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1. Introduction

From the 1960s to the present, the image processing technology was dramatically improved, 

and an enormous growth rate in the use of image processing technology can be seen today in 

almost every field. It is a computer vision technology with the ability to replace the human 
vision by an artificial vision for observation of objects and processes. Historically, the poten-

tial of image processing for biological applications has been understood by researchers in 

later years of the 1980s and in the early 1990s, and many attempts have been made to focus 
on conducting research for the employment of this technique in biological imaging [1]. For 
instance, the milestones of optical imaging in autophagy research are shown in Figure 1. As 
it has been reported by Wang et al. [2], these events involve specific fluorescence probing 
methods that localize the selected autophagic components and optical imaging platforms. 
They confirmed that most of the new investigative methods and advanced imaging equip-

ment were developed during the past decade, during which some super-resolution optical 

imaging technologies have emerged.

Biological imaging or bioimaging is a precision technique for the recording of information rel-

evant to biological materials using a variety of imaging equipments and processings. Usually, 
it is defined as a visualization method in which a biological process can be recognized non-

invasively or to record the information from the biological specimen. Bioimaging aims to 
interfere as little as possible with life processes. Moreover, it is often used to gain information 
on the 3D structure of the observed specimen from the outside, i.e., without physical interfer-

ence. In addition, the subcellular structures and the entire cells over tissues up to the entire 
multicellular organisms can be observed using bioimaging. Also, in cell biology, the cellular 
process or the ion or metabolite levels can be evaluated by bioimaging. Over three decades 
various biological imaging techniques such as X-ray, thermal imaging, X-ray computed 
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tomography (CT), hyperspectral imaging, optical, and magnetic resonance imaging (MRI) 
have been developed that are different in principles and equipment [3]. Due to their wide 
application potential in various fields, these techniques have continuously seen the rapid 
growths and the tremendous improvements. To carry out bioimaging, a setup of equipment 
is needed. Each kind of imaging requires different equipments, but the basic components in 
any imaging system are essentially the same. Usually, the following basic components such 
as a camera, illumination, frame grabber, and image processing hardware and software are 

used in a biological imaging system [1]. In bioimaging process, the image of the biological 
object is primary captured by a camera, and its external characteristics, such as color, shape, 
size, and surface texture, are evaluated using a sensor including a charge-coupled device 
(CCD) camera, X-ray, X-ray CT, ultrasound, and MRI. CCD camera is the most commonly 
used sensor for this purpose. After that, the conversion process named as digitization is used 
to convert the analog video signal from the camera into a digital signal. The conversion of 
pictorial images into digital form is performed by the frame grabber (or digitizer). Following 
that, digital image must be processed by the image processing hardware and software to 

analyze the captured images and obtain the necessary output. There are several steps includ-

ing image acquisition, image preprocessing, enhancement, segmentation, representation, and 

description that need to be performed for image processing [1]. In each step, a process is 
performed. For example, the process of acquiring the raw binary data from the image of the 
area of interest is achieved by image acquisition, and the reduction of the unwanted features 

Figure 1. Milestones of optical imaging in autophagy research. All abbreviations are as follows: CLEM, correlated light 
and electron microscopy; dSTORM, direct stochastic optical reconstruction microscopy; LC3, light chain 3; LSCM, 
laser scanning confocal microscopy; SIM, structured illumination microscope; STED, stimulated emission depletion 
microscopy; TIRFM, total internal reflection fluorescence microscopy [2].

State of the Art in Nano-bioimaging2



in the images is followed by the image processing. Over three decades, many developments 
have been achieved in equipments and image processing steps. As can be seen in Figure 2, 

recent progresses in bioimaging include super-resolution, two-photon fluorescence excitation 
microscopy, fluorescence recovery/redistribution after photobleaching (FRAP), and fluores-

cence resonance energy transfer (FRET).

2. Nano-bioimaging

As it is mentioned above, considerable advancements have been achieved in bioimaging. 
Nevertheless, the limitation of image resolution is a barrier that needs to circumvent for the 

next generation of bioimaging technology. Recently, the super-resolution microscopy was 
purposed for image resolution betterment [4]. It is found that the super-resolution micros-

copy can address some of the difficulties inherent in earlier microscopy techniques, provide 
new advances in biomedicine, and in those fields deal with the study of biological systems 
[4, 5]. However, it is suffering from the special equipment requirement which makes it as 
complex as it needs to be and hard to operate [6]. On the other hand, biologists believe that 
only a single type of technique cannot be used to obtain all information about a biological 

system [7]. Hauser et al. [8] found that the integration of two or more microscopy techniques 

performed on the same sample has been highly successful in overcoming the aforementioned 

limits of each method. They demonstrate how a correlative approach adds new dimensions 
of information and provides new opportunities in the fast-growing field of super-resolution 
microscopy. Additionally, other super-resolution microscopy methods such as structured 

Figure 2. Recently developed techniques for bioimaging.
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illumination microscopy (SIM) were developed for resolution enhancement. Despite their 
great success, all of these techniques are intrinsically involving with their limitations and 

challenges. For example, an expensive hardware and an expensive software are needed to 
overcome the spatial resolution improvement of SIM providing excellent super-resolution 
in 2D or 3D [9]. Ponsetto et al. explained that all of these methods have trade-offs between 
several factors such as resolution, speed, field of view, biocompatibility, sensitivity, and 
experimental complexity [10]. So et al. [11] compared the advancements of the widely used 

fluorescence microscopic techniques, stochastic optical reconstruction microscopy (STORM) 
or photoactivated localization microscopy (PALM), stimulated emission depletion (STED), 
and SIM. They explained that the label-free optical microscopic techniques whose functions 
are originated from nanoscale structures such as micro-curvilinear lens, super-oscillatory, 

and metamaterials can provide the conventional microscopy procedure with the ability for 

the new generation of nanoscopy. These approaches can break the barrier of diffraction limit, 
which is literally not a limit any more [11].

It is expected that the barrier of high-resolution image construction can be solved by nan-

otechnology. It seems that nanotechnology is able to advance medical imaging to the next 
level by increasing the resolution of current techniques [12]. This approach enhances the 
specificity of targeted imaging using the unique designed nanoconstructs. The increas-

ing role of nanomaterials in biological and medical imaging research can reflect the impact 
of nanotechnology in bioimaging. As it has been mentioned, the contrast improvement of 
image is the most important reason for nanoparticle combination with imaging [13]. Usually, 
to utilize the enhancement of image contrast, contrast agents are needed. Traditionally,  
small-molecule contrast agents are used and biocompatible nanocrystals with the ability to 

provide a strong imaging signal. Also, plasmonic nanostructures can exhibit the field con-

finement effect which is locally amplified within subdiffraction-limited volume and is use-

ful in many biomedical sensing and imaging applications [14]. Willets et al. reviewed the 
vital role of plasmonic nanoparticles in improvement of super-resolution imaging and 

described the growing partnership between super-resolution imaging and plasmonics, 

by describing the various ways in which the two topics mutually benefit one another to 
enhance our understanding of the nanoscale world [15]. They demonstrated that the plas-

monic nanoparticles are explored as image contrast agents for super-localization and  
super-resolution imaging, offering benefits such as high photostability, large  
signal-to-noise ratio, and distance-dependent spectral features but presenting challenges 

for localizing individual nanoparticles within a diffraction-limited spot. In addition, they 
found that the subdiffraction-limited spatial resolution can be achieved by using the plas-

mon-tailored excitation fields [15]. Their study confirms that the localized surface plasmons 
and the surface plasmon polaritons can be used to create confined excitation volumes or 
image magnification to enhance spatial resolution. As powerful analytical tools, lumines-

cent bioprobes are another example of the nanomaterial employment for optical imaging 
[16]. Shewring et al. described an Ir(III)-based small-molecule, multimodal probe for use 
in both light and electron microscopies [17]. Their finding confirmed the use of Ir(III) com-

plexes as probes that provide excellent image contrast and quality for both luminescence 
and electron microscopy imagings. All of these correlative techniques are categorized in  
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nano-bioimaging. Nanotechnology can also be used in other imaging techniques. For instance, 
Goel et al. reported that the hybridization of the dynamic synergism of positron emission 
tomography (PET) and nanotechnology can enhance the sensitivity and quantitative nature of 
PET which can help overcome certain key challenges in the field [18]. Fluorescence bioimaging 
in the second near-infrared spectral region (NIR-II, 1000–1700 nm) can be considered as attrac-

tive nanoparticles in nano-bioimaging. It can provide advantages of high spatial resolution and 
large penetration depth, due to low light scattering [18]. Their finding illustrates that NIR-II 
quantum dots (QDs) can be used in biomedical and clinical applications due to their excellent 
biocompatibility, photostability and brightness which require deep tissue imaging [19].

Lanthanide-doped upconversion nanoparticles (UCNPs) are the interesting nanomaterials 
with a great potential for nano-bioimaging applications [20, 21]. Their exceptional optical and 
physicochemical properties made them to be considered for design of the novel UCNP-based 
nanoplatform for luminescent and whole-body imaging [22]. Generalova et al. [22] demon-

strated applications of UCNPs as a new nanoplatform for optical and multimodal cancer 
imaging in vitro and in vivo and extend discussions to delivery of UCNP-based therapeu-

tic agents for photodynamic and photothermal cancer treatments. Similar to other semicon-

ductor nanocrystals such as CdS, ZnO, TiO
2
, and CdSe/ZnS core shells, lanthanide-doped 

upconversion nanoparticles can be used for magnetic resonance imaging (MRI), computed 
tomography (CT), and positron emission tomography (PET)/single photon emission com-

puted tomography (SPECT) [23–25]. Figure 3 shows the schematic applications of semicon-

ductor nanocrystals in bioimaging. As it is mentioned by Chen et al. [26, 27], semiconductor 

polymer dots (SPDs) can also be utilized in biological imaging because of their outstanding 
photophysical properties, such as high brightness, extraordinary photostability, and favor-

able biocompatibility, in comparison with those of quantum dots (QDs), organic dyes, and 

reversibly switchable fluorescent proteins (RSFPs).

Figure 3. Schematic illustration of semiconductor nanocrystal applications in bioimaging.
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3. Graphene-based materials for nano-bioimaging

Among all nanomaterials that are considered as potential candidates for nano-bioimaging 
applications, graphene has attracted great attentions. As it has been expressed by Lin et al. 
[28], the biomedical applications of graphene and its derivatives are extensively investigated 
for diagnostics, drug delivery, near-infrared (NIR) light-induced photothermal therapy, and 
bioimaging. Due to the versatile surface functionalization and ultrahigh surface area of gra-

phene and its derivatives, they can be easily functionalized by small-molecule dyes, poly-

mers, nanoparticles, drugs, or biomolecules to obtain graphene-based nanomaterials for 

different bioimaging applications [28]. Lin et al. [28], focused on applying graphene-based 

nanomaterials for different molecular imaging modalities, and their review confirmed that 
the graphene-based materials can be employed for optical imaging (FL, two-photon FL, 
and Raman imaging), PET/SPECT (positron emission tomography/single photon emission 
computed tomography), MRI (magnetic resonance imaging), PAI (photoacoustic imaging), 
CT (computed tomography), and multimodal imaging (Figure 4). Graphene quantum dots 
(GQDs) are one of the graphene-based materials that have a considerable potential for bio-

imaging applications. Due to the photoluminescence (PL) and high structural stability, low 
cytotoxicity, and good biocompatibility, fluorescent graphene quantum dots (GQDs) have 

Figure 4. The biomedical applications of graphene. Adapted from Ref. [28].
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recently attracted an increasing interest in cancer bioimaging [29, 30]. Chen et al. [31] evalu-

ated the recent advances and future challenges of biomedical applications of graphene quan-

tum dots. They expressed that the wide applications of graphene quantum dots in biological 
imaging can be attributed to the relatively high quantum yields with high molar extinction 
coefficients, broad absorption with narrow emission spectra and high photostability, the 
strong quantum confinement, and edge effects stir of GQDs. In addition, in comparison with 
a traditional imaging modality, the highly stable and bright fluorescence characters of GQD-
derived nanomaterials lead to generate the optical signal with the small number of GQDs [31]. 
On the other hand, the ability of GQDs for near-infrared reflectance emission makes them as 
promising candidates for the imaging of deeper tissue samples. Based on the above reasons, 
applying GQDs as contrast agents for in vivo imaging has been the area of high expecta-

tions and recurring attention. The near-infrared emitting window shows great advantages 
for biomedical imaging because of the low tissue absorption and reduced light scattering in 
more than 650 nm wavelengths’ region [31]. Functionalized graphene oxide (GO; 2D)-based 
nanocomposites are one of the graphene-based nanomaterials that have a great potential for 

biomedical applications. In recent years, because of their unique and highly enriched physi-
cal and chemical properties, such as excellent biocompatibility, ready cellular uptake, flexible 
chemical modifications, unique optical properties, and thermal and electrical conductivity, 
they have been used in biological fields, such as biomedicine, biosensors, drug delivery, and 
bioimaging [32]. Qiu et al. [33] developed the graphene oxide (GO)-wrapped gold nanorods 
(GO@GNRs) that can be used as a smart and robust nanoplatform for ultrafast NIR SERS 
bioimaging. Their finding demonstrated that the fabricated GO@GNRs could efficiently load 
various NIR probes, and the in vitro evaluation indicated that the nanoplatform could exhibit 
a higher NIR SERS activity in comparison with traditional gold nanostructures.
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