; (e) MCH/arch DNA/AuNPs/VS2/GCE; (f) cruciform DNA/MCH/arch
DNA/AuNPs/VS2/GCE; (g) target cell/cruciform DNA/MCH/arch DNA/AuNPs/VS2/GCE; (h) HRP/target
cell/cruciform DNA/MCH/arch DNA/AuNPs/VS2/GCE. The inner illustration of (C) is the corresponding equiva-
lent circuit diagram of the reaction system. Rct, Rs, Zw and Cdl in the circuit represent charge transfer resistance, solution
resistance, Warburg impedance and electric double layer capacitance, respectively. Electrolyte: 0.1 M KCl containing
5 mM [Fe(CN)6]3−/4−.

Correspondingly, in the EIS plot (Figure 3C,D), the Rct value of GCE is 260 Ω for bare
GCE (curve a). After the electrodes are modified with VS2 (curve b) and AuNPs/VS2
(curve c), the Rct value continues to decrease to 132 Ω and 67 Ω, respectively, proving the
good conductivity of nanostructures. When arch DNA, MCH and cruciform DNA are
added to the electrode surface in turn (curves d, e and f), the Rct value increases greatly
to 810 Ω, 960 Ω, and 1432 Ω, respectively, since both negatively charged DNA strands
and MCH can reduce the electron transfer efficiency and increase the resistance of the
system [35]. Finally, with the further immobilization of target cell MCF-7 and biotin-tagged
HRP on the electrode surface (curve g and h), the Rct value increases to 1710 Ω and 2053 Ω.
The analysis results of EIS and CV are consistent, which proves the successful preparation
of the sensor.

3.3. Optimization of Experimental Conditions

Under a cell concentration of 5000 cells/mL, the experimental conditions were opti-
mized. Figure 4A shows the relationship of the DPV current and electrodeposition time for
AuNPs. During the period of 10~25 s, the electrochemical response increases continuously,
which corresponds to the stronger conductivity caused by AuNPs immobilized on the
electrode. In the period of 25~70 s, the AuNP particles tend to be saturated, and the peak
current basically remains stable. Therefore, 25 s is the best time for the electrodeposition
of AuNPs.
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Figure 4. Optimization of experimental conditions: (A) deposition time of AuNPs; (B) incubation
time of cruciform DNA; (C) incubation time of cells; (D) incubation time of HRP; (E) pH optimization;
(F) concentration of H2O2 and HQ.

In addition to the deposition of Au NPs, the immobilization of the DNA strand is
time-dependent. Figure 4B shows the DPV response after incubation cruciform DNA with
a different time. When the incubation time is less than 80 min, the current continues to rise,
indicating that the longer the incubation time is, the more HRP is bound. However, after
80 min, the current reaches stability and does not increase thereafter, due to the saturation
of HRP loaded by cruciform DNA. The best incubation time for cruciform DNA is 80 min.

In addition, the cell incubation time is also an important parameter. As shown in
Figure 4C, the cells gradually replace the cruciform DNA on arch DNA within 60~100 min,
causing a reduction in the amount of immobilized cruciform DNA attached with HRP, as
well as the enzyme catalyzed electrochemical signals. When the incubation time is more
than 100 min, the peak current of DPV remains stable and does not decrease significantly,
indicating that the cell incubation reaches equilibrium.

The incubation of biotin-labeled HRP can affect the performance of the sensor (Figure 4D).
When the incubation time is less than 30 min, the immobilized amount of HRP increases
with time, and the peak current increases gradually. After 30 min, the immobilized HRP on
the electrode surface tends to be saturated. Therefore, the best time for HRP immobilization
is 30 min. Since the pH and substrate concentrations are vital for HRP catalyzed reaction,
this system was further optimized, obtaining an optimal pH of 5 (Figure 4E) and an
optimal substrate concentration of 1.8 mmol/L (H2O2) and 2.0 mmol/L (HQ), respectively
(Figure 4F).
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3.4. Analysis Performance of Sensor

Under the above optimal experimental conditions, the sensor was used to detect
different concentrations of MCF-7 cells. As shown in Figure 5A, the DPV signal gradually
decreases with the increasing concentration of target cells. The DPV response is linearly
correlated with the logarithm of MCF-7 cell concentration (Figure 5B, and 5B inset). The
linear equation is I (μA) = 4.15 × log c (cells/mL) − 33.74, with a correlation coefficient R
of 0.993. The linear range is 10 ~ 1 × 105 cells/mL, and the detection limit is 5 cells/mL
(S/N = 3). In comparison, the linear range and limit of detection (LOD) for the reported
MCF-7 sensors are listed in Table 1. The as-prepared MCF-7 sensor has a low LOD and a
wide linear range among the cases, showing excellent electrochemical performances.

Figure 5. Detection performance of the sensor: (A) DPV curves of different concentrations of MCF-7,
with the concentration of a~i: 0, 10, 102, 5 × 102, 1 × 103, 5 × 103, 1 × 104, 5 × 104, 1 × 105 cells/mL,
respectively; (B) the relationship between the DPV current and the concentration of MCF-7. The
inner illustration shows the linear relationship between the peak current of DPV and the logarithm of
the MCF-7 cell concentration. The error bar represents the standard deviation of three measurements.

Table 1. Comparison between the constructed sensor and other sensors for detecting cells.

Detection
Techniques

Experimental Methods
Linear Range

(cell/mL)
LOD

(cell/mL)
Ref.

EIS Zr-MOF compound material 1 × 102 ~ 1 × 105 31 [36]
ICP-MS Aptamer based bifunctional probe 2 × 102 ~ 1.2 × 104 81 [37]

Colorimetry PH-AuPd-NPs combined 3D-rGO 50 ~ 1 × 107 32 [38]
DPV AuNGs/MWCNT-NH2 1 × 102 ~ 1 × 106 80 [39]
CC DNA walker 0 ~ 5 × 102 47 [40]

ICP-MS Magnetic bead binding anti-EpCAM 2 × 102 ~ 4 × 103 50 [41]
EIS Clay-protein based nanocomposites 1.5 × 102 ~ 7.5 × 106 148 [42]

DPV Branched chain peptide modified electrode interface 50 ~ 1 × 106 20 [43]
Fluorescence aptamer-modified magnetic beads 10 ~ 1 × 105 5 [44]

DPV BSA@Ag@Ir metallic-organic nanoclusters 3 ~ 3 × 106 1 [45]

DPV Arch DNA, cruciform DNA, material signal
amplification, enzyme amplification 10 ~ 1 × 105 5 This work

ICP-MS: inductively coupled plasma mass spectrometry.

3.5. Specificity, Reproducibility, Stability and Real Sample Analysis

The specificity of the sensor was investigated. In Figure 6A, the DPV responses to
SGC-7901, HeLa, A549, L02 and MCF-7 cell suspensions with a concentration of 5000 cells/mL
were tested, respectively. Only MCF-7 cells can significantly reduce the DPV signal, while
in the presence of the other cells they exhibit a large electrochemical response, i.e., negligible
cell attachment to the electrode interface. There is no significant difference in the current
between a mixture of MCF-7 and L02 cell suspensions with the same concentrations and
that of a pure MCF-7 cell suspension, which further proves that the prepared sensor has
good specificity for MCF-7 cells.
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Figure 6. The specificity (A) and stability (B) of MCF-7 cell sensor.

Next, the reproducibility of the sensor is explored. Six parallel sensors were prepared
to detect MCF-7 cells with a concentration of 500 cells/mL. The RSD of DPV peak current
is 4.5%, indicating that the sensor has good reproducibility. In order to verify the storage
stability, 10 electrodes were prepared in parallel and stored in a refrigerator at 4 ◦C for
10 days. According to the concentration of MCF-7 cells, they were divided into two groups:
500 cells/mL and 5000 cells/mL, with five electrodes in each group. The change of the
DPV current was detected every two days (Figure 6B). There is no significant difference in
the peak current between the two groups, indicating that the sensor has good stability.

In order to verify the application of the sensor in real samples, the recovery rates
of MCF-7 in PBS and 10 times diluted whole-blood samples were tested, as shown in
Table 2. For the concentration range of MCF-7 cells from 10 to 5 × 103 cells/mL, the
recovery rates of MCF-7 spiked in PBS and diluted blood samples are 90.0~103.2% and
77.8~84.1%, respectively. The main reason for the low recovery rate in blood samples may
be caused by many potential interferences such as red blood cells, white blood cells and
high concentrated proteins in whole blood.

Table 2. Detection of MCF-7 in PBS and human whole-blood samples (n = 3).

Sample
Concentration (cells/mL)

Recovery Rate (%)
Amount Added Measured Value

PBS

10 9 90.0
100 92 92.0
500 479 95.8

1000 983 98.3
2000 2063 103.2
5000 4760 95.2

Blood sample

10 8 80.0
100 83 83.0
500 389 77.8

1000 841 84.1

4. Conclusions

We have proposed a dual amplification strategy for the fabrication of a highly sensitive
electrochemical biosensor for MCF-7 cells. In principle, AuNPs/VS2 composites cannot
only efficiently amplify the electrochemical signals due to their high conductivity, but
also provide a solid scaffold for the hybridization of arch DNA and biotin-terminated
cruciform DNA, as well as the following attachment of streptavidin-labeled HRP, which
allows further enzyme catalyzed amplification. MCF-7 cells may competitively bind to the
arch DNA and cause the release of cruciform DNA, which decreases the final amount of
HRP immobilized on the electrode surface, thus reducing the electrochemical response by
HRP catalysis. The DPV current is negatively correlated with the concentration of the target
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cells, with a linear range of 10 ~ 1 × 105 cells/mL, and a LOD of 5 cells/mL. In addition to
good anti-interference ability to other types of cells, the biosensor may be applied for the
detection of spiked cells in blood samples, suggesting its great applicability in the early
diagnosis of breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11100378/s1, Figure S1: Signal amplification of nanocomposites: (A) Q-t curves of GCE
and AuNPs/VS2/GCE, with Q-t1/2 curves of GCE and AuNPs/VS2/GCE in the inner illustration;
(B) The DPV responses of HRP/target cell/cruciform DNA/MCH/arch-DNA structure/AuNPs/GCE
(a) and HRP/target cell/cruciform DNA/MCH/arch-DNA structure/AuNPs/VS2/GCE (b). Figure S2: (A)
Cytotoxicity test of arch DNA (green) and cruciform DNA (red); (B) Cruciform DNA electrophoresis.
Lane 1–9: DNA1, DNA2, DNA3, DNA4, DNA1+DNA2, DNA3+DNA4, DNA1+DNA2+DNA3,
DNA2+DNA3+DNA4, DNA1+DNA2+DNA3+DNA4. Table S1: DNA sequences. Table S2: List of
instruments. Table S3: Experimental conditions and electrochemical parameters.
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Abstract: The performance of an immunoassay relies on antigen-antibody interaction; hence, antigen
chemical stability and structural integrity are paramount for an efficient assay. We conducted a
functional, thermostability and long-term stability analysis of different chimeric antigens (IBMP),
in order to assess effects of adverse conditions on four antigens employed in ELISA to diagnose
Chagas disease. ELISA-based immunoassays have served as a model for biosensors development,
as both assess molecular interactions. To evaluate thermostability, samples were heated and cooled
to verify heat-induced denaturation reversibility. In relation to storage stability, the antigens were
analyzed at 25 ◦C at different moments. Long-term stability tests were performed using eight sets
of microplates sensitized. Antigens were structurally analyzed through circular dichroism (CD),
dynamic light scattering, SDS-PAGE, and functionally evaluated by ELISA. Data suggest that IBMP
antigens are stable, over adverse conditions and for over a year. Daily analysis revealed minor
changes in the molecular structure. Functionally, IBMP-8.2 and IBMP-8.3 antigens showed reactivity
towards anti-T. cruzi antibodies, even after 72 h at 25 ◦C. Long-term stability tests showed that all
antigens were comparable to the control group and all antigens demonstrated stability for one year.
Data suggest that the antigens maintained their function and structural characteristics even in adverse
conditions, making them a sturdy and reliable candidate to be employed in future in vitro diagnostic
tests applicable to different models of POC devices, such as modern biosensors in development.

Keywords: Chagas disease; immunoassays; chimeric proteins; stability

1. Introduction

Chagas disease is a deadly, neglected, tropical infection caused by the hemoflagellate
parasite Trypanosoma cruzi. According to the World Health Organization, 5.7 million
individuals are infected by the parasite, resulting in 7500 deaths annually, mostly in the
continental Western Hemisphere, resulting in a massive disease burden in the 22 endemic
countries [1]. The parasite can be transmitted through several pathways, such as by contact
with excrements from infected triatomine bugs (hematophagous insects of the Triatominae
family), consumption of contaminated beverages and food, from mother-to-child during
pregnancy, whole blood or blood derivatives transfusion, tissue and organ transplantation
and through laboratory work accidents [2].

Two distinct phases occur during the natural course of Chagas disease progression.
The initial acute phase is characterized as an unspecific oligosymptomatic febrile illness.
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Infected individuals present high parasitemia, which enables the parasitological diagnosis,
based on the direct visualization of the parasite in a thick blood smear. The acute phase
lasts for 2–3 months after initial infection. This is followed by the gradual resolution
of the clinical manifestations (when present) and the start of the lifelong chronic phase,
characterized by an intermittent or absent parasitemia, as well as high levels of IgG anti-
T. cruzi antibodies [2]. As such, direct methods are unacceptably accurate as diagnostic
methods in the chronic stage of the disease, thus, in vitro diagnostics (IVD) based on
indirect immunoassays are overwhelmingly recommended. Indirect IVD methods are
based on the detection of specific antibodies produced against a certain pathogen, such
as indirect immunofluorescence (IIF), indirect hemagglutination (IHA), rapid diagnostic
tests (RDT) and enzyme-linked immunosorbent assay (ELISA). Such serological methods
rely on the interaction between the antibodies from the patient and epitopes from the
pathogen antigen, as such, the structural integrity of those antigens is paramount for
efficient antibody binding. Furthermore, the stability of the antigens over time and different
environmental conditions must be taken into consideration. In a laboratory setting, the
shelf and storage lifespan can be determinant when choosing the appropriate reagent for
the routine and when point-of-care testing is being considered, an antigen must retain its
structural integrity over a prolonged time, despite significant temperature variations, as
can be expected between storage and transportation.

Among the available commercial IVD tests to identify chronic Chagas disease, ELISA
and RDT are the most used due to their low cost and overall efficiency. However, these
methodologies regularly present inconsistent performance, which is attributed to various
distinct reasons, such as the chosen capture antigens [3], the varying degree of immune
responses against the infection [4,5], T. cruzi high genetic and phenotypic intraspecific
diversity [6] and variation in disease prevalence [7,8]. Accordingly, the World Health
Organization (WHO) recommends the use of two different serological tests in parallel to di-
agnose Chagas disease in humans [9]. The use of chimeric proteins, composed of conserved
immunodominant, and are tandemly repeated sequences of several different antigens of
T. cruzi, can be a strategy to address the inconsistent performances of IVD tests [10–12]. This
strategy can also address issues commonly attributed to recombinant proteins, such as the
lower sensitivity in comparison to lysates or native antigen mixtures, which is attributed to
a lower epitope diversity. The use of chimeric proteins in IVD simultaneously addresses
the lack of reproducible performance parameters, while increasing both sensitivity and
specificity, as a result of the greater diversity of distinct and conserved immunodominant
epitopes, from numerous antigens, which are presented in these proteins. Chimeric pro-
teins have also been employed in IVD [13–15] or as a vaccine [16,17] for other infectious
diseases. Considering the predicaments herein set forth, our group expressed four T. cruzi
chimeric proteins, called IBMP-8.1, IBMP-8.2, IBMP-8.3 and IBMP-8.4 (Molecular Biology
Institute of Paraná—IBMP in Portuguese acronym), and assessed their performance in
diagnosis chronic Chagas disease in dogs [18,19] and humans, from several endemic and
non-endemic settings from Brazil [20], Argentina, Paraguay, Bolivia [21] and Spain [22].

The ability of immunoassays to detect specific antibodies depends on the spatial
distribution and availability of epitopes on the solid phase. Although peptides sequences
with conformational preferences have been shown to be preferentially recognized by
antibodies against native protein epitopes, some evidence supports the idea that IBMP
antigens are composed of linear epitopes [10]. Aggregate formation, degradation, or even
conformation changes can lead to the impairment of antigen-antibody detection, caused by
hidden or folded epitopes, hinder antigen accessibility, thereby leading to misdiagnosis.
However, it is not clear whether these conditions, which are often the result of improper
storage and handling, could impact the assay’s performance when chimeric proteins
composed of linear epitopes are employed as solid-phase antigens.

Likewise, due to IVD tests tendency to evolve towards automated and miniatur-
ized microfluidic systems, it is pertinent to obtain data regarding the feasibility of novel
molecules towards integrated IVD devices. Protein structural conformation, protein-protein
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interaction and stability assessment are paramount for an efficient immunoassay, whether
it is applied in an ELISA system or microfluidic devices. Recently, the IBMP molecules
performance profile for chronic Chagas disease diagnosis was similar to that of an im-
pedimetric immunosensor using dual screen-printed carbon electrode [19], although these
interactions in turn occurs mostly in liquid phase-like mode.

In this work, in order to evaluate the outcome of linking several epitopes separated
by artificially designed spacers, we conducted a functional and structural analysis of
four chimeric antigens for chronic Chagas disease in vitro diagnosis. We also assessed
the impact of different antigen buffers and adverse environmental conditions on the
performance of the immunoassays. Bearing in mind that the formation of secondary
structures, dimerization and agglutination negatively impacts the performance of an
indirect immunoassay from exploring linear epitopes, and that antigens are the main
gear driving indirect serological methods, the analysis regarding an antigen’s behavior at
different environmental conditions, temperatures and buffers paves the way towards a
robust antigen preparation for a reliable and biosensor.

2. Materials and Methods

2.1. Study Design

The study was carried out using both dissolved and adsorbed antigens (Figure 1). To
stringently evaluate the extent of structural perturbations in different environmental condi-
tions, thermic and long-term stability at 4 ◦C was analyzed. Initially, samples were heated
up to 85 ◦C and cooled to 4 ◦C to verify the reversibility or irreversibility of heat-induced
denaturation (time exposure in each temperature: 1 min, 10 min and 20 min). Therefore,
samples were taken before, and after, the tests and analyzed by circular dichroism (CD),
dynamic light scattering (DLS), sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and enzyme-linked immunosorbent assay (ELISA). With respect to storage
stability of soluble antigens at room temperature (25 ◦C), we analyzed the samples at
time zero (control) and aliquots were drawn out every 24 h for 72 h. Antigen structure
was analyzed by CD, DLS, SDS-PAGE, and functionally assed through ELISA. Long-term
stability tests at 4 ◦C were performed over 1 year (Figure 1). Accordingly, eight sets of
microplates were sensitized with IBMP antigens and stored at 4 ◦C in hermetically sealed
storage bags with desiccant. Similarly, eight sets of T. cruzi-positive and negative sera
were aliquoted and stored at −20 ◦C until analysis functional and structural assessment
through ELISA.

2.2. IBMP Protein Expression and Purification

Antigen sequence selection (Table 1), gene construction and recombinant expression
were described in Santos et al. [10]. Briefly, T. cruzi synthetic genes were subcloned into
the pET28a vector (Novagen, Madison, WI, USA) and expressed as soluble proteins in
Escherichia coli BL21-Star (DE3) cells grown in LB medium supplemented with 0.5 μM
isopropyl-β-D-1-thiogalactopyranoside (IPTG). The antigens were purified by affinity and
ion-exchange chromatography using columns and chromatographers supplied by GE
Healthcare. Finally, purified proteins were quantified using a fluorometric assay (Qubit 2.0,
Invitrogen Technologies, Carlsbad, CA, USA).
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Figure 1. Flowchart of the study design for evaluating the stability of dissolved and absorbed IBMP chimeric proteins by
using functional (ELISA) and structural (CD, DLS, SDS-PAGE) analysis.

Table 1. Constitution of the IBMP chimeric recombinant proteins.

Chimeric Antigen Sequence Name Amino Acid Range Gene Bank Sequence ID

IBMP-8.1

Trans-sialidase 747–774 XP_820062.1
60S ribosomal protein L19 218–238 XP_820995.1

Trans-sialidase 1435–1449 XP_813586.1
Surface antigen 2 (CA-2) 276–297 XP_813516.1

IBMP-8.2
Antigen, partial 13–73 ACM47959.1

Surface antigen 2 (CA-2) 166–220 XP_818927.1
Calpain cysteine peptidase 31–97 XP_804989.1

IBMP-8.3

Trans-sialidase 710–754 XP_813237.1
Flagellar repetitive antigen protein 15–56 AAA30177.1

60S ribosomal protein L19 236–284 XP_808122.1
Surface antigen 2 (CA-2) 279–315 XP_813516.1

IBMP-8.4

Shed-acute-phase-antigen 681–704 CAA40511.1
Kinetoplastid membrane protein KMP-11 76–92 XP_810488.1

Trans-sialidase 1436–1449 XP_813586.1
Flagellar repetitive antigen protein 20–47 AAA30177.1

Trans-sialidase 740–759 XP_820062.1
Surface antigen 2 (CA-2) 276–298 XP_813516.1

Flagellar repetitive antigen protein 1–68 AAA30197.1
60S ribosomal protein L19 218–238 XP_820995.1

Microtubule-associated protein 421–458 XP_809567.1
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2.3. Gel Electrophoresis

Samples (1 μg) were resuspended in loading buffer, subjected to electrophoresis in
SDS–PAGE [23] (8 × 9 cm and 0.75 mm thick, 12% polyacrylamide) and stained with
Coomassie brilliant blue-250 for visualization. SDS-PAGE was used to evaluate the protein
degradation of soluble antigens during analysis.

2.4. Circular Dichroism (CD) Measurements

To further evaluate thermal impact over structural content and conformation of IBMP
antigens, far-UV CD spectra were assessed on a CD spectrophotometer, (Jasco J-815, Tokyo,
Japan), equipped with a Peltier type CD/FL cell thermoelectric sample holder (Jasco, Tokyo,
Japan). Samples were analyzed at 0.2 mg/mL in a 1-mm path length quartz cuvette. Each
spectroscopic readout represented the average of four continuously acquired scans. All
readouts were rectified considering the buffer background noise. Each scan within 193–260
or 202–260 nm range was acquired through a scanning rate of 100 nm/min, 0.5 nm data
pitch, 1 nm bandwidth, and 1 s of data integration time. The results were expressed in
molar ellipticity [θ]λ (deg × cm2 × dmol−1) and shifts at 208–222 nm and 215 nm were used
to assess α-, and β-structural content, respectively. Protein secondary structure analysis
was performed using the Dichroweb platform.

2.5. Dynamic Light Scattering (DLS)

In order to determine the hydrodynamic radius (Rh) and polydispersity, DLS measure-
ments were undertaken utilizing a DynaPro NanoStar Dynamic Light Scattering analyzer
(Wyatt Technology Corp., Santa Barbara, CA, USA), equipped with a Ga-As laser (120 mW),
operating at a wavelength of 658 nm. Protein samples were placed in a 1-mm2 quartz
cuvette and measurements were performed at RT (22–25 ◦C). Data analysis was carried out
using the software Dynamics v.7.1.7.16.

2.6. Clinical Specimens and Indirect ELISA

Anonymized human sera samples from individuals infected (n = 46) or non-infected
(n = 46) with T. cruzi were obtained from the Chagas Disease Reference Laboratory (Aggeu
Magalhães Institute; Oswaldo Cruz Foundation, Pernambuco, Brazil) and used to assess the
reactivity of IBMP antigens associated with the three different conditions (Figure 1). Sample
characterization was based on the concordance between two distinct serological tests for
Chagas disease, as recommended by the World Health Organization [9]. Assays were
performed according to the procedure described previously [10]. Briefly, IBMP antigens
were diluted at 12.5 ng (IBMP-8.2) and 25.0 ng (IBMP-8.1, IBMP-8.3 and IBMP-8.4) in
carbonate buffer (0.05 M, pH 9.6), then 96-well microplates (Nunc, Roskilde, Denmark)
were coated with 100 μL per well and subsequently blocked with Well Champion reagent
(Kem-En-Tec, Taastrup, Denmark) according to the manufacturer’s instructions. Sera
samples were pre-diluted at 1:100 in 0.05 M phosphate-buffered saline (PBS; pH 7.2) and
100 μL was transferred to each well. After incubation at 37 ◦C for 60 min, the microplates
were washed with PBS-0.05% Tween 20 (PBS-T). HRP-conjugated goat anti-human IgG
(Bio-Manguinhos, FIOCRUZ, Rio de Janeiro, Brazil) was diluted in PBS at 1:40,000, and
then 100 μL was transferred to each well and incubated for 30 min at 37 ◦C. Following
the incubation and washing, 100 μL of TMB substrate solution (tetramethyl-benzidine;
Kem-En-Tec, Taastrup, Denmark) was added and incubated at room temperature for
10 min in the dark. Finally, the reaction was stopped with 50 μL of 3 N H2SO4, and the
optical density was measured at 450 nm in a Multiskan® FC microplate spectrophotometer
(Thermo ScientificTM, Ratastie, Finland).

2.7. Data Analysis

Geometric mean ± SD calculation was measured for all variables. In order to ver-
ify data normality, the Shapiro-Wilk test was performed, followed by Student’s T test.
Whenever data variance homogeneity assumption couldn’t be confirmed, the Wilcoxon

37



Biosensors 2021, 11, 289

signed-ranks test was employed. All statistical significance analyses had a two-tailed
distribution and a p-value under 5% was considered significant (p < 0.05). Regression
curve analysis was performed for each temperature condition using positive/negative
(P/N) ratio values and protein exposure period for each thermal reading point. ELISA
reactivity data at different thermal conditions were subjected to statistical analysis employ-
ing student’s t-test to assess significance level. Cut-off value analysis was defined by the
largest distance from the diagonal line of the receiver operating characteristic curve (ROC)
(sensitivity × (1-specificity)) to identify the optimal ELISA OD value that best differentiates
between negative and positive samples. The confidence interval (CI) was developed to
address the proportion estimates precision with a confidence level of 95%. Data were
examined using GraphPad Prism version 8 (San Diego, CA, USA).

3. Results

3.1. Reversibility of Heat-Induced Denaturation

Since changes in CD spectra and light scattering may reflect structural shifts of the
molecules, we previously characterized the IBMP chimeric antigens by these methodologies
to determine their typical conformation under different buffer compositions [10]. On
that occasion, 50 mM carbonate-bicarbonate buffer pH 9.6 was shown to be the most
appropriate buffer system for reducing protein aggregation, while maintaining the original
conformation. Now, we demonstrate that when soluble in carbonate buffer, the IBMP
antigens are very stable, and even after some degradation under temperature effect, little
of their diagnostic capacity is lost. By monitoring CD spectra of the 4 chimeric proteins, it
could be seen that denaturation-renaturation by rapid thermal stress (from 4 ◦C to 85 ◦C to
4 ◦C) did not cause changes relative to the original conformation for antigens IBMP-8.1,
IBMP-8.2 and IBMP-8.4 (Figure 2A,E,M). Whereas, IBMP-8.3 seems to keep an unfolded
conformation after heat-denaturation (Figure 2I).

In the case of IBMP-8.2, the CD signals of pre- and post-heating are very similar, but
the DLS analysis shows that it has aggregated as observed by the increase in the hydrody-
namic radius. There is almost no degradation, which can be visualized by the analysis by
electrophoresis on polyacrylamide gels (Figure 2C,G,K,O). Despite the denaturing condi-
tions, all antigens continue to be recognized by anti-T. cruzi antibodies (Figure 2D,H,L,P),
suggesting that individual epitopes remained competent for antibody interaction. Individ-
ual data points of reversibility of heat-induced denaturation evaluation are available in the
Supplementary Materials, Table S1.
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Figure 2. Evaluation of heat-induced denaturation reversibility for the IBMP recombinant chimeric proteins by CD, DLS,
SDS-PAGE and sera reactivity by ELISA. CD (Circular dichroism); Hr (Hydrodynamic radius); M (%mass); min (Minute); nm
(Nanometer); Pd (Polydispersity); P/N ratio (Positive/negative ratio). Boxes in (A,E,I,M) indicate the values of CD signal
intensity at 208, 215 and 222 nm. Boxes in (B,F,J,N) indicate the values of %mass, hydrodynamic radius and polydispersity.
(C,G,K,O) are the SDS-PAGE images of the antigens after the treatments. (D,H,L,P) shows the reactivity of the antigens in
ELISA assay after the heat treatment.

3.2. Storage Stability at 25 ◦C

Daily analysis of the short-term assay revealed CD spectra highly similar to the
original for the four proteins, indicating no changes in the conformation. The sudden
increase of hydrodynamic radius (Hr) for IBMP-8.1 could represent an aggregation of the
antigen while the Hr of the others remains similar to the original (Figure 3B,F,J,N). With
respect to polydispersity, IBMP-8.1 seems to form homogenous aggregates and the reduced
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polydispersity of 8–4 at the 72 h time point may be due to degradation (Figure 3B). Gels
show that IBMP-8.1 (Figure 3C) and IBMP-8.2 (Figure 3G) can hold most integrity until
72 h upon exposure to 25 ◦C in solution. In turn, IBMP-8.3 (Figure 3K) and IBMP-8.4
(Figure 3O) suffered severe degradation after 48 h. Although protein degradation was seen
on the gels (not determined sizes), CD spectra did not change significantly at the 72 h
time point for IBMP-8.3 and IBMP-8.4. The CD signal of these samples may be provided
by the protein fragments still present in the samples. Functionally, IBMP-8.2 (Figure
3H) and IBMP-8.3 (Figure 3L) antigens showed reactivity to anti-T. cruzi antibodies, even
72 h after the beginning of the analyzes. Contrarily, IBMP-8.1 (Figure 3D) and IBMP-
8.4 (Figure 3P) antigens have gradually lost their reactivity in the ELISA assays after
72 h. Individual data points of storage stability at 25 ◦C evaluation are available in the
Supplementary Materials, Table S2.

Figure 3. Evaluation of storage stability at 25 ◦C for IBMP recombinant chimeric proteins by CD, DLS, SDS-PAGE and sera
reactivity by ELISA. DC (Circular dichroism); h (hours); Hr (hydrodynamic radius); M (%mass); nm (Nanometer); P/N
ratio (Positive/negative ratio). Boxes in (A,E,I,M) indicate the values of CD signal intensity at 208, 215 and 222 nm. Boxes
in (B,F,J,N) indicate the values of %mass, hydrodynamic radius and polydispersity. (C,G,K,O) are the SDS-PAGE images in
the times described. (D,H,L,P) represent the reactivity of the antigens in ELISA assay after exposure time.
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3.3. Long-Term Stability Analysis at 4 ◦C

Long-term stability tests at 4 ◦C were performed using eight points of ELISA over
1 year (Figure 4). The P/N ratio of all IBMP chimeric proteins was comparable to that found
for the control group (time 0), therefore, the ratio did not modify after 364 days. Exceptions
for IBMP-8.1 and IBMP-8.3 antigens after 312, and 260 days, respectively. In these cases,
P/N ratio slightly declined, but remained above the cut-off (Figure 4A; Individual data
points are available in the Supplementary Materials, Table S3). Overall, all absorbed
proteins have shown stability over 1 year. Similar results were observed when accuracy
diagnostic was assessed. Considering the overlap of 95% CI values, no significant difference
in accuracy was observed among all eight analysis points for the four antigens (Figure 4B).

 

Figure 4. Stability of IBMP chimeric proteins over 1 year. (A) Ratio of positive to negative (P/N) serum reactivity in indirect
ELISA; (B) Accuracy values for each point of analysis.

4. Discussion

The high accuracy of IBMP (-8.1, -8.2, -8.3 and -8.4) chimeric antigens in diagnosing
chronic Chagas disease, both in endemic and non-endemic settings has been established in
previous studies [10,19–22,24–27]. However, the stability of these molecules under different
stress situations was not yet known. Here, we explored the structural stability of these
four antigens in different conditions using CD and DLS to gain information on the level
of alterations that might take place on their structure and state of oligomerization and
aggregation, respectively. Moreover, protein degradation and functional analysis have been
carried out by SDS-PAGE, and indirect ELISA, respectively. Although their performance
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could be determined by any immunological technique, using microtiter plates, beads,
nanosensors and others [28,29]. We also evaluated the stability of absorbed antigens in
microplates for one year. The results obtained allow us to infer that all chimeric antigens
are highly stable, preserving their functionality in immunoassays, even after exposure to
extreme conditions.

Previously, our group characterized the secondary structure content and solubility of
these IBMP chimeric antigen in different buffering agents: 50 mM carbonate-bicarbonate,
pH 9.6; 50 mM sodium phosphate, pH 7.5; and 50 mM MES ([2-(n-morpholino) ethanesul-
fonic acid], pH 5.5) [10]. Those studies have demonstrated that IBMP-8.1 and IBMP-8.3
proteins predominantly comprised random coil as verified by neutral CD values between
215 and 240 nm and negative values at about 200 nm. On the other hand, CD spectra of
IBMP-8.2 and IBMP-8.4 proteins exhibited a negative minimum at ~203 nm and shoulder
at ~220 nm. The intensity of the CD signal at ~220 nm indicates that, in addition to random
coil, IBMP-8.2 and IBMP-8.4 present also a certain content of α-helices. No conformational
changes were observed in IBMP-8.1 and IBMP-8.3 coil proteins upon solubilization in dif-
ferent buffering agents. However, CD spectra of IBMP-8.3 and IBMP-8.4 proteins showed
a slight shift to longer wavelengths upon solubilization in acidic pH, indicating changes
in secondary structure content. With respect to DLS data, all proteins presented less poly-
disperse values (<20%) in 50 mM carbonate-bicarbonate (pH 9.6) when compared to other
buffers tested. These data indicate that all proteins can be influenced by the environment.
Therefore, 50 mM carbonate-bicarbonate (pH 9.6) buffer system was chosen to carry out
the present study.

The chosen buffer alone conserved epitopes even during long lasting storage. The use
of stabilizing compounds, which increases costs and offers interference, especially with
downstream applications, is a common issue regarding antigen and antibodies storage. The
reduced intrinsic structure of our molecules makes them ideal for various methodologies,
where negative interferences are caused by detergents and reducing or chaotropic agents.

CD spectra on the reversibility of heat-induced denaturation assessment showed that
only IBMP-8.3 chimeric protein underwent a strong change in CD signal, assuming an
unfolded conformation after heating. For other proteins (IBMP-8.1, IBMP-8.2 and IBMP-
8.4), CD signal suggests that these molecules have a post-heating renaturation capacity.
Despite denatured, IBMP-8.3 protein did not exhibit aggregate formation as observed by
DLS analysis. No significant aggregation was also observed for the IBMP-8.1 and IBMP-
8.4 chimeric proteins, although there is an increase in polydispersity for IBMP-8.4. Only
IBMP-8.2 presented aggregate formation. Indeed, the hydrodynamic radius substantially
changed from 3.7 to 12.5 (Peak 1; %M: 4.7; Pd 12.3), 96.8 (Peak 2; %M: 5.2; Pd 12.3) and
376.3 (Peak 3; %M: 90.17; Pd 18.9). These findings indicate the formation of large protein
aggregates, despite monodispersing (Pd < 20). Considering the polyacrylamide gels, no
significant degradation was observed with the IBMP proteins. Despite the denaturing
conditions, all antigens continue to be recognized by anti-T. cruzi antibodies, indicating
little of their diagnostic capacity was lost. Indeed, individual epitopes remained available
for antigen-antibody interaction.

At 25 ◦C, all IBMP chimeric proteins proved to be stable for three days (72 h), according
to the absence of changes in the CD-spectra. DLS analysis also reveals that, except for IBMP
8-1, there is little change in the aggregation state of the protein samples, indicating high
solubility for all proteins. SDS-PAGE, used to assess the integrity of proteins, revealed that
IBMP-8.1 and IBMP-8.2 can hold some integrity until 72 h exposure at 25 ◦C. On the other
hand, IBMP-8.3 and IBMP-8.4 suffered severe degradation after 48 h. Despite degradation,
CD spectra did not significantly change for IBMP-8.3 and IBMP-8.4 at the 72 h period,
suggesting that the CD signal came from short sequences with that of the corresponding
full-length sequences. Nevertheless, these proteins showed high resistance to proteolysis.
Daily analysis of the short-term assay by ELISA demonstrated that IBMP-8.2 and IBMP-8.3
proteins remain reactive to anti-T. cruzi antibodies, even 72 h after the beginning of the
analysis. On the other hand, IBMP-8.1 and IBMP-8.4 lost their functionalities to recognize
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anti-T. cruzi antibodies. This is probably due to the degradation of essential epitopes used
by these antibodies to bind to IBMP antigens.

Long-term stability analysis at 4 ◦C revealed that all proteins are stable over one
year. We observed that the accuracy values did not change significantly among all eight
analysis points for the four antigens. Overall, all absorbed proteins have shown stability
over 364 days.

Demonstrating the optimal conditions favoring Ag-Ab kinetics can bring insights into
the development of diagnostic tests, regardless of the employed platform. For example,
as herein demonstrated, proteins undergo structural changes at different environments,
depending on its internal interactions’ strength and the characteristics of the protein
surface within the solvent/buffer. These changes certainly influence the definition of the
parameters that are normally used in biosensors, such as interaction buffer, immobilization
time on the electrode surface, dilution ratio, etc., as well as assist in the decision identifying
the appropriate buffer for sensitizing a microtiter plate for ELISA, or activating magnetic
bead’s surface in a microarray assay.

5. Conclusions

In this work, we are demonstrating that when diluted in carbonate buffer the IBMP-8.1
to IBMP-8.4 antigens are very stable, and even after some degradation under temperature
effect. Furthermore, absorbed proteins were stable for over one year. The main limitation
of this study is the lack of data in the scientific literature to compare our findings. However,
we believe that the publication of stability analyses provides relevant information for the
utilization of recombinant antigens in immunoassays.
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Individual data points of long-term stability analysis at 4 ◦C.

Author Contributions: All the authors contributed significantly to work described in this article.
P.A.F.C., F.L.N.S. and N.I.T.Z. designed the experimental procedure; P.A.F.C., U.D.O. and F.L.N.S.
conducted circular dichroism, dynamic scattering light and SDS-PAGE experiments; L.M.L. and
F.L.N.S. conducted ELISA experiments; L.M.L., N.E.M.F., Â.A.O.S., R.T.D., E.F.S. and F.L.N.S. helped
with writing the paper and prepared figures; N.I.T.Z. and F.L.N.S. wrote the paper; M.A.K., N.I.T.Z.
and F.L.N.S. provided lab space and procured funding for this study. F.L.N.S. supervised the work.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Gonçalo Moniz Institute, Coordination of Superior
Level Staff Improvement-Brazil (CAPES; Code 001), Research Support Foundation of the State of
Bahia (FAPESB), Inova Fiocruz/VPPCB (VPPCB-008-FIO-18-2-20), FINEP (01.11.0286.00) and BNDES
(11.2.1328.1). Marco A Krieger, Nilson I. T. Zanchin and Fred L. N. Santos are CNPq researches fellow
(processes no. 304167/2019-3, 312195/2015-0 and 309263/2020-4, respectively).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board (IRB) for Human
Research at the Gonçalo Moniz Institute of the Oswaldo Cruz Foundation (IGM-FIOCRUZ), Salvador,
Bahia-Brazil (CAAE: 67809417.0.0000.0040).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: The authors acknowledge the Platform for Protein Purification and Characteri-
zation [RPT-15A] of the FIOCRUZ Technical Platform Network.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

43



Biosensors 2021, 11, 289

References

1. Hotez, P.J.; Dumonteil, E.; Woc-Colburn, L.; Serpa, J.A.; Bezek, S.; Edwards, M.S.; Hallmark, C.J.; Musselwhite, L.W.; Flink, B.J.;
Bottazzi, M.E. Chagas disease: “The new HIV/AIDS of the Americas”. PLoS Negl. Trop. Dis. 2012, 6, e1498. [CrossRef] [PubMed]

2. Prata, A. Clinical and epidemiological aspects of Chagas disease. Lancet Infect. Dis. 2001, 1, 92–100. [CrossRef]
3. Santos, F.L.N.; Souza, W.V.; Barros, M.S.; Nakazawa, M.; Krieger, M.A.; Gomes, Y.M. Chronic Chagas disease diagnosis: A

comparative performance of commercial enzyme immunoassay tests. Am. J. Trop. Med. Hyg. 2016, 94, 1034–1039. [CrossRef]
4. Verani, J.R.; Seitz, A.; Gilman, R.H.; LaFuente, C.; Galdos-Cardenas, G.; Kawai, V.; De Lafuente, E.; Ferrufino, L.; Bowman, N.M.;

Pinedo-Cancino, V.; et al. Geographic variation in the sensitivity of recombinant antigen-based rapid tests for chronic Trypanosoma
cruzi infection. Am. J. Trop. Med. Hyg. 2009, 80, 410–415. [CrossRef] [PubMed]

5. Martin, D.L.; Marks, M.; Galdos-Cardenas, G.; Gilman, R.H.; Goodhew, B.; Ferrufino, L.; Halperin, A.; Sanchez, G.; Verastegui,
M.; Escalante, P.; et al. Regional variation in the correlation of antibody and T-cell responses to Trypanosoma cruzi. Am. J. Trop.
Med. Hyg. 2014, 90, 1074–1081. [CrossRef]

6. Zingales, B. Trypanosoma cruzi genetic diversity: Something new for something known about Chagas disease manifestations,
serodiagnosis and drug sensitivity. Acta Trop. 2018, 184, 38–52. [CrossRef]

7. Leeflang, M.M.G.; Rutjes, A.W.S.; Reitsma, J.B.; Hooft, L.; Bossuyt, P.M.M. Variation of a test’s sensitivity and specificity with
disease prevalence. CMAJ 2013, 185, e537–e544. [CrossRef]

8. Leeflang, M.M.G.; Bossuyt, P.M.M.; Irwig, L. Diagnostic test accuracy may vary with prevalence: Implications for evidence-based
diagnosis. J. Clin. Epidemiol. 2009, 62, 5–12. [CrossRef] [PubMed]

9. World Health Organization. WHO Consultation on International Biological Reference Preparations for Chagas Diagnostic Tests; WHO:
Geneva, Switzerland, 2007.

10. Santos, F.L.N.; Celedon, P.A.F.; Zanchin, N.I.T.; Brasil, T.A.C.; Foti, L.; Souza, W.V.; Silva, E.D.; Gomes, Y.M.; Krieger, M.A.
Performance assessment of four chimeric Trypanosoma cruzi antigens based on antigen-antibody detection for diagnosis of chronic
Chagas disease. PLoS ONE 2016, 11, e0161100. [CrossRef]

11. Hoft, D.F.; Kim, K.S.; Otsu, K.; Moser, D.R.; Yost, W.J.; Blumin, J.H.; Donelson, J.E.; Kirchhoff, L.V. Trypanosoma cruzi expresses
diverse repetitive protein antigens. Infect. Immun. 1989, 57, 1959–1967. [CrossRef]

12. Camussone, C.; Gonzalez, V.; Belluzo, M.S.; Pujato, N.; Ribone, M.E.; Lagier, C.M.; Marcipar, I.S. Comparison of recombinant
Trypanosoma cruzi peptide mixtures versus multiepitope chimeric proteins as sensitizing antigens for immunodiagnosis. Clin.
Vaccine Immunol. 2009, 16, 899–905. [CrossRef]

13. Montagnani, F.; Paolis, F.; Beghetto, E.; Gargano, N. Use of recombinant chimeric antigens for the serodiagnosis of Mycoplasma
pneumoniae infection. Eur. J. Clin. Microbiol. Infect. Dis. 2010, 29, 1377–1386. [CrossRef]

14. Lu, Y.; Li, Z.; Teng, H.; Xu, H.; Qi, S.; He, J.; Gu, D.; Chen, Q.; Ma, H. Chimeric peptide constructs comprising linear B-cell
epitopes: Application to the serodiagnosis of infectious diseases. Sci. Rep. 2015, 5, 13364. [CrossRef]

15. Beghetto, E.; Spadoni, A.; Bruno, L.; Buffolano, W.; Gargano, N. Chimeric antigens of Toxoplasma gondii: Toward standardization
of toxoplasmosis serodiagnosis using recombinant products. J. Clin. Microbiol. 2006, 44, 2133–2140. [CrossRef]

16. Hollingshead, S.; Jongerius, I.; Exley, R.M.; Johnson, S.; Lea, S.M.; Tang, C.M. Structure-based design of chimeric antigens for
multivalent protein vaccines. Nat. Commun. 2018, 9, 1–10. [CrossRef]

17. Nuccitelli, A.; Cozzi, R.; Gourlay, L.J.; Donnarumma, D.; Necchi, F.; Norais, N.; Telford, J.L.; Rappuoli, R.; Bolognesi, M.;
Maione, D.; et al. Structure-based approach to rationally design a chimeric protein for an effective vaccine against Group B
Streptococcus infections. Proc. Natl. Acad. Sci. USA 2011, 108, 10278–10283. [CrossRef]

18. Leony, L.M.; Freitas, N.E.M.; Del-Rei, R.P.; Carneiro, C.M.; Reis, A.B.; Jansen, A.M.; Xavier, S.C.C.; Gomes, Y.M.; Silva, E.D.;
Reis, M.G.; et al. Performance of recombinant chimeric proteins in the serological diagnosis of Trypanosoma cruzi infection in dogs.
PLoS Negl. Trop. Dis. 2019, 13, e0007545. [CrossRef] [PubMed]

19. Cordeiro, T.A.R.; Martins, H.R.; Franco, D.L.; Santos, F.L.N.; Celedon, P.A.F.; Cantuária, V.L.; de Lana, M.; Reis, A.B.; Ferreira, L.F.
Impedimetric immunosensor for rapid and simultaneous detection of Chagas and visceral leishmaniasis for point of care
diagnosis. Biosens. Bioelectron. 2020, 169, 112573. [CrossRef] [PubMed]

20. Santos, F.L.N.; Celedon, P.A.; Zanchin, N.I.; Souza, W.V.; Silva, E.D.; Foti, L.; Krieger, M.A.; Gomes, Y.M. Accuracy of chimeric
proteins in the serological diagnosis of chronic Chagas disease—A Phase II study. PLoS Negl. Trop. Dis. 2017, 11, e0005433.
[CrossRef]

21. Del-Rei, R.P.; Leony, L.M.; Celedon, P.A.F.; Zanchin, N.I.T.; Reis, M.G.; Gomes, Y.D.M.; Schijman, A.G.; Longhi, S.A.; Santos, F.L.N.
Detection of anti-Trypanosoma cruzi antibodies by chimeric antigens in chronic Chagas disease-individuals from endemic South
American countries. PLoS ONE 2019, 14, e0215623. [CrossRef] [PubMed]

22. Dopico, E.; Del-Rei, R.P.; Espinoza, B.; Ubillos, I.; Zanchin, N.I.T.; Sulleiro, E.; Moure, Z.; Celedon, P.A.F.; Souza, W.V.;
Silva, E.D.; et al. Immune reactivity to Trypanosoma cruzi chimeric proteins for Chagas disease diagnosis in immigrants liv-
ing in a non-endemic setting. BMC Infect Dis. 2019, 19, 1–7. [CrossRef]

23. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef] [PubMed]

24. Santos, F.L.N.; Campos, A.C.P.; Amorim, L.D.A.F.; Silva, E.D.; Zanchin, N.I.T.; Celedon, P.A.F.; Del-Rei, R.P.; Krieger, M.A.;
Gomes, Y.M. Highly accurate chimeric proteins for the serological diagnosis of chronic Chagas disease: A latent class analysis.
Am. J. Trop. Med. Hyg. 2018, 99, 1174–1179. [CrossRef]

44



Biosensors 2021, 11, 289

25. Santos, F.L.N.; Celedon, P.A.F.; Zanchin, N.I.T.; Leitolis, A.; Crestani, S.; Foti, L.; Souza, W.V.; Gomes, Y.M.; Krieger, M.A.;
de Souza, W.V.; et al. Performance assessment of a Trypanosoma cruzi chimeric antigen in multiplex liquid microarray assays. J.
Clin. Microbiol. 2017, 55, 2934–2945. [CrossRef] [PubMed]

26. Silva, E.D.; Silva, Â.A.O.; Santos, E.F.; Leony, L.M.; Freitas, N.E.M.; Daltro, R.T.; Ferreira, A.G.P.; Diniz, R.L.; Bernardo, A.R.;
Luquetti, A.O.; et al. Development of a new lateral flow assay based on IBMP-8.1 and IBMP-8.4 chimeric antigens to diagnose
Chagas disease. Biomed Res. Int. 2020, 2020, 1803515. [CrossRef] [PubMed]

27. Daltro, R.T.; Leony, L.M.; Freitas, N.E.M.; Silva, Â.A.O.; Santos, E.F.; Del-Rei, R.P.; Brito, M.E.F.; Brandão-Filho, S.P.; Gomes, Y.M.;
Silva, M.S.; et al. Cross-reactivity using chimeric Trypanosoma cruzi antigens: Diagnostic performance in settings co-endemic for
Chagas disease and American cutaneous or visceral leishmaniasis. J. Clin. Microbiol. 2019, 57. [CrossRef]

28. Rocha-Gaso, M.I.; Villarreal-Gómez, L.J.; Beyssen, D.; Sarry, F.; Reyna, M.A.; Ibarra-Cerdeña, C.N. Biosensors to diagnose Chagas
disease: A brief review. Sensors 2017, 17, 2629. [CrossRef]

29. Janissen, R.; Sahoo, P.K.; Santos, C.A.; da Silva, A.M.; von Zuben, A.A.G.; Souto, D.E.P.; Costa, A.D.T.; Celedon, P.; Zanchin, N.I.T.;
Almeida, D.B.; et al. InP nanowire biosensor with tailored biofunctionalization: Ultrasensitive and highly selective disease
biomarker detection. Nano Lett. 2017, 17, 5938–5949. [CrossRef]

45





biosensors

Review

Microfluidic-Chip-Integrated Biosensors for Lung
Disease Models

Shuang Ding 1,†, Haijun Zhang 1,*,† and Xuemei Wang 2,*

Citation: Ding, S.; Zhang, H.; Wang,

X. Microfluidic-Chip-Integrated

Biosensors for Lung Disease Models.

Biosensors 2021, 11, 456. https://

doi.org/10.3390/bios11110456

Received: 10 October 2021

Accepted: 14 November 2021

Published: 15 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Oncology, Zhongda Hospital, School of Medicine, Southeast University,
Nanjing 210009, China; dingshuang@seu.edu.cn

2 State Key Laboratory of Bioelectronics, School of Biomedical Engineering, Southeast University,
Nanjing 210096, China

* Correspondence: haijunzhang@seu.edu.cn (H.Z.); xuewang@seu.edu.cn (X.W.); Tel.: +86-25-83-792-177 (X.W.)
† These authors contributed equally to this work.

Abstract: Lung diseases (e.g., infection, asthma, cancer, and pulmonary fibrosis) represent serious
threats to human health all over the world. Conventional two-dimensional (2D) cell models and
animal models cannot mimic the human-specific properties of the lungs. In the past decade, human
organ-on-a-chip (OOC) platforms—including lung-on-a-chip (LOC)—have emerged rapidly, with
the ability to reproduce the in vivo features of organs or tissues based on their three-dimensional
(3D) structures. Furthermore, the integration of biosensors in the chip allows researchers to monitor
various parameters related to disease development and drug efficacy. In this review, we illustrate the
biosensor-based LOC modeling, further discussing the future challenges as well as perspectives in
integrating biosensors in OOC platforms.

Keywords: biosensor; microfluidics; organ-on-a-chip; lung model; lung-on-a-chip

1. Introduction

1.1. Lung Physiology and Diseases

The lungs are among the most important organs in the human body, and are a site
for gas exchange. They contain many alveoli with a large total surface area and abundant
capillaries wrapped around them. Both alveolar walls and capillary walls are composed of
a layer of epithelial cells, which are conducive to gas exchange between the alveoli and
the blood. The respiratory membrane is the vital structure for gas exchange, and can be
divided into six layers: a liquid layer containing alveolar surfactant, the alveolar epithelial
layer, the epithelial basement membrane layer, an interstitial layer between the alveoli
and capillaries, the capillary basement membrane layer, and the capillary endothelial cell
layer [1]. Common respiratory diseases include inflammation (pneumonia) [2], chronic
obstructive pulmonary disease (COPD) [3,4], asthma [5], lung cancer [6–8], pulmonary
fibrosis, pulmonary embolism, etc. They occur in different anatomical regions (e.g., alveoli
or small airways), with varied pathogenesis and therapeutic principles.

1.2. Microfluidic Chips

In the 1990s, in order to meet the need for more sensitive, efficient, and rapid separation
and analysis of biological samples, Manz and Widmer et al. [9] first proposed the concept
of miniaturized total analysis systems (μTASs). Today, such systems have developed
into one of the most advanced scientific and technological fields in the world. The core
technology is based on microfluidic chip systems, or lab-on-a-chip systems [10]. This refers
to the integration of sample preparation, reaction, separation, detection, and other basic
operational units involved in conventional chemical and biological fields into a chip of
several square centimeters, which has the advantages of rapid detection and analysis, large
amounts of information, and high throughput. In recent decades, such systems have been
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widely used in life sciences, disease diagnosis, and drug screening, becoming among the
most popular frontier technologies in the 21st century.

1.3. Lung Models

At present, in vitro two-dimensional (2D) cell models/three-dimensional (3D) spheroids,
animal models, and human organoid models are commonly used to mimic the lungs, but
these models all have their limitations. Monolayer cell culture is simple and cheap, but
cannot demonstrate the complex structure and function of the human-organ-specific mi-
croenvironment in vivo. 3D spheroids based on hydrogel scaffolds are more similar to the
microenvironment, but still have the disadvantages of no perfusion, no stress, and limited
vasculature. Animal models, although widely used, are not able to mimic human-specific
features, with poor prediction value for patients due to the great differences in respiratory
system structure between animal models and humans. Lung organoids can provide a
variety of cell types and more complex tissue-specific functions, but they cannot mimic
organ-level features of the lungs, such as tissue–tissue interface, epithelial–endothelial
crosstalk, and immune cell–host response. These models cannot analyze the recruitment
of circulating immune cells under active fluid flow, causing unavoidable problems in
the modeling of lung diseases. Therefore, there is an urgent need to develop alternative
preclinical models to better mimic the pathophysiology of human lungs. Microfluidic
technology is able to handle small volumes of fluids (10−9 to 10−18 L) across microchannels
with dimensions from tens to hundreds of micrometers, which promote the development of
human organ-on-a-chip (OOC) systems with the ability to successfully mimic many aspects
of the organ-level physiology [11]. A large number of OOC platforms integrated with
microfluidic technologies, organ anatomy, physics, materials science, and cell biology have
been designed for an array of human organs, including the lungs [12–14], liver [15–17],
gut [18,19], kidneys [20,21], and heart [22,23]. Lung-on-a-chip (LOC) [24], as the first pro-
posed OOC, has always been an appealing research topic for mimicking ALI structure or
breathing movement, reducing the awkwardness of lung modeling. LOC is a multifunc-
tional microexperimental platform that can reproduce the key structural, functional and
mechanical properties of the human alveolar–capillary interface (ACI, the basic functional
unit of living lungs), simulate lung function at the organ level, and reflect the tissue–tissue
interface, epithelial–endothelial crosstalk, and immune cell–host response. There have been
many reports on the application of lung alveolus-on-a-chip and small-airway-on-a-chip
systems in simulating lung inflammation, pulmonary edema, pulmonary fibrosis, viral
pneumonia, and lung cancer.

1.4. Biosensors

Biosensors are a kind of chemical sensor. They are a signal analysis tool composed of
immobilized biologically sensitive material components (including enzymes, antibodies,
antigens, microorganisms, cells, tissues, nucleic acids, etc.), corresponding transducers
(including oxygen electrodes, photosensitive tubes, field-effect tubes, piezoelectric crystals,
etc.), and a signal detecting device. Biosensors [25] are used to detect biological analytes
(e.g., biomolecules), structures, and microorganisms, and can monitor and transmit infor-
mation about a life process [26–28]. As shown in Figure 1, a sensing element (for recognition
of biomolecules), signal transducer (for signal translation), and detector (for detecting the
signal) make up the sensor. Biosensors were first proposed by Clark et al., who clamped
an enzyme solution between two layers of dialysis membrane to form a thin liquid layer,
and then glued it to a pH electrode and an oxygen electrode to detect the reaction in the
liquid layer. As the lifetime of the enzyme electrode is relatively short, and the purification
is also expensive, researchers began to research derivatives of enzyme electrodes—such
as animal tissue electrodes, organelle electrodes, and microbial electrodes—which greatly
increased the variety of biosensors. According to the sensing principle, the most common
integrated sensors can be classified into three groups: electrical [29,30], electrochemi-
cal [31–35], and optical [36–38]. Electrical signals are often used to deal with cell growth
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and responses, while optical and electrochemical sensors are commonly used to detect
chemical signals. Various integrated biosensors have been used for chemical analysis in
microfluidic chips [39]. The basic concept of the reported microfluidic-based biosensor is to
integrate the analysis functions required for biochemical analysis on a single chip, including
sample preparation, pretreatment, detection, and molecular sorting. The combination of
biosensors and microfluidic chips improves analysis capabilities and broadens the range of
possible applications. Recently, some efforts have been made to integrate biosensors into
OOC platforms as well.

Figure 1. Composition and classification of sensors: Sensors are classified into (a) electrical sensors, (b) electrochemical
sensors, and (c) optical sensors. Reproduced with permission from [40].

2. Biosensor-Free LOC for Lung Modeling

The classical “alveolar lung-on-a-chip” [12] and “small airway lung-on-a-chip” [41,42]
were established by Huh et al. and Benam et al., respectively, from the Wyss Institute
for Biologically Inspired Engineering at Harvard University (Figure 2). In 2010, Huh
et al. [12] produced one of the first biomimetic microfluidic lung models, in which 10 μm
of polydimethylsiloxane (PDMS) membrane with ECM was sandwiched between the
two PDMS microchannels. ALI was generated for gas exchange with the blood. The
upper channel contained epithelial cells while the other channel contained microvascular
endothelial cells to mimic the ACI. The membrane between the two channels was forced to
deform under a vacuum to pneumatic channels on either side of the membrane. The authors
found that ALI culture increased the transbilayer electrical resistance (TER, >800 Ω·cm2)
and produced tighter ACI as compared to liquid culture conditions. This study became a
pioneer for further studies related to LOCs. Benam et al. [41] introduced a human small
airway lung-on-a-chip containing mucociliary bronchiolar epithelium and microvascular
endothelium; this chip was made of PDMS containing an upper channel and a parallel
lower microvascular channel, which were separated by a polyester membrane coated with
type I collagen on both sides. Physiological and pathological processes of the lungs were
simulated and developed based on this small airway lung-on-a-chip; the authors also
modeled several airway diseases [43,44] (e.g., asthma [45], lung inflammation [42], COPD,
and COPD exacerbation [13]) on the chip.

In 2012, Huh et al. mimicked pulmonary edema on a chip [46], the structure of
which was similar to the alveolar lung-on-a-chip mentioned above. This pulmonary-
edema-on-a-chip reproduced lung function in response to interleukin-2 (IL-2), and also
successfully screened a drug for pulmonary edema. Zamprogno et al. [47] presented a
second-generation LOC with a lung alveolar array based on a biological, thickness/stiffness-
controlled membrane made from collagen and elastin via a simple method. Huang et al. [48]
used a model of the human alveoli based on physiological structure; it was composed of a
3D porous hydrogel with an inverse opal structure, and then bonded to a PDMS chip. In
contrast to traditional PDMS or biological membranes, the inverse opal hydrogel structure
is similar to human alveolar sacs, with well-defined, interconnected pores, and can be
introduced to LOCs. Zhang et al. [49,50] evaluated the pulmonary toxicity of TiO2/ZnO
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nanoparticles and fine particulate matter (PM2.5) exposure using a novel three-channel 3D
LOC model. Hassell et al. [14] created a chip model of human non-small-cell lung cancer
(NSCLC) to recapitulate cancer growth, responses to tyrosine kinase inhibitor (TKI) therapy,
and dormancy. Xu et al. [51] reported a multiorgan chip with an upstream “lung” and
three downstream “organs”, which mimicked the lung cancer metastasis microenviron-
ment. In general, these LOC models mentioned above were biosensor-free, although with
different design concepts and applications (see Table 1 for detailed comparisons). Given
the biological complexity of the described LOC, future progress must be made in biosensor
integration in order to easily monitor related physiological parameters.

Figure 2. Design of two classical human breathing LOC microdevices: (a) Schematic diagram of
“alveolar lung-on-a-chip”; physiological breathing movements were reproduced by applying vacuum
to the chambers; reproduced with permission from [12]. (b) Schematic diagram of the “small airway
lung-on-a-chip”; reproduced with permission from [42].

Table 1. Literature review of some biosensor-free LOCs. Chip models, structure of ACI, corresponding remarks, and
whether respiration movement was observed are listed in the table for comparison.

Chip Models Structure of ACI Remarks RM 1 Ref.

Alveolar
lung-on-a-chip

Alveolar epithelial
cells/PDMS/microvascular

endothelium

A pioneer for further studies
related to LOC. The authors

also introduced
pulmonary-edema-on-a-chip to

mimic lung function, and
screened a new drug for

pulmonary edema

Yes [12]
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Table 1. Cont.

Chip Models Structure of ACI Remarks RM 1 Ref.

Small airway
lung-on-a-chip

Differentiated mucociliary
bronchiolar epithe-

lium/PDMS/microvascular
endothelium

Modeled asthma, lung
inflammation, and COPD

exacerbation on the chip, and
also evaluated the therapeutic

response on the chip

With ALI
structure [13,41,42]

A chip model of
human NSCLC

Similar to alveolar
lung-on-a-chip

Recapitulated cancer growth,
responses to TKI therapy,

and dormancy
Yes [14]

Second-generation lung
alveolar array

Human primary alveolar
epithelial cells

(hAEpCs)/collagen–elastin
membrane/human lung

microvascular endothelial cells

Biological, stretchable,
biodegradable, and

thickness/stiffness-controlled
collagen–elastin membrane

outperforms PDMS in
many ways.

Yes [47]

Physiologically
relevant model of

human alveoli

hAEpCs/alveoli-like 3D GelMA
hydrogels/human umbilical
vein endothelial cells (results

with HUVEC only available in
the Supplementary Materials)

3D porous hydrogel with an
inverse opal structure bonded to

a compartmentalized PDMS
chip. Investigated the

pathological effects of cigarette
smoking and

SARS-CoV-2 infection

Yes [48]

Three-channel
3D LOC model

Alveolar epithelial
cells/ECM/pulmonary vascular

endothelial cells

Evaluated the pulmonary
toxicity of TiO2/ZnO

nanoparticles and
PM2.5 exposure

No [49,50]

Multiorgan lung cancer
metastasis-on-a-chip

Human bronchial epithelial and
lung cancer

cells/PDMS/microvascular
endothelial cells, fibroblasts,

and macrophages

Upstream “lung” and
downstream “brain”, “bone”,

and “liver” to mimic the in vivo
microenvironment of

cancer metastasis

Yes [51]

1 RM refers to respiration movement.

3. Biosensors in Microfluidic Chips for Lung Modeling

Biosensors have been widely used in the field of analysis, as they can carry out online
and continuous monitoring in complex systems, with the properties of high automation,
miniaturization, and integration. When biosensors are combined with new approaches,
they can have a revolutionary impact on biotechnology. In the following section, we mainly
introduce microfluidic chips for lung modeling, along with integrated biosensors for
detecting related parameters. Although some microfluidic chips do not have the structure
of LOCs, they have successfully achieved the sensing of specific parameters, laying a
foundation for the integration of biosensors in LOCs.

3.1. Transepithelial Electric Resistance (TEER)

Traditional techniques for the measurement of TEER are not suitable for microfluidic
devices that replicate the dynamic microenvironment of lung respiration movements [52].
It is difficult to place the microelectrodes on the chip such that the biomimetic capability of
the chip is protected and cells are easily accessed via simple handling.

In 2017, Henry et al. [53] from the Wyss Institute described a newly developed human
airway-on-a-chip with embedded electrodes for TEER biosensors (Figure 3). Four electrodes
were integrated into a microfluidic device that they developed previously [42]. The chip
was fabricated using polycarbonate (PC) as a base substrate for its high optical clarity, cell
culture biocompatibility, ease of machining, compatibility with metal deposition processes,
and ease of chemical surface modification. Epoxy moieties were introduced at the PDMS
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surface using GLYMO prior to the binding of plasma-activated PDMS to the silanol groups
introduced at the PC surface via aminopropyltriethoxysilane (APTES) treatment. This
method improved bonding efficacy and enabled long-term resistance to hydrolytic cleavage.
Electrodes were 1 mm wide, spaced 1 mm apart, and patterned on PC substrates using a
laser-patterned, silicon-coated, backing paper shadow mask. These electrodes were not only
stable, but also transparent, allowing for real-time monitoring using optical microscopy.
The authors successfully maintained the chip for 62 days in culture and 56 days at ALI,
without any evidence of cell toxicity from the presence of the gold and titanium layers.
This biosensor can be used in OOC modelling of barriers (e.g., the blood–brain barrier), as
it enables measurement of barrier function in cultured cells.

Figure 3. Microengineered human airway-on-a-chip with TEER biosensor: (a) Schematic view of
the TEER chip’s working principle. (b) Photograph of the assembled TEER chip. Reproduced with
permission from [53].

Increased information output can be obtained by using different types of biosen-
sors in one chip. Khalid et al. [54] introduced a lung-cancer-on-a-chip system equipped
with multiple sensors (Figure 4). The chip was prepared in-house by inkjet printing the
elastomeric microfluidic channel onto the glass. The top and bottom glasses were held
together by a 3D-printed chip holder. During the 54 h real-time monitoring, different
concentrations of chemotherapeutics were introduced to NCI-H1437 cells; meanwhile,
real-time data of media pH and TEER impedance were obtained via optical pH sensor
and top/bottom ITO electrodes. Optical sensors for non-invasive pH monitoring of media
were assembled using commercial electronics, white LEDs, optical filters, photodiodes,
and 3D printing. The working principle is that when the pH of the extracellular culture
medium changes, the color of phenolic red in the culture medium flowing through trans-
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parent and biocompatible microfluidic channels changes, and the change in pH can be
quantified by measuring the change in light intensity in the channels. Optical pH sen-
sors were characterized and calibrated in the pH range 6.0–8.5 using standard pH media
samples. The culture media pH and impedance were monitored for 2 days without any
problems in a typical experiment. Then, 500 nm transparent indium tin oxide (ITO)-based
TEER impedance-sensing electrodes were patterned using the photolithography technique.
The active area of the electrodes was 16 mm2. The TEER impedance data converted to
the cell index (CI) (normalized impedance values) showed that an increase in the drug
concentrations caused higher cell death rates. The authors concluded that increased drug
concentration caused medium acidification and higher cell death rates due to an increase
in the number of acidic molecules; furthermore, these sensors could also be used in drug
screening systems, and the chip introduced by the authors was also a promising tool for
the development of personalized medicine.

Figure 4. Lung-cancer-on-chip system with multiple sensors: (a) Cross-section view and (b) top view
of microfluidic glass chip fabrication. (c) Working flow of the chip for physiological environment
monitoring and drug cytotoxicity evaluation. Reproduced with permission from [54].

Mermoud et al. [55] reported a new micro-impedance tomography (MITO) system
with the ability to monitor changes in the lung alveolar barrier at a distance of 1 mm
from the electrodes using impedimetric coplanar electrodes (Figure 5). They integrated
the system into an LOC that models breathing movement through a thin film, based on
their previous study [56]. The sensing system was produced using a printed circuit board
(PCB). The electrodes on the PCB consisted of 35 μm of copper covered with an electroless
nickel plating and a 50 nm thick layer of immersion gold. The flexible PCB was irreversibly
bonded with oxygen plasma between the actuation membrane and the actuation part,
providing the LOC with barrier function monitoring in a simple, cost-effective manner.
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Figure 5. LOC integrated with a MITO system: (a) Cross-sectional view of the system. (b) Detailed information about the
flexible PCB that can be bonded between two layers in the LOC. Reproduced with permission from [55].

The single-organ LOC can mimic lung cell culture microenvironments, but cannot
reproduce the interactions between the lungs and other organs. Combining multiple
organ types within a single chip can better model the in vivo microenvironment, and is
urgently needed. Skardal et al. [57] described a three-tissue OOC system (liver, heart,
and lungs; see Figure 6). Liver and cardiac organoids were integrated into a circulatory
perfusion system, which was connected to a lung module with an ALI. Lung modules were
composed of endothelial cells, lung fibroblasts, and epithelial cells over a semi-permeable
membrane within the chip. Transepithelial resistance (TEER) and short-circuit current (Isc)
electrophysiological sensing functions were realized by advanced electrodes. The surfaces
of the electrodes were functionalized by immobilizing streptavidin (SPV) on the working
electrode via covalent bonding with EDC/NHS. The system was maintained for more than
9 days, with direct monitoring of organoid integrity and organ function. The authors found
that bleomycin—a drug that causes lung fibrosis and inflammation—also caused toxicity in
the cardiac organoids by releasing inflammatory cytokines, including IL-1β. The advanced
in vitro drug screening capability of the system represents an important contribution to the
field of drug development.

As the most commonly used type of biosensors in OOCs, electrical sensors measure
voltage to determine cell properties and physical properties. Optical sensing relies on
various forms of microscopy, without consumption of the analyte. Electrochemical sensors
work by catalyzing an analyte into another active product. With the application of sensors
in biology, more and more biosensors are used to detect biochemical indicators, and not
simply to detect some physical parameters. In the following section, we mainly classify the
different sensing targets—such as respiratory viruses, biomarkers (e.g., deoxyribonucleic
acid (DNA), ribonucleic acid (RNA), proteins, cells), drug efficacy, oxygen, temperature,
etc.—in biosensor-based microfluidic chips for lung modeling.

3.2. Respiratory Virus Infections

Since 2019, COVID-19 has been a global pandemic. The current gold standard for diag-
nosis is viral nucleic acid testing, which is time consuming and labor intensive. Therefore,
there is an urgent need for a fast and accurate virus detection method. Qiu et al. [58] re-
ported a dual-functional plasmonic biosensor combining the plasmonic photothermal (PPT)
effect and localized surface plasmon resonance (LSPR) to sense transduction for the clinical
diagnosis of COVID-19. On the one hand, complementary DNA-receptor-functionalized
two-dimensional gold nano-islands (AuNIs) can achieve sensitive detection of the selected
sequences from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) via nucleic
acid hybridization. On the other hand, the AuNIs can enhance the sensing performance by
generating thermoplasmonic heat. Jin et al. [59] developed a useful system for the detection
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of human respiratory adenovirus (HAdV) by combining a biosensor with a microfluidic
sample processing module. The detection of viral DNA was accomplished by using a bio-
optical sensor of isothermal solid-phase DNA amplification after the DNA was extracted
from clinical samples within 30 min using a disposable thin film to facilitate the viral DNA
extraction from clinical samples.

Figure 6. Overall design of the 3-tissue OOC system: (a) Illustration of the system. (b) Lung modules are formed within
microfluidic devices. (c) TEER sensors in lung modules are introduced to monitor tissue barrier function over time.
Reproduced with permission from [57].

3.3. Lung Cancer Biomarkers

Biomarkers refer to biomolecules that are signs of normal or abnormal processes,
conditions, or diseases found in bodily fluids or tissues. They can be used to monitor
the progression and efficacy of a disease—especially in cancer [60–65].Biomarkers include
DNA, RNA, and proteins (e.g., antigens, cytokines). They are widely detected in bodily
fluids such as blood, urine, saliva, tears, and cerebrospinal fluid. Combined detection of
multiple tumor markers can improve the sensitivity and specificity of tumor diagnosis. In
the following section, biosensors for lung cancer at the molecular level (DNA, RNA, and
proteins), organelle level (exosomes), and cell level (circulating tumor cells (CTCs)) are
comprehensively discussed.

3.3.1. Molecular Level (DNA, RNA, and Proteins)

DNA [66,67], RNA [68,69], and proteins play important roles in early-stage cancer
diagnosis, but their detection remains a challenge because of low expression levels [70–72].
Traditionally, cancer-related circulating tumor DNA (ctDNA) is usually detected via per-
sonalized analysis of rearranged ends (PARE), whole-genome sequencing, or digital PCR-
based methods. MicroRNAs (miRNAs) [73], as a class of small, non-coding endogenous
RNAs of ~22 nucleotides long, are traditionally detected by real-time qPCR, Northern
blotting, microarray, and deep transcriptome sequencing (RNA-Seq). Lung cancer protein
biomarkers [74–76]—such as antigens (NSE, SCC, etc.), MMPs, and cytokines—are widely
used in clinical practice. Extensive efforts have been devoted to developing ultrasensitive
biosensors for the detection of cancer protein biomarkers.

Sheng et al. [77] introduced a dual signal amplification strategy, which was integrated
on an electrochemical biosensor for the rapid detection of RNAs (miRNA-17, miRNA-155,
miRNA-19b, miRNA-210, thyroid transcription factor-1 messenger RNA (TTF-1 mRNA)
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and epidermal growth factor receptor (EGFR) mRNA). This platform could selectively
and sensitively distinguish early-stage NSCLC patients from healthy controls and benign
lung disease patients by identifying low-expression RNA targets in human sera. Portela
et al. [78] employed simple colloidal lithography to build a cm2-sized nanostructured
plasmonic biosensor chip based on nanogap antennas. miRNA-210, a biomarker of lung
cancer, was detected by this chip via a DNA/miRNA hybridization assay. The sensing
potential was proven to be excellent, owing to a limit of detection (LOD) of 0.78 nM.
Aoki et al. [79] fabricated a 384-channel biosensor array chip for the detection of multiple
mRNAs and miRNAs for lung cancer. The individual biosensor was composed of a
photolithographically fabricated Au/Cr-based electrode modified with peptide nucleic
acid (PNA) probes. Sequence-specific responses were proven on the chip with an LOD
of 73.3 nM. Furthermore, potential use with polymerase chain reaction (PCR) samples
was suggested by PCR-amplified oligonucleotide samples. Zeng et al. [80] developed a
novel anchor-like DNA (alDNA) electrochemical biosensor for the detection of Kirsten
rat sarcoma viral oncogene (KRAS) point mutation level. Compared to the conventional
ligation-based DNA biosensors, the alDNA biosensor was convenient and cheap, with
high sensitivity and selectivity; it could capture both wild-type and mutant DNA in one
step. Furthermore, mutation detection in blood samples could meet the requirements for
early-stage NSCLC diagnosis in clinical settings. Wu et al. [81] developed a chip consisting
of gold-coated cover glass and tethered cationic lipoplex nanoparticles (tCLN) containing
molecular beacons (MBs), which could capture cancer-cell-derived exosomes or viruses and
identify encapsulated RNAs in a single step. The CLNs were able to fuse with the exosomes
and form nanoparticle complexes via electrostatic interaction. Then, the MBs hybridized
with the target RNAs, and exosomes enriched in the target RNAs were detected by the
fluorescence signals of MBs using total internal reflection fluorescence (TIRF) microscopy.
Furthermore, only 60 μL of serum and 2.5 h were needed in this system, which showed
very promising prospects in the detection of exo-miRNAs and clinical diagnosis.

Chiu et al. [82] constructed a signal amplification sensing film for the detection of
the cytokeratin 19 fragment (CYFRA21-1). This novel surface plasmon resonance (SPR)
detection assay was ultrasensitive, with an LOD of 0.05 pg/mL in spiked clinical sera,
which is 104 times more sensitive than an enzyme-linked immunosorbent assay (ELISA).
Cheng et al. [83] developed field-effect transistor (FET) biosensors to detect CYFRA21-1
and neuron-specific enolase (NSE) in both serum and phosphate-buffered saline (PBS);
they also integrated two antibody types on the same chip for simultaneous multiplexed
detection. Zou et al. [84] introduced a chip cartridge packaged with a Love wave biosensor
for the measurement of CEA, NSE, and squamous-cell carcinoma (SCC) antigen in exhaled
breath condensate (EBC) collected from both healthy volunteers and lung cancer patients;
gold nanoparticles were immobilized onto the biosensor by a sandwich immunoassay. In
addition to tumor markers, specific antigens involved in different processes of disease
can also help in the diagnosis and prognosis of disease, such as epithelial–mesenchymal
transition (EMT) transcription factor, and inflammatory indicators such as C-reactive
protein (CRP) and procalcitonin (PCT). Chakravarty et al. [85] demonstrated a silicon chip
platform integrated with photonic crystal (PC) microcavity biosensors to detect the EMT
transcription factor zinc finger E-box-binding homeobox 1 (ZEB1) in lysates from NCI-H358
cells. The shift in resonance wavelength resulting from the changed refractive index in
the PC microcavity could detect the binding of the corresponding antigen. Feng et al. [86]
integrated a microelectrode and a cathodic photoelectrochemical (PEC) biosensor into a
microfluidic chip for the detection of CYFRA21-1, based on a signal amplification strategy
with a detection limit of 0.026 pg/mL.

In addition to the detection of individual biomarkers, multivariate detection has also
been widely practiced. Washburn et al. [87] described the simultaneous detection of eight
cancer biomarkers (alpha fetoprotein (AFP), activated leukocyte cell adhesion molecule
(ALCAM), cancer antigen 15-3 (CA15-3), cancer antigen 19-9 (CA19-9), cancer antigen
125 (CA-125), carcinoembryonic antigen (CEA), osteopontin, and prostate-specific antigen
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(PSA)) in serum using an antibody-based sandwich assay, in 1 h, based on silicon photonic
biosensors. Gao et al. [88] designed a giant magnetoresistance (GMR) multi-biomarker
immunoassay biosensor that could simultaneously detect 12 kinds of tumor marker (AFP,
CEA, CYFRA21-1, NSE, SCC, PG I, PG II, CA19-9, total PSA, free PSA, free-beta-hCG,
and Tg) to screen patients with lung cancer, liver cancer, digestive tract cancer, prostate
cancer, etc. The GMR sensor chip was based on a double-antibody sandwich immunoassay
method. Gao et al. [89] developed a label-free assay for the multiplexed detection of lung
cancer biomarkers (miRNA-126 and CEA) using silicon nanowire field-effect transistor
(SiNW-FET) sensors. Integration of the SiNW sensor and PDMS microfluidic device enables
rapid, sensitive, and multiplexed detection.

3.3.2. Organelle Level (Exosomes)

Cancer-derived exosomes [90–92] with a size of 30-150 nm and density of 1.13–1.19 g/mL
have drawn much attention in recent decades, and can be obtained from bodily fluids (such
as serum, plasma, or urine). They carry a variety of information on the tumor and tumor
microenvironment; thus, they play important roles in tumorigenesis and progression. The
detection of such biomarkers is useful for the early diagnosis and drug sensitivity analysis
of cancer. Yang et al. [93] presented a novel microfluidic device for the isolation and in situ
detection of lung-cancer-specific exosomes collected from patients’ urine. The integrated
biosensor was fabricated using poly(methyl methacrylate) (PMMA) and a nonporous gold
(Au) nanocluster membrane modified with the capture antibody. The change in scattering
intensity due to resonance Rayleigh scattering enables the ultrasensitive detection of exosomes.

3.3.3. Cell Level (Circulating Tumor Cells (CTCs))

CTCs are the tumor cells that are separated from the primary solid tumor and enter the
bloodstream for various reasons. They play an important role in early diagnosis, detection
of tumor recurrence and metastasis, prognostic evaluation, and treatment guidance. The
detection and characterization of CTCs provide a non-invasive approach for monitoring
cancer therapy. Chen et al. [94] designed a magnet-deformability hybrid integrated mi-
crofluidic chip to enumerate CTCs. NSCLC patient blood samples were used to validate
the microfluidic chip clinically, with a high capture efficiency (over 90% at 3 mL/h) and
high viability (96%) at high flow rates. Nguyen et al. [95] combined dielectrophoretic (DEP)
manipulation and impedance measurement using a single microfluidic device equipped
with circular microelectrodes to detect CTCs; the force of DEP and hydrodynamic drag
drove A549 lung cancer cells to the center of the working region; the LOD of the impedance
biosensor was approximately three cells. The same group [96] also introduced a microde-
vice with electrical sensors based on aptamer-modified gold electrodes for the detection of
A549 cells. This device permitted not only optical microscope observations, but also electri-
cal impedance spectroscopy (EIS) measurements. Nabovati et al. [97] introduced an array
of charge-based capacitive measurement biosensors for high-throughput cell growth moni-
toring; the authors tested both H1299 cells and polystyrene beads, with consistent results
with cell-based assays; the results showed that the capacitive electrodes can successfully
detect cell attachment and growth. Do et al. [98] combined a DEP microfluidic enrichment
platform with a capacitive biosensor to detect CTCs; A549 cells were driven to the working
chamber via DEP forces, and then captured by an anti-EGFR modified electrode; finally,
cells were detected according to their different capacitance. Li et al. [99] developed a cell
isolation microfluidic device based on electrotactic ability; this chip was composed of three
parts: a cell immobilization structure, an electric field (EF) generator, and a cell retrieval
module. The results show that H1975 cell motility was related to EGFR expression and
upregulation of ras homolog family member A (RhoA), regardless of EF stimulation, while
it was also related to phosphatase and tensin homolog deleted on chromosome ten (PTEN)
expression in the presence of EF stimulation.
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3.4. Drug Efficacy

Drug efficacy evaluation is important in clinical treatment and drug development. Tra-
ditionally, the measurement of cell responses to drugs requires cell counting kit-8 (CCK8),
methyl thiazolyl tetrazolium (MTT) assays, animal models, etc., but the biosensor-equipped
chip simplifies this process. The corresponding result can be read directly through the
biosensor. Pan et al. [100] developed a microgroove impedance sensor (MGIS) for monitor-
ing 3D A549 cell viability in a dynamic and non-invasive manner. Cells were planted in
microgrooves for in situ impedance measurement. The proliferation and apoptosis of cells
indicated by the change in the living cell number caused an inversely proportional change
in the impedance magnitude. The results based on this MGIS platform were very similar to
the clinically observed effects of chemotherapy on NSCLC. Noh et al. [101] reported in-air
monitoring of in vitro monolayer cells by EIS; two chambers in the chip were separated by
a porous membrane, on which EIS electrodes were patterned and A549 cells were cultured.
Unlike conventional TEER, electrodes were placed laterally—instead of vertically—to the
membrane. This in-air EIS biosensor can enable not only the monitoring of cell population,
but also the modulation of tight junctions.

3.5. Oxygen and Temperature

Oxygen and temperature are two of the most important physical parameters in the
process of cell culture. Although important, they are the most easily ignored parameters,
because of the difficulty in simply reading out these indicators in the traditional culture
process. Zirath et al. [102] developed two microfluidic devices integrated with oxygen-
sensitive, microparticle-based biosensor spots. The microdevice was composed of two
glass substrates, onto which sensor microparticles were pipetted directly; an adhesive film
containing the fluidic structure bonded the two layers together. Partial oxygen pressures,
cellular oxygen consumption rates with varying cell types, flow rates, and cell numbers
were monitored.

Temperature changes in cells are closely connected with physiological processes.
Temperature measurements are beneficial to the study of cellular mechanisms. Zhao
et al. [103] developed a microfluidic chip for cellular temperature monitoring using a
platinum (Pt) thermosensor. The chip was positioned in a constant water tank 24 h after
cell seeding. The results showed that temperature response to cisplatin differed in different
cells. In conclusion, this chip could be applied to study cell physiology and pathology, with
the ability to monitor cellular temperature.

In general, microfluidic chips integrated with biosensors for lung disease modeling,
with different design concepts and applications, are briefly summarized in Table 2.

Table 2. Literature review of some biosensor-based microfluidic chips for lung disease modeling. Detailed sensing
parameters and characteristics of corresponding sensing technology are listed for summary.

Sensing Parameter Sample Keywords Advantages Ref.

Respiratory virus SARS-CoV-2

A dual-functional plasmonic
biosensor combining the

plasmonic photothermal (PPT)
effect and localized surface

plasmon resonance (LSPR) for
sensing transduction

High sensitivity; lower
detection limit;
cost-effective

[58]

HAdV

Bio-optical sensor of
isothermal solid-phase DNA
amplification; a disposable

thin film to facilitate the
extraction of viral DNA

Low-cost; simplicity;
fast (30 min); simple

instruments
[59]
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Table 2. Cont.

Sensing Parameter Sample Keywords Advantages Ref.

DNA/RNA biomarkers
miR-17, miR-155,

TTF1mRNA, miR-19b,
miR-210

CRISPR/CHDC system; early
cancer diagnosis

High sensitivity;
low-cost; easy

scalability; short assay
time

[77]

miR-210

Large-area nano-plasmonic
biosensor; nanogap antennas;

customized colloidal
lithography process

Simple; low-cost; direct
and label-free detection;

high sensitivity
[78]

IGFBP5, EGR3, TFF1
mRNAs, miR-17,
miR-21, miR-223

384-Channel,
photolithographically
fabricated electrode;
Au/Cr-based; PNA

probes modified

Simple; low cost;
simultaneous detection [79]

KRAS point mutation alDNA electrochemical
biosensor

High accuracy;
convenient, low-cost,
and time-saving, with
broad dynamic range,
and high sensitivity

and selectivity

[80]

miR-21 and TTF-1
mRNA

Tethered cationic lipoplex
nanoparticles (tCLN)
containing molecular

beacons (MBs),

Non-invasive and
highly

sensitive
[81]

Protein biomarkers CYFRA21-1

Carboxyl-functionalized
molybdenum disulfide

(carboxyl-MoS2)
nanocomposites; signal

amplification sensing film

High specificity [82]

CYFRA21-1, NSE FET biosensor
Simple and rapid; low
sample consumption;

cheap
[83]

CEA, NSE and SCC
Tumor markers; clinical EBC
samples; gold nanoparticle

sandwich immunoassay

Sensitive, specific, and
rapid; low cost of time

and money; low
sample volume

[84]

ZEB1 in lysates from
NCI-H358 cells

Photonic crystal (PC)
microcavity biosensors

Duplicate or triplicate
analyses; high
sensitivity and

specificity

[85]

CYFRA21-1

A microelectrode and a
cathodic photoelectrochemical

(PEC) biosensor based on a
signal amplification strategy

Rapid detection; high
selectivity;

cost-effectiveness
[86]

AFP, ALCAM, CA15-3,
CA19-9, CA-125, CEA,

Osteopontin, PSA

Eight cancer biomarkers in
serum; antibody-based

sandwich assay

Rapid (1 h) and
fully automated [87]

AFP, CEA, CYFRA21-1,
NSE, SCC, PG I, PG II,
CA19-9, total PSA, free
PSA, free-beta-hCG, Tg

A giant magnetoresistance
(GMR) multi-biomarker
immunoassay biosensor;

simultaneously detects 12
kinds of tumor markers

High throughput;
excellent sensitivity,

accuracy, precision, and
stability; convenient

[88]
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Table 2. Cont.

Sensing Parameter Sample Keywords Advantages Ref.

miRNA-126 and CEA Silicon nanowire field-effect
transistor (SiNW-FET)

Multiplexed real-time
monitoring; high

sensitivity and
selectivity; label-free;

low-cost

[89]

Exosomes Lung-cancer-specific
exosomes

Isolation and in situ detection;
collected from patients’ urine;

nanoporous gold (Au)
nanocluster membrane

modified with the capture
antibody

Fast and ultrasensitive;
simultaneous isolation

and detection
[93]

CTCs/rare cells CTCs from NSCLC
patient blood

A magnet-deformability
hybrid integrated microfluidic
chip, validated clinically with

a high capture efficiency

Versatile and
high-efficiency;

size/deformability
hybrid

[94]

A549
DEP manipulation; impedance

measurement; circular
microelectrodes

Simple; rapid;
label-free; low-cost [95]

A549

Amine-terminated
aptamer-modified gold
electrodes; early-stage

lung cancer

Simple; cheap;
biocompatible [96]

H1299 cells

An array of charge-based
capacitive measurement

biosensors for
high-throughput cell growth

monitoring

Label-free and
real-time detection;

high throughput; high
sensitivity

[97]

A549
Guided and captured;

electrode immobilized by
anti-EGFR

High sensitivity [98]

H1975 cell

Composed of cell
immobilization structure,

electric field (EF) generator,
and cell retrieval module

Easy cell manipulation
and precise
field control

[99]

Drug efficacy A549
MGIS; dynamic and

noninvasive monitoring; 3D
cell viability

Real-time; noninvasive;
high throughput [100]

A549 EIS; in-air monitoring
In situ and real-time

monitoring of
“air-exposed” cells

[101]

Oxygen A549, HUVEC,
ASC, NHDF

Oxygen-sensitive
microparticle-based biosensor

spot arrays

Non-invasive,
real-time, label-free in

situ monitoring of
oxygen demands and

metabolic
activity

[102]

Temperature H1975 Pt thermosensor; cellular
temperature monitoring

Non-disposable and
label-free [103]

4. Conclusions and Future Perspectives

Biosensors are a new technology developed by combining biotechnology and elec-
tronic technology. They have the advantages of good selectivity, high sensitivity, fast
analysis speed, and low cost, and can carry out continuous online monitoring in complex
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systems. Biosensors also have the advantages of high automation, miniaturization, and
integration, which greatly reduce the requirements for the working environment. They
are very suitable for field analysis, and have important application value in the fields of
biology, medicine, environmental monitoring, food, medicine, and military medicine. The
development of biosensors has generally gone through the following three stages: (1) the
first generation of biosensors consists of electrochemical electrodes and inactive matrix
membranes (dialysis membranes or reaction membranes) with fixed biological compo-
nents; (2) the second generation of biosensors—biological components directly adsorbed or
covalently bound to the surface of the converter—do not need the inactive matrix mem-
brane, and do not need to add other reagents to the sample; (3) in the third generation of
biosensors, biological components are directly fixed on the electronic components, and can
directly sense and amplify the changes in interface substances, so as to combine biometric
recognition and signal conversion processing. Biosensors have been incorporated into OOC
platforms for a long time, in order to allow for in situ, real-time, small-volume detection
of biochemical parameters with minor disturbances to the system [29,37,104–110]. In this
review, we summarized biosensor-free (Table 1) and biosensor-integrated (Table 2) LOC
models, illustrating the chip design and sensing signals of biosensor-integrated LOCs in
detail by using examples of related studies. Biosensor research requires interdisciplinary
knowledge of microfabrication, microengineering, materials science, chemistry, and biol-
ogy. Major challenges for the successful integration of biosensors into OOC platforms are
their miniaturization [111], biocompatibility, and flexibility. The trends in this field are as
follows: (a) integrating more than one biosensor type, allowing for increased information
acquisition and an increased feasibility of the model; and (b) increasing the detection
ability of precise and personalized clinical testing devices. In summary, microfluidic-based
biosensors play an important role in achieving high-throughput, highly sensitive, low-cost
analysis. There is still a long way to go in the further development of integrated biosensors
in LOCs, until more biosensors are explored and the advantages compared to off-chip
assays are fully appreciated. Hopefully, this review will help both biologists and engineers
to turn their minds to further development in the integration of biosensors in LOCs. The
integration of microfluidic chips and biosensors has overcome the main difficulties in the
initial stage of development, such as processing technology and flow control technology.
The field is moving into a transformative period, where deeper basic research, extensive
application, and in-depth industrialization should be accomplished. It is expected that in
the near future, the sensor detection systems in microfluidic chips will replace complex
equipment in traditional chemical analysis laboratories, and “personalized laboratories”
that can monitor disease-related biochemical indicators will become a reality.
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Abstract: Though there already had been notable progress in developing efficient therapeutic strate-
gies for cancers, there still exist many requirements for significant improvement of the safety and
efficiency of targeting cancer treatment. Thus, the rational design of a fully biodegradable and
synergistic bioimaging and therapy system is of great significance. Metal organic framework (MOF)
is an emerging class of coordination materials formed from metal ion/ion clusters nodes and organic
ligand linkers. It arouses increasing interest in various areas in recent years. The unique features of
adjustable composition, porous and directional structure, high specific surface areas, biocompatibility,
and biodegradability make it possible for MOFs to be utilized as nano-drugs or/and nanocarriers
for multimodal imaging and therapy. This review outlines recent advances in developing MOFs for
multimodal treatment of cancer and discusses the prospects and challenges ahead.

Keywords: biodegradable materials; metal-organic framework; metal ion nodes; multimode imaging;
theranostic nano-platforms

1. Introduction

Cancer has been a serious threat to human health [1]. The accurate therapy of cancer
still needs to overcome many great difficulties [2,3]. Each therapy, such as chemother-
apy (CT), chemo-dynamic therapy (CDT), radiation therapy (RT), radio-dynamic therapy
(RDT), microwave thermal therapy (MTT), microwave dynamic therapy (MDT), photother-
mal therapy (PTT), and photodynamic therapy (PDT), has its inherent advantages and
defects [4–6]. Hence, the treatment of cancers has gradually developed from the past
monotherapy mode to the current multimode synergistic therapy to enhance therapeutic
effects. With the rapid development of nanotechnology, the realization of multimode
synergistic therapy depends largely on how to integrate multiple treatment modes into
a single nano-platform rather than purely carrying out physical mixing to obtain a sim-
ple additive treatment effect. In recent years, emerging and rapidly developing MOF
materials have shown enormous potential in multimodal synergistic therapy because of
their unique porous structure and characteristics. MOF is a kind of organic inorganic
hybrid material through coordination bonds formation between metal ion/ion clusters
nodes and organic ligand linkers [7–11]. MOF characterizes by variable compositions and
structures, adjustable porosity and pore sizes, high surface areas, good biocompatibility,
and biodegradability [7,12,13]. Weak coordination bonds can endow MOFs with a stable
but degradable structure [14–16]. Nanoscale pores and an ordered crystal structure al-
low MOFs to accumulate in tumor through enhanced permeability and retention effect
(EPR) [17,18]. At the same time, the organic linker can be additionally functionalized for
targeting cancer therapy [19,20]. Furthermore, the good dispersibility and biocompatibility
of specific MOFs can ensure the biosafety of targeting treatment in vivo [21]. Adjustable
composition results in controlled synthesis with different morphology, size, and chemical
properties, making MOF itself a nano-drug for multimodal imaging and therapy by choos-
ing appropriate metal nodes and organic ligands [22,23]. Moreover, the porous and ordered
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structure and the high ratio surface areas are suitable for efficient loading of various cargos
for multimodal imaging and therapy [24–28]. MOF-based nanomaterials were applied to
fluorescence imaging (FL) [29–32], photoacoustic imaging (PAI) [33], magnetic resonance
imaging (MRI) [34–36], computed tomography imaging (CTI) [37–39], photothermal imag-
ing (PTI) [40,41] and positron emission tomography (PET) imaging [42–45]. It is worth
mentioning that multimodal imaging [46–52] is beneficial for tumor diagnosis and accurate
position. MOF-based heterogeneous hybridization may serve as an effective methodology
for multimodal imaging and synergistic therapy. It integrates the advantages of various
materials and endues the hybrid materials with whole new physicochemical properties,
realizing theranostic nano-platforms through multimode imaging-guided therapy. In this
review, the development of biodegradable MOFs as nano-drugs and nanocarriers for mul-
timodal imaging and therapy in recent years will be summarized and discussed, as shown
in Figure 1, and the prospects and challenges of MOFs in multimodal synergistic treatment
will also be explored for promising clinic/biomedical applications.

Figure 1. Schematic diagram of MOFs as nano-drugs and nanocarriers for multimodal theranostic,
typically comprising a suitable and effective combination of CT, CDT, RT, RDT, PTT, PDT, MDT, MTT,
gas therapy and gene therapy, and imaging of FI, MRI, PAI, CTI and PTI.

2. MOFs as Nano-Drugs

Due to the nearly infinite combination of metal ion/ion clusters nodes and organic
ligand linkers, the physical and chemical properties of MOFs could be regulated for
many applications. Through careful selection and design, metal ion/ion clusters nodes
and organic ligand linkers can be directly and fully utilized as nano-drugs to realize
multimodal imaging and therapy. Liu et al. [53] reported a nanoscale MOF synthesized
by hafnium (Hf4+) and tetra (4-carboxyphenyl) porphyrin (TCPP), in which TCPP as a
photosensitizer converted tissue oxygen to cytotoxic singlet oxygen under light irradiation
and could be used for PDT. At the same time, Hf4+ characterized by strong X-ray absorption
capacity could act as a radiation sensitizer to enhance RT. Compared to other metals
with a higher atomic number, Hf was relatively safe and showed no apparent biological

68



Biosensors 2021, 11, 299

toxicity. Hf-TCPP MOF was biodegradable and easily removed from the mouse body.
Hf-TCPP MOF as a biodegradable carrier-free system was used for combined RT and
PDT in vitro and in vivo, demonstrating a remarkable anti-tumor effect. Lin’s group [54]
reported Cu-TBP (5,10,15,20-tetrabenzoatoporphyrin) nanoscale MOF mediated synergistic
hormone-induced CDT and light-induced PDT in the tumor model with high estradiol
expression. The degradable Cu-TBP MOFs were accumulated in tumor cells efficiently
and decomposed into Cu2+ and H4TBP by monitoring free porphyrin fluorescence, which
was entirely quenched by the paramagnetic Cu2+ in intact MOF at pH 7.4 and reappeared
in acid tumor cell microenvironment due to the decomposition of Cu-TBP (Figure 2A).
Cu-TBP was injected into dorsal subcutaneous tumors and produced Cu2+ and porphyrin
in the low pH tumor microenvironment. Cu2+ ions, as redox-active metal centers, catalyzed
estradiol metabolism to generate hydrogen peroxide, hydroxyl radical (·OH), superoxide
(O2−) species, and other ROS for CDT, whereas H4TBP mediated light-induced PDT. This
MOF-mediated radical treatment depleted intratumoral estradiol and inhibited tumor
growth. Upon light irradiation, H4TBP produced ROS to destroy the irradiated cancer cells,
causing immunogenic cell death and tumor antigens release. Released tumor antigens and
injected PD-L1 antibody caused the effective T cell proliferation and infiltration into the
tumor, overcoming the immunosuppressive tumor microenvironment and simultaneously
effectively inhibiting the growth of distant tumors (Figure 2B).

Figure 2. (A) B16F10 cellular uptake of Cu-TBP or H4TBP at different time-points after incubation
with equivalent TBP concentrations of 20 mM observed by confocal imaging. Free H4TBP emits
red fluorescence. Scale bar, 50 μm. (B) Synergy of Cu-TBP mediated radical therapy stimulated by
hormone, light and checkpoint blockade immunotherapy. Reprinted with permission from Ref. [54].
Copyright 2019, Elsevier.

Zirconium(IV) chloride (ZrCl4), Manganese(II) chloride tetrahydrate, and 1,4-Benzened-
icarboxylic acid (H2BDC) were used as raw materials to chemically synthesize Mn-doped
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Zr MOF by a one-pot hydrothermal method [55]. The flexible and microporous structure
is beneficial to the strongly confined inelastic collision of ions, resulting in a significant
microwave thermal conversion efficiency as high as 28.7%. The Mn-ZrMOF catalyzed
the degradation of H2O2 to generate ·OH under MW irradiation. The in vitro and in vivo
experimental studies confirmed that a union of MTT and MDT with simultaneous gener-
ation of heat and ROS under mild MW irradiation realized synergistic inhibition of the
growth of tumors, as schematically reported in Figure 3. The Mn-ZrMOF was degrad-
able in vivo and excreted out of the body gradually, demonstrating that it is a bio-safe
therapeutic nano-agent.

Figure 3. Mn-Zr MOF generates abundant ROS of ·OH and a high microwave thermal conversion
efficiency after exposure to MW irradiation, resulting in efficiently inhibiting the cancerous cell
growth through the synergic effect of MDT and MTT. Reprinted with permission from Ref. [55].
Copyright 2018, American Chemical Society.

Lan et al. [56] reported two MOF nanolayers, Hf12-Ir, and Hf6-Ir (namely Iridium),
schematically reported in Figure 4. Under X-ray irradiation, electron-dense Hf12 and
Hf6 secondary building units not only generated ·OH to enhance RT but also transfered
energy to photosensitizing Ir (2,2′-bipyridine) [2-(2,4-difluorophenyl)-5-(trifluoromethyl)
pyridine]2

+ to generate single oxygen (1O2) and O2
−, resulting in RDT. RT and RDT exerted

superb anticancer effects at shallow X-ray doses.
Wu et al. prepared Cu-TCPP MOF nanosheets for dual-modal PTT and PDT. Upon

808 nm laser irradiation, the coexisting Cu+ and Cu2+ exhibited excellent photothermal
performance due to the strong near-infrared (NIR) absorption [41]. In the meantime,
TCPP produced 1O2 for PDT. The toxicity experiment indicated that Cu-TCPP has good
biocompatibility. Due to Cu(II) in the Cu-TCPP nanosheets, near-infrared thermal imaging
and T1-weighted magnetic resonance imaging (MRI) could be used to realize simultaneous
diagnosis and therapy (Figure 5).
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Figure 4. The synthesis methods, morphologies and structures of Hf12-Ir MOF nanolayer (A,C) and
Hf6-Ir MOF nanolayer (B,D) and X-ray induced ROS generation. Reprinted with permission from
Ref. [56]. Copyright 2018, American Chemical Society.
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Figure 5. (A) MRI of the Cu-TCPP aqueous solution with different concentrations. (B) Plots of
the 1/T1 value of the Cu-TCPP under concentration dependence. (C) mouse MRI before and after
intratumoral injection of the Cu-TCPP. Red circles indicate the position of the tumor. Reprinted with
permission from Ref. [41]. Copyright 2018, Ivyspring International Publisher.

3. MOFs as Nanocarriers

The porous and ordered structure, tunable sizes, and the high ratio surface areas make
MOF easy to be loaded a variety of cargos efficiently and increase the cargo capacity. In
2006, Patricia first reported a MOF for drug delivery named Materials of Institute Lavoisier
100 and 101 (MIL-100 and 101) [57]. After more than ten years of rapid development,
MOF was used to carry oxygen [58], chemotherapeutic agents [59], photosensitizer [60],
photothermal conversion agents [15,61], Nucleic acids and proteins [62–65]. Du et al. [66]
reported an intelligent stimuli-responsive and completely degradable MOF delivery system.
Based on a “framework exchange” strategy, black phosphorous quantum dots (BPQDs)
were embedded into ZIF-8 nanoparticles, which were used as sacrificial templates to
prepare BP@HKUST-1 (BH). MIL-100(Fe) shell enveloped the BH core to form the core-shell
structure, while s-nitroso-glutathione was encapsulated into HKUST-1@MIL-100. In tumor
cells, the high levels of glutathione and ROS triggered the decomposition of s-nitroso-
glutathione to produce NO and ·OH, causing the damage of mitochondria and DNA in
tumor cells. Black phosphorus has superb biocompatibility and very high photothermal
conversion efficiency. This MOF was fluorescent and photoacoustically active (Figure 6),
allowing it to readily achieve accurate multiple therapies that use gas, free radicals, and
PTT. Notably, this nanosystem completely degraded into phosphate radicals, terephthalic
acid, and metal ions excreted out of the body.

He et al. fabricated a MOF consisting of Zr6+ nodes and TCPP ligand [67]. The gold
nanoparticles (AuNPs) were decorated on the surface of MOF, which was conducive to
effectively stabilize the nanostructure and increased radiotherapy sensitivity. Meanwhile,
chemotherapeutic drug doxorubicin (Dox) was encapsulated into the MOF. The fabricated
MOFs were densely packed polyethylene glycol (PEG) corona to form Dox@MOF-Au-PEG.
Dox@MOF-Au-PEG oxygenated tumor microenvironment by catalyzing the degradation
of H2O2 in tumor into O2, resulting in enhancing O2-dependent radiotherapy. Dox@MOF-
Au-PEG combined the radiotherapy sensitization effect of AuNPs and the anticancer effect
of Dox, achieving synergistic chemoradiotherapy, as shown in Figure 7. The stronger
coordination interaction between phosphate ion and zirconium made the MOF readily
decompose in PBS (2 mM), resulting in the burst release of porphyrin ligands and structural
collapse. Once MOF was internalized by cancer cells, the phosphate in high concentration
led to the disassembly of the NPs.
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Figure 6. (A) Fluorescence imaging of SGC-7901 tumor-bearing model mice after intravenous injection of different materials
at 7 time points. Unit of scale bar: (p/s/cm2/sr)/(mW/cm2). (B) Ex vivo Fluorescence imaging of tumor, heart, lung,
liver, spleen, and kidney in sequence in SGC-7901 tumor-bearing model mice after intravenous injection of G-BHM at
5 different time points. (C) Time-dependent in vivo integrated FL intensity for different materials (top) and in different
organs (bottom). (D) PA imaging of SGC-7901 tumor after injection of G-BHM at different time points. (E) Stereoscopic PA
images, and white arrow represents tumor zone. (F) PA signal intensity variation corresponding to part (D). Reprinted with
permission from Ref. [66]. Copyright 2019, Elsevier Inc.

Zhang et al. [46] prepared a porous zirconium-ferriporphyrin MOF nano-shuttles
(Zr-FeP) made from ZrOCl2·8H2O and H4TBP-Fe, carrying the siRNA of 70 kDa heat shock
protein (HSP70). Under NIR lasers, the siRNA/Zr-FeP MOF catalyzed endogenous H2O2
and O2 to become ·OH and 1O2, while it had high photothermal conversion efficiency up
to around 34%. Moreover, siRNA reversed the HSP70-mediated thermotherapy resistance,
achieving PTT at a lower-temperature and avoiding the nearby normal tissues from the
nonspecific thermal radiation damage. The siRNA/Zr-FeP significantly suppressed the
tumor cell growth in vitro and in vivo through the synergistic effect of PTT at a lower
temperature and PDT, shown in Figure 8. siRNA/Zr-FeP was effectively cleared out of the
organism, via its gradual decomposition into small molecules and ions. Meanwhile, MOF
nano-shuttles achieved PAI, CTI, and photothermal imaging (PTI) tri-mode tumor-specific
imaging capability, providing a powerful theranostic tool for tumors.
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Figure 7. The structure of Dox@MOF-Au-PEG and the underlying of O2-generating synergistic chemoradiotherapy
Reprinted with permission from Ref. [67]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 8. siRNA/Zr-FeP MOF mediates PTT at a lower temperature and PDT for cancer. Reprinted with permission from
Ref. [46]. Copyright 2018, Elsevier B.V.
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Liu et al. [68] encapsulated BPQDs and catalase into MIL-101 inner and outer layers,
respectively, and constructed a MOF heterostructure, BPQDs-MIL@catalase-MIL. BPQDs
exhibited two abilities of photothermal conversion for PTT and 1O2 production for PDT.
The catalase in the outer layer catalyzed H2O2 into O2. O2 was then converted into
1O2 by BPQDs in the inner layer. The PDT/PTT synergistic therapy accelerated cancer
cell apoptosis. Ni et al. [69] reported a Hf-DBB-Ru MOF consisting of Hf4+ and bis(2,2′-
bipyridine) [5,5′-di(4-benzoate)-2,2′-bipyridine] ruthenium chloride for mitochondrial-
targeted RDT and RT. Ru endowed Hf-DBB-Ru with strong mitochondria-targeted ability.
Hf clusters generated abundant ·OH, and Ru-based linkers produced 1O2 at low dose X-ray
irradiation with high penetration. Yang et al. [70] developed cypate@MIL-53 nanoparticles.
Fe3+ metal ions and the carboxyl group of cypate interacted to form precursor complexes,
improving bioavailability and protecting the cypate NIR dye from photobleaching. Organic
linkers H2BDC coordinated with Fe3+ to generate crystallized MOFs. PEG and transferrin
were functionalized on the surface of cypate@MIL-53 to enhance biocompatibility and
tumor targeted functions. Cypate molecules gave this MOF the ability to behave as
photosensitizers and photothermal agents for PDT and PTT, as shown in Figure 9. This
MOF realized tumor targeted multimodal imaging (Near-infrared fluorescence images,
PAI, and MRI).

Figure 9. (A) the preparation of Cypate@MIL-53/PEG-Transferrin MOF composite and (B) its
bioapplication for PDT and PTT. Reprinted with permission from Ref. [70]. Copyright 2019, American
Chemical Society.

Chen et al. synthesized MIL-100 (Fe) coated Mn-based Prussian blue (PB) analogue
(K2Mn[Fe(CN)6]), named as PBAM, by simply stirring and heating, losing photothermal
activity of PB and T1-weighted MRI due to local confinement of Mn2+ [20]. In the mildly
acidic tumor microenvironment, the MIL-100 shell was degraded, and the released Fe3+

exchanged with Mn2+ to synthesize in situ the more stable PB, Fe3+–[Fe(CN)6]4−, and to
release free Mn2+. Mn2+ reacted with endogenous H2O2 and HCO3− and generated ·OH
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for CDT. The excellent PAI and PTT of PB, and T1-weighted MRI and CDT of Mn2+ showed
accurate theranostic effects (Figure 10).

Figure 10. (A) Infrared thermal imaging and (B) tumor temperature of 4T1-tumor model mice
after intravenous injection with PBAM under 808 nm laser (1 W cm−2). White circle: tumor tissue.
(C) Tumor PAI and (D) Corresponding PAI signal intensity of 4T1-tumor model mice after intravenous
injection with PBAM. (E) Tumor PA signal intensity and corresponding PAI of 4T1-tumor model
mice after subcutaneous injection with PBAM. (F) MRI of 4T1-tumor model mice after subcutaneous
injection with PBAM. White circle: tumor tissue. (G) Schematic of lymphatic metastasis tumor model.
(H) PAI of lymph nodes with or without metastasis at different time points after injection with PBAM.
White circle: the lymph nodes in left leg. Red circle: the lymph nodes in right leg. (I) Corresponding
PAI signal intensity of lymph nodes with or without metastasis. (J) MRI of lymph nodes with or
without metastasis at different time points after injection with PBAM. Reprinted with permission
from Ref. [20]. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4. Summary and Perspectives

Weak coordination bonds result in degradable structures, which is very good for
biomedical applications of MOFs. Furthermore, it is of great significance to develop
MOFs as nano-drugs for multimodal imaging and therapy. MOFs itself as nano-drugs
characterize by simplicity and efficiency, high drug loading, and lower dosages of node
and linker drugs, benefiting for achieving expected anti-tumor effects and reducing toxic
effects on normal tissues and cells. MOF specific features, such as flexible and diversified
morphologies, tunable sizes, high surface areas, and tunable pore diameter make MOFs
intelligent nanocarriers for multimodal diagnosis and therapy, easy to be loaded with a
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variety of cargos efficiently and harbor increased cargo capacity. To sum up, we have
reviewed in detail the recent progress of biodegradable MOFs for multimodal theranostic,
typically comprising a suitable and effective combination of CT, CDT, RT, RDT, PTT, PDT,
MDT, MTT, gas therapy, and gene therapy, and imaging of FI, MRI, PAI, CTI, and PTI.

The efficacy of single modal therapy is often not ideal due to multidrug resistance,
nonspecific heating, hypoxia, and other serious adverse effects. Though MOFs for mul-
timodal therapy have demonstrated synergistic and enhanced therapeutic efficacy and
low cytotoxicity in laboratory research, there is still great room for improvements to
realize targeted cancer therapy. Firstly, most excellent researches lacked long-term experi-
ments on the toxicity of MOFs. Comprehensive studies on the absorption, biodistribution,
metabolism, excretion, clearance, and long-term tissue accumulation of MOFs are neces-
sary for determining toxicity in vivo. Toxicity is effectively prevented through choosing
highly biocompatible metal ions as nodes (e.g., Ca, Fe, Zn, etc.) and endogenous bioactive
molecules as ligands [71,72]. The additional loaded cargo needs to be considered as well
because of probable threats to the organism. In addition, there is an ever growing need for
extensive and in-depth research on the mechanisms and pathways of MOFs degradation
in vivo. This is due to the fact that current single imaging methods are not sufficient to
monitor and recognize the degradation process of MOFs. Finally, current studies mainly
focused on dual-modal therapy [73–77], while very few reports on tri- or more modal
therapies were based on MOFs, demonstrating a more effective therapy. In brief, despite
facing these challenges, a significant effort has been made to develop biodegradable MOFs
for multimodal imaging and therapy, which can realize clinical translations and other
bio-applications in the future.
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