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Abstract 

With the rapid development of nanotechnology, new types of fluorescent nanomaterials (FNMs) have been springing 
up in the past two decades. The nanometer scale endows FNMs with unique optical properties which play a criti-
cal role in their applications in bioimaging and fluorescence-dependent detections. However, since low selectivity 
as well as low photoluminescence efficiency of fluorescent nanomaterials hinders their applications in imaging and 
detection to some extent, scientists are still in search of synthesizing new FNMs with better properties. In this review, 
a variety of fluorescent nanoparticles are summarized including semiconductor quantum dots, carbon dots, carbon 
nanoparticles, carbon nanotubes, graphene-based nanomaterials, noble metal nanoparticles, silica nanoparticles, 
phosphors and organic frameworks. We highlight the recent advances of the latest developments in the synthesis 
of FNMs and their applications in the biomedical field in recent years. Furthermore, the main theories, methods, and 
limitations of the synthesis and applications of FNMs have been reviewed and discussed. In addition, challenges in 
synthesis and biomedical applications are systematically summarized as well. The future directions and perspectives 
of FNMs in clinical applications are also presented.
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Introduction
Conventional organic dyes have been facing some dif-
ficulties in their application in biomedicine due to their 
inherent defects like cytotoxicity and poor biocom-
patibility [1]. However, the emergence of fluorescent 
nanomaterials shows great potential in the replacement 
for conventional organic dyes. Scientists have poured 
much time and effort in the research of fluorescent 

nanomaterials, and the relevant achievements on synthe-
sis and applications are more than inspiring.

The shape, size and structure of fluorescent nanoma-
terials determine their physical and chemical proper-
ties, which have huge influences on their performances. 
Hence, the controllable synthesis of fluorescent nano-
materials has become a hot research topic. The optimal 
experimental conditions of synthesis contribute to the 
most suitable size, morphology and stability of fluores-
cent nanomaterials. In recent years, much effort has 
been made to improve the biocompatibility of fluores-
cent nanomaterials by improving synthesis methods [2]. 
Metal ions were usually doped with carbon dots (CDs) 
or quantum dots (QDs) to functionalize the surface of 
fluorescent nanomaterials in the past. However, ineffec-
tive fluorescence and underlying toxicity posed a threat 
to their applications in bioimaging and biolabeling [3]. 
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Considering these problems, Zuo et al. reported a high-
efficiency CDs gene delivery system. CDs doped with 
fluorine were synthesized by solvothermal process, and 
positive charge sites for gene delivery can be provided by 
branched polyethyleneimine (b-PEI) [4]. It can be antici-
pated that new surface modification methods will be a 
hotspot research area in future.

Many efforts have been made to explore the potential 
of fluorescent nanomaterials for biomedical applica-
tions which include bioimaging, biodetection and some 
therapy methods, as shown in Fig.  1. Reliable fluores-
cence for application depends on their physical and 
chemical properties [5]. Therefore, research work on 

improving their properties such as toxicity, hydrophi-
licity and biocompatibility has been a significant part of 
realizing the extensive use of fluorescent nanomaterials 
in biomedical areas. With the increasing rate of some 
diseases like cancer, there is an increasing demand 
for novel diagnosis and therapy strategies with higher 
accuracy and compliance from patients [6]. Currently, 
metal or non-metal ion doping and surface modifica-
tion of fluorescent nanomaterials are still the dominant 
techniques in improving their PL efficiency and bio-
compatibility [7], and corresponding researches open 
up new visions of the biomedical applications of fluo-
rescent nanomaterials.

Fig. 1  The overview diagram of biomedical applications of fluorescent nanomaterials
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Considering the great potential that fluorescent nano-
materials possess in the biomedical area, this review puts 
an emphasis on the latest advances and improvements. 
Scientists have devoted themselves to the functionali-
zation of the surface of fluorescent nanomaterials and 
their performances in biomedical applications. Only with 
reasonable designed synthesis strategies can fluorescent 
materials be endowed with the quality of high PL effi-
ciency and good biocompatibility, which are vital to their 
applications in the biomedical field. This review on the 
synthesis and applications of fluorescent materials, we 
hope, can be of some assistance to readers in understand-
ing the general development trend of fluorescent nano-
materials currently.

Synthesis of Fluorescent Nanomaterials
Quantum Dots (Semiconductor Crystals)
Quantum dots (QDs) were the research spot in the past 
decades owing to their broad absorption and symmetric 
photoluminescence spectra, high quantum yield, high 
resistance to photobleaching, high molar extinction coef-
ficients, and large effective Stokes shifts [8]. In terms of 
the formation mechanism of QDs, when charge carriers 
(electrons and holes) are restricted by potential barriers 
to certain regions, semiconductors show dramatic quan-
tum size effects resulting in the shift of the absorption 
spectrum and fluorescence spectrum. The small regions 
are less than the de Broglie wavelength of the charge car-
riers, or equivalently, the nanocrystal diameter is less 
than twice the Bohr radius of excitons in the bulk mate-
rial [9]. When the charge carriers are confined by poten-
tial barriers in three spatial dimensions, QDs are formed, 
which mainly consist of atoms from groups II-VI (CdSe, 
ZnS), III-V (GaAs, InP), or IV-VI (PbS, PbSe).

The synthesis of QDs was firstly reported in 1982 [10, 
11]. Nanocrystals and microcrystals of semiconduc-
tors were grown in glass matrices. With the develop-
ment of fluorescent materials, QDs have been prepared 
by different methods, such as direct adsorption method, 
linker-assisted adsorption method, situ methods and the 
combination of previous preparation methods. The com-
bination of previous methods includes combination of 
prepared semiconductors with QD precursors and com-
bination of previously prepared QDs with semiconductor 
precursors, in which the semiconductors or QDs are pre-
pared separately [12].

After a series of researches on the synthesis of QDs, 
plenty of researchers reported the fluorescent property 
study of QDs. Bawendi et  al. synthesized the QDs with 
narrow size distributions via introducing semiconduc-
tor precursors such as cadmium sulfide (CdS), cadmium 
selenide (CdSe), or cadmium telluride (CdTe) to investi-
gate the size-dependent optical properties of QDs [13]. 

Since then, CdSe became the most common chemical 
composition of QDs, and a variety of surface modifica-
tions [14–16] or protective inorganic shell [13, 17] have 
been utilized to render colloidal stability.

Carbon Dots
Carbon dots (CDs) are emerging nanomaterials in the 
nanocarbon family with sizes less than 10  nm, which 
were firstly obtained in the purification of single-walled 
carbon nanotubes (SWCNTs) by electrophoresis in 
2004 [18]. It is noteworthy that CDs gradually substitute 
semiconductor quantum dots on the grounds of high 
solubility in water, low cytotoxicity, high photostability, 
excitation-dependent multicolor emission, preferable 
flexibility in surface modification, excellent cell perme-
ability, and better biocompatibility [19, 20]. Generally, 
the CDs mainly comprise carbon quantum dots (CQDs) 
and graphene quantum dots (GQDs). A mass of syn-
thetic methods for CDs with tunable sizes can be broadly 
divided into two main groups: chemical methods and 
physical methods [21].

Chemical Synthetic Methods
Chemical synthetic methods are the most commonly 
used in the preparation of carbon dots because the 
resultant CDs possess excellent properties, such as supe-
rior water solubility, chemical inertness, low toxicity, 
ease of functionalization and resistance to photobleach-
ing. In general, chemical synthetic methods include elec-
trochemical synthesis [22, 23], acidic oxidation [24, 25], 
hydrothermal carbonization [26], microwave-assisted/
ultrasonic treatment [27–29], solution chemistry meth-
ods [30], supported synthesis [31], etc.

Among the numerous synthetic methods, electro-
chemical synthesis has been repeatedly reported over the 
past decades. Zhao’s group reported a novel method of 
preparing CDs with low cytotoxicity by electrooxidation 
synthesis, whereby the CDs were prepared via oxidizing 
a graphitic column electrode against a saturated calomel 
electrode with a Pt wire counter electrode in NaH2PO4 
aqueous solution [22]. The supernatant was then ultrafil-
tered through centrifugal filter devices to obtain the CDs 
with blue and yellow fluorescence, respectively. Another 
direct electrochemical approach was recently reported 
by Qu et al., for the GQDs with a uniform size of 3-5 nm 
by electrochemical oxidation of a graphene electrode in 
phosphate buffer solution [23]. The photoluminescent 
(PL) color of these particles was green.

Mao et  al. completed the combustion oxidation syn-
thesis of CDs in 2007 by mixing candle soot with an oxi-
dant, followed by refluxing, centrifugation and dialysis to 
purify the CDs. The prepared CDs photoluminescence 
spectra have a broad color range, with the emission-peak 
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wavelengths ranging from 415 (violet) to 615 nm (orange-
red). Then, the obtained CDs were further subjected to 
polyacrylamide gel electrophoresis to separate the CDs 
with different optical characterization. Acidic oxidation 
has also been extensively used for the preparation of 
stable nanomaterials such as carbon dots. After the acid 
treatment of carbon nanotubes/graphite and refluxing, 
the resultant CDs of 3-4 nm presented a tan transparent 
liquid which emitted bright yellow fluorescence under 
ultraviolet light and were quite stable in saline. This made 
CDs with longwave (yellow/orange/red) fluorescence 
possess better penetration. The CD solution can be pre-
served at room temperature for a long time and no pre-
cipitates are formed that cause the loss of fluorescence 
[25].

Microwave/ultrasonic synthesis has gradually and 
mainly become an auxiliary synthetic technology in the 
process of synthesis [32]. Fluorescent CDs, 3–5  nm in 
diameter, were synthesized by Xiao’s group via an eco-
nomical, rapid and green microwave-assisted approach 
[33]. The most salient feature of this one-step approach 
was that both the formation and functionalization of CDs 
were completed simultaneously through the microwave 
pyrolysis derived from the ionic liquids for the first time 
[34]. The reaction process occurred in a microwave oven 
using cheap ionic liquids as the source of carbon and the 
solution changed from colorless to dark brown as the 
reaction time went on [35]. Tang et al. used an ultrasonic 
method on the basis of glucose or active carbon as the 
source of carbon to synthesize monodispersed water-sol-
uble CDs. They emitted bright and colorful fluorescence 
[28]. Similarly, Vanesa Romero et  al. obtained highly 
fluorescent nitrogen (N) and sulfur (S) co-doped carbon 
dots (CDs) after photochemical oxidation of the carbohy-
drates in vegetables. The co-doping of N and S increases 
the number of active sites on the CDs surface, thus 
enhancing its luminescence performance [36]. Nitrogen-
doped carbon quantum dots (NCQDs), a fluorescent 
probe, were successfully applied to the determination of 
doxycycline [37]. Pathak et al. prepared co-doped carbon 
dots with nitrogen and sulfur (NSCDs) as well, which 
were synthesized from thiourea and tris–acetate-ethyl-
enediamine buffer by microwave hydrothermal method. 
The NSCDs were put into use to image various patho-
genic bacteria and human buccal epithelial cells due to 
multicolor fluorometry [38].

Considering that most of the above mentioned syn-
thetic methods needed strong acid, several complicated 
experimental steps, and further modifications with other 
compounds to improve the water solubility of the CDs 
and enhance their photoluminescence property, some 
research teams exploited the hydrothermal carbonization 
of carbohydrates photoluminescence such as chitosan, 

glucose, citric acid, etc. to avoid the complex and time-
consuming purification and functionalization processes 
[39]. Yang et  al. described a one-step synthetic method 
for highly amino-functionalized fluorescent CDs with a 
quantum yield (QY) of 7.8% by hydrothermal carboni-
zation of chitosan at a mild temperature. This method 
needed neither a strong acid solvent nor surface pas-
sivation reagent. Besides, the functional groups on the 
CDs’ surface improved their water solubility and reduced 
their potential biotoxicity [26]. The multi-doped carbon 
dots (MCDs), with bright and color-tunable emission, 
were synthesized by one-pot method without any further 
surface passivation. The synthesized MCDs were doped 
with abundant biogenic elements (O, N, P) and therefore 
display strong fluorescent emission and excitation-wave-
length-dependent characteristic, good aqueous solubility, 
high optical stability as well as ion-stability. The MCDs 
not only can selectively and sensitively detect Fe3+ under 
blue light of detection at 15.9 nm, but also measure the 
intracellular Fe3+ through multi-color fluorescence imag-
ing [40].

For solution chemistry methods, oxidative condensa-
tion of aryl groups has been successfully applied to the 
preparation of GQDs over the past decades. Stable col-
loidal GQDs with desired sizes and structures were pro-
duced by Li’s group with solubilization strategy. This 
method achieved size tunability and narrow size distri-
bution of CDs without any impractical size separation 
process [30]. When it comes to the supported synthetic 
procedure, a number of research teams have taken 
advantage of it to complete the synthesis of monodis-
perse nanomaterials such as nanosized CDs. Zhu’s group 
adopted mesoporous silica (MS) spheres as nanoreac-
tors and citric acid as the carbon precursor and hydro-
philic CDs with the sizes of 1.5–2.5  nm were prepared 
by an impregnation method. The CDs with a high pho-
toluminescence efficiency of 23% were capable of emit-
ting strong blue luminescence and presenting excellent 
conversion luminescence properties [31]. Bright-yellow-
emissive carbon dots (Y-CDs) were prepared by Yan 
et  al. through solvothermal method, using anhydrous 
citric acid as carbon source and 2, 3-phenazinediamine 
as nitrogen source. The Y-CDs with abundant carboxyl 
groups displayed a respectable fluorescence quantum 
yield (24%), 188-nm Stokes’ shift, high sensitivity and 
excellent stability [41]. The synthetic methods and prop-
erties of CDs are presented in Table 1.

Physical Synthetic Methods
In general, physical synthetic methods mainly include arc 
discharge, laser ablation/passivation, and plasma treat-
ment. Xu and co-workers oxidized the arc-discharge 
soot with HNO3 and then separated the suspension by 
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gel electrophoresis into SWCNTs. They finally isolated 
the fast moving band of highly fluorescent carbon dots 
nanoparticles [18]. CDs using nano-carbon materials as 
the precursor and an environment-friendly solvent as the 
liquid medium were prepared by Li et al. via a mild laser 
ablation approach [44]. In addition, Gokus and co-work-
ers demonstrated that using oxygen plasma could induce 
the strong fluorescence into single-layer graphene [45].

Carbon Nanoparticles
Fluorescent carbon nanoparticles, with their reduced 
cytotoxicity, resistance to photobleaching, and increased 
biocompatibility, are attracting increasing attention for 
bioimaging and other biomedical applications. Compared 
with the typical sizes of carbon dots within 1–6 nm, the 
sizes of carbon nanoparticles are more than 20 nm, which 
saves the trouble to separate, purify and collect [46]. 
Synthesis methods for carbon nanoparticles are similar 
to carbon dots, including hydrothermal carbonization, 
microwave treatment, chemical ablation method and 
laser ablation. These methods have their own advantages 
but cannot effectively control the size of nanoparticles. 
Electrochemical carbonization is a single step method 
which can control the size and luminescence properties 
of carbon nanoparticles. Unfortunately, there are only 
very few substrates available for this method. At present, 
some new intriguing methods have been reported such 
as phosphorus pentoxide combustion method [47].

In recent years, carbon nanoparticles suitable for bio-
medical applications are synthesized with modified 
methods. Santu et al. resolved the synthesis of high qual-
ity red fluorescent carbon nanoparticles by controlled 
carbonization of resorcinol [48]. This approach involves 

oxidative phenol coupling associated with dehydration 
to form red fluorescent carbon nanoparticles. Anara 
et  al. synthesized fluorescent carbon nanoparticles with 
quantum yield of 6.08% using a modified hydrother-
mal method. Compared with the conventional meth-
ods which require long thermal treatment up to several 
hours, this method shortened the reaction time to less 
than 30 min, realizing the rapid synthesis of fluorescent 
carbon nanoparticles [46].

Carbon Nanotubes
One-dimensional (1D) carbon nanotubes have generated 
enormous attention in biomedical field by virtue of their 
excellent electronic and optical properties. Carbon nano-
tubes can be divided into single-walled carbon nano-
tubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs) according to the number of cylindrical gra-
phene layers. While SWCNTs are composed of a single 
layer of graphene sheet rolled into a cylinder, MWCNTs 
comprise several concentric layers of graphene sheet. The 
outer diameter of carbon nanotubes is below 100  nm, 
but their lengths can reach as long as several millimeters, 
which leads to very high aspect ratio and large surface 
area [49]. Moreover, the unique arrangement of carbon 
atoms in carbon nanotubes forms a rich π-electron con-
jugation outside the nanotube [50]. In addition, carbon 
nanotubes are endowed with strong absorption and fluo-
rescence in NIR region [51]. All of these characteristics 
contribute to effective interaction with biomolecules, 
which makes carbon nanotubes an ideal candidate for 
biomedical applications.

Synthetic methods have great influence on the diam-
eter, length, structure, chirality and quality of carbon 

Table 1  Chemical synthetic methods and properties of carbon dots

Methods Doped elements Size PL color QY (%) Ref

Electrochemical synthesis - 1.5–4 nm Blue/yellow 1.2 (blue CNCs) [22]

Electrochemical synthesis - 3–5 nm Green - [23]

Combustion/acidic oxidation -  < 2 nm Violet/red/yellow  < 2 [24]

Combustion/acidic oxidation - 3–4 nm Yellow  ~ 3–6 [25]

Microwave/ultrasonic treatment - 3–5 nm Blue 5.18 [33]

Microwave/ultrasonic treatment N, S 2.92 nm-4.48 nm 57 [38]

Microwave/ultrasonic treatment - 1.65 nm - 7–11 [28]

Microwave/ultrasonic treatment N, S 8 nm Blue 22 [36]

Hydrothermal carbonization O, N, P 1–6 nm Bright and color-tunable 14.5 [40]

Hydrothermal carbonization - 4–7 nm Blue 7.8 [26]

Hydrothermal carbonization N 2.70 nm Blue 23.48 [42]

Microwave-hydrothermal carbonization N, O - Blue 45.9 [43]

Solution chemistry methods - Tunable - - [30]

Supported synthesis - 1.5–2.5 nm Blue 23 [31]

Solution chemistry methods - 7.2 nm Yellow 24 [41]
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nanotubes, and in the meanwhile, it should be considered 
whether this method is amenable to large-scale produc-
tion. Commonly used methods include arc-discharge 
[52], laser ablation [53] and chemical vapor deposition 
[54]. On top of this, carbon nanotubes need to be func-
tionalized to improve their solubilty and prevent them 
from aggregating in solvents and biological media. Cova-
lent functionalization would introduce defects to the 
structure of carbon nanotubes, leading to dramatical 
decrease or even complete loss of their NIR fluorescence. 
Noncovalent functionalization with amphiphilic mol-
ecules such as polymers would preserve the structure and 
fluorescent properties of carbon nanotubes, but lower 
the QY of carbon nanotubes. In order to overcome these 
obstacles, novel methods to synthesize and functional-
ize carbon nanotubes have been reported recently. Lee 
et  al. reported that the addition of dithiothreitol, which 
is a reducing agent, can enhance the fluorescent QY of 
SWCNTs for the first time, resulting in fluorophores hav-
ing brightness equivalent to that of QDs [55]. Hou et al. 
investigated the addition of dithiothreitol to SWCNTs 
functionalized with a variety of surfactant. For DNA 
and SDS wrapped SWCNTs, the fluorescent QY of them 
increased significantly, while fluorescence quenching to 
different extents was observed for other surfactant [56]. 
As a result, the addition of dithiothreitol to DNA or SDS 
wrapped SWCNTs are feasible solutions to achieve the 
application of carbon nanotubes in biomedicine.

Graphene‑Based Nanomaterials
As two-dimentional carbon nanomaterials, graphene 
and its derivatives have been widely explored for a range 
of biomedical applications such as bioimgaing and drug 
delivery. Graphene nanomaterials include graphene 
nanosheet, graphene oxide (GO) and reduced graphene 
oxide (rGO) nanosheet. They have high surface areas 
and unique surface properties which allow noncovalent 
interactions with dye molecules, biomolecules and water-
insoluble drugs. Many researchers have reported differ-
ent graphene preparation methods since it was prepared 
successfully for the first time in 2004. Synthetical meth-
ods of graphene nanomaterials can be classified into two 
categories, the top-down and the bottom-up.

Top-down methods involve the isolation from stacked 
graphite layers to form graphene sheets, including 
mechanical exfoliation [57], solvent-based exfoliation 
[58] and electrochemical exfoliation [59]. Gu et  al. sys-
tematically studied ultrasound-assisted solvent based 
exfoliation, and found that ultrasonic waves have a good 
exfoliation effect. They can also affect the size and thick-
ness distribution of graphene sheets, which makes con-
trollable synthesis possible. Bottom-up approaches 
involve reorganization of carbon atoms using alternative 

carbon sources. Epitaxial growth [60] and chemical vapor 
deposition (CVD) [61] are the most commomly used bot-
tom-up synthesis methods. GO sheets composed of many 
sp2 domains isolated by oxygen-containing groups can be 
synthesized using Hummer’s method. Variations in sizes 
of these sp2 domains make the PL of GO sheets widely 
range from 500 to 800 nm [62]. rGO is derived from GO 
through chemical reduction using reducing agents such 
as hydroquinone and hydrazine. Compared with GO, 
the fluorescence of rGO showed blue-shifted emission in 
the UV region along with fluorescent quenching, which 
is attributed to the percolation pathways between the 
newly formed crystalline sp2 clusters [63]. Akbari et  al. 
elucidated that the ratio of sp3/sp2 domains in GO sheets 
determines their fluorescence spectra. Therefore, GO is a 
promising fluorescent nanomaterial over a wide range of 
wavelengths under different degrees of reduction, which 
can be used in the biomedical applications.

Metal Nanomaterials
Noble metal atoms present less cytotoxicity compared 
with QDs at the same time. Gold, silver and copper 
nanoparticles have received increasing attention and are 
applied to a large number of fields. In the biomedical 
fields, the quantum mechanical effects of gold nanopar-
ticles, such as photoluminescence emission or plasmon 
resonance make gold nanoparticles (AuNPs) an ideal 
candidate for another in vivo nanosensor with low cyto-
toxicity [64, 65].

AuNPs have attracted extensive scientific interest by 
virtue of their ease of synthesis and unique properties, 
and diverse synthetic methods have been reported. As 
one of the most important methods, chemical methods 
are generally performed by treating an aqueous solution 
of chloroaurate with reducing agents in the presence of a 
stabilizing agent. Citric acid is mostly widely used, which 
can act as both a stabilizer and reducing agent [66]. How-
ever, AuNPs stabilized with citric acid can go through 
irreversible accumulation during functionalization 
development with thiolate ligands. This problem can be 
overcomed by making the reaction take place in the pres-
ence of water-soluble polymers, surfactants, or capping 
agents that help to provide higher stability and prevent 
nanoparticles aggregation. The size and shape of AuNPs 
can be controlled by changing the gold-citrate propor-
tion, surface-modifying agents or reaction conditons. 
With one-pot ultrasonic emulsification method, Zhang 
and his coworkers co-loaded Bis(4-(N-(2-naphthyl) 
phenylamino) phenyl)-fumaronitrile and AuNPs into 
micelles to obtain the nanoprobe [67]. Most of all, the 
obtained nanoprobe, with great potential to be applied 
in tumor-targeted imaging and diagnosis in  vivo, pro-
cessed excellent fluorescence imaging capacity, despite 
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the existence of gold nanoparticles. Although AuNPs are 
non-toxic under certain experimental conditions, the 
toxicity and the side effects need to be thoroughly exam-
ined [68].

Fluorescent Ag nanoclusters have been paid much 
attention due to their unique physical and chemical 
properties. The synthesis process of such nanoclusters 
is classified by the stabilizing scaffold into DNA oligonu-
cleotides, peptides, proteins, dendrimers and polymers. 
Besides, extensive literature has demonstrated some 
green synthesis, such as the application of aqueous stem 
extracts of D. trifoliata and S. alba to optimize the prepa-
ration conditions [69].

Cu nanoclusters (Cu NCs) are relatively widely-used as 
noble metal materials, but their synthesis is still scarce 
due to their vulnerability to oxidation. Recently, Kawasaki 
et  al. successfully prepared stable Cu NCs by a micro-
wave-assisted polyol method [70]. DNA could be used 
as the template for the synthesis of fluorescent Cu NCs. 
Mohir et al. proposed a method based on double-strand 
DNA in solution to obtain Cu NCs with high selectivity 
[71]. Using fluorescent properties of Cu NCs, it was suc-
cessfully exploited as an effective fluorescent turn-on sig-
nal indicator for the selective determination of RDX [72].

Silica Nanoparticles
Considering the properties of transparency, mechani-
cal stability, robustness and stabilization of the embed-
ded fluorophores, silica nanoparticles are extensively 
applied in biological domains. For example, silica core/
shell NPs applied for the intracellular detection of Zn2+ 
and H2PO4

− in living cells were synthesized as “off/on” 
fluorescent nanosensors. In recent years, silica nanopar-
ticles doped with organic dyes have been synthesized 
and widely used in many applications such as biode-
tection [73]. The most widely used synthesis methods 
for silica nanoparticles are the Stöber method and the 
reverse microemulsion method. The Stöber method, 
first described in the 1960s [74], involves the hydrolysis 
of alkyl silicates and subsequent condensation of silicic 
acid in alcoholic solutions catalysed by the addition of 
ammonia. The second method of silica NP formation, the 
reverse microemulsion method, involves the reaction of 
alkyl silicates, typically TEOS, inside the water droplets 
of a water-in-oil microemulsion [75]. He et al. prepared 
three kinds dye doping silica nanoparticles with Stöber 
method and reverse microemulsion method by embed-
ding dye into the core of the particle. Some molecules 
functionally responsive to Zn2+ are deposited on particle 
surfaces [76]. The fluorescent silica nanoparticles were 
used for fluorescent images intracellular Zn2+ (H2PO4

−) 
in HeLa cells. When Zn2+ was added to the proportional 

Zn2+ nanosensor, the nanoparticles showed the ability to 
ratiometrically detect the concentration of H2PO4

−.
In general, silica nanocomposites with good monodis-

persity and biocompatibility can be easily further modi-
fied with functional groups [77–79]. Lee et  al. doped 
magnetic nanoparticles and fluorescent dyes into silica 
nanoparticles. These silica nanocomposites can be used 
not only as multimodal imaging probes for magnetic 
resonance (MR) and fluorescence imaging, but also as 
anticancer drug delivery carriers [80]. In a nutshell, sil-
ica particles could be a research spot in such cases with 
greatly extended uses.

Phosphors
Phosphors are widely used in biomedicine owing to 
their unique advantages in reducing the autofluores-
cence and light-scattering interference from tissues. In 
general, phosphors are composed of host materials and 
doped ions [81]. Among the host materials of phosphors, 
yttrium oxide (Y2O3) is more than promising due to its 
low photodurability and its phonon energy. Lantha-
nides are largely doped in phosphors considering their 
abundant electron levels and energy transfer channels. 
Numerous methods have been reported for the prepa-
ration of phosphors including hydrothermal [82], flame 
spray pyrolysis [83], sol–gel [84], and co-precipitation 
processes [85].

Hydrothermal synthesis is emerging as an ideal pro-
cess, which have been proven to be efficient and eco-
nomical for the synthesizing of phosphors. Yu et  al. 
synthesized Y2O3:Eu3+ phosphors by hydrothermal 
method in the presence of sodium citrate [82]. The con-
centrate of sodium citrate, the addition amount of NaOH 
and Eu in the hydrothermal process decided the proper-
ties of the obtained phosphors. Flame spray pyrolysis is 
a promising methods for the rapid and consecutive syn-
thesis of oxide-based phosphors. Compared with con-
ventional methods, this method provides phosphors with 
high crystallinity and homogenous dopant distribution. 
Khan et  al. successfully produced Tb3+–doped Y2O3 
phosphors that were approximately 100 nm in diameter 
with a narrow size distribution using flame spray pyroly-
sis [83]. In their method, alkali salt was mixed with other 
metal nitrate precursors, which effectively controlled 
size distribution in a narrow range. The sol–gel synthesis 
route offers several advantages, such as high homogene-
ity and purity, reduced synthesis time, uniform particle 
morphology, and narrow particle size distribution [86]. 
Leonardo et al. obtained Sm3+ doped SiO2-Gd2O3 phos-
phors by a sol–gel process [84]. Co-precipitation is a 
common and simple method for synthesizing crystal-
line phosphors, which ensures high homogeneity and 
controlled morphology characteristics. Perhaita et  al. 
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reported that the phase composition of the phosphors 
strongly depends on the pH during the precipitation [85].

Organic Frameworks
Covalent-organic frameworks (COFs) are new porous 
crystalline materials possessing outstanding stability, 
adsorption and low toxicity. The design of fluorescent 
small organic molecules with a combination of fluores-
cence determination methods can be used to construct 
more efficient nanoprobes [87]. For selective 2,4,6-trini-
trophenol (TNP) determination, a novel Naphthalimide-
Benzothiazole conjugate was prepared as colorimetric 
and fluorescent nanoprobe. The fluorescence emission 
peaks of receptor were selectively quenched by TNP with 
a limit of detection as low as 1.613 × 10–10 M.

Metal organic frameworks (MOFs) are a kind of new 
generation multifunctional inorganic–organic materi-
als with various holes and functionalized 3D crystalline 
structures formed by metal ions and linkers. MOFs show 
potential applications in separation, catalysis and other 
aspects due to unique attributes such as excellent chemi-
cal tenability, specific surface area and confinement of 
the pores. Some of the MOFs are luminescent and the 
quantum yield as well as light intensity will be influenced 
by temperature and excitation wavelength [88]. With 
the addition of doxycycline, Yu et  al. synthesized a new 
functional metal–organic framework of pyromellitic acid 
and europium, which exhibited remarkable fluorescence 
enhancement at 526  nm and 617  nm. Results showed 
that both fluorescence intensities were positively cor-
related with the doxycycline concentration. The unique 
fluorescence response of the system could discriminate 
doxycycline from other tetracycline antibiotics with high 
selectivity.

Biomedical Applications of Fluorescent 
Nanomaterials
Bioimaging
Quantum Dots for Bioimaging
Fluorescent nanomaterials have been widely used in bio-
imaging. Compared with conventional organic fluores-
cent molecules, fluorescent nanomaterials are equipped 
with many superior properties such as high photostabil-
ity, tunable emission spectra and high quantum yields 
[89].

As early as 1998, QDs were first successfully applied in 
biological imaging [90]. Since then, applications of QDs in 
this field have been springing up gradually. Chen’s group 
applied it in bioimaging and nuclear targeting with great 
stability and biocompatibility in living cells [91]. In spite 
of the extremely high sensitivity and spatial resolution 
of QDs, poor performances on hydrophilicity and bio-
compatibility hindered their applications in bioimaging 

in  vivo. To tackle this problem, it has been found that 
the water-solubility of QDs can be greatly improved by 
attaching thiol or other hydrophilic groups to the surface 
of quantum dots [92]. In the same way, with the intention 
of improving the effectiveness and specificity of in  vivo 
targeted imaging, targeting molecules are attached to the 
surface of QDs. Furthermore, the wavelength region of 
the emission light can be controlled by altering the size 
of QDs.

The combination of QDs and inorganic metal ions can 
optimize the application of QDs in bioimaging because 
the QDs’ defect-site PL peaks will be utterly removed 
by controlling the proportion of doped inorganic metal 
ions. Kuwabata, S et  al. modulated the degree of Ga3+ 
doping in Ag–In–Se QDs. Thus, the QDs’ defect-site PL 
peaks were completely removed and a sharp band-edge 
emission peak come into appearance [93]. They found 
a blue shift of the band-edge PL peak ranging from 890 
to 630  nm which could be credited to the fact that the 
energy gap of QDs was enlarged by Ga3+ doping. After 
injecting a mouse with QDs, the potential of AIGSe@
GaSx core–shell QDs for bioimaging turned out satis-
fying. The imaging effect of this kind of QDs in mice is 
demonstrated in Fig. 2. However, sensing of mid-IR wave-
lengths is challenging due to increased dark currents and 
noise. HgTe QDs synthesized by colloidal method is a 
promising candidate for IR bioimaging by virtue of lower 
dark currents, higher-temperature operation, and higher 
detectivity [94].

Carbon Dots for Bioimaging
The poor photostability of current fluorescent nano-
materials hinders their long-term bioimaging to a large 
extent. To overcome this limitation, CDs have been stud-
ied for bioimaging and some positive results have been 
obtained due to the great performance on PL efficiency. 
Enormous efforts have been put to improve their water 
solubility and lower their toxicity in organisms. At pre-
sent, most CDs are facing a barrier in bioimaging, that is, 
their short-wavelength excitation disables deep penetra-
tion in tissue. Aside from this, being exposed under the 
short-wavelength for a long time could do irreversible 
damages to living cells and tissues. As shown in Fig.  3, 
with the purpose of overcoming this deficiency, Gao 
et al. designed fluorescent CDs with red emission which 
were successfully used for bioimaging of noble metal ions 
(Pt2+, Au3+, Pd2+) in cells and zebrafish [95]. Sun and 
co-workers first studied the near infrared (NIR) imag-
ing of CDs in vivo using mice as a model. Recently, it was 
reported that molecules or polymers containing plenti-
ful sulfoxide or carbonyl groups can enhance NIR fluo-
rescence through the surface modification. As shown in 
Fig. 4, under NIR excitation, sulfoxide or carbonyl groups 
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are bound to the outer layers and the edges of the CDs. 
Thus, electron transitions are promoted, influencing the 
optical bandgap [96].

Carbon Nanoparticles for Bioimaging
In the field of bioimaging, fluorescent carbon nanopar-
ticles show unique chemical and optical properties over 
traditional fluorescence probes. Different size, shape and 
elemental composition make carbon nanoparticles with 

different features. The biomedical fields are always seek-
ing the most promising fluorescent carbon nanoparti-
cles. Gaurav et al. obtained both larger and smaller size 
carbon nanoparticles with laser ablation method [97]. 
Both green and blue fluorescence were observed in the 
cells incubated with the carbon nanoparticles, suggesting 
their different sizes. Cell viability results indicated that 
the prepared carbon nanoparticles were nontoxic and 
safe for bioimaging applications. Shazid et  al. employed 

Fig. 2  Three-dimensional PL image superimposed on an X-ray CT image of the mouse subcutaneously injected with DSPC-AIGSe@GaSx liposome 
dispersions (each 50 mm3) in the back [78]
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carbonization method to obtain fluorescenct carbon nan-
oparticles derived from biocompatible hyaluronic acid. 
Both the in vitro and in vivo bioimaging studies showed 
that the prepared carbon nanoparticles would be reliable 
and stable for opticle imaging. Moreover, based on the 
experimenal data, their cytotoxicity was proved to be tol-
erable for biomedical applications.

Carbon Nanotubes for Bioimaging
Fluorescence of carbon nanotubes in the NIR is attract-
ing high attention for their good light penetration depth 
in biological tissues. However, their low quantum yield 
requires for considerable excitation doses, leading to a 
fair degree of blue-shift and failure of penetrating live 
tissue. Mandal et al. reported that bright and biocompat-
ible p-nitroaryl functionalized SWCNTs, encapsulated 
in phospholipid-polyethylene glycol, are suitable for bio-
imaging applications. The prepared SWCNTs enabled 

high signal-to-noise ratio imaging in live brain tissues 
using ultra-low excitation intensities. Their 1160  nm 
emissions in the NIR guarantee that they will provide 
optimal fluorescence imaging results [98]. Ceppi et  al. 
applied SWCNT-based fluorescence imaging to debulk-
ing surgery in an ovarian cancer mouse model. SWC-
NTs are coupled to an M13 bacteriophage carrying 
modified peptide binding to the SPARC protein, which 
is overexpressed in ovarian cancer, leading to real-time 
imaging to guide intraoperative tumor debulking. This 
imaging system enables detection in the NIR window 
with a pixel-limited resolution of 200 μm, demonstrating 
real potential in fluorescence imaging guided surguries 
for patients [99].

Furthermore, fluorescent moieties can be con-
jugated by a carbon nanotube backbone, which 
integrate strong fluorescent ability with robust mecha-
nism strength, exhibiting ideal bioimgaing results. 

Fig. 3  A Confocal imaging of Pt2+ in PC12 cells. (a1–e1) Bright field images. (a2–e2) Black field images of the CDs in PC12 cells with the different 
concentrations of Pt2+ (0, 25, 50, 150, and 300 μM). (a3–e3) Overlay images. B Fluorescence imaging of Pt2+ in ZF. (a1–e1) Bright field images. (a2–
e2) Fluorescence images of the CDs in ZF with the various concentrations of Pt2+ (0, 30, 60, 100, and 150 μM) [80]
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Katharina et al. functionalized SWCNTs with an amphi-
philic C18-alkylated polymer conjugated with bright per-
ylene bisimide fluorophores. The polymers wrapping 
around the SWCNT backbones not only increase their 
water dispersibility but also promote their biocompatibil-
ity by providing a shield. In  vitro studies on HeLa cells 
demonstrated that the biocompatibility of SWCNTs is 
dramatically improved. In microscopy studies, direct 
imaging of the SWCNTs’ cellular uptake via perylene 
bisimide and SWCNT emission proved their potential 
for bioimging [100]. Park et  al. combined carbon nano-
tubes with mussel adhesive proteins which can be specifi-
cally targeted at tumors in tissue. They then made carbon 
nanotubes conjugated with a ZW800 NIR fluorophore 
to obtain NIR fluorescence imaging [101]. The prepared 
carbon nanotube probes react with a specific tumor in 
one hour and can be easily eliminated via urine, dem-
onstrating great value as tumor imaging and detecting 
agent.

Graphene‑Based Nanomaterials for Bioimaging
Large surface area and feasible further functionaliza-
tion make graphene-based nanomaterials a promis-
ing candidate for biomedical applications. However, 
as a result of their chemical sturctures, graphene 
nanosheets lack photoluminescence and rGO only 

display weak fluorescence, which makes it difficult to 
be utilized in bioimgaing applications. Many research-
ers attempted to resolve this problem by conjugation 
of fluorescent dyes and probes onto the large surface 
of graphene and its derivatives. Sun et  al. reported 
an assembly strategy to prepare fluorescence probe 
RACD functionalized a single layer GO via π-π inter-
action and hydrogen bonding. The resluting nanoma-
terials exhibited that the fluorescent probes reduce 
the aggregation degree and acquire very well mono-
dispersion, hydrophilicity and photostability, which is 
attributed to the strong synergy between RACD and 
GO [102]. Even so, fluorescence quenching remains 
a critical issue for these materials. In addition, the 
biocompatibility and toxicity of polymers applied to 
connect graphene-based materials and fluorescent 
moieties have not been adequately investigated. These 
facts appeal for alternative solutions to utilize gra-
phene and its derivatives in bioimaging applications. 
Georgia et  al. developed intrinsically photolumines-
cent graphene derivatives that show desirable biocom-
patibility and tunable fluorescence properties [103]. 
They can be organophilic or hydrophilic with different 
amine functionalization dodecylamine and hexameth-
ylenediamine, respectively. The intrinsic fluorescent 
graphene-based nanomaterials possess great potential 
in a variety fileds of bioimgaing.

Fig. 4  Schematic of structure and energy level alignments of nontreated CDs (left column) and CDs modified with S = O/C = O‐rich molecules 
(right column). The red (oxygen atom) and green double‐bonded balls represent the C = O/S = O‐rich molecule [81]
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Metal Nanomaterials for Bioimaging
In recent years, fluorescent metal nanoparticles have 
shown great potential in bioimaging for improved disease 
diagnosis and treatment [104]. Gold is the most com-
monly used metal for bioimaging. The surface of AuNPs 
can be easily modified with various biomolecules such 
as peptides, proteins, antibodies, enzymes, and nucleic 
acids. These biomolecules can interact with specific 
cells or organelles in  vivo, which makes it possible for 
AuNPs to be used for targeted optical imaging. Gao et al. 
reported a real-time in situ imaging of nucleus by AuNPs 
fabricated with bifunctional peptides constructed with 
both Au-binding affinity and nucleus-targeting ability. 
The bifunctional peptides showed strong binding affinity 
toward AuNPs and ensured good surface coverage of the 
nanoparticles, which made it stable and efficient for pre-
cise bioimaging of the nucleus in cells [105]. The Au-Se 
bond is considered as a better candidate than the Au–S 
bond to link the peptides and AuNPs due to the stronger 
ability against interference of intracellular thiol. Pan 
et al. prepared the Au-Se-peptide nanoprobes through a 
direct freezing process. The obtained nanoprobe was suc-
cessfully applied to identify autophagy and apoptosis in 
chemotherapeutic drug treated cancer cells [106].

As a novel fluorescent imaging technology, DNA-tem-
plated silver nanoclusters (DNA-Ag NCs) have aroused 
the attention of many scientists due to their unique prop-
erties, especially the tunable fluorescence emission range 

relying on DNA sequences. However, the highly nega-
tively charged DNA backbones have always been a great 
obstacle for the expansive applications in bioimaging 
because of poor stability as well as poor cell permeability 
in physiological environment. It is also noteworthy that 
the PL property and fluorescent efficiency of DNA-Ag 
NCs are far from satisfying. As a result, figuring out how 
to neutralize the negative charge on the surface of DNA 
strands is of great urgency for researchers. Recently, Lyu 
and co-workers successfully modified fluorescent DNA-
Ag NCs with cationic polyelectrolytes via electrostatic 
force between the positively charged polyelectrolytes 
and the negatively charged phosphate groups of the DNA 
strands, leading to a threefold fluorescence intensity 
enhancement [7] (Fig. 5). Li et al. reported a facile strat-
egy to make gold nanoclusters with positive charge and 
silver nanoclusters with negative charge form aggregates 
by electrostatic interactions. An incredible 40-fold fluo-
rescence intensity enhancement was obtained. Results 
demonstrated that the physiological stability improved 
a lot and the cell permeability was also enhanced, which 
promises its practical applications in the future.

Silica Nanoparticles for Bioimaging
Dye-doped fluorescent silica nanoparticles emerge with 
great potential for bioimaging as a novel and ideal plat-
form for the monitoring of living cells and the whole 
body. The outer silica shell matrix protects fluorophores 

Fig. 5  Formation of FL DNA–Ag NC–Cationic Polyelectrolyte Complexes for Cell Imaging [7]
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from outside chemical reaction factors as well as provides 
a hydrophilic shell for the inside insoluble nanoparticles, 
which renders the enhanced photo-stability and bio-
compatibility to the organic fluorescent dyes. Benefiting 
from the robust structure of silica matrices, dye-doped 
fluorescent silica nanoparticles have been presented with 
several superior properties including good biocompat-
ibility, hydrophilic features, and high fluorescence inten-
sity [107].

Jiao et al. also constructed a local hydrophobic cage in 
dye-doped fluorescent silica nanoparticles to improve 
their optical properties, which solves the problems of 
aggregation-caused quenching (ACQ) and poor photo-
stability in aqueous media by organic fluorescence dyes 
benefiting from the robust structure of silica nanopar-
ticles [108]. In addition, compared with free dyes, the 
fluorescent intensity both in water solution and living 
cells demonstrated a 12.3-fold enhancement due to the 
limitation of molecular motion, indicating a significant 
development for silica nanoparticles in biomedical appli-
cations. QDs have been developed for bioimaging both 
in  vivo and vitro owing to their excellent optical quali-
ties. However, a critical obstacle faced in QDs’ applica-
tion in vivo is their poor biocompatibility. Inspired by the 
organic dye-conjugated silica-NPs, QDs-embedded sil-
ica-NPs have also been invented with the advantage that 
the excellent optical qualities of QDs can be retained, 
while the silica-NPs coat improves their biocompatibility 
to a large extent simultaneously. Darwish et al. reported 
that many QDs could be assembled around a central 
silica nanoparticle to form supra-NP assemblies. It was 
expected to be used for enhanced bioimaging because 
of their higher sensitivity and superior signal-to-back-
ground ratios [109]. There is reason to believe that sil-
ica-NPs conjugated with fluorescent nanomaterials with 
ideal optical properties will still be the dominant research 
interest in the future.

Phosphors for Bioimaging
For bioimaging, the sizes of phosphors need to be con-
trolled so that they are small enough to be integrated 
with living cells. Furthermore, the aggregation of parti-
cles should be avoided for biocompatibility. Hence, the 
control of both particle sizes and dispersity in an aqueous 
solution is essential for the bioimaging application of the 
phosphors. Atabaev et al. prepared Eu, Gd-codoped Y2O3 
phosphors which had a spherical morphology within the 
range 61–69 nm. Enhanced PL emission and low toxicity 
made these phosphors suitable for bioimgaing applica-
tions [110].

Upconversion nanomaterials are able to convert lower-
energy near-infrared photons to higher-energy ones as 
emission. This anti-Stokes photoluminescence process 

will lead to low background noise, large tissue penetra-
tion depth, and low photo-damage in bioimaging applica-
tions [111]. Lanthanide-based phosphors are able to show 
upconversion emission owing to their photodurability 
and low phonon energy. Nallusamy et al. reported a NIR–
NIR bioimaging system based on Er3+:Y2O3 phosphors by 
using NIR emission at 1550 nm under 980 nm excitation, 
which can allow a deeper penetration depth into biologi-
cal tissues than ultraviolet or visible light excitation [112]. 
In addition, the surface of Er3+:Y2O3 was electrostatically 
PEGylated to improve the chemical durability and dis-
persion stability under physiological conditions. Thakur 
et  al. synthesized Ho3+/Yb3+ co-doped GdVO4 phos-
phors via a modified sol–gel method. The prepared phos-
phors showed brilliant red upconversion emission under 
NIR excitation, which may be useful in bioimaging of the 
biomolecules [113].

Organic Frameworks for Bioimaging
Careful selection of MOF constituents can yield crys-
tals of ultrahigh porosity and high thermal and chemi-
cal stability, with some of them being luminescent [114]. 
Recently, Sava Gallis’s group described a novel multifunc-
tional MOF material platform which showed a wide spec-
tral region from 614 to 1350  nm covering the deep red 
to NIR region. Both porosity and tunable emission prop-
erties made them highly suitable for in  vivo bioimaging 
[115]. What’s more, to overcome the obstacle of MOF’s 
low selectivity towards malignant tissues, Liu et al. devel-
oped a target-induced bioimaging by conjugating DNA 
aptamers using ZrMOF nanoparticles as quenchers 
[116]. Based on the quenching of ZrMOF nanoparticles, 
target-induced bioimaging is achieved upon binding with 
the target.

Biodetection
Since fluorescent nanomaterials can amplify the fluo-
rescent signals significantly and be compatible with 
organisms, there is increasingly more research on their 
application in the rapid detection of biomolecules [117]. 
It will shorten the analysis time to a large extent if we are 
able to establish a real-time detection system by fluores-
cent nanomaterials. It has been discovered that multiple 
detection can be achieved by using QDs probes simulta-
neously [118, 119].

Pathogen Detection
Pathogens have been an unignorable threat to human 
health for centuries and these include many types of 
microorganisms ranging from bacteria (pathogenic 
Escherichia coli, Salmonella, and Streptococcus pneu-
moniae) and viruses (Coronavirus, Influenza virus and 
hepatitis virus). However, conventional methods for 
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pathogen detection still need improvement of detection 
limits and detection speeds. For their applications in 
detecting pathogens, Tan and co-workers reported a bio-
conjugated nanoparticle-based biodetection for in  situ 
pathogen quantification, which cost less than 20  min 
[120]. Tan’s success promises that quick and convenient 
pathogen detection is possible and can be achieved with 
these ingenious nanomaterials in the future. Here, we list 
diverse pathogens detected by fluorescent nanomaterials 
as shown in Table 2 [119, 121–129].

Nucleic Acid Detection
Apart from pathogen detection, fluorescent nanomate-
rials have also aroused more and more interest of scien-
tists in the detection of DNA. Owing to the merits that 
a number of biomolecules can be attached to the sur-
face of fluorescent nanomaterials, the signal intensity 
of fluorescent nanomaterials in DNA detection can be 
enhanced significantly. Tan and co-workers developed 
an DNA detection method to detect gene products 
using bioconjugated dye-doped fluorescent silica nano-
particle with high sensitivity and photostability [130]. 
Although the analysis of nucleic acid has been suc-
cessfully achieved by real-time nanomaterial fluores-
cence systems, there are still many shortcomings such 
as complex procedures or expensive instruments. To 
address these disadvantages, Wang’s group introduced 
a highly sensitive and visualized detection of nucleic 
acid by the combination of strand exchange amplifica-
tion (SEA) and lateral flow assay strip (LFA) [131]. The 
system, which is possible to be widely used in areas 
requiring limited resource, is mainly characterized by 
integrating SEA with LFA (Fig. 6). There is no denying 

that the extremely high fluorescent signal for bioanaly-
sis plays an irreplaceable role in these applications.

Drug Detection
In the field of drug analysis, a facile and low-cost ana-
lytical method is always in demand for high-speed 
detection of specific pharmaceutical compounds. Real-
time detection of drugs can be achieved with selective 
and sensitive fluorescent nanomaterials owing to their 
outstanding optical properties. In the past decade, the 
modification of nanomaterials has lowered their detec-
tion limit and improved their detection accuracy sig-
nificantly. Recently, it is reported that ampicillin can be 
detected in serum sample based on aptamer, its com-
plementary strand (CS) and gold nanoparticles (AuNPs) 
[132]. The limit of detection (LOD) of this method can 
be as low as 29.2 pM. However, there are still many lim-
itations in the detection of drugs or target molecules 
in  vivo. Due to low selectivity, conventional fluores-
cent nanomaterials inevitably generate false positive 
results and adverse effects in vivo. In addition, current 
tracking systems can hardly realize real-time tracking 
because of insufficient labels and excitation sources. 
Considering the above limitations, a new method using 
up/down conversion (UC/DC) PL nanomaterials has 
attracted increasing attention. Seo et  al. reported a 
single-photon-driven UC/DC system which demon-
strated outstanding performance in the detection of 
heavy metal ion (i.e. Hg2+) in mussels [133]. LOD of the 
nanohybrids was ca. 1 nM. This system is appealing to 
researchers in the field of fluorescent nanomaterials for 
biomedical applications.

Table 2  Pathogen detection methods and properties of FNMs

Type of FNMs Analytes Mechanism Detection limit Ref

QDs Escherichia coli Antibody-conjugated 10−3 cfu/ml [117]

Salmonella typhimurium Antibody-conjugated 10−3 cfu/ml [117]

Shigella flexneri Antibody-conjugated 10−3 cfu/ml [117]

Respiratory Syncytial Virus Protein labeling 35–50 pfu/ml [118]

Bacillus thuringiensis Spores Analyte-conjugated 1,000 cfu/ml [120]

Cryptosporidium parvum Antibody-conjugated N.A [121]

Giardia lamblia Antibody-conjugated N.A [121]

V. parahaemolyticus Chromatophores labeling 7 cfu/ml [122]

Pseudomonas aeruginosa FRET 100 cfu/ml [123]

Silica NPs Mycobacterium tuberculosis Antibody-conjugated 3.5 × 103 cells/ml [119]

AUNPs Shigella spp. probe-modified 103 cells/ml [124]

AgNCs Escherichia coli DNA-modified 60 cfu/ml [125]

MNPs Shigella spp. DNA-modified 103 cells/ml [124]

UCNPs E. coli ATCC 8739 FERT 3 cfu/ml [126]
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Drug Delivery
Until now, the technology of treating cancers with high 
efficiency and targeting function is not perfect enough. 
Under most circumstances, the anticancer drugs are 
distributed and released extensively in the body, which 
endangers the healthy cells and tissues irreversibly. Cur-
rently, a large variety of carriers for drug delivery have 
been designed. However, we can hardly supervise the 
distribution and result of the whole delivery process. 
Benefiting from the recent development of the surface 
modification technique, fluorescent materials capped 
with polymers like polyethylene glycol (PEG) can bond 
with drugs strongly and firmly. Then, the loaded drugs 
will be released in response to certain conditions such as 
pH, osmotic gradient and the surrounding environment. 
However, it should be confirmed whether the drugs are 
transported to the specific site or not. It’s also necessary 
for us to consider more details such as how much of the 
drugs is released in different positions. Aside from being 
drug carriers, fluorescent nanomaterials can also dem-
onstrate the consequences of intracellular uptake due 
to their fluorescence property. QDs have been applied 
to monitor some important properties, such as delivery 
efficiency, release rate and distribution of drug molecules 
in  vivo, which are beneficial for scientists in order to 
understand the specific targeting pathways of drug deliv-
ery within living cells. Duan and co-workers reported a 
facile pH-responsive fluorescent CDs drug delivery sys-
tem [134]. Loaded with dox which is effective for gastric 
cancer, intracellular drug delivery and tracking could be 
simultaneously realized in patients (Fig.  7). The report 

highlighted the ability of fluorescent CDs to label and 
track the drug delivery process for at least 48  h, which 
showed a great potential in bioimaging, biolabeling and 
traceable drug delivery. Duan et  al. designed a pH and 
receptor dual-responsive drug delivery system [135]. 
Hyaluronic acid was covalently attached to the surface 
of CDs, and doxorubicin was loaded by electrostatic self-
assembly. In the tumor microenvironment (pH 5.6), the 
drug is released rapidly from the drug delivery system, 
while in the normal physiological environment (pH 7.4), 
the drug is hardly released. Endocytosis occurs when the 
drug delivery system reaches CD44 which is a receptor 
rich in tumor cells and can bind specifically to the hya-
luronic acid. In addition, carbon nanotubes can be used 
for drug delivery by virtue of their high loading efficiency. 
Strong π-π interactions play a critical role in binding 
therapeutic agents with carbon nanotubes, which can be 
broke through changing external conditions, resulting in 
the release of drugs in specific position. Pennetta et  al. 
functionalized single and multi-walled carbon nanotubes 
with a pyrrole derived compound to form a doxorubicin 
stacked drug delivery system. Biological studies showed 
that the synthesized nano-conveyors can effectively 
deliver the drug into cell lines and improve the therapeu-
tic effects of doxorubicin [136].

Photodynamic Therapy
Photodynamic therapy (PDT) is a novel therapy method 
for tumors which utilizes the interaction between light 
and photosensitizer. In PDT, reactive oxygen species 
(ROS) is produced from oxygen by photosensitizers in 

Fig. 6  Schematic illustration of the SEA-LFA strip for the detection of nucleic acids [110]
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the condition of specific wavelengths of light (mostly 
in the area of near infrared light). The specific mecha-
nism is presented in Fig. 8. ROS includes singlet oxygen, 
superoxide radicals, hydrogen peroxide, and hydroxyl 

radicals that possess strong cytotoxicity which cause sig-
nificant destruction of tumor cells. However, there exist 
many defects such as limited penetration depth [137], 
hydrophobic properties [138], photobleaching [139], 

Fig. 7  Schematic illustration of the preparation (a) and cellular uptake (b) of the CDs-DOX drug delivery system [113]

Fig. 8  Schematic illustration of producing reactive oxygen species (ROS) for the photodynamic therapy (PDT) [119]
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complicated procedure [140], and tumor hypoxia. PDT 
agents can hardly be dissolved and they will disperse 
extensively in vivo once they are taken, making it impos-
sible to be targeted and selected. Fluorescent nanomate-
rial based photodynamic therapy developed fast in recent 
years [141]. Combined with the unique properties that 
QDs possess, such as high fluorescent efficiency and great 
spectral resolution, the effect of PDT can be enhanced. 
Barberi-Heyob, M and coworkers significantly enhanced 
the photodynamic efficiency with a concentration of 
8  nM because of the light dose-dependent response 
[142]. In addition, photodynamic therapy can sometimes 
do harm to the skin and eyes of patients due to its photo-
sensitive side-effect. To alleviate these adverse effects, a 
novel nanoparticle-based drug carrier for photodynamic 
therapy is reported which can provide stable aqueous 
dispersion of hydrophobic photosensitizers. Meanwhile, 
the key step of photogeneration of singlet oxygen was 
preserved, which is necessary for photodynamic action 
[143]. It is obvious that QDs combined photodynamic 
therapy will replace the conventional PDT someday.

Challenges
Synthesis Challenges
Achieving Uniform Distribution
In the synthesis process, the diameter and size distribu-
tions of FNMs can be hardly distributed uniformly due to 
the agglomeration of small particles. This could be fatal 
to the optical properties of FNMs in biomedical applica-
tion. For this reason, the applications of FNMs are still at 
the laboratory scale. It has been confirmed that the sur-
face properties primarily determine the agglomeration 
state of the nanoparticles and their size. Therefore, sur-
face modification is promising to achieve uniform distri-
bution of FNMs by altering their surface properties [144]. 
To date, silanized QDs have been widely used because 
the polymerized silica coating increases the stability in 
buffers under physiological conditions [145]. Carbon 
dots synthesized by hydrothermal reaction using water-
soluble base were reported to be difficult to control the 
size and distribution of grain boundary [146]. Khanam 
et  al. reported a facile and novel synthetic method for 
the preparation of hydroxyl capped CDs using an organic 
base and a surfactant (Triton X-100) to modify the sur-
face. A narrow particle size distribution at 7.2  nm was 
found in Raman and DLS studies, which is smaller than 
the majority of the particles falling within the range of 
below 10 nm in diameter [147].

Fluorescence Quantum Yield
Fluorescence quantum yield plays a crucial role for FNMs 
in their efficiency for on-demand light emission. Tun-
able and highly fluorescent CDs can be prepared with 

the surface functionalization approach. Nitrogen-doped 
FNMs are reported to have improved fluorescence quan-
tum yield. With increasing nitrogen content, fluorescence 
quantum yield can be increased to as high as 56% at high 
synthesis temperature [148]. A facile strategy was also 
developed to tune the photoluminescent properties of 
CDs using a microwave irradiation, with citric acid and 
nitrogen-containing branched polyethyleneimine (b-PEI) 
as precursors. At intermediate levels of b-PEI, the CDs 
produced a high photoluminescence yield [149]. Lin et al. 
explored carbon dots with a high-fluorescence quantum 
yield rate synthesized from L-cysteine and citric acid by 
the microwave-assisted method. The obtained carbon 
dots exhibited a high-fluorescence quantum yield (up to 
85%), which is due to the combination of amidogens and 
sulfydryl with carbon dots, and henceforth bringing the 
improved fluorescence property [150]. The above exam-
ples demonstrate that nitrogen or other electron-rich 
atoms like sulphur can obtain satisfying fluorescence 
quantum yield.

Aggregation‑Caused Quenching
Fluorescent molecules can emit light with high efficiency 
in dilute solution. However, in concentrated solution or 
solid state, their fluorescence will be weakened or even 
disappear. This phenomenon is called Aggregation-
Caused Quenching (ACQ) [151]. This problem has been 
puzzling scientists for almost 150  years, thus hindered 
the extensive application of fluorescent dyes.

In order to make effective use of fluorescent dyes, sci-
entists have attempted many methods. Most of them 
focused on reducing the concentration of fluorescent 
dyes to prevent ACQ effect. Tang et  al. discovered the 
phenomenon of Aggregation-Induced Emission (AIE) 
[152]. Based on rationally designed molecules, the flu-
orescence of organic molecules in solid state can be 
attained. Still, for more than one hundred thousand dif-
ferent fluorescent dyes in the world, the problem of ACQ 
has not been completely resolved. As long as they aggre-
gate together, ACQ will make them lose their fluorescent 
properties.

It is almost impossible for high concentration or solid 
state FNMs to show reliable fluorescence due to fluores-
cence quenching. Although fluorescence quenching can 
be used as a sensitive signal to indicate substrate concen-
tration in analytical chemistry, [153] in the most circum-
stances, however, fluorescence quenching is undesirable 
for FNMs because it always has considerable influence 
on bioimaging and biodetection. To overcome this long-
standing problem, Benson et  al. reported a universal 
solution with the discovery of a class of materials called 
small-molecule ionic isolation lattices (SMILES) [154]. 
SMILES are simple to make by mixing cationic dyes with 
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anion-binding cyanostar macrocycles. We draw inspira-
tion from their findings and believe that similar results 
can be obtained if we replace cationic dyes with cationic 
modified FNMs.

Application Challenges
Drawbacks of UV Light FNMs
Although FNMs realized the great-leap-forward from 
in  vitro imaging to in  vivo imaging, the emission fluo-
rescence of most of FNMs is distributed in ultraviolet 
region or short wavelength visible region, which limits 
the optical imaging in living organisms. Moreover, use of 
UV light for monitoring living processes in cells and tis-
sues has some potential drawbacks as long‐term irradia-
tion of living cells may cause DNA damage and cell death. 
Therefore, the development of FNMs in near-infrared 
region is urgently needed in the future. Although NIR 
FNMs have deep tissue penetration, NIR detectors and 
filters are needed as the excitation and emission wave-
lengths are too close to each other, which restricts their 
range of application.

Interference in Biological Environment
Almost all biological tissues will produce significant 
autofluorescence under short wavelength, UV and vis-
ible light radiation [155]. Autofluorescence reduces the 
signal‐to‐background ratio and often interferes seriously 
with the visual effects. Some substances in the substrate 
of biological tissues also have great influence on the fluo-
rescence, which reduces the selectivity of FNMs signifi-
cantly. Until now, although the application of FNMs in 
mice showed acceptable outcomes, it is still difficult to 
achieve similar results in larger mammals. Much higher 
luminous efficiency under low power density excitation 
is required to avoid the background signal interference. 
Furthermore, temperature and pH conditions of the bio-
logical environments strongly affect the fluorescence 
of some substances as well. Therefore, satisfying fluo-
rescence of FNMs at 37  °C and physiological pH should 
be guaranteed. It’s  worth  noting  that the pH in tumor 
is lower than normal tissues. Hence, fluorescence with 
high selectivity in acid environment will improve the effi-
ciency of FNMs.

Biocompatibility
Biocompatibility refers to materials or systems that are 
nontoxic, safe and not causing physiological or immu-
nological reactions. QDs with unique quantum confine-
ment effect and electro-optical properties are attractive 
for biomedical applications. However, toxic effects of 
traditional semiconductor QDs made of heavy metal ions 
have serious safety concerns for their undesired environ-
mental or health effects. In the purpose of circumventing 

this problem, core–shell structure modification of QDs 
by using biocompatible ligands or polymers is one way 
to effectively minimize toxic effects of traditional QDs. 
Furthermore, scientists are searching for heavy metal-
free QDs formulations. Non-toxic or less toxic carbon 
dots and silica nanoparticles have shown their potential 
as the ideal FNMs for biomedical applications. Impuri-
ties brought in the process of syntheses may influence the 
biocompatibility of fluorescent nanomaterials. In order 
to reduce the influence of toxic impurities, green synthe-
sis methods have been arousing the interest in biomedi-
cal fields. Chowdhury et al. utilized cacao extract which 
is a natural product as a reducing and stabilizing agent 
in the synthesis of gold nanoparticles [156]. Oxalic acid, 
as a constituent of cacao, can reduce Au3+ in HAuCl4 to 
metallic gold and stabilize the resultant nanoparticle col-
loidal solution. In vitro studies suggested that the cacao 
derived gold nanoparticles are biocompatible and suit-
able for biomedical applications. For MOFs, appropriate 
metal ions and ligands must be selected to lower the tox-
icity. Wang et al. employed Fe, Ti and Zr as constituents 
of MOFs, which are harmless and even beneficial ele-
ments to the body [157]. In vitro studies indicate that the 
proposed material has good biocompatibility and safety 
in biomedical application. What’s more, it is necessary to 
consider whether the difference in composition, surface 
charge, or modified group will have different biological 
effects. Taking these factors into account, we can improve 
the biocompatibility of FNMs with rational design.

Conclusions
Benefiting from the unique properties of fluorescent 
nanomaterials, some limitations and barriers of conven-
tional materials and methods in biomedical applications 
can be broken through. In this review, we comprehen-
sively present the synthesis methods and applications of 
fluorescent nanomaterials. The advanced synthesis meth-
ods can offer us the fluorescent nanomaterials with ideal 
morphology, size ranges and structures. Meanwhile, the 
more convenient syntheses can lower the manufactur-
ing cost of fluorescent nanomaterials, which is critical 
to their widespread applications in biomedical fields. 
Based on the improved synthesis techniques, the perfor-
mance of fluorescent nanomaterials is bound to leap in 
their applications. With the development of fluorescent 
nanomaterials, bioimaging, biodection, drug delivery and 
photodynamic therapy will be more widely applied in the 
diagnosis and treatment of diseases. Finally, challenges in 
synthesis and biomedical applications point out exiting 
questions and developing direction. We hope that this 
review can bring some new insights to the development 
of fluorescent nanomaterials.
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