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In modern society, the incidence of cancer, inflammatory diseases, nervous system
diseases, metabolic diseases, and cardiovascular diseases is on the rise. These
diseases not only cause physical and mental suffering for patients, but also place
an enormous burden on society. Early, non-invasive diagnosis of these diseases can
reduce the physical and mental pain of patients and social stress. There is an urgent
need for advanced materials and methods for non-invasive disease marker detection,
large-scale disease screening, and early diagnosis. Biomimetic medical materials are
synthetic materials designed to be biocompatible or biodegradable, then developed for
use in the medical industry. In recent years, with the development of nanotechnology, a
variety of biomimetic medical materials with advanced properties have been introduced.
Biomimetic nanomaterials have made great progress in biosensing, bioimaging, and
other fields. The latest advance of biomimetic nanomaterials in disease diagnosis has
attracted tremendous interest. However, the application of biomimetic nanomaterials
in disease diagnosis has not been reviewed. This review particularly focuses on
the potential of biomimetic nanomaterials in non-invasive disease marker detection
and disease diagnosis. The first part focuses on the properties and characteristics
of different kinds of advanced biomimetic nanomaterials. In the second part, the
recent cutting-edge methods using biosensors and bioimaging based on biomimetic
nanomaterials for non-invasive disease diagnosis are reviewed. In addition, the
existing problems and future development of biomimetic nanomaterials is briefly
described in the third part. The application of biomimetic nanomaterials would
provide a novel and promising diagnostic method for non-invasive disease marker
detection, large-scale clinical screening, and diagnosis, promoting the exploitation of
devices with better detection performance and the development of global clinical
public health.

Keywords: biomarker, biomimetic nanomaterials, biosensor, bioimaging, disease diagnosis, non-invasive
detection
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HIGHLIGHTS

- Emerging nanoscience and nanotechnology enable
material scientists to design and manufacture biomimetic
nanomaterials, which will show great advantages in early
non-invasive detection and diagnosis of diseases.

- Novel biosensors and bioimaging based on biomimetic
nanomaterials have guiding significance for the development
of biomimetic materials application.

- This review summarized the application of biosensors with
high sensitivity and stability in the detection of different
disease biomarkers and the application of bioimaging with
high accuracy in the diagnosis of disease.

INTRODUCTION

Serious diseases such as cancer and cardiovascular disease
currently pose a major threat to human life. Therefore, non-
invasive methods for the early diagnosis of serious diseases
are critical for disease management and personalized medicine.
Disease biomarkers are an important group of substances
that indicate disease occurrence based on changes in the
biomarker concentration in serum and tissues (Zhou et al.,
2015). However, disease biomarkers are often found in very
low concentrations and require complex biological assays for
quantification. Meanwhile, traditional strategies for detecting
diseases or imaging methods are frequently invasive, high in
cost, insensitive, and unable to diagnosis serious diseases in their
early stages. Thus, advanced materials and methods are needed to
detect disease biomarkers for the early and accurate diagnosis of
disease. Toward this end, biosensors and bioimaging technology
based on biomimetic nanomaterials have been developed for
non-invasive disease diagnosis.

Nanomaterials generally range in size from 1 to 100 nm,
making them similar in size to basic biological structures
(Xiang et al., 2014). Based on their physical, chemical, and
biocompatibility properties, nanomaterials are attractive for
use in biomedical applications and show great potential
in biomimetic medicine (Ning et al., 2017; Das and Noh,
2018; Hasanzadeh et al., 2018). Using biomimetic design
principles can overcome the shortcomings of traditional
nanoparticles, such as being easily recognized by the immune
system and potential toxicity. Recently, with the development
of biomimetic functionalized nanotechnology, nanomaterials
have been modified and functionalized by biomolecules or
cell membrane-derived components to form biomimetic
nanomaterials with enhanced stability, targeting specificity,
and biocompatibility (Das and Noh, 2018; Vijayan et al., 2018).
Biomimetic nanomaterials, functional materials with biomedical
applications, have made it easier to simulate biological functions
and reaction processes (Das and Noh, 2018). The biomimetic
functionalized modification of nanomaterials can create
selectivity for disease biomarkers or tissues, suggesting that these
biomimetic nanomaterials can be used for disease diagnosis.
Thus, the use of biomimetic nanomaterials for the non-invasive
diagnosis of diseases has aroused great interest. This paper

reviews the properties of selected biomimetic nanomaterials
and their cutting-edge methods for disease diagnosis in
the past five years. The reviewed biomimetic nanomaterials
include metal, carbon, silicon-based, liposome-based, quantum
dots (QDs)-based, upconversion-based, and protein-based
nanomaterials (Figure 1).

PROPERTIES OF DIFFERENT
ADVANCED BIOMIMETIC
NANOMATERIALS

Biomimetic nanomaterials have different sizes; unique
mechanical, electronic, photonic, and magnetic properties;
and large surface areas (1000 m2/g), giving them a wide range of
applications, including the non-invasive diagnosis of early-stage
biomedical diseases (Saha et al., 2012; Thambiraj et al., 2018;
Choi et al., 2019). Based on these fundamental advantages,
biomimetic nanomaterials are expected to revolutionize the
fields of diagnosis and personalized medicine.

Transition Metal and Metal Oxide-Based
Nanomaterials
Gold Nanoparticles
Gold nanoparticles (AuNPs) have been widely used in biomedical
applications. AuNPs may be constructed from colloidal gold
with different morphologies, including spheres, nanorods,
nanostars, nanocages, and nanoshells. Methods for preparing
AuNPs include top-down (physical manipulation) and bottom-
up (chemical transformation) methods (Daniel and Astruc,
2004; Singh et al., 2018). AuNPs have unique physicochemical
properties that change when combined with target analytes;
moreover, AuNPs are easy to synthesize and functionalize
and exhibit high stability, unique photoelectric properties,
high surface-to-volume ratio, good biocompatibility, and low
cytotoxicity (Daniel and Astruc, 2004; Saha et al., 2012; Xiang
et al., 2014). Fixing biomolecules on AuNPs does not affect their
functional activity (Daniel and Astruc, 2004; Upadhyayula, 2012).
Therefore, AuNPs can be used as scaffolds to fix one or more
biomolecules that selectively interact with multiple receptors
to detect multiple target analytes; this feature is the basis for
the design of biosensors with rapid detection, simple operation,
high selectivity, and high sensitivity (Daniel and Astruc, 2004;
Saha et al., 2012; Upadhyayula, 2012). AuNPs modified with
specific biomolecules can also target specific tumor sites in
bioimaging applications (Singh et al., 2018; Thambiraj et al.,
2018). AuNPs are attractive for the non-labeled, non-invasive
imaging of biological samples due to their remarkable ability to
generate stable optical signals through direct light scattering or
intrinsic photoluminescence (PL), which is related to localized
surface plasmon resonance (LSPR) (Tian F. et al., 2016).

Silver Nanoparticles
Silver nanoparticles (AgNPs) have attracted considerable
attention due to their unique optical, chemical, electrical,
and catalytic properties, which can be adjusted by tuning the
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FIGURE 1 | Advanced biomimetic nanomaterials for non-invasive disease diagnosis.

nanoparticle surface properties, sizes, and shapes (Deshmukh
et al., 2019; Lee and Jun, 2019; Padnya et al., 2020). AgNPs
have been prepared in various shapes, including spheres,
rods, cubes, shells, clusters, and stars (Gherasim et al., 2020).
AgNPs are generally prepared via chemical reduction from
relatively stable silver (I) salts using reductants, which is an easy
process (Montes-García et al., 2014; Gherasim et al., 2020). The
stability of AgNPs in water and air can be increased through
modification (Gherasim et al., 2020). AgNPs play a vital role in
the biomedical field because of their applications in imaging,
sensing, diagnosis, and so on (Gherasim et al., 2020; Renu et al.,
2020). Methods based on AgNPs have the advantages of facile
miniaturization, rapid analytical response, and simple operation;
thus, AgNPs are a good choice for point-of-care devices in
clinical application and are expected to be a research hotspot in
the future (Jouyban and Rahimpour, 2020).

Magnetic Nanomaterials
Magnetic nanomaterials, which exhibit unique magnetic and
biological properties, have great application value in the
biomedical field. Magnetic nanoparticles based on iron oxides
can promote an enhanced permeability and retention effect in
tumors, and functional magnetic nanoparticles can be applied
in cancer localization (Knežević et al., 2019; Vangijzegem
et al., 2019; Wu et al., 2019). Magnetic sensing and imaging
technologies based on magnetic field sensors and magnetic
particles have applications in the early screening and non-
invasive diagnosis of diseases (Knežević et al., 2019; Wu et al.,
2019). Magnetic nanoparticles can be applied in magnetic
resonance imaging (MRI) to enhance contrast, as well as in the

early diagnosis of diseases at the molecular and cellular levels
(Cha and Kim, 2019).

Carbon Nanomaterials
Graphene
Graphene is an allotrope of carbon with a two-dimensional,
atomic-scale hexagonal lattice (Balaji and Zhang, 2017).
Graphene has attracted extensive attention in biomedical
research due to its unique structure; excellent mechanical,
electrical, thermal, and optical properties; and good
biocompatibility (Tian W. et al., 2016; Balaji and Zhang, 2017;
Wang et al., 2017). Graphene-based nanomaterials also include
graphene derivatives such as graphene oxide (GO) and reduced
GO (rGO), along with graphene-like nanomaterials (Liao
et al., 2018). Graphene and its derivatives exhibit easy surface
functionalization along with excellent electron and thermal
conductivity and high mechanical strength; these advantages
allow graphene and its derivatives to be used as sensors for
detecting disease biomarkers at very low concentrations (Lin
et al., 2016; Balaji and Zhang, 2017; Liao et al., 2018). In
addition, graphene is regarded as an important material in
next-generation electronic devices (Lin et al., 2016; Wang et al.,
2017). Graphene-based nanomaterials also show promise as
alternatives to traditional imaging agents both in vitro and
in vivo due to their low toxicity and high biocompatibility
(Garg et al., 2015).

Carbon Nanotubes
Due to their good electrical conductivity and luminance,
carbon nanotubes (CNTs) have wide applications in biosensors,
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biological contrast agents, and non-invasive disease diagnosis
(Sabu et al., 2019). CNTs can generally be divided into
two categories: single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs) (Dizaji et al., 2020). SWCNTs are
cylinders composed of one-dimensional, symmetric graphene
sheets (Thess et al., 1996). MWCNTs are formed by multilayer
concentric cylinders and show good electrical conductivity.
Compared with MWCNTs, SWCNTs have better mechanical,
structural, and optical properties (Vardharajula et al., 2012).
The functionalization of the sidewalls or ends of CNTs
via covalent or non-covalent bonding can improve CNTs’
biocompatibility (Niyogi et al., 2002). For example, CNTs
modified by polyethylene glycol (PEG) show better solubility and
biocompatibility than bare CNTs (Ghanbari et al., 2011).

Silica-Based Nanomaterials
Silica-based nanoparticles (SNPs) have many advantages, such
as easy synthesis, controllable particle size and surface charge,
acceptable cost-effectiveness, and ability to modify the functional
groups and ligands (Albert et al., 2017). SNPs are widely used in
biomedical applications due to their excellent biocompatibility
and customizable physicochemical properties (Yang et al.,
2020). Based on recent developments in nanomaterials research,
silicon-based nanomaterials, along with combinations of silicon-
based nanomaterials and other nanomaterials, have gained
attention in non-invasive disease diagnosis. Mesoporous silica
nanomaterials (MSNs) are ideal platforms for imaging agents
because of their high specific surface areas and functionalized
surfaces (Cha and Kim, 2019). MSNs can be used in
a variety of imaging systems, including optical imaging
(OI), MRI, positron emission tomography (PET), computed
tomography (CT), and ultrasound imaging (USI) systems
(Cha and Kim, 2019).

Liposome-Based Nanomaterials
Liposomes are composed of one or several layers of phospholipids
and cholesterol on the outside of an aqueous core, forming a lipid
bilayer (Li et al., 2017). Studies on liposomes in the biomedical
field have focused primarily on their application as drug
nanocarriers for disease treatment (Li et al., 2017). However,
liposomes also have application value in disease diagnosis
because of their cell-specific targeting ability (Lamichhane
et al., 2018; Sheoran et al., 2019). Reported methods for the
preparation of liposomes include ultrasonic, ethanol injection,
lipid membrane hydration, and microemulsion methods
(Sheoran et al., 2019). Liposomes are able to separate and
dissolve both hydrophilic and hydrophobic materials. Liposomes
also show good biological compatibility and biodegradability,
allowing them to be used as carriers after appropriate surface
modification (Lamichhane et al., 2018). Combination of
liposomes with labeled probes for imaging applications is
currently a research hotspot.

QDs-Based Nanomaterials
Quantum dots are nanometer-scale semiconductors with low
toxicity and good biocompatibility. QDs have excellent optical
properties, including high quantum yield, adjustable light

emission, and chemical and optical stability. The applications of
QDs in optical biosensors for detecting the activities of various
target analytes and enzymes have attracted considerable attention
(Matea et al., 2017). QDs can be combined with ligands to
recognize specific targets and sensitively track dynamic processes
over long time periods (Mahajan et al., 2012). QD toxicity
is primarily related to the chemical composition of the QD
and can be minimized by functionalizing the QD surface with
biocompatible molecules for clinical use in vivo (Matea et al.,
2017). QDs are currently being combined with other types of
nanoparticles and/or bioactive molecules to develop platforms
for use in disease diagnosis.

Upconversion-Based Nanomaterials
Upconversion nanoparticles (UCNPs) are a new generation of
luminescent nanomaterials. Among UCNPs, those based on
lanthanides have been the most studied due the special spectral
properties of lanthanides, which are excited by low-energy
radiation (near-infrared [NIR] light) and produce high-energy
emission (visible or ultraviolet light) at high electron energy
(Yao et al., 2020). UCNPs have excellent properties, such as
high photostability, large emission bandwidth, easy modulation
of emission color, good surface wetting characteristics, and
low cytotoxicity. UCNPs modified by organic capping ligands
or inorganic shell layers have broad application prospects in
biomedical sensing and imaging (Yao et al., 2020). In addition,
UCNPs can detect target ions with high precision based on
the change in emission intensity, and the ability to use NIR
excitation minimizes light damage and allows deep tissue
penetration, especially for UCNPs containing rare earth ions
(Sharipov et al., 2017).

Protein-Based Nanomaterials
Proteins are widely found in the body and are involved in almost
all biological activities. Protein-based nanomaterials (PBNs) have
good biocompatibility and abundant functional groups that can
bind various functional molecules along with other metal ions.
PBNs also have high bioactivity, which means that they can
often be used as carriers without further surface modification
(Zhang and Wang, 2019; Liang and Chen, 2020). PBNs combine
the advantages of nanomaterials related to size and surface
chemistry with the advantages provided by the physical and
chemical properties of proteins (Zhang and Wang, 2019). PBNs
can be combined with other nanoparticles for applications in
bioimaging and biochip-based detection (Ye et al., 2016). Various
proteins, such as human serum albumin, bovine serum albumin
(BSA), ferritin, and transferrin, are being studied to construct
PBNs, many of which are based on protein cages. These PBNs
may find wide applications in disease imaging in the future
(Liang and Chen, 2020).

Some biomimetic nanomaterials, such as metal oxides
(Piro and Reisberg, 2017; Nikolova and Chavali, 2020), metal
hydroxides (Sun et al., 2019) metallodendrimers (Tang et al.,
2011), and polymers (Zhao et al., 2018; Regan et al., 2019)
have also been applied as biomimetic nanomaterials for disease
diagnosis; however, these nanomaterials are not discussed
in this review.
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CUTTING-EDGE METHODS FOR
NON-INVASIVE DISEASE DIAGNOSIS
USING BIOMIMETIC NANOMATERIALS

Biosensors
As a reliable strategy for early non-invasive cancer diagnosis,
biosensors show great potential for development. In
biosensor-based disease detection, samples of body fluids or
exhaled gas are collected for non-invasive diagnosis. Biosensors
have greatly changed the way diseases are diagnosed by allowing
early-stage diagnosis when specific disease biomarkers first
appear. Biosensors enable the sensitive and specific detection of
disease markers with only a small number of samples (Takke
and Shende, 2019). A typical biosensor configuration consists
of three parts: a bioreceptor (e.g., an enzyme, antibody, or
lipid) that is responsible for the selectivity of the device; a
transducer that translates the physical or chemical change into
a signal; and a signal output unit (Fitzgerald and Fenniri, 2017;
Pasinszki et al., 2017; Takke and Shende, 2019). Mass biosensors,
electrical biosensors, and optical biosensors have been used for
non-invasive cancer screening (Fitzgerald and Fenniri, 2017).
Current efforts are focused on developing biosensors with higher
sensitivity and better recognition ability for various biomarkers.
Biomimetic nanomaterials provide ideal platforms for the
development of highly sensitive biosensors for early disease
detection (Figure 2).

Biosensors for Cancer Diagnosis
Hu et al. (2019) reported urine perilipin-2 (PLIN-2) as a
sensitive and specific biomarker for the non-invasive detection
of early-stage renal cell carcinoma and used it to develop a
plasmonic paper biosensor based on gold nanorattles. Due to
the fact that gold nanorattles has a higher refractive index
sensitivity than gold nanorods counterparts with similar LSPR
wavelength, the reported biosensor can be used for the rapid,
sensitive, economical, and non-invasive diagnosis of renal cancer,
particularly in high-risk populations (Hu et al., 2019). The
gold nanorattles were functionalized with a PLIN-2-specific
monoclonal antibody through the bifunctional PEG approach.
The remaining PEG further neutralized the non-specific binding
sites. A plasmonic paper biosensor was combined with specific
analyte PLIN-2, resulting in a change of LSPR wavelength. Using
this method, PLIN-2 could be detected in the dynamic range
of 50 pg/mL to 5 µg/mL, and the concentration of PLIN-2
was found to be positively correlated with tumor size (Pearson
coefficient= 0.59, Hu et al., 2019).

Broza et al. (2019) developed a cross-reactive sensor array
that combines different organic ligands on the surfaces of AuNPs
to absorb volatile organic compounds in respiratory samples;
the generated signal caused changes in conductivity. To evaluate
the diagnostic performance of the biosensor for gastric cancer,
breath samples were collected from 441 volunteers, including 99
gastric cancer patients and 342 healthy patients (control). The
results of the training algorithm revealed 82% sensitivity, 78%
specificity, and 79% accuracy. The method was then successfully
used to classify three patients with gastric cancer and 570 healthy

controls with 100% sensitivity, 79% specificity, and 79% accuracy.
This cross-sensor array shows potential for the early, non-
invasive detection of gastric cancer and provides a strategy for
the large-scale screening of gastric cancer in the entire population
(Broza et al., 2019).

Yarbakht et al. (2018) used core–shell (Au@Fe3O4)
nanoparticles functionalized by mucin-1 (MUC1)-specific
aptamer (Apt1) to identify tumor cells in breast, ovary, lung,
and pancreas tissues based on the interaction between Apt1 and
overexpressed MUC1 on tumor cell surfaces. They also used
4-thiopyridine-functionalized AuNPs to bind bovine serum
protein with Apt1, resulting in a new surface-enhanced Raman
scattering (SERS) nanotag (Yarbakht et al., 2018). Based on the
SERS method, Bellassai used aggregates of modified AuNPs to
detect cancer biomarkers at very low concentrations in clinical
diagnosis (Bellassai et al., 2019).

Wang et al. (2019) developed the first non-invasive detection
method based on strand displacement amplification (SDA) and
AuNP-based dynamic light scattering (DLS) to diagnose bladder
cancer by detecting telomerase activity in human urine samples
(Wang et al., 2019). C18 spacers were introduced into primers
and hairpin DNA so that two single-stranded DNA (ssDNA)
fragments were present at both ends of the SDA products. The
AuNPs were modified by oligopeptide acid, allowing them to
specifically recognize SDA products. The ssDNA fragments were
used to identify DNA-AuNP probes, induce AuNP aggregation,
and realize the DLS measurement. This method can be used
in the non-invasive screening and diagnosis of bladder cancer
(Wang et al., 2019).

Malondialdehyde (MDA) is a biomarker for tissue damage
(Siddique et al., 2012). Electrochemically polymerized dopamine
can be obtained via the electrodeposition of the polymer chitosan
(CS) onto the polymer dopamine (DA) on the surface of a
glassy carbon electrode. Hasanzadeh et al. (2018) developed
an electrochemical sensor based on AgNPs and POLY(DA-
CS). In this sensor, AgNPs covalently bound to POLY(DA-CS)
membranes bind MDA biomarkers. The electrochemical signal
was enhanced by AgNPs, and the excellent biocompatibility and
stability of CS resulted in good electrode durability. The dynamic
range of the electrochemical sensor was 1.45–7.9 µm, and the
lower limit of quantification was 1.45 µm. The sensor could
quickly and sensitively detect MDA in exhaled breath condensate
(EBC) samples. This platform has the potential to be used to
diagnose lung diseases (e.g., a simple and rapid test for lung
cancer) (Hasanzadeh et al., 2018).

Taurine is a non-essential amino acid that can be
biosynthesized (derived) from cysteine or methionine by
cysteine decarboxylase to interact with MDA. Jafari et al. (2019)
proposed a new non-invasive platform for the early diagnosis
of lung disease based on the quantitative analysis of MDA
in exhaled gas. In this method, MDA is recognized by an
electrochemical sensor containing self-assembled riboflavin–
taurine as an organic substrate and AgNPs increase the rate
of the electrochemical reaction. The nanomaterial complex
increased the contact area with MDA and increased the
electrochemical surface activity to interact with MDA. The
proposed platform showed good sensitivity for the detection
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FIGURE 2 | Schematic diagram of biomimetic nanomaterials applied to biosensor.

of MDA with a low limit of quantification of 0.59 ± 0.05 µM
(Jafari et al., 2019).

Tiwari et al. (2017) reported an efficient electrochemical
immunosensor with high sensitivity and a low detection
limit for the non-invasive detection of Cyfra-21-1, a
biomarker of oral cancer, based on the in situ synthesis of
L-cysteine-capped lanthanum hydroxide nanoparticles, which
immobilized anti-Cyfra21-1. The detection range of this
biosensor was 0.001–10.2 ng·mL−1, and the detection limit
was 0.001 ng·mL−1. The sensitivity of the biosensor reached
12.044 µ1 (ng/mL·cm−2), and the response time was 5 min.
Although this system has not yet been applied in the analysis
of actual saliva samples, it provides a new strategy for the
non-invasive detection of cancer (Tiwari et al., 2017).

Zhang et al. (2019) used a fluorescent labeling system based on
a graphene–peptide composite to detect tumor marker CD133.
Past research has shown that peptides, an affinity molecule, can
be combined with biomarkers of cancer stem cells. Therefore, the
authors combined a highly specific CD133 FITC-labeled CD133-
6-binding peptide (FLS7) with graphene. Graphene possesses
fluorescence quenching ability. When FLS7 was combined with
graphene, this fluorescence quenching ability was inactivated. In
contrast, when used for the detection of CD133, the fluorescence
recovered. This fluorescence change enables the detection of
CD133 (Zhang et al., 2019).

In cancer cells, microRNAs (miRNAs) are abnormally
expressed, suggesting that miRNAs can be used as biomarkers
for early disease diagnosis. Wang et al. developed a new
electrochemical biosensor with good electronic transport
properties based on titanium dioxide nanorod arrays to detect
changes in miRNA for cancer diagnosis. In their study, by using
MSNs as carriers for loading Cu2+, MSNs were capped with a
miRNA-21 responsive RNA capture probe. When the miRNA
probe was combined with miRNA specifically, the released Cu2+

captured the photoelectrons generated by the photoelectrode
and was reduced, thereby quantitatively analyzing the content
of miRNA by detecting the change of photoelectron flow
(Wang et al., 2018). Different miRNA-21 concentrations
can produce different photocurrent intensities, and there is
a linear relationship between photocurrent and miRNA-21
concentration. In addition, miRNA-21 produces photoelectric
chemical reactions with specificity (Wang et al., 2018).

Hasanzadeh et al. (2017) developed a novel approach
for detection of L-proline via an electrochemical biosensor
in biological fluids. Proline dehydrogenase was immobilized
on magnetic MSNs through a physical adsorption method.
When L-proline was detected, proline dehydrogenase specifically
combined with L-proline and an electrical catalytic reaction
occurred. The proline content could then be quantified by
detecting the corresponding current. The proline concentration
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range of detection was 0.01-0.15 µm, and the detection limit was
0.006 µm (Hasanzadeh et al., 2017).

Biosensors for Inflammatory Diseases Diagnosis
Lee et al. (2018) reported a new electrochemical immunosensor
to non-invasively diagnose laryngopharyngeal reflux (LPR) by
quantifying salivary gastric protein in saliva. Pepsin, a component
of stomach acid, digests protein. The damage caused by
LPR is related to both acid and non-acid reflux (Johnston
et al., 2007). Thus, pepsin has attracted the attention of
clinicians as a potential biomarker for the diagnosis of LPR.
A screen-printed carbon electrode was prepared with polypyrrole
nanocorals and decorated with AuNPs by electrodeposition. To
construct the immunosensor, pepsin antibody was immobilized
on the AuNP-decorated electrode. Cyclic voltammetry was
used for electrochemical characterization, and differential pulse
voltammetry was employed to determine the response of the
immunosensor to different pepsin concentrations. The sensor
showed a linear range of 6.25–100 ng/mL, high specificity, and
a detection limit of 2.2 ng/mL (Lee et al., 2018).

Nitrites and nitrates have been reported to play important
roles in inflammatory diseases (Corradi et al., 2003). Diouf
et al. (2020) developed a new electrochemical sensor to detect
the content of nitrite ions (NO2

−) in human EBC to evaluate
pulmonary inflammation in patients. Aminothiophenol (ATP) is
a biological polymer with good electrical conductivity. Sodium
nitrite was immobilized on 2-ATP, which was bound to a screen-
printed gold electrode (Au-SPE). Meanwhile, glutaraldehyde
and polyvinyl alcohol polymer nanomaterials were combined
with AuNPs to cover the Au-SPE. The resulting ion-imprinted
polymer sensor was used to detect the concentration of nitrite in
EBC. Finally, electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry were used to detect the content of
NO2

− in EBC. The electrochemical sensor was able to detect the
concentration of NO2

− in the range of 0.5–50 µg·mL−1, and the
detection limit was 4 µmol·L−1 (Diouf et al., 2020).

Lipopolysaccharide (LPS) is a major component of the outer
membrane of Gram-negative bacteria. Thus, LPS can be used
as a biomarker for infectious diseases related to Gram-negative
bacteria, including urinary tract infections and sepsis. Liu T.
et al. (2018) detected the level of LPS by combining polymyxin
B (PMB) with citrate-coated AgNPs. PMB is a class of antibiotics
used primarily to treat Gram-negative bacterial infections. In
this application, PMB also neutralizes the citrate coating the
AgNPs, causing the AgNPs to cluster together (Liu T. et al.,
2018). When LPS was specifically bound with AgNPs-PMB,
the neutral electrical environment of the colloid was changed,
and the aggregation of the AgNPs was inhibited. Therefore,
the LPS concentration could be quantitatively determined
by monitoring with ultraviolet–visible absorption spectroscopy
(Liu T. et al., 2018).

Liu M. et al. (2018) used functionalized GO and gold
nanorod (GNR) composites to detect hepatitis B surface antigen
(HBsAg) using SERS immunoassays. In this method, GO coats
the AuNPs and fixes anti-HBs. The GNRs were combined with
2-mercaptopyridine, the SERS probe, to enhance the SERS signal
and improve the sensitivity (Jang et al., 2018). The optimal

detection range of HBsAg by this biosensor was 1–1000 pg·mL−1,
and the SERS signal intensity within this range increased
with increasing HBsAg concentration. At HBsAg concentrations
higher than 1000 pg·mL−1, the SERS intensity gradually
decreased with increasing HBsAg concentration, leading to false
negatives (Liu M. et al., 2018).

Biosensors for Neurological Disease Diagnosis
As cortisol is a known biomarker of emergency response, testing
for cortisol can provide an objective evaluation of a patient’s stress
level. Apilux et al. (2018) explored a novel immunoassay-based
method to detect salivary cortisol. Gold nanomaterials were used
as signal labeling, and silver irons on its surface were reduced
to precipitate on gold, leading to particle enlargement and color
change. The authors combined gold nanomaterials with anti-
cortisol antibody resistance on the conjugate release pad of the
strip. The cortisol in the samples competed with cortisol–BSA
conjugate, which was fixed in the test area of the test strip. Finally,
the cortisol level in saliva was monitored by visually observing the
strip’s color; the redness of the strip was inversely proportional
to the cortisol level. The limit of detection of this system was
0.5 ng/mL, and the detection sensitivity was 3.6 times that of
the non-enhanced system (limit of detection = 1.8 ng/mL).
The detection range for salivary cortisol was 0.5–150 ng/mL
(R2
= 0.9984) (Apilux et al., 2018).

Delkhahi designed a biosensor based on AuNPs-DNA for
the detection of miR-137 in Alzheimer’s disease (AD) (Delkhahi
et al., 2017). In previous studies, miRNA in peripheral blood,
especially miR-137, was found to be helpful for the early diagnosis
of AD. The authors used gold nanomaterials and hybridization
chain reaction to detect the miR-137 levels in plasma for
AD diagnosis. DsDNA was produced by targeting miRNA as
hybridization promoter. The undecorated gold nanomaterials
are easily attracted by ssDNA, thereby preventing salt-induced
AuNP aggregation. In contrast, double-stranded DNA (dsDNA)
with a negative charge creates a repulsion between dsDNA and
AuNPs; therefore, salt easily induces the aggregation of the gold
nanomaterials into gold colloids, accompanied by a change in
color. The miR-137 level in plasma could thus be evaluated
based on the color change, which is visible to the naked eye
(Delkhahi et al., 2017).

Li et al. (2016) developed a new immunomagnetic biosensor
using a magnetic nitrogen-doped graphene (MNG)-modified Au
electrode for the detection of amyloid-beta peptide 1–42 (Aβ42)
(Coyle et al., 2019). As shown in past studies, Aβ42 is a reliable
biomarker for the early diagnosis of AD (Li et al., 2016). The
antibodies of Aβ 1–28 (Aβab), which were used as the specific
biorecognition element for Aβ42, were conjugated on the surface
of MNG, which was formed by depositing superparamagnetic
magnetite (Fe3O4) nanoparticles onto N-doped graphene. MNG
was successfully labeled with anti-Aβ to form magnetic immune
carriers. The magnetic immune carriers were dropped onto the
Au electrode, where they were trapped by placing an external
magnet at the underside of the electrode for electrochemical Aβ

detection toward AD diagnosis (Coyle et al., 2019).
Dopamine is an important neurotransmitter in the human

body and related to Parkinson’s disease. Therefore, the detection
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of DA content in the body is important for the diagnosis of
Parkinson’s disease. Kaya and Volkan (2012) reported a new
approach for detecting DA levels based on surface-enhanced
resonance Raman spectroscopy (SERRS). This method was able
to detect biomarkers at femtomolar concentrations. In this
approach, DA is captured by AgNPs functionalized by iron–
nitrilotriacetic acid, a widely used organic chelate that forms
catechins with Fe, followed by DA detection by SERRS (Kaya
and Volkan, 2012). In their study, the SERRS spectra obtained by
capturing DA on Ag-Fe(NTA) substrates were not only similar to
those obtained by capturing DA based on the iron(III)bis (DA),
but also enhanced the SERRS signal. In addition, the authors
tested the rate of DA detection with the new strategy, and the
SERRS signal was the same after 15 min and immediately after
the addition of 1 × 10−5 M DA solution to the Ag-Fe(NTA)
substrates (Kaya and Volkan, 2012).

Biosensors for Metabolic Disease Diagnosis
Zhao et al. (2019) developed a sandwich-type pressure sensor
composed of AuNPs and polydimethylsiloxane (PDMS) for the
detection of BSA. Due to the similar tissue structures of bovine
serum protein and human serum protein, this detection method
lays the foundation for the detection of nephritis in the future.
The BSA recognition layer (BRL) based on AuNPs located on one
side of the PDMS film. The BRL was coated with self-assembled
16-mercaptohexadecanoic acid, which was covalently bound with
modified anti-BSA. Therefore, the sandwich-type pressure sensor
can specifically recognize and bind BSA (Zhao et al., 2019).

Biosensors for Cardiovascular Disease Diagnosis
Overly high cholesterol levels increase the morbidity related
to cardiovascular diseases. Therefore, non-invasive methods of
cholesterol detection are significant for the early prevention of
cardiovascular diseases. Eom et al. (2020) developed an enzyme-
based electrochemical biosensor to detect low concentrations of
cholesterol in saliva by immobilizing an appropriate volume of
cholesterol oxidase on platinum nanoclusters. The cholesterol
level was then determined by chronoamperometry. The linear
range of the biosensor was 2–486 µm, the detection limit
was approximately 2 µm, and the sensitivity was 132 µA
mm−1

·cm−2 (Eom et al., 2020).

Bioimaging
As diagnostic methods improve, it is becoming possible to detect
cancer early through image-based screening. Commonly used
biological imaging techniques can be divided into the following
four categories: (1) OI is non-invasive, non-destructive, and
non-ionizing, allowing it to be used for histological imaging.
(2) MRI has excellent spatial resolution, good soft tissue
contrast, and deep tissue penetration. MRI does not involve
ionizing radiation and thus plays an important role in non-
invasive disease diagnosis. (3) USI is a well-known non-invasive
diagnostic method that is based on the different responses
of tissues with different ultrasound characteristics to high-
frequency sound waves. Thus, USI can reveal the normal tissue
structure and tumor tissues. (4) Photoacoustic imaging (PAI) is
a recently developed, non-invasive, and non-ionizing imaging

method based on light and sound. PAI has great potential for
application in nanomedicine (Yang et al., 2019). (5) PET is a
well-known, highly sensitive, and non-invasive imaging method
that can achieve quantitative analysis and is not limited by
tissue penetration. The application of biomimetic nanomaterials
as contrast agents for non-invasive biological imaging shows
great promise for improving existing methods for early disease
diagnosis. With the continuous development of non-invasive
imaging technology, imaging systems supported by biomimetic
nanomaterials are expected to contribute to future clinical
applications (Figure 3).

Bioimaging for Cancer Diagnosis
Surface-enhanced Raman scattering nanoparticles, which
produce a unique “fingerprint” spectrum, can be used as contrast
agents to show the precise locations of targeted cells in the
body for cancer diagnosis (Nicolson et al., 2019). Nicolson et al.
(2019) combined spatially offset Raman spectroscopy (SORS)
with SERRS in a technique termed surface-enhanced spatially
offset resonance Raman spectroscopy to image deep-seated
glioblastoma multiforme tumors in a related brain tumor mouse
model. This new OI technique is based on the generation of
SERRS nanostars from AuNPs. The nanostars were encapsulated
in a thin silicon shell and functionalized by a cyclic RGDyK
peptide, which can bind to integrin receptors on tumor cell
surfaces to target integrins and detect glioblastoma. This
imaging method overcomes the drawbacks of traditional Raman
spectroscopy-based imaging, which cannot detect tissues at
depths greater than a few millimeters (Nicolson et al., 2019).

Breast cancer is a serious disease among females. The use of
ultrasound molecular imaging for the early diagnosis of breast
cancer is of great significance for patients. Xu et al. (2018)
designed dual-targeted poly(lactide-co-glycolic acid) (PLGA)
nanocapsules. The nanocapsules were coated with gold nanoshell,
which bound to anti-VEGF receptor type 2 and anti-p53 (Xu
et al., 2018). The novel dual-targeted ultrasound contrast agent
showed high affinity and specificity for VEGFR2- and p53-
positive cells. By integrating the targeted imaging of breast cancer
cells with the targeted imaging of tumor angiogenic vessels, this
agent could be used for the accurate and specific early detection
of breast cancer in MCF-7 orthotopic mice (Xu et al., 2018).

Glycine is the simplest neutral amino acid. Glycine does not
induce inflammation and can help control nanoparticle size by
minimizing the extension of the ligand arms of functional groups.
Chakraborty et al. (2020) combined super-paramagnetic iron
oxide nanoparticles (SPIONs) with glycine to create GSPIONs
for non-invasive imaging and the targeting of lung immune cells
to detect lung disease. The GSPIONs were selectively absorbed
by alveolar macrophages and neutrophils. Three-dimensional
ultrashort echo time MRI was then used to determine the
biodistribution of GSPIONs in the lung and diagnose disease.
The GSPIONs have stable structures and are easy to synthesize
with a particle size of 12.5 nm and a hydrodynamic diameter
of 84.19 ± 18 nm. These GSPIONs may provide an accurate
diagnostic tool for lung cancer (Chakraborty et al., 2020).

Yoo et al. (2017) developed an activatable MRI contrast
agent based on PEG-coated superparamagnetic iron oxide
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FIGURE 3 | Schematic diagram of biomimetic nanomaterials applied to bioimaging.

nanoparticles complexed with poly(gallol). Because the polymer
coating responds to oxidative stress produced by local reactive
oxygen species, the activated MRI contrast agent may have
potential applications in the non-invasive diagnosis of oxidative
stress-related diseases such as cancer and atherosclerosis
(Yoo et al., 2017).

Photoacoustic imaging is a recently developed technique that
provides non-invasive and non-ionizing imaging based on light
and sound. PAI has significant application potential in the field
of nanomedicine (Yang et al., 2019). The photoacoustic signal
is the ultrasonic signal generated by the light absorption of a
biological tissue under laser irradiation. Bharathiraja et al. (2018)
developed Pd@COS (chitosan oligosaccharide)-RGD (arginine-
glycine-aspartic acid) as a contrast agent. They first synthesized
porous palladium nanoparticles, modified the nanoparticles
with CS, and functionalized them with RGD peptide. Integrin
αvβ3, which is expressed in triple-negative breast cancer cells,
binds with RGD peptide. The Pd@COS-RGD nanoparticles
showed good biocompatibility and strong photoacoustic signal
in MDA-MB-231 breast cancer cells, suggesting that they can be
applied in the PAI-based diagnosis of breast cancer (Bharathiraja
et al., 2018). In mice treated with the new contrast agent, the
agent accumulated in the tumor region and could be used to
distinguish tumor tissue.

Folate receptors are highly expressed in many cancer patients,
and folic acid (FA) can combine with these folate receptors
in cancer cells with specificity. Hu et al. (2013) formed
hybrid nanocomposites of rGO and AgNPs and used them

to detect cancer cells based on the physical adsorption of FA
on the rGO-AgNPs. Due to the spectral enhancement effect
of the AgNPs and the adsorption ability of graphene, Raman
spectrometry could be used to detect cancer cells (Hu et al., 2013).
In the experiment, HeLa cells overexpressing FRS (FRS positive)
were used as model cancer cells, and A549 cells expressing a small
amount of FRS (FRS negative) were used as control cells to study
the targeting ability of the probe and detect cancer cells through
changes in SERS signals.

Jiang et al. (2018) used a reversed-phase microemulsion
method to dope silica with gadopentetic acid for use as a
novel contrast agent for the specific non-invasive diagnosis of
prostate-specific membrane antigen (PSMA) receptor-positive
prostate cancer via MRI. In their work, amino and carboxyl
groups were introduced on the surfaces of the silica nanotubes,
and a monoclonal antibody to PSMA was then conjugated
using the carbodiimide method. This novel specific magnetic
resonance contrast agent can be used for the specific non-invasive
diagnosis of PSMA receptor-positive prostate cancer via MRI
(Jiang et al., 2018).

Bioimaging for Inflammatory Disease Diagnosis
Bacterial infection has high prevalence and mortality globally,
and data from the United States suggest that many patients
die from sepsis and infections caused by limb amputation.
Bardhan et al. (2014) demonstrated a novel approach in which
CNTs are employed as bacterial probes for the non-invasive
diagnosis of infectious disease by fluorescence imaging. The
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authors conjugated SWCNTs with M13 bacteriophage to form
M13-SWCNTs, which exhibited sufficient fluorescence activity
for the high-quality NIR-II imaging of living subjects. In addition,
because M13 has a natural binding affinity for the F’-pili of
bacteria and can specifically target many F′-negative strains,
M13-SWCNTs are a good candidate for the detection of bacterial
infection (Bardhan et al., 2014).

Bioimaging for Cardiovascular Disease Diagnosis
Tenascin-C plays a crucial role in the formation and development
of atherosclerosis; thus, it can be used as a biomarker to detect
atherosclerosis. Li et al. (2018) explored a tenascin-C-targeted
ultrasmall superparamagnetic iron oxide (USPIO) to detect
atherosclerosis via MRI. The authors created a new MRI probe

by labeling USPIO with a monoclonal antibody against mouse
tenogenic protein C, which is primarily used to detect aortic arch
plaque (Li et al., 2018). MRI showed more USPIO deposition in
the target group than in the control group.

The safest non-invasive diagnostic tool for atherosclerosis is
MRI. Chaudhary et al. (2016) developed nanocomplexes of zinc
and ferrite (ZF) nanoparticles as MRI contrast agents to detect
atherosclerosis. These nanoparticles were composed by bovine
lactoferrin (Lf), PEG, and heat shock protein (Hsp)-70 antibody,
which specifically targeted atherosclerosis. The nanocomplexes
showed highly enhanced saturation magnetization and contrast
of T2 and CT. Compared with ferrite nanoparticles, HSP-70
LF-PEG-ZF was slightly (1.09 times) enhanced in T1 MRI,
significantly (1.22 times) enhanced in T2 MRI, and slightly

TABLE 1 | Application of different biomimetic functionalized nanomaterials in biosensors.

Nanomaterials Protein Nucleic acid Biopolymer

References Antibody Peptides Enzyme DNA RNA

Au (Delkhahi et al., 2017; Hu et al., 2019; Wang et al., 2019; Diouf et al., 2020) + + − + − +

Ag (Hasanzadeh et al., 2018; Liu T. et al., 2018) − + − − − +

La (Tiwari et al., 2017) + − − − − −

Pt (Eom et al., 2020) − − + − − −

GR (Li et al., 2016; Zhang et al., 2019) + + − − − −

GO (Liu M. et al., 2018) + − − − − −

Silica (Hasanzadeh et al., 2017; Wang et al., 2018) − − + − + −

GO, graphene oxide; GR, graphene. +, applicable; −, no report.

TABLE 2 | Application of different biomimetic functionalized nanomaterials in bioimaging.

Nanomaterials Protein Folic acid Biopolymer Bacteriophage

References Antibody Peptide

Au (Xu et al., 2018; Nicolson et al., 2019) + + − − −

Fe (Chaudhary et al., 2016; Poon et al., 2018) + + − − −

SPIO (Yoo et al., 2017; Li et al., 2018) + − − + −

Pd (Bharathiraja et al., 2018) − + − − −

GO (Hu et al., 2013) − − + − −

SWCNTs (Bardhan et al., 2014) − − − − +

Silica (Jiang et al., 2018) + − − − −

SPIO, super-paramagnetic iron oxide; SWCNTs; single-walled carbon nanotubes. +, applicable; −, no report.

TABLE 3 | Applications of biosensors and bioimaging in the diagnosis of different diseases.

Diseases Biosensors Bioimaging

References Electrochemical
biosensor

Optical
biosensor

Pressure
biosensor

MRI OI USI

Cancer (Xu et al., 2018; Yarbakht et al., 2018; Hu et al., 2019; Nicolson et al., 2019;
Chakraborty et al., 2020)

+ + − + + +

Inflammatory diseases (Bardhan et al., 2014; Lee et al., 2018; Liu T. et al., 2018) + + − − + −

Neurological disease (Li et al., 2016; Apilux et al., 2018) + + − − − −

Metabolic disease (Zhao et al., 2019) − − + − − −

Cardiovascular disease (Li et al., 2018; Eom et al., 2020) + − − + − −

MRI, magnetic resonance imaging; OI, optical imaging; USI, ultrasound imaging. +, applicable; -, no report.
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(1.08 times) enhanced in CT. Kanwar et al. (2001) verified the
temporal expression of heat shock proteins at atherosclerotic
lesions and used Hsps-70 to diagnose atherosclerosis via MRI.

Poon et al. (2018) combined an inorganic magnetic iron
oxide or manganese oxide core with an organic fibrin-targeted
amphiphilic peptide to develop hybrid metal oxide–peptide
amphiphile micelles (HMO-Ms) via self-assembly for the MRI
of thrombosis in atherosclerotic plaques. The novel HMO-Ms
could detect the vulnerable plaques. MR signal enhancement
and signal brightness intensities tested the CREKA peptide
functionalized hybrid nanoparticles’ targeting ability to target
blood clots compared with non-targeted HMO-Ms (NT-Fe-Ms
and NT-Mn-Ms) (Poon et al., 2018).

As nanotechnology evolves, biomimetic functionalization
of nanomaterials using different biomolecules can be applied
to biosensors and biological imaging. The biomimetic
functionalization of nanomaterials by proteins and biopolymers
can not only be used for biosensors but also for bioimaging.
However, some biomolecules may be suitable for only one of
them (Tables 1, 2).

As cutting-edge methods of disease diagnosis, biosensors
and bioimaging have been applied to the diagnosis of a
variety of diseases. Biosensors and bioimaging have been widely
used in the early diagnosis of cancer. Biosensors are more
sensitive to the early diagnosis of metabolic and Neurological
system diseases. Bioimaging is more accurate in the early
diagnosis of cancer and cardiovascular disease. According to the
characteristics of different diseases to choose the corresponding
diagnostic methods, may achieve twice the result with half the
effort (Table 3).

Biomimetic nanomaterials can participate in the process
of biomolecular recognition, improve the rates of catalytic
biological reactions, and amplify biological reactions. Therefore,
the application of biomimetic nanomaterials in biomedicine
has become a research hotspot. As reviewed herein, metal
nanomaterials can be used to create electrochemical sensors
with biological responses. Moreover, metal nanomaterials have
enhanced Raman scattering properties, which is conducive
to the development of diagnostic methods based on optical
sensors and imaging. Based on their outstanding magnetic
properties, magnetic biological nanomaterials can be modified
with biological molecules and used to improve the disease
detection ability and accuracy of imaging methods. Other
metals and their oxides show good catalytic properties and
can be used as enzyme analogs to improve biological reaction
rates. In addition, carbon- and silica-based nanomaterials can
be combined with other nanomaterials to form composite
nanomaterials that exhibit improved biological properties
compared with the single nanomaterials and thus have
widespread applications in clinical diagnosis (Supplementary
Appendices 1, 2).

CONCLUSION AND FUTURE
PERSPECTIVES

Biomimetic nanomaterials have broad application prospects
in biomedicine and play important roles in the non-invasive
diagnosis of diseases. Metal nanomaterials, carbon-based
nanomaterials, and silica-based nanomaterials have received
considerable research attention due to their unique structures
and biophysical and chemical properties. In particular, the
application of gold, silver, and graphene nanomaterials in the
early, non-invasive diagnosis of diseases has become a research
hotspot. These nanomaterials interact with biomarkers of disease
in vivo and create signals that can be detected by biosensors and
biological imaging to diagnose diseases.

Although great progress has been made in the field of
biomedicine, the application of nanomaterials still faces the
following challenges: (1) Nanomaterials themselves have a
significant drawback, namely their potential biotoxicity in vivo.
Although the surface biomimetic modification of nanomaterials
can reduce their biotoxicity, further improvements are required.
(2) Some nanomaterials have components that are difficult to
degrade in biological environments and cannot be metabolized
and excreted from the body. Thus, the biodegradability of
nanomaterials still has room for improvement. (3) There remains
much room for improvement of biomimetic nanomaterials in
terms of their stability and biocompatibility. (4) In the non-
invasive diagnosis of diseases, the sensitivity of biomimetic
nanomaterials to diseases needs to be further improved.
(5) Although biomimetic nanomaterials have been used in animal
studies for non-invasive disease detection, they have not been
widely used in clinical practice.

Biomimetic nanomaterials based on metals, carbon, and
silicon have seen great progress in the area of non-invasive
disease diagnosis. In the future, we expect to see more
innovative biomimetic nanomaterials based on liposomes, QDs,
upconversion nanomaterials, protein, etc., generating significant
progress in biomedicine.
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