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Abstract
The emergence of conjugated polymers (CPs) has provided a pathway to attain smart multifunctional conjugated polymer 
nanoparticles (CPNs) with enhanced properties and diverse applications. CPNs based on π-extended CPs exhibit high 
fluorescence brightness, low cytotoxicity, excellent photostability, reactive oxygen species (ROS) generation ability, high 
photothermal conversion efficiency (PCE), etc. which endorse them as an excellent theranostic tool. Furthermore, the unique 
light-harvesting and energy transfer properties of CPNs enables their transformation into smart functional nanohybrids with 
augmented performance. Owing to such numerous features, simple preparation method and an easy separation process, the 
CPNs and their hybrids have been constantly rising as a frontrunner in the domain of medicine and much work has been 
done in the respective research area. This review summarizes the recent progress that has been made in the field of CPNs 
for biological and biomedical applications with special emphasis on biosensing, imaging, and theranostics. Following an 
introduction into the field, a first large section provides overview of the conventional as well as recently established synthetic 
methods for various types of CPNs. Then, the CPNs-based fluorometric assays for biomolecules based on different detec-
tion strategies have been described. Later on, examples of CPNs-based probes for imaging, both in vitro and in vivo using 
cancer cells and animal models have been explored. The next section highlighted the vital theranostic applications of CPNs 
and corresponding nanohybrids, mainly via imaging-guided photodynamic therapy (PDT), photothermal therapy (PTT) 
and drug delivery. The last section summarizes the current challenges and gives an outlook on the potential future trends on 
CPNs as advanced healthcare material.

Keywords  Conjugated polymer nanoparticles (CPNs) · Nanohybrids · Biosensing · Fluorometric assay · Imaging · 
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Introduction

Conjugated polymers (CPs, also known as semiconducting 
polymers), as a kind of superior conducting material, have 
attracted profound interest in the fabrication of optoelec-
tronic devices owing to their excellent electrical features. 
Since the Nobel Prize-winning research on highly conduc-
tive polyacetylene in the 1970s [1], significant advancements 
have been made in both the designing as well as applica-
tion of CP materials. Later, the CPs were also discovered to 
exhibit remarkable optical properties which further broaden 
their prospects in the area of sensing, imaging, and diag-
nosis. Due to their unique signal-amplification properties, 
they are considered as promising and found multiple applica-
tions in trace detection of analytes, biomedical imaging, and 
phototherapy [2–7]. Thus, the past decades have witnessed 
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numerous CPs as advanced functional materials [8–13] to 
fabricate solar cells, light-emitting diodes and high-perfor-
mance probes for a variety of biomedical applications.

Although the CPs have received considerable interest in 
the field of detection, their further application in biomedical 
science is still limited due to their poor solubility in water, 
relatively high cytotoxicity, less photostability, difficulty 
in separation and complex purification steps. To overcome 
the existing limitations, conjugated polymer nanoparticles 
(CPNs) derived from CPs have emerged as smart optical 
material that combines the properties of signal amplified 
CPs and the conventional nanoparticles [14, 15]. Owing to 
their augmented properties in aqueous media including large 
absorption cross-section, high brightness, flexible surface 
modification, good photostability and ease of separation, 
CPNs are considered as revolutionary material in the area 
of theranostics [16]. Shu Wang’s research group [17, 18] 
elegantly described the superiority and unique advantages 
of CPNs over other materials for biological applications. 
Owing to unique signal amplification property [19] and 
other vital features, CPNs has become an auspicious mate-
rial in the fields of drug/gene delivery [20], tumor imaging 
[21], and biomolecular detection [22, 23]. The properties 
and functions of CPNs varied with size [24], dispersion and 
packing of the particles in the lattice, which can be systemat-
ically controlled by the molecular designing or changing the 
preparation method. Thus, based on size, morphology and 
colloidal stability, the CPNs can be classified into various 
forms like conjugated polymer dots (Pdots) [25], nanofibres 
[26], nanocomposites and core–shell structures [27].

In recent years, a significant number of CPNs and their 
hybrids for biomedical applications have been developed 
and reported by scientists working in the multidiscipli-
nary areas of chemistry, medicine and biology. In 2014, 
Hao’s research group [28] summarized the advances on 
development of electrochemical sensors using nanocom-
posites of conducting polymers with graphene. The review 
highlighted the application of such conductive composite 
materials in chemo- and biosensing owing to their superior 
electrical, chemical, structural and thermal properties. In 
2018, Zheng et al. [29] highlighted the applications of 
CPNs in near-infrared II (NIR-II) imaging and therapy. A 
recent review by Manners et al. [30] provide an overview 
of the advanced methods used to prepare CPNs with spe-
cial emphasis on newly established “self-assembly” and 
“microfluidic method” for potential application in mul-
tiple areas. In 2021, Dalkiran and Brett [31] described 
the recent developments in the area of electrochemical 
(bio)sensing using combination of polyphenazine/pol-
ytriphenylmethane redox polymers with semiconductor 
nanoparticles. Considering progressive developments, it 
is necessary to highlight the latest advancements related to 
CPNs in the field of healthcare. In continuation to previous 

efforts [18, 25, 32] of collecting the fascinating research 
on CPNs, we hereby provide some recent advances of 
CPNs as photoluminescent and photoresponsive materi-
als in biosensing, imaging, and theranostics (Fig. 1). The 
review begins with a description of the conventional and 
modern synthetic methods used for the preparation of 
various types of CPNs. Then, the application of CPNs in 
biosensing using different mechanisms has been summa-
rized which revealed the detection and estimation of some 
important biomolecules. Following this, the diagnosis of 
diseases mainly cancer via in-vitro and in-vivo imaging has 
been described. Next, the theranostic applications of CPNs 
via imaging-guided phototherapy and drug delivery have 
been explored taking representative examples. Finally, the 
future prospects, as well as the obstacles that stand in the 
way of further progress have been highlighted thoroughly.

Methods of preparation

CPs are the main components of CPNs which determine 
their optical property. Thus, the synthesis of CPs with a 
suitable backbone structure is the first step towards the fab-
rication of CPNs. After the synthesis of CPs, they are con-
verted into corresponding CPNs through various fabrication 
methods which control the size, morphology and stability of 
CPNs. This section briefly introduces some popular methods 
of synthesizing CPs and provides comprehensive discussion 
on fabrication procedures of the various types of CPNs.

Fig. 1   Overview of the most common synthetic methods of CPNs 
and their biological applications
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Synthesis of CPs

The CPs are organic macromolecules which composed of 
π-conjugated backbone of alternate single and double bonds 
that regulate its optoelectrical properties [33, 34]. On the 
basis of variable backbone structure, the CPs be classified 
as, poly(fluorene-co-phenylene) (PFP), poly(p-phenylene 
vinylene) (PPV), poly(p-phenylene) (PPP), polypyrrole 
(PPy), polyfluorene (PF), polythiophene (PT), polydiacety-
lene (PDA), poly(p-phenylene ethynylene) (PPE), etc. The 
most common polymerization techniques for synthesizing 
CPs include palladium-catalyzed coupling reaction (Suzuki 
[35], Heck [36], and Sonogashira [37]), oxidative polymeri-
zation and Stille coupling [38]. Thus, the CPs with different 
backbone structures can be attained by employing appropri-
ate synthetic methods.

Fabrication of CPNs

CPNs can be fabricated by various techniques to obtain nan-
oparticles of desire characteristics such as size, structure and 
stability. While, mini-emulsion and nanoprecipitation repre-
sents frequently used methods of acquiring CPNs, the latest 
techniques include microfluidic approach and self-assembly. 
Kelly and Wolf [27] provide another interesting approach to 
classify CPNs based on their method of preparation using 
“soft” or “hard” templates. CPNs prepared using soft-tem-
plates usually get deformed easily and exhibit structural 
persistency only in solution state. Emulsion, reprecipitation 
and emulsion-dispersion polymerization methods which 
constitute surfactants are common examples of soft-template 
approaches. Besides, the hard-templates based CPNs exhibit 
features of persistent shape with structural stability both in 
solution as well as solid state. CPNs with core–shell struc-
tures and silica nanocomposites are usually acquired using 
hard template method. The brief descriptions of these vital 
methods are given below.

Mini‑emulsion method

In the mini-emulsion method, the CPNs are prepared usu-
ally by adding surfactant to avoid emulsion droplet aggre-
gation. Briefly, the CPs dissolved in an apolar solvent like 
dichloromethane (DCM) are added into the aqueous solu-
tion containing surfactant molecules, and then the organic 
phase is uniformly dispersed in the water phase by ultrasonic 
treatment to form a homogenous emulsion. Lastly, CPNs are 
obtained by after evaporating the organic solvent (Fig. 2a). 
Prior to this method, it was a difficult and time-consuming 
task to chemically modify the formed nanoparticles with 
specific functional groups. The mini-emulsion method 
exhibits the advantage that surfactants can migrate or adsorb 
directly onto the framework of CPs [39]. Liu and co-workers 

reported different CPNs with emission covering the whole 
visible light range by co-encapsulating poly(D-L-lactide-co-
glycolide) (PLGA) [40]. In this protocol, small quantity CP 
and PLGA dissolved in DCM was added to excess water with 
poly(vinylalcohol) (PVA) as an emulsifier. Then, the CPNs 
were obtained by ultrasonication followed by evaporation of 
the organic solvents. This improved solvent evaporation sin-
gle emulsion method with PVA as emulsifier utilizes PLGA 
as encapsulation matrix to prepare various CPNs with uni-
form morphology. Green et al. [41] used the similar method 
to synthesize CPNs capable of emitting visible spectrum of 
light. To accomplish this, the CPs was completely dissolved 
in DCM, 1,2-Diacyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene-glycol)-2000] (PEG2000-PE) and 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were 
added into the water, and then the CPNs encapsulated by 
PEG-lipid were formed by ultrasonic treatment. This method 
was simple, easy to operate, and the colloidal stability of the 
product was comparatively high.

Nanoprecipitation method

In the reprecipitation method, the CPs dissolved in a suit-
able organic solvent is rapidly injected into the water and 
subjected to ultrasonication. Then, the nanoparticles with 
uncertain colloidal stability are obtained after the removal of 
organic solvents (Fig. 2b). Nanoprecipitation is an extension 
of reprecipitation, in which the additional components called 
stabilizers (such as crude proteins) are typically added to the 
water-miscible solvent to obtain colloidal stable nanoparti-
cles. The drastic change in the polarity of solvent leads to 
the aggregation of CPs to form corresponding nanoparticles 
and the size of obtained CPNs depends on the concentration 
of polymer used in the solution [17]. Landfester et al. [42] 
reported conjugated polymer dots (Pdots) with amphiphilic 
thiophene using a one-pot nanoprecipitation method. Pdots 
are small-sized spherical CPNs with high brightness and 
diameter comparable to that of quantum dots (< 20–30 nm). 
In this method, polythiophene derivatives and amphiphilic 
copolymer were co-precipitated into water under continu-
ous ultrasonic conditions to obtain Pdots with small size 
(~ 16 nm in diameter), good dispersion and high fluores-
cence quantum yield (Φ = 0.15). In 2017, Chen and co-work-
ers [43] also employed nanoprecipitation method to obtain 
non-toxic Pdots with small particle size and high brightness. 
In the ordinary reprecipitation process, the polymer chain 
could easily be folded and collapse due to the hydrophobic 
interaction, thus, the further coupling of Pdots was promoted 
by adding a small amount of polystyrene-maleic anhydride 
(PSMA) to obtain stable nanoparticles. In the same year, 
Habuchi’s group [44] used nanoprecipitation method to 
gain ultra-small Pdots (diameter = 3–4.5 nm) with excellent 
absorption cross-section and high fluorescence quantum 
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yield (Φ = 0.16–0.20). Briefly, a very small amount of CP 
was dissolved in tetrahydrofuran (THF) to prepare the low 
concentrated polymer solution. After intense ultrasonic 
treatment at 277 or 343 K, the solution of CP was added to 
water, followed by evaporation of THF to obtain Pdots with 
excellent photostability. Thus, nanoprecipitation is a most 
common and useful method for obtaining CPNs.

Microfluidic approach

The microfluidic method has attracted great attention by the 
researchers, since it exhibits the capability of adjusting the 
size of nanoparticles by changing the flow rate of the poly-
mer and the volume of poor solvent. This high-throughput 
method can control the morphology of the CPs by using 
the nanoscale volume of fluid in the microscale fluid chan-
nel, and can produce spherical or linear CPNs. The process 
of preparing CPNs by microfluidic system mainly includes 
the formation of nucleus and the crystal fiber. The poly-
mer solution is cooled and nucleated under the condition 
of flow. After UV light irradiation, the degree of order and 

the planarization between the main chains of polymeriza-
tion increased, and the CPs undergo aggregation with the 
decrease in the solubility, forming highly ordered crystal 
fibers (Fig. 2c) [45]. Moffitt's group [46] demonstrated the 
feasibility of the microfluidic system to assemble CPs into a 
fluid-variable micelle. In this study, the shear forces gener-
ated by the flowing environment inside the chip could con-
trol the nanostructures. On transferring the micellar disper-
sion from the reactor to the water environment, it could be 
collected along the treatment channel into the containing 
vials, because the vials contain deionized water that caused 
the nanoparticles to freeze dynamically. Reichmanis’ group 
[47] prepared polythiophenyl based CPNs films using a 
microfluidic system and applied them in the fabrication of 
organic field-effect transistors (OFET) devices. Moffitt’s 
research group [48] reported CPNs of different sizes and 
shapes on a chip in a two-phase microfluidic reactor at dif-
ferent flow rates. The microfluidic chip of this system was 
made up of polydimethylsiloxane (PDMS), and the size and 
internal structure of the polymer were adjustable by the 
shear force in the microchannel.

Fig. 2   Demonstration of frequently used methods for the preparation of CPNs. (a) Mini-Emulsion. (b) Nanoprecipitation. (c) Microfluidic 
approach. (d) Self-Assembly
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Self‑assembly method

This is one of the recently emerging methods of preparing 
CPNs. It refers to the process in which the polymer mol-
ecules are spontaneously constructed into nanoparticles with 
special structure and shape under the action of electrostatic 
interaction, hydrogen bonding, van der Waals forces, and 
hydrophobic interaction (Fig. 2d). For example, the oppo-
sitely-charged CPs and co-assembled reagents are indepen-
dently dissolved and dispersed in water [49]. After mixing in 
a strict proportion, the various forms of CPNs are obtained 
through high-speed centrifugation. Liu et al. [50] designed 
and prepared CPNs by electrostatic interactions between 
cationic pentathiophene and anticancer drug sodium chlo-
rambucil. Hawker et al. [51] designed a controllable CPNs 
preparation scheme using a self-assembly method. In this 
study, the fixed geometric templates and adjustable inter-
face interactions were combined to attain striped, ellipsoi-
dal CPNs. Thus, using self-assembly approach, CPNs could 
be easily obtained through regulation of various types of 
interactions.

Soft template‑based emulsion–dispersion 
polymerization

In emulsion polymerization process, ionic surfactants are 
typically used as soft-templates. In brief, an appropriate 
surfactant solubilizes the insoluble monomer followed by 
diffusion of initiator into the surfactant micelles to initiate 
polymerization. Then, the propagating chains of polymer are 
shaped by the micelle which ultimately yields highly spheri-
cal monodisperse particles with good stability in solution 
state (Fig. 3a). Weder and co-workers [52] utilizes the water-
tolerance of the Sonogashira reaction in the preparation of 
PPE based micro- and nanoparticles. The cross-coupling 
reaction was realized inside the hydrophobic interior of ani-
onic surfactant sodium dodecyl sulphate after proper disper-
sion of respective monomers, base, catalyst and solvent in 
aqueous media. 1,2,4-tribromobenzene was also added as 
co-monomer which assist in producing cross-linked polymer 
chains with good redispersibility in organic solvents. This 
method has been successfully employed for acquiring CP 
micro- and nanoparticles through polymerization of acety-
lene [53], pyrrole [54] and 3,4-ethylenedioxythiophene 
(EDOT) [55, 56], respectively.

Hard‑template approach

While soft-template methods exhibit various features and 
remain versatile for preparing CPNs, the morphologies 
acquire through this method are fairly limited and shapes are 
much prone to deformation, since CPNs obtained using this 
approach exhibit structural stability only in solution state. 

The CPNs fabricated using hard-templates are much more 
reliable and shape persistence even in solid state. Two most 
common examples of this method include CP core–shell par-
ticles and silica nanocomposities. In core–shell structures, 
the shape of particle is controlled by silica or polystyrene 
core, whereas CP on shell facilitates desired optoelectronic 
properties (Fig. 3b). Earlier, CP core–shell particles has 
been obtained by coating polyaniline and polypyrrole films 
onto the surface of sterically stabilized polyurethane latexes 
which displayed excellent stability and good film forming 
ability [57, 58]. Later, Armes et al. demonstrated upgraded 
method to acquire a series of polyaniline [59], polypyrrole 
[60, 61], and PEDOT-coated [62] polystyrene latexes.

The amount of CP intact in core–shell particles is essen-
tially low which remains as biggest disadvantage of the 
technique. To overcome this limitation, Wolf’s research 
team [63, 64] developed another method for attaining CP 
micro- and nanocomposites by employing mesoporous silica 
sphere (MSS) as hard template. Nevertheless, this method 
also holds some vital features of the polystyrene and silica 
templates. Briefly, CP@MSS composites can be attained 
after intrusion of monomers inside the mesopores followed 

Fig. 3   (a) Soft template-based emulsion-dispersion polymerization 
method. Ionic surfactant solubilizes the monomer in aqueous media 
with hydrophobic tail followed by diffusion of water soluble initia-
tor into the micelles to initiate polymerization. CPN is finally formed 
through replenishment of monomer within the micelle through dif-
fusion from larger droplets. (b) Hard template based core–shell par-
ticles formation through polymerization onto the surface of silica or 
polystyrene templates.  Reproduced with permission from reference 
[27]
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by annealing and polymerization process. Interestingly, in 
CP@MSS composites, the CP is well-dispersed throughout 
the sphere and not merely on the surface of particle.

Thus, the overall loading capacity of CP in such com-
posites can be amplified appropriately without affecting 
particle’s colloidal stability, monodispersity and spherical 
geometry. Since its discovery, various types of CP@MSS 
materials have been successfully accomplished and stud-
ied employing PT, PEDOT and PPy composites [65] with 
mesopores ranged from 0 to 100%.

Biosensing applications of CPNs

The CPNs endowed with unique signal amplification prop-
erty, high photostability, sensible fluorescence quantum 
yield and low toxicity represents one of the most promising 
candidates in the area of fluorometric detection. The CPNs 
can be easily employed for the detection of desired analytes 
employing variable signal transduction processes. Most 
common detection strategies include disruption of Fӧrster 
resonance energy transfer (FRET), photo-induced electron 
transfer (PET), aggregation-induced FRET, charge transfer, 
perturbation of conjugation and aggregation-caused quench-
ing (ACQ) mechanism. These processes typically require 
favorable interactions between the analytes and CPNs to be 
operative and bring change in signal. Based on these strate-
gies, numerous probes based on CPNs have been reported 
in past for the detection and estimation of various biological 
molecules as discussed in the next section. Diverse research 
groups across the world including Bazan’s, [35, 66], Swa-
ger’s [8, 67], Wang’s [68, 69], Liu’s, [70, 71], Iyer’s, [10, 
72] etc. has contributed significantly in this direction. Some 
representative examples based on most common detection 
methods are discussed below.

Determination of cell‑surface glycoprotein CD‑44 via 
disruption of FRET

CD44 is a cell-surface glycoprotein associated with a vari-
ety of physiological processes, such as activation of white 
blood cells, invasion of cancer stem cells in tumors, and 
cell migration [73]. Meanwhile, it is also considered as a 
prognostic cancer biomarker [74]; therefore, it is vital to 
realize sensitive monitoring of CD44. Up to date, some can-
cer detection methods based on CD44 have been reported. 
The most common reverse transcription-polymerase chain 
reaction (RT-PCR) technique remain reliable and accurate 
but the operation processes remain complicated. For exam-
ple, this method requires protein labeling, which makes the 
detection time-consuming and expensive. Therefore, the 
fluorescence technique with simplicity and high sensitiv-
ity has become an important detection method in biological 

analysis [75]. To accomplish fluorescence-based probes for 
CD44, the researchers typically labeled hyaluronan (HA) 
with organic fluorescent dyes because HA can bind effi-
ciently and specifically to CD44. Huang and co-workers 
[76] designed another nanoprobe based on cationic CP 
poly{[9,9-bis(6′-(N,N,N-diethylmethylammonium)hexyl)-
2,7-fluorenyleneethynylene]-alt-co-[2,5-bis(3′-(N,N,N-
diethylmethylammonium)-1′-oxapropyl)-1,4-phenylene]} 
tetraiodide (PFEP) and fluoresceinamine-hyaluronan (FA-
HA) complex for the sensitive, visual and facile recognition 
of CD44 and realizing CD44-mediated cancer cell imag-
ing (Fig. 4). From zeta potential and SEM studies, it was 
proved that such spherical nanoparticle consists of hydro-
phobic dark core of PFEP and a hydrophilic shell of FA-HA 
[77–79]. In the presence of CD44, the FRET between PFEP 
and FA-HA was terminated which resulted in the recovery 
of blue emission color of PFEP, thus enabled the fluoro-
metric estimation of CD44. The quantitative detection of 
CD44 was achieved by detecting the change in the ratio of 
the intensities of two fluorescence signals. The plot obtained 
from the concentration of CD44 from 0 to 1 × 10–7 g/mL 
against change in fluorescence intensity displayed a linear 
curve with correlation coefficient (R2) of 0.9987. The limit 
of detection (LOD) was calculated to be 2.3 × 10–8 g/mL at 
a signal-to-noise ratio of 3. In contrast with reverse tran-
scription-polymerase chain reaction (RT-PCR) that require 
protein labeling, this method only needs preparation of a 
solution containing PFEP/FA-HA nanoparticles followed by 
mixing the sample with the solution for the determination of 
fluorescence color under the naked eye using a portable UV 
lamp. After one year, the same research group [80] employed 
similar method to detect enzyme hyaluronidase (HAase) 
using nanoparticle fluorescent probe (PFEP/HA-Dox) based 
on CP PFEP and the hyaluronan-doxorubicin (HA-Dox) 
complex. Recently, Xiao and co-workers [81] also reported 
FRET disruption method for determination of enzyme glu-
tathione S-transferase (GST) using glutathione (GSH)-mod-
ified fluorescent CPNs prepared by nanoprecipitation of CP 
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1′-3}-
thiadiazole)] (PFBT) with PSMA. In the subsequent year, 
same research group [82] demonstrated PFBT/PSMA nano-
particles for monitoring enzyme alkaline phosphatase (ALP) 
using FRET inhibition process. Zhang’s research group [83] 
utilized FRET distraction process for determination of GSH 
at nanomolar level using CPNs prepared by co-precipitation 
of poly [3-{2,5-bis (2-ethyl-hexyloxy)}-phenyl]-vinyl]-
9-ethylcarbazole] (PBEC) with PSMA.

Determination of enzyme tyrosinase via PET

Tyrosinase (TR) is an oxidase that controls the production 
of melanin and other pigments inside the body and also 
considered as a biomarker. Monitoring tyrosinase activity is 
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extremely useful in the identification of Parkinson's disease 
and melanoma [84]. Feng’s research group [85] designed 
an advanced sensing system based on functionalized Pdots 
with one-, two-photon excitation and dual-emission feature 
for high selective ratiometric detection and bioimaging of 
tyrosinase activity (Fig. 5). To accomplish this, poly(9,9-
dioctylfluorenyl-2,7-diyl) (PFO) and poly[2-methoxy-5-(2-
ethylhexoxy)-1,4-(1-cyanovinyl-1,4-phenyl)] (CN-PPV) 
were co-precipitated first and then further modified with 
L-tyrosine methyl ester (Tyr-OMe) by electrostatic interac-
tions to acquire PFO/CN-PPV@Tyr-OMe Pdots as a probe 
for ratiometric monitoring of TR. The calibration curve 
obtained from changes in fluorescence intensity against 
variable concentration of TR displayed good linearity in the 
range 2.5 to 300 U/L with a R2 value of 0.997. Addition-
ally, the LOD value for TR was found to be as low as 1.1 
U/L which meets the requirements for analysis of biologi-
cal samples. Later on, Gao et al. [86] reported fabrication 
of Pdots via co-precipitation of PFBT with PSMA grafted 
with β-cyclodextrin (β-CD) for “turn-on” detection of GSH 
in living systems through GSH-induced inhibition of PET.

Determination of biogenic amines via 
aggregation‑induced FRET

The aliphatic biogenic amines (BAs) are crucial molecules 
widely spread in the body and can be used as biomarkers 
to assess several human health disorders [87] including 
bacterial infections and cancer. Therefore, the develop-
ment of a suitable method for rapid and sensitive detection 
of aliphatic BAs has become a research hotspot [88–90]. 
At present, the main methods for detecting aliphatic BAs 
include chromatography and capillary electrophore-
sis which are complicated, time-consuming and require 
expensive equipments [91–95]. In 2017, Xiaohui Wang 
and co-workers [96] designed a fluorescent “turn-on” sen-
sor for efficient measurement of BAs based on carboxy-
lated polyfluorene (PFTBTCOOH)/chitosan-graft-oleic 
acid (CS-graft-OA) fluorescent nanomicelles. Firstly, the 
CS-graft-OA was prepared via graft copolymerization of 
chitosan (CS) with oleic acid (OA) followed by the fab-
rication of CP nanomicelles through the self-assembly 
method (Fig. 6a, b).

Fig. 4   Detection strategy for 
CD44. (a) Chemical structures 
of FA-HA and polymer PFEP. 
(b) PFEP interacts with FA-HA 
through electrostatic interac-
tions and resulting nanoparticles 
formed facilitate the occurrence 
of FRET from PFEP to FA-HA. 
This triggers change in emission 
color of solution from blue to 
amplified green. The addition of 
CD44 which contains hyaluro-
nan-binding domain resulted 
in breakdown of PFEP/FA-HA 
complex due to more favorable 
binding between FA-HA and 
CD44 and restores the blue fluo-
rescence of PFEP via disruption 
of FRET.  Reproduced with 
permission from reference [76]
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PFTBTCOOH is a polyfluorene derivative that displayed 
blue and red emission peaks of variable magnitude which 
varied on introducing aliphatic BAs (spermine, spermidine, 
putrescine and cadaverine) and promote ultra-sensitive and 
quantitative determination of aliphatic BA (Fig. 6c). Inter-
estingly, the aromatic amines do not interfere during the 
detection of aliphatic BAs which confirms the high selec-
tivity of this probe. Moreover, a linear curve with R2 value 
of 0.983 was obtained between concentrations of cadaverine 
in range from 0–50 μM verses change in intensity, dem-
onstrating the potential of nanomicelles for determination 
of cadaverine in aqueous solution. The LOD calculated 
for BAs was found to be 10 μM, indicating the reasonable 
sensitivity of probe. Employing mechanism of aggrega-
tion-induced FRET, Huang et al. [97] developed a ratio-
metric probe based on nanoparticles of newly prepared CP 

PF-DBT-PEG for determination of thiol. Li and colleagues 
[98] also reported determination of biomolecule adenosine 
triphosphate (ATP) through aggregation-induced FRET 
strategy using CPNs of emission color-tunable conjugated 
polymer PF-DBT-BIMEG.

Determination of neurotransmitter dopamine 
via charge transfer

Dopamine (DA) is the most abundant neurotransmitter in 
the brain and plays an important role in regulating the cen-
tral nervous system [99–101]. Its abnormal level could be 
an indication of medical conditions [102] like Parkinson’s 
disease, depression, etc. The electrochemical assay has 
become the favorable method for the detection of dopamine 
due to its convenience and promptness. However, due to 

Fig. 5   The overall strategy for 
monitoring oxidative activity of 
tyrosinase (TR). CPs PFO and 
CN-PPV were first co-precipi-
tated together to form blended 
Pdots followed by its func-
tionalization with L-tyrosine 
methyl ester (Tyr-OME) via 
electrostatic interactions to 
attain a dual transmitter Pdots@
Tyr-OMe nanoprobe. The 
nanoprobe displayed ratiometric 
change in emission color of 
solution from orange to blue 
through tyrosinase-induced 
catalytic oxidation of Tyr-OME 
via PET mechanism.  Repro-
duced with permission from 
reference [85]

Fig. 6   Methodology adopted for the determination of aliphatic bio-
genic amines. (a) Preparation of CS-graft-OA. (b) Chemical structure 
of PFTBTCOOH and fabrication of fluorescent nanomicelles using 
self-assembly method. (c) PFTBTCOOH in nanomicelles interacts 

with aliphatic amines through electrostatic interactions and induces 
aggregation-enhanced FRET which ultimately triggers “turn-on” flu-
orescence response.  Reproduced with permission from reference [96]
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the similar oxidation potential between dopamine and many 
other substances, this method remains inefficient for achiev-
ing high selectivity. Moreover, the concentration of endog-
enous dopamine in the brain remains very low and highly 
susceptible to the interference by other biomolecules [103]. 
Shen's et al. [104] reported the fabrication of CPNs via self-
assembly approach using CP PFPBA to detect dopamine in 
a solution, living cells as well as the brain of zebrafish larva 
(Fig. 7a). The surface of CPNs was also coated with PEG 
shell for reducing its immunogenic response and improv-
ing its distribution in vivo. The green color fluorescence 
of PFPBA nanoparticles was rationally quenched on addi-
tion of dopamine through the photo-induced charge trans-
fer (Fig. 7b). A good linear relationship with R2 value of 
0.9907 can be observed between the concentrations of 
dopamine from 0.025 to 10 μM and change in emission 
intensity (Fig. 7b). The designed nanoprobe exhibits good 
selectivity over several other biomolecules with a very low 
LOD of 38.8 nM for dopamine. Moreover, the detection/
imaging of neurotransmitter dopamine was also achieved in 
PC12 cells and brain of zebrafish larva which confirmed the 

applicability of nanosystem in the diagnosis of dopamine-
related diseases.

Determination of hypochlorous acid via perturbation 
of conjugation

Like various ROS species, hypochlorous acid (HOCl) also 
played a vital role in many biological events and directly 
associated with the killing of variety of pathogens [105]. 
However, the condition of oxidative stress due to its exces-
sive production in human body can cause inflammation-
associated tissue injuries, such as lung injury, atheroscle-
rosis, hepatic ischemia reperfusion injury, etc. Tang et al. 
reported [106] fabrication of blue emissive spherical CPNs 
(~ 200 nm) using CP poly [2,7-(9, 9’-dioctylfluorene)-co-
alt-2,5-phenylamine] (PFAN) via reprecipitation method 
for the precise determination of HOCl (Fig. 8). The aniline 
groups along the backbone of PFAN are oxidized selec-
tively by HOCl and deliver significant fluorescence quench-
ing (> 95%) response due to perturbation of conjugation. 
Moreover, the PFAN nanoparticle system demonstrates good 

Fig. 7   (a) Sensing strategy for 
neurotransmitter dopamine 
using PFPBA-NPs. The self-
assembly of PEG and phenylbo-
ronic acid (PBA) functionalized 
CP PFPBA led to formation of 
green emitting PFPBA NPs. 
The PBA groups tagged on the 
surface can bind selectively 
with dopamine molecules and 
converted into stable borate 
esters. An effective charge 
transfer between PFPBA NPs 
and dopamine or its oxidation 
product quinone ultimately 
causes efficient fluorescence 
quenching. (b) Change in fluo-
rescence intensity of PFPBA 
NPs upon addition of dopamine 
and corresponding calibration 
plot showing good linearity.  
Reproduced with permission 
from reference [104]
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selectivity and reasonable LOD value of 0.5 μM for HOCl 
which is among the best reported value.

Fe (III) sensing based on aggregation‑caused 
quenching (ACQ) mechanism

Iron is an essential element that performs multiple biologi-
cal functions inside the human body. The abnormal level of 
Fe (III) ions can cause several diseases [107] like anaemia, 
Alzheimer’s disease and Parkinson’s syndrome, thus, the 
determination of Fe (III) ions is highly important for accu-
rate monitoring of human health. To overcome the limita-
tions in existing probes for Fe (III) ions, Xiaoju Wang and 
co-workers [108] reported fabrication of spherical CPNs 
(~ 75 nm) with high fluorescence quantum yield (Φ = 0.32) 
via simple reprecipitation process using newly designed 
CP PFP-PEG (Fig. 9a). The fabricated PFP-PEG NPs dis-
played good photostability, low cytotoxicity and utilized 
successfully for the determination of Fe (III) ions through 
aggregation-induced fluorescence quenching mechanism 
(Fig. 9b–d). Additionally, the LOD value of PFP-PEG NPs 
towards Fe (III) ions is found to be as low as 10–7 M which 
meets the requirements for analysis of biological samples. In 
subsequent years, Zhang and co-workers [109] also reported 

fabrication of CPNs by co-precipitation of CP poly[3-{2-
[2,5-Bis-(2-ethyl-hexyloxy)-4-propenyl-phenyl]-vinyl}-
9-butyl-6-methyl-9H-carbazole] (PBMC) with PSMA for 
detection of Fe (III) ions via ACQ mechanism and LOD as 
low as 0.63 nmol/L, respectively.

The above discussed papers related to the biosensing 
using CPNs and their nanohybrids are summarized in the 
Table 1.

Imaging using CPNs

Fluorescence imaging in vitro or in vivo using CPNs is 
highly preferred in the area of healthcare owing to their good 
biocompatibility, low cytotoxicity, remarkable photostability 
and excellent fluorescence brightness. In past, various CPNs 
have been utilized for specific and non-specific imaging [18, 
27, 29, 32, 110, 111]. Specific imaging is usually performed 
using CPNs with some specific recognition groups and 
highly desired over non-specific imaging. For the purpose 
of diagnosis, various types of cancer cells have been utilized 
for targeted in vitro imaging using variable CPNs and their 
nanohybrids. For accomplishing efficient in vivo imaging, 
numerous far-red (FR)/near-infrared (NIR) emitting CPNs 

Fig. 8   (a) Fabrication of aniline based conjugated polyfluorene PFAN 
into blue emissive spherical PFAN NPs via reprecipitation method. 
Fluorescence quenching response of fabricated PFAN NPs with 
HOCl due to oxidation of aniline groups and subsequent perturbation 
of conjugation. (b) Change in fluorescence intensity of PFAN NPs 
(1 μM) at 430 nm with various concentration of OCl− (0–15 μM) in 
water. Insets: The calibration curve demonstrate good linear relation-

ship in the concentration range 2–6  μM with correlation coefficient 
(R2) of 0.9899. Change in color of PFAN NPs dispersion in water 
before and after addition of OCl−. (c) Change in fluorescence inten-
sity of PFAN NPs with various competitive ROS species confirm-
ing selectivity of probe towards HOCl.  Reproduced with permission 
from reference [106]

83   Page 10 of 33 Microchim Acta (2022) 189: 83



1 3

and nanohybrids with minimal autofluorescence and better 
penetration have also been established [112–117]. Some of 
them are highlighted thoroughly in the following text.

In vitro imaging

The dual-color imaging probes exhibit advantages over sin-
gle color probe in performing the precise analysis by mini-
mizing the effect of autofluorescence. FRET technique [118, 
119] plays an important role in realizing multicolor imaging 
and is highly beneficial for cell counting, clinical diagnosis, 
tumor detection and so on. As shown in Fig. 10a, Bazan's 
research group [120] designed and synthesized carboxyl 
functionalized CPNs by hydrophobic co-precipitation of 
blue (P1), green (P2), yellow (P3) and red (P4) emitting CPs 
with poly(styrene-co-maleic anhydride) (PSMA). The fabri-
cated spherical CPNs displayed multicolor imaging charac-
teristics using a single excitation wavelength (Fig. 10b). By 
varying the ratio of the four polymers, the emission could 
be adjusted [121, 122] by modulating the FRET. In addition, 
PSMA with carboxyl functional groups was further modi-
fied with primary antibody (anti-EpCAM) to obtain CPNs-
antibody conjugates. CPNs-antibody conjugates were then 

employed successfully to specific multicolor imaging of the 
cancer cells facilitating the diagnosis (Fig. 10b). Moreover, 
the improved selectivity for imaging was observed using two 
CPNs labeled with different antibodies instead of a single-
antibody recognition mode. Thus, the designed strategy 
not only facilitates targeted multicolor imaging of specific 
cancer cells but also avoids the use of multiple excitation 
sources.

Apart from nanoparticles, relatively small-sized con-
jugated polymer dots (Pdots) have also drawn widespread 
attention because of their fascinating optical features and 
non-toxicity [123]. In fact, Pdots have aroused [124–126] 
as favorable smaller sized nanomaterial compares to quan-
tum dots (QDs) and upconversion nanoparticles (UCNPs) 
that are usually more toxic and less biocompatible. Though, 
it is difficult to functionalize Pdots with targeting species 
owing to their high hydrophobicity. The co-precipitation 
with amphiphilic molecules can smartly overcome this chal-
lenge as it makes the Pdots hydrophilic [127]. Jinyi Wang 
and co-workers [128] developed a folic acid (FA) and horse-
radish peroxidase (HRP)-bifunctionalized Pdots (FH-Pdots) 
for achieving on-site fluorescence imaging of cancer cells. 
To accomplish this, firstly, the strong amphiphilic Janus 

Fig. 9   (a) Transformation of CP 
PFP-PEG into PFP-PEG NPs 
using reprecipitation method. 
PEG groups on the surface of 
nanoparticles act as recogni-
tion sites for Fe (III) ions. (b) 
Changes in the emission spectra 
of PFP-PEG NPs (λex = 375 nm) 
with continuous addition of 
Fe (III) ions. (c) Calibration 
curve obtained from the change 
in emission intensity against 
various concentration of Fe (III) 
demonstrate good linear rela-
tionship upto 10 μM concentra-
tion with R2 value of 0.99627. 
(d) Dynamic light scattering 
(DLS) spectra depicting change 
in size of PFP-PEG NPs from 
75 to 400 nm after addition of 
Fe(III) ions confirming the role 
of aggregation process in sens-
ing.  Reproduced with permis-
sion from reference [108]
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dendrimer and photosensitizer meta-tetra(hydroxyphenyl)-
chlorin (m-THPC) were co-precipitated with the CP poly[2-
methoxy-5-((2-ethylhexyl)oxy)-p-phenylenevinylene] 
(MEH-PPV) to prepare hydroxyl-terminated photosensi-
tizer-doped Pdots (HO-Pdots). Then, the FA and HRP were 
covalently attached onto the Pdots to acquire FH-Pdots 
(Fig. 11a). In the designed nanosytem, the FA playes a role 
of tumor-targeting ligand and enhances the specificity of 
Pdots towards the cancer cells, whereas HRP helps in trig-
gering the luminol-H2O2-HRP chemiluminescence system 
to generate light for exciting the probe. Both chemilumines-
cence resonance energy transfer (CRET) as well as FRET 

processes were employed simultaneously to realize the 
imaging of cancer cells without the need of any external 
light source. The red fluorescence of MEH-PPV based Pdots 
was mainly located around the cytoplasm and nucleus of 
cancer cells (Fig. 11b). The comparison of in vitro experi-
ments on cancerous and non-cancerous cells proves the out-
standing targeted fluorescence imaging capability of FH-
Pdots. Interestingly, by co-cultivating FH-Pdots and cancer 
cells, the cell metabolic activity could be detected by the 
MTT method without adding any additional luminescent 
substrates. According to the fluorescence imaging studies, it 
was also observed that compared with ordinary organic dyes, 

Table 1   CPNs and their nanohybrids for biosensing applications

Conjugated 
Polymer

Matrix Size λex λem Sensing Analyte Sensing Mecha-
nism

LOD Value Linear Range 
and R2 value

Ref

PFEP PFEP/FA-HA 200–350 nm 405 nm 525 nm CD44 Disruption of 
FRET

2.3 × 10–8 g/mL Up to 10–7 g/
mL, 0.9987

76

PFEP PFEP/HA-Dox 30–50 nm 405 nm 445 nm Hyaluronidase 
(HAse)

Disruption of 
FRET

0.075 U/mL Up to 1.4 U/
mL, 0.99002

80

PFBT PFBT/PSMA/
GSH

27 nm 473 nm 540 nm Glutathione 
S-transferase 
(GST)

Disruption of 
FRET

1.03 ng/ml 0.01–6 μg/mL, 
0.99

81

PFBT PFBT/PSMA 17 nm 470 nm 540 nm Alkaline 
phosphatase 
(ALP)

Disruption of 
FRET

0.01 μU/ml 0.031–12.4 
μU/ml

82

PBEC PBEC/PSMA 28.53 nm 430 nm 554 nm Glutathione 
(GSH)

Disruption of 
FRET

20.4 nM 2–90 μM, 
0.9962

83

PFO PFO/CN-PPV 32 nm 380 nm 586 nm Tyrosinase (TR) Photo-induced 
electron trans-
fer (PET)

1.1 U/L 2.5–300 U/L, 
0.997

85

PFBT PFBT/PSMA-
β-CD

21.5 nm 450 nm 541 nm Glutathione 
(GSH)

Inhibition of 
photo-induced 
electron trans-
fer (PET)

2.7 nM 0.01–3 μM, 
0.9912

86

PFTBTCOOH PFTBTCOOH/
CS-graft-OA

100–120 nm 380 nm 425 nm Biogenic 
amines

Aggregation-
induced 
FRET

10 μM Up to 50 μM, 
0.9833

96

PF-DBT-PEG PF-DBT-PEG 
NPs

24 nm 380 nm 420 nm Thiol Aggregation-
induced 
FRET

2.56 μg/mL 1–200 μg/mL, 
0.996

97

PF-DBT-
BIMEG

PF-DBT-
BIMEG Pdots

100 nm 380 nm 420 nm Adenosine 
triphosphate 
(ATP)

Aggregation-
induced 
FRET

0.1 nM 30–70 μM, 
0.9909

98

PFPBA PFPBA Pots 120 nm 410 nm 529 nm Dopamine Charge transfer 
(CT)

38.8 nM 0.025–10 μM, 
0.9907

104

PFAN PFAN NPs 200 nm 373 nm 430 nm Hypochlorous 
acid (HOCl)

Perturbation of 
conjugation

0.5 μM 2–6 μM, 
0.9899

106

PFP-PEG PFP-PEG NPs 75 nm 375 nm 422 nm Fe (III) Aggregation-
caused 
quenching 
(ACQ)

10–7 mol/L Up to 
10–4 mol/L, 
0.99627

108

PBMC PBMC/PSMA 43.96 nm 420 nm 557 nm Fe (III) Aggregation-
caused 
quenching 
(ACQ)

0.63 nmol/L 0.1–1 μmol/L, 
0.9998

109
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Fig. 10   (a)  The preparation of multicolor CPNs (P1-4/PSMA) and 
their further modification with an antibody. (b) Multi-channel fluo-
rescence images of MCF-7 cells using P1-4/PSMA/anti-EpCAM 

CPNs under different excitation wavelengths of 405, 488 and 559 nm, 
respectively.  Reproduced with permission from reference [120]

Fig. 11   (a)  HO-Pdots were prepared first by co-precipitation of 
m-THPC, MEH-PPV and amphiphilic Janus dendrimer. HRP and FA 
were then covalently conjugated on HO-Pdots to obtain tumor-target-
ing FH-Pdots. (b) Fluorescence imaging of cancerous (MCF-7 and 

C6 cells) and non-cancerous (NIH 3T3 cells) cells after incubation 
with FH-Pdots for 6  h. The red fluorescence indicates the presence 
of FH-Pdots while blue emission corresponds to staining of nuclei by 
Hoechst 33,258.  Reproduced with permission from reference [128]
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FH-Pdots exhibit higher photostability and could achieve 
rapid and effective cell imaging in the environment of reac-
tive oxygen species (ROS). Additionally, the presence of 
m-THPC facilitate targeted photodynamic killing of cancer 
cells.

Most of the tissues in the body have maximum optical 
transparency in the biological NIR window (700–1000 nm). 
Conventional fluorescent probes are usually excited by UV 
light or visible light, thus, prone to the decreased penetra-
tion depth due to the absorption and scattering of light by 
cell structures and tissues [129–131]. An effective method 
to overcome the barrier of penetration depth is to design a 
fluorescent probe [132] which can be excited by NIR wave-
length laser. Some common organic dyes has been reported 
for NIR fluorescent labeling but challenges like low bright-
ness, high cytotoxicity [133, 134] greatly affects their perfor-
mance. Tian and co-workers [135] designed a novel hybrid 
nanoprobe composed of CP poly[(9,9-di-n-octylfluorene-
2,7-diyl)-alt-co-(2,5-bis(4-(N,N-(diphenylmino)styryl) 
benzene)-1,4-diyl)] (P-F8-DPSB) (as the energy donor) 
and fluorescent dye DPA-PR-PDI (as the energy acceptor) 
with both excitation and emission in the NIR region based 
on the FRET mechanism (Fig. 12). The results indicated 
that the fluorescent probe displayed excellent penetrating 
ability in the NIR region with both excitation and emission 
light, which determines its excellent performance in the deep 
tissue imaging. In addition, the nanohybrid probe demon-
strates the ability to selectively identify cancer cells due 
to the grafting of FA receptors on the probe that can bind 
specifically to cancer cells overexpressed by FA receptors. 
Under the wavelength of NIR laser light (800 nm), a clear 
fluorescence image of nanoparticles could be observed even 
when the simulated tissue thickness was as high as 1200 μm, 
which verifies the practicability of this probe in deep tissue 
imaging.

The issue of self-quenching in the conjugated mate-
rials through π-π stacking after their conversion into 

corresponding nanoparticles or dots critically affects their 
fluorescence efficiency especially of NIR probes that exhibit 
extensively conjugation. To attain high efficient NIR imaging 
probe, Chan and co-workers [136] developed an advanced 
imaging platform by systematic doping of common NIR 
dyes into CP poly[(9,9-dioctylfluorene)-co-2,1,3-benzothi-
adiazole-co-4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole] 
(PFBTDBT) to form a Pdot matrix via coprecipitation and 
then forming a layer of carboxyl-terminated polydiacety-
lene (PDA) as shown in Fig. 13. The polymer material in 
the matrix acted as light harvesting material and boosts the 
NIR efficiency of nanoprobe via intermolecular FRET. The 
carboxyl groups on PDAs could be further functionalized 
to target specific cells. To demonstrate the applicability of 
this newly designed system in cancer diagnosis, the PDA-
coated Pdot matrix were coupled with streptavidin (SA) and 
used for targeted cell imaging of breast cancer cells (MCF-7) 
through antigen–antibody interactions.

The real-time monitoring of oxygen concentration is 
conducive for accurate diagnosis of retinal diseases, brain 
abnormalities and cancer [137]. Studies have proved that 
the probe based on the triplet excited state phosphorescent 
metal complex can achieve high resolution imaging of O2, 
which is attributed to the existence of a triple ground state 
and triple excited state energy transfer process between O2 
and the metal complex [138, 139]. At present, the phos-
phorescent metal complexes probes are usually based on 
Pt (II), Ru(II), Pd(II) and Ir(III) complexes with long-lived 
triple excited states [140]. Since, these probes adopt a single 
phosphorescent emission mode; the detection signal could 
be easily affected by the external environment and liable 
for erroneous analysis. Huang's research team [141] suc-
cessfully designed and fabricate fluorescent/phosphorescent 
dual-emissive Pdots (FP-Pdots) using self-assembly method 
of CP P2 and phosphorescent platinum (II) porphyrin for 
proficient imaging of hypoxia in human liver carcinoma cells 
(HepG2) through a FRET technique (Fig. 14a). The energy 
donor (fluorene) and the energy acceptor (platinum(II) 
porphyrin) units act as the O2 insensitive and O2 sensitive 
fluorophore, respectively. Thus, the variable change in the 
donor–acceptor fluorescence intensities was observed with 
different content of O2 promoting the ratiometric monitor-
ing of hypoxia in living cells through the FRET strategy. 
The probe's imaging technique for O2 in living cells was 
performed via two methods, including photoluminescence 
lifetime imaging microscopy (PLIM) and time-gated lumi-
nescence imaging (TGLI). FP-Pdots and HepG2 cells were 
incubated with different oxygen concentrations and the 
average emission lifetime was increased from 17 to 95 ns 
when the O2 concentration was decreased from 21 to 2.5%. 
(Fig. 14b). Such investigations confirm the applicability of 
designed nanoprobe for the determination of hypoxic condi-
tions in living samples.

Fig. 12   The co-precipitation of CP P-F8-DPSB, DPA-PR-PDI and 
FA-F127 resulted in the formation hybrid CPNs which showed NIR 
emission at 730  nm due to combination of two-photon absorption 
based excitation under 800 nm pulse laser and efficient intermolecular 
FRET.  Reproduced with permission from reference [135]
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Among various types of cancer, the number of cases 
related to triple negative breast cancer (TNBC) has been 
rising constantly and become the main cause of cancer-
related deaths in women due to its ease of metastasis and 
high recurrence rate [142, 143]. The negligible or very low 
expression [144, 145] of human epidermal growth factor 
receptor-2, progesterone receptor and estrogen receptor in 
TNBC is responsible for its poor diagnosis. One possible 
solution to this issue could be the designing probe with 
targeting ability for integrins which are transmembrane 
receptors. In 2018, Xu's research group [146] designed 
and fabricated a fluorescent image-guided platform based 
on CPNs named as cRGD-MEH-PPV NPs for diagnosis as 
well as photodynamic therapy of TNBC (Fig. 15). Firstly, 
CP MEH-PPV as a photosensitizer was mixed with amphi-
philic polymer 1,2-distearoyl-sn-glycero-3-phosphoethan-
olamine-N-[maleimide(polyethylene glycol)] (DSPE-PEG-
MAL) in THF to obtain MEH-PPV NPs. Then, multiple 
units of cyclic arginine-glycine-aspartic acid (cRGD) poly-
peptide was coupled on the surface of the nanoparticle as a 
targeting group to obtain cRGD-MEH-PPV-NPs (Fig. 15a). 
The fluorescence intensity of cRGD-MEH-PPV-NPs only 
decreased by 30% after 30 days of incubation in the cell 
culture medium, which indicates the good photostability and 
the feasibility of probe for clinical diagnosis. To demonstrate 
the targeting imaging ability of fabricated nanoparticles, 

the nanoprobe was incubated with integrin-overexpressed 
MDA-MB-231 cells as well as two other cancers cells viz. 
MCF7 and NIH3T3 as control. The results indicated that 
there was obvious red fluorescence in the cytoplasm of 
MDA-MB-231 cells (Fig. 15b) and the fluorescence inten-
sity of MDA-MB-231 cells was 30 times higher than that of 
other two cells, confirming the targeted imaging ability of 
cRGD-MEH-PPV nanoparticles and promising potential in 
the diagnosis of triple negative breast cancer.

In vivo imaging

After numerous in vitro imaging applications of CPNs, 
scientists further explored the role of CPNs in ex/in vivo 
imaging to gain vital information about various biologi-
cal processes inside the body [147]. For e.g., monitoring 
ROS level inside the living system is crucial for diagnosis 
of diseases such as diabetes and cancer [148, 149]. Among 
numerous ROS radicals, superoxide anion radical (O2

●−) 
acts as a sink for several others radicals produced intracel-
lularly. The traditional method of detecting O2

●− is based on 
photon emission. However, due to the existence of external 
light excitation, this method remains vulnerable to the back-
ground fluorescence interference and light induced damage. 
Fortunately, the chemiluminescence technology that does 
not require the use of external light excitation source could 

Fig. 13   FRET mediated NIR emitting Pdot matrix was prepared first 
by co-precipitation of PF-BT-DBT with NIR695. A layer of carboxyl-
terminated polydiacetylene was then formed on the outer surface fol-

lowed by functionalization with streptavidin for target-specific cell 
imaging through favorable antigen–antibody interactions.  Repro-
duced with permission from reference [136]
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circumvent the above problems but exhibit the disadvantages 
of low emission intensity and short emission wavelength. 
Therefore, the CP with the phenomenon of CRET would 
be an attractive imaging probe for detecting endogenous 
O2

●− because of its strong emission intensity and ability 
to maintain a long luminous time. Tang’s research group 
[150] developed a nanoprobe using CP PCLA-O2

●− via 
nanoprecipitation method and utilized it for in-vivo imag-
ing of native O2

●− through CRET process without the need 
of any external light excitation (Fig. 16). PCLA-O2

●− con-
sist of (1) imidazopyrazinone (CLA) moiety which acted 
both as energy donor unit and structural recognition unit 
for O2

●− and (2) a polyfluorene backbone which acted 
as an energy receptor and also as a signal amplification 
matrix [151] (Fig. 16a). O2

●− could activate CLA to pro-
duce chemiluminescence which facilitate proficient CRET 
with polymer backbone (due to efficient spectral overlap 
between chemiluminescence of CLA and absorption of 
polymer backbone) to ultimately generate luminescence of 
relatively higher magnitude and prolonged time for effective 
in vivo imaging of O2

●− in mice (Fig. 16b). Recently, Ibar-
ra’s research team [152] developed a CP based nanoprobe 

consist of CP PFBT, polystyrene grafted with ethylene oxide 
functionalized with carboxyl groups (PS-PEG-COOH) and 
iron oxide nanoparticles (IONPs) for magnetic resonance 
and fluorescent imaging of brain tumors.

The background autofluorescence during imaging is the 
most common problem in bioimaging. To address this issue, 
materials with persistent luminescence have become the first 
choice for in vivo imaging studies because of their longer 
luminescence lifetime. Rao and co-workers [153] developed 
an advanced imaging platform based on CPNs with the exclu-
sive feature of persistent luminescence close to 1 h. The nano-
precipitation of CP MEH-PPV with PS-PEG-COOH led to the 
formation of biocompatible and surface-functionalized nano-
particles denoted as NP (Fig. 17a). Moreover, the NIR emitting 
dye NIR775 was also encapsulated to attain nanoparticles with 
long-lasting NIR emission. The fluorescence energy of MEH-
PPV molecules was transferred to the NIR775 dye through the 
FRET mechanism, resulting in a significant increment in the 
intensity of NIR emission peak (Fig. 17b, c).

Consequently, after subcutaneous injection of hybrid 
nanoparticles in mice, the persistent emission was applied 
for in vivo imaging which indicates the great potential of 

Fig. 14   (a) Chemical structure 
of fluorescent/phosphorescent 
CP P2 and fabrication of dual-
emissive FP-Pdots. (b) Photo-
luminescence lifetime images 
observed for HepG2 cells 
incubated with FP-Pdots for 2 h 
at 21% and 2.5% O2 concentra-
tions.  Reproduced from Ref. 
[141] with permission from the 
Royal Society of Chemistry
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the continuous luminescent nanoparticles in the field of 
in vivo tracking (Fig. 17d). Recently, a new type of NIR light 
emitting CPNs were fabricated [154] by sandwiching CP 
poly((9,9-dioctylfluorene-2,7-diyl)-alt-(4,7-di(thiophene-2-
yl)-2,1,3-benzothiadiazole)-5′,5″-diyl) (PFTBT) in between 
the core and shell of crystalline silica for in vivo tracking of 
human umbilical cord mesenchymal stem cells in a mouse 
model with severe liver injury. Moreover, in vivo NIR-II 
fluorescence imaging of tumor is also reported [155] using 
newly developed CPNs prepared by nanoprecipitation of CP 
TTQ-2TC (bearing triazole[4,5-g]-quinoxaline (TTQ) and 
long alkyl side chains modified bithiophene (2TC)) with 
PS-PEG.

In addition to the widely studied fluorescence imaging 
technology [147], photoacoustic imaging (PAI) also a hold 
promising future in the area of theranostics because of its 

high spatial resolution and deeper tissue penetration abil-
ity [156, 157]. Current photoacoustic (PA) contrast agents 
include organic nanoparticles, gold nanorods (GNRs), 
porous materials, single-walled carbon nanotubes (SWC-
NTs), etc., among which CPNs display the highest PA 
signal output and good stability. The same research group 
[158] also designed a highly efficient, sensitive, and stable 
nanoplatform based on NIR light absorbing CPNs to achieve 
low-damage PA imaging of living organisms. In brief, two 
NIR light absorbing CPs SP1 and SP2 were nanoprecipitated 
separately in the presence of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) to acquire corresponding water 
dispersible nanoparticles as SPN1 and SPN2 (Fig. 18a, b). 
The matrigel-containing solutions of these nanoparticles 
were injected subcutaneously into the dorsal area of mice 
for PA imaging (Fig. 18c). The PA signal obtained using 

Fig. 15   (a) MEH-PPV NPs 
were prepared first through 
co-precipitation of MEH-PPV 
with DSPE-PEG2000-MAL. 
cRGD-MEH-PPV NPs were 
then obtained by conjugation of 
MEH-PPV NPs with the target 
moiety (cRGD) that exhibit 
high affinity for integrin-over-
expressed triple negative breast 
cancer cells. cRGD-MEH-PPV 
NPs can also release ROS to 
induce photodynamic therapy 
under light irradiation. (b) 
Targeted imaging, mean fluo-
rescence intensity and ROS gen-
eration capability inside MDA-
MB-231, MCF-7, and NIH 3T3 
cells using cRGD-MEH-PPV 
NPs. The red emission indicates 
the presence of cRGD-MEH-
PPV NPs, green color confirms 
the intracellular ROS and blue 
emission shows nuclei staining 
by 4',6-diamidino-2-phenylin-
dole (DAPI).  Reproduced with 
permission from reference [146]
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these nanomaterials was ~ 5.8 and ~ 4 times higher than 
GNRs and SWNTs, respectively which demonstrates the 
superior performance of fabricated nanoprobes for in vivo 
PA imaging. Recently, Yuan and co-workers [159] reported 
protein modified NIR light absorbing CPNs by incorpora-
tion of bovine serum albumin (BSA) into CP poly((E)-3-(5-
([8,8′-biindeno[2,1-b]thiophenylidene]-2-yl)thiophen-2-yl)-
alt-2,5-bis(2-octyldodecyl)-6-(thiophen-2-yl)-pyrrolo[3,4-c]
pyrrole-1,4(2H,5H)dione) (PBTP-DPP) for in vivo photoa-
coustic and fluorescence imaging of tumor.

The above discussed papers related to imaging applica-
tions using CPNs are summarized in the Table 2.

Theranostic applications of CPNs

Besides sensing and imaging, CPNs also showed encourag-
ing results in the diagnosis and treatment of variety of health 
disorders like cancer, microbial infections, cardiac diseases 
and so on. Many CPNs and nanohybrids have been positively 
utilized as photosensitizer (for photodynamic therapy), photo-
thermal agent (for photothermal therapy) and an efficient car-
rier of drug (for drug delivery). The distinct features of such 
type of CPNs are discussed below by taking some representa-
tive examples with emphasis on cancer as a model disease.

Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is an efficient and non-invasive 
method of light-mediated treatment of the diseases using the 

materials termed as photosensitizers [160]. A photosensi-
tizer molecule is stimulated by administering the light of 
a certain wavelength to create ROS primarily in the form 
of singlet oxygen (1O2) from the molecular oxygen (3O2). 
When a fluorophore is exposed to a particular light source, 
it creates a singlet excited state (S1), which is then converted 
into a triplet excited state (T1) by a non-radiative mechanism 
known as intersystem crossing (ISC) [161]. Transferring 
energy from T1 sensitizes the production of 1O2 from the 
ground-state 3O2 as shown in Fig. 19. Such ROS is highly 
prone to kill tumor cells or microorganisms through various 
biological pathways [162]. Several photosensitizer conju-
gates or photosensitizer-loaded nanoparticles, such as poly-
meric micelles, gold nanoparticles, upconversion conjugated 
nanoparticles (UCNPs), carbon dots, and mesoporous silica 
nanoparticles, have been used in the image-guided therapy 
of cancer with enhanced PDT efficacy [163–173]. In contrast 
to small molecule photosensitizer, CP photosensitizer are 
more efficient in generating ROS owing to their unique light-
harvesting properties and presence of many energy levels in 
each energy band (Fig. 19b).

During the transformation of triplet oxygen into singlet 
oxygen through PDT process, the molecular oxygen level 
inside the cells tends to decrease and facilitate hypoxic 
condition. Thus, the combination of a PDT system with 
a hypoxia-responsive drug delivery could be auspicious 
for achieving improved antitumor therapy. To realize this, 
Gu and co-workers [174] developed an innovative CP-
based nanocarrier (DOX/CP-NI) capable of fluorescence 
imaging, producing light-activated ROS in addition to 

Fig. 16   (a) Preparation of PCLA-O2
●− nanoparticles using cationic 

polyfluorene derivative by nanoprecipitation method and mechanism 
of O2

●− detection. O2
●− triggered the CLA groups and chemilumi-

nescence produced (λem = 490 nm) is directly transferred to polymer 
backbone via CRET to finally emit an amplified light (λem = 560 nm) 
without requiring any external light excitation. (b) Chemilumi-
nescence imaging of endogenous O2

●− in the lipopolysaccharide 

(LPS) treated mice (n = 4) and ratio of chemiluminescence emis-
sion intensities to control at 0.5  min. (I) LPS + PCLA-O2

●−, (II) 
LPS + Tiron + PCLA-O2

●−, (III) saline + PCLA-O2
●− and (IV) the 

control: saline. PCLA-O2
●− showed brighter chemiluminescence in 

LPS-treated mice because of higher O2
●− produced by inflammation.  

Reproduced with permission from reference [150]
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hypoxia-responsive anticancer drug release. DOX/CP-NI 
nanoparticles were prepared through a double emulsion 
method using conjugated polymer CP-NI as a photosensi-
tizer (grafted with 2-nitroimidazole (NI) as a hypoxia agent), 
polyvinyl PVA as a stabilizer and Dox as a cancer drug 
(Fig. 20a). The structure of CP-NI consists of dithiophene-
thienopyrazine groups as a NIR imaging agent and dithio-
phene-benzotriazole moieties for producing ROS under vis-
ible/NIR light irradiation. Under the hypoxic environment, 
the NI exhibits tendency to be transformed into hydrophilic 
2-aminoimidazole groups through a reduction reaction 
mediated by several nitroreductases and other enzymes typi-
cally found in the tissues. Thus, under NIR light (808 nm) 

irradiation and hypoxic condition, the DOX/CP-NI nano-
particles undergo dissociation and consequently release Dox 
into the cancer cells to achieve dual-responsive chemo- and 
PDT of cancer (Fig. 20b). The current technique offers an 
advanced strategy for attaining augmented treatment of can-
cer using a dual-responsive hybrid nanosystem. In order to 
evaluate the imaging-guided PDT ability of DOX/CP-NI NP, 
in vivo fluorescence images of HeLa tumor-bearing mice 
post intravenous delivery of DOX/CP-NI NPs was monitored 
after certain period of time (Fig. 20c). The results indicate 
strong fluorescence signal at the tumor sites compare to nor-
mal tissues and confirms the imaging-guided PDT capability 
of the system.

Fig. 17    (a) Preparation of NIR 
light emitting hybrid nanopar-
ticles by nanoprecipitation of 
MEH-PPV, PS-PEG-COOH 
and NIR775. (b) Illustration of 
energy transfer from MEH-
PPV to NIR775 through FRET 
mechanism for (c) augmenting 
the NIR emission of hybrid 
nanoparticles. (d) In vivo opti-
cal persistent imaging of mice 
after subcutaneous injection of 
hybrid nanoparticles.  Repro-
duced with permission from 
reference [153]
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Rakovich and co-workers [175] reported two types of 
CPNs based on nanoprecipitation of CP PTB7(poly({4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-
2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno[3,4-b]
thiophenediyl})) with PSMA and Pluronic F127, separately 
for bioimaging and PDT applications. Interestingly, PTB7@
F127 NPs showed better photosensitizing property in contrast 
to PTB7@PSMA NPs confirming the crucial role of stabiliz-
ers in controlling the photosensitization property of CPNs.

Photothermal therapy (PTT)

Although PDT is among the pioneering methods discov-
ered for non-invasive treatment of the diseases, yet, some 
drawbacks like its dependence on molecular oxygen and 

ultimately poor photodynamic efficacy in solid tumors 
remain as the major challenging issues for scientists. To 
overcome this issue, PTT [176–184] as an excellent thera-
peutic approach has gained much attention recently. Inter-
estingly, photothermal agents absorb the light and convert 
the energy directly into heat through a non-radiative path-
way without requiring molecular oxygen unlike in the case 
of PDT. The photothermal performance of any photother-
mal agent is usually evaluated by photothermal conversion 
efficiency (PCE) which is calculated by the well-known 
method [185]. Organic photothermal agents have made 
substantial progress in the therapeutic applications due to 
their superior biocompatibility and low toxicity compared 
to inorganic materials. Owing to this, several NIR-I light 
absorbing conjugated polymer materials have been reported 

Fig. 18   (a) Structure of NIR light absorbing CPs (SP1 and SP2) and 
their (b) fabrication into corresponding nanoparticles (SPN = SPN1 
and SPN2) through nanoprecipitation with DPPC. The nanoparticles 
displayed good photoacoustic and fluorescence signals under NIR 

laser irradiation. (c) Comparison of PA images of SP1 containing 
matrigel with GNRs, SWNTs and control matrigel inside the dorsal 
area of mice under laser pulse irradiation of 700  nm.  Reproduced 
with permission from reference [158]

Table 2   CPNs and their nanohybrids for imaging applications

Conjugated polymer Matrix Size λex λem Application Ref

P1-4 P1-4/PSMA 30 nm 360 nm 525 nm In vitro imaging 120
MEH-PPV MEH-PPV/m-THPC  ~ 50 nm 480 nm 575 nm In vitro imaging 128
P-F8-DPSB P-F8-DPSB/DPA-PR-PDI 45 nm 800 nm 725 nm In vitro imaging 135
PF-BT-DBT PF-BT-DBT Pdots 36-41 nm 450 nm 725 nm In vitro imaging 136
P2 P2 Pdots 5 nm 405 nm 656 nm In vitro imaging 141
MEH-PPV MEH-PPV/cRGD  ~ 35 nm 495 nm 585 nm In vitro imaging 146
PCLA-O2

•− PCLA-O2
•− NPs 20 nm - 570 nm In vivo imaging 150

MEH-PPV MEH-PPV/PS-PEG-COOH 20–50 nm 729 nm 780 nm In vivo imaging 153
SP1 and SP2 SP/DPPC  ~ 40 nm 680 nm 838 nm In vivo imaging 158
PFBT PFBT/PS-PEG-COOH/IONPs 140–146 nm 460 nm 540 nm In vivo imaging 152
PFTBT SSiO2@SPFTBT@CSiO2 55.7 nm 561 nm 702 nm In vivo imaging 154
TTQ-2TC TTQ-2TC/PS-PEG 140 nm  ~ 808 nm  ~ 1270 nm In vivo imaging 155
PBDP-DPP PBDP-DPP/BSA 5 nm 790 nm 790 nm In vivo imaging 159
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as efficient photothermal agents [186–194]. However, the 
designing and development of CPN-based organic photo-
thermal materials with the absorption in NIR-II biological 
window (1000–1700 nm) for deep tissue penetration and 
minimal scattering are highly desirable but scarcely reported 
[195–198] and scientists are continuously putting their 
efforts for further advancements.

For example, Deng et al. [199] synthesized a new NIR-I 
light-absorbing CP (DPP-BDP) via Stille cross-coupling 
reaction. Using pluronic F127 as a stabilizer and FA as a 
targeting unit, DPP-BDP was fabricated into correspond-
ing nanoparticles (DB-FA NPs) of uniform size (200 nm) 
via simple emulsion method with exceptional PCE of 
38.9% under NIR light (808 nm) excitation (Fig. 21a). The 

Fig. 19   Mechanistic pathway 
of the generation of 1O2 by (a) 
small molecule and (b) CP as 
photosensitizer.  Reproduced 
with permission from reference 
[161]

Fig. 20   (a) Structure of CP-NI and its fabrication into Dox loaded 
dual-responsive DOX/CP-NI nanoparticles via double-emulsion 
method. (b) Schematic of light mediated hypoxia and subsequent 
release of Dox into cancer cells for chemotherapy along with PDT. 
(c) In  vivo fluorescence images of HeLa tumor-bearing mice post 
intravenous delivery of DOX/CP-NI NPs and after certain period of 

time indicating strong signal at tumor sites. After laser irradiation for 
5 min at the tumor sites 48 postadministration of nanoparticles, the 
decreased fluorescence intensity was observed confirming imaging-
guided PDT capability of the system.  Reproduced with permission 
from reference [174]
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as-prepared DB-FA NPs demonstrated an outstanding anti-
cancer activity both in vitro and in vivo via PTT under NIR-I 
(808 nm) laser irradiation (0.8 W cm−2 or 1 W cm−2). Nearly 
99.2% reduction in the size of tumor was observed after 
injecting DB-FA NPs in the tumor-bearing mice (Fig. 21b) 
asserting the ability of designed nanosytem in high-efficient 

PTT of solid-state tumors. To confirm the potential of 
DB-FA nanoparticles in targeted therapy, in vivo imag-
ing studies were performed using BALB/c mice injected 
separately with DB-Cy3 and DB-FA/Cy3 nanoparticles 
(Fig. 21c). Moreover, the photothermal effect monitored by 
IR thermal imaging technique in tumor xenografts of nude 

Fig. 21   (a) Fabrication of NIR-I light absorbing DB-FA NPs via 
simple emulsion method for PTT application and (b) its anti-tumor 
activity in vivo. (c) In vivo fluorescence images of BALB/c mice pre 
and post injection of DB-Cy3 and DB-FA/Cy3 nanoparticles at dif-
ferent time intervals. The mice injected with DB-FA/Cy3 nanoparti-
cles showed strong fluorescence signal at the tumor site. (d) IR ther-

mal images of BALB/c mice pre and post injection of DB-Cy3 and 
DB-FA/Cy3 nanoparticles under NIR laser (808 nm, 1 W cm−2) irra-
diation at different time intervals. Control group contain only phos-
phate buffer saline (PBS).  Reproduced with permission from refer-
ence [199]
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mice also confirmed targeting PTT ability of DF-FA nano-
particles (Fig. 21d). Liu and co-workers [40] also reported 
synthesis of a new NIR-I CP poly[9,9-bis(4-(2-ethylhexyl)
phenyl)f luorene-alt-co-6,7-bis(4-(hexyloxy)phenyl)-
4,9-di(thiophen-2-yl)-thiadiazoloquinoxaline] (PFTTQ) 
and its fabrication into corresponding PFTTQ nanoparti-
cles via precipitation method. Under NIR-I (808 nm) laser 
irradiation (0.75 W/cm–2) for about 5 min, the suspension 
of PFTTQ nanoparticles displayed an increment in the tem-
perature of > 30 °C and demonstrate sensible photothermal 
therapy efficiency both in cancer cells as well as in tumor 
mouse model.

PTT in the first NIR (NIR-I, 750–1000 nm) optical win-
dow has been adequately studied over the last few decades 
[200]. Recently, photothermal conversion in the second NIR 
(NIR-II, 1000–1700 nm) optical window, particularly within 
the range of 1000–1100 nm has received much attention 
because it allows deeper tissue penetration and the usage 
of high power laser [201]. Xie et al. [196] designed a NIR-
II photothermal nanoagent based on a narrow band-gap 

donor–acceptor CP (TBDOPV-DT) with 2,2-bithiophene 
as the donor and thiophene-fused benzodifurandione-based 
oligo(p-phenylenevinylene) as the receptor. The CP was 
transformed into TBDOPV-DT NPs via nanoprecipitation 
with methoxypoly(ethylene glycol)2 K-block-poly(D,L-lac-
tide)2 K (mPEG2K-PDLLA2K) (Fig. 22a) and demonstrate 
excellent capability for photoacoustic imaging (PAI) guided 
PTT under NIR-II (1064 nm) laser irradiation. PAI was 
accomplished after intravenous injection of TBDOPV-DT 
NPs inside HeLa-tumor bearing mice which indicate strong 
PA signal which retain upto 12 h post injection (Fig. 22b, 
c). The PCE of TBDOPV-DT NPS was calculated to be 
50% with extraordinary photostability and thermal repro-
ducibility. IR thermal images of TBDOPV-DT NPs injected 
mice model showed rapid increment of temperature under 
NIR-II laser (1064 nm) irradiation (Fig. 22d). In particular, 
the nanoparticles displayed an efficient PTT effect in-vitro 
in cancer cells and also eliminate tumor cells completely 
in vivo with no significant side effects. Another NIR-II light-
absorbing CP TT-BTT-BBT was designed and synthesized 

Fig. 22   (a) Preparation of 
spherical TBDOPV-DT 
NPs via nanoprecipitation 
of CP TBDOPV-DT with 
mPEG2K-PDLLA2K. (b) Pho-
toacoustic (PA) images under 
1064 nm laser illumination and 
(c) intensities of signal obtained 
at different time intervals after 
injection of TBDOPV-DT NPs 
inside HeLa-tumor bearing 
nude mice. Strongest PA signal 
was obtained after 12 h post 
injection. (d) IR thermal images 
of HeLa-tumor bearing mice 
under 1064 nm laser illumina-
tion after (i) intratumoral and 
(i) intravenous injection of 
TBDOPV-DT NPs at different 
time.  Reproduced with permis-
sion from reference [196]
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by the same group [195] and fabricated into nanoparticles 
using Pluronic F127 as encapsulating material. The pho-
tothermal conversion behavior and PTT effect of acquired 
nanoparticles were studied by NIR-II (1064 nm) laser using 
NIR-I (808 nm) laser as the control. The results confirmed 
that under the same conditions, NIR-II laser showed more 
effective inhibition of hepatocellular carcinoma in situ and 
remain superior for the proficient treatment of liver cancer.

Drug delivery

Drug delivery is the process of delivering pharmaceutical 
compounds into the body using career molecules like den-
drimers, liposomes, self-assembling peptides, polymeric 
micelles, nanostructures and so on. The size of the drug mol-
ecule and the amount of loading are the two main parameters 
that regulate the drug delivery mechanism. The confined 
targeting, low therapeutic indices, poor water solubility, etc. 
are the major challenges in designing the drug delivery sys-
tems. Owing to low cytotoxicity, sustainable release of drug 
through various stimuli responsive mechanisms and its mon-
itoring via fluorescence imaging, CPNs have gained much 
prominence in the field of drug delivery [17, 20, 202–206].

Iyer et al. [126] reported the fabrication of multifunctional 
and dual-emissive CPNs using hydroxyquinoline-affixed 

polyfluorene (PF-HQ) derivative for bioimaging applications 
as well as delivery of drug inside the cancer cells. Compare 
to free Dox, Dox loaded PF-HQ nanoparticles displayed 
enhanced anti-cancer activity towards mouse melanoma 
cancer cells (B16F10) and subcutaneous mouse (C57BL6/J) 
melanoma tumor model. However, this system lacks speci-
ficity as no receptors were appended for targeted imaging 
and delivery of drug inside the cancer cells. In 2018, Liu 
and coworkers [207] synthesized a FA and donor–accep-
tor Stenhouse adduct (DASA) functionalized CP (PPV-ST) 
and fabricated into drug loaded photo-responsive CPNs via 
nanoprecipitation method for achieving controlled drug 
delivery, release and imaging (Fig.  23). Unlike PF-HQ 
nanoparticles, this nanoprobe could facilitate light trig-
gered controlled delivery of drug inside the cancer cells and 
monitor its release via imaging. The photo-responsive CPNs 
comprise of three main parts: the photo-responsive group, 
conjugated backbone, and the receptor moiety (Fig. 23a). 
Under irradiation of visible light (550 nm), the as-prepared 
CPNs experience the change in shape, color, polarity and 
ultimately release the encapsulated drug into the cancer cells 
(Fig. 23b). Under dark conditions, the drug loaded CPNs 
displayed outstanding biocompatibility towards the cancer 
cells which affirmed that the light trigger has full control 
over drug release. Moreover, the delivery of both hydrophilic 

Fig. 23   (a) Structure of newly prepared photo-responsive CP PPV-ST 
bearing photoswitchable groups and targeting units. The photoswitch-
able groups attached to PPV-ST undergo change in its structure from 
open to closed form under irradiation of visible light (550 nm). (b) 
The photoresponsive CPNs were formed through nanoprecipitation 
of PPV-ST with PSMA followed by encapsulation of cancer drugs 

(Dox and CPT). Drug-loaded CNPs was uptake by cancer cells and 
the drug was released in a controlled manner under visible light irra-
diation (550  nm). (c) The uptake of CPT loaded nanoparticles and 
subsequent release of CPT was monitored inside HeLa cells by confo-
cal laser scanning microscopy (CLSM).  Reproduced with permission 
from reference [207]
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(Dox) and hydrophobic (camptothecin (CPT)) drugs could 
be realized with high loading efficiency. The uptake of nano-
particles and subsequent release of drug was successfully 
examined inside HeLa cancer cells by fluorescence imaging 
studies (Fig. 23c). The designed approach with a remote-
controlled drug delivery using visible light irradiation sets 
a precedent for non-invasive therapeutic delivery of careers.

Compare to single mode therapeutic method, combination 
of two methods is always beneficial for accomplishing syner-
gistic anti-cancer activity. In 2019, Tang and co-workers [208] 
reported the preparation of thermal-responsive nano drug 
delivery system (PNIPAM-DOX-CPNs) via co-assembly of 
CP poly(fluorene-co-vinylene) (PFV) with temperature-sen-
sitive molecule PNIPAM and the Food and Drug Administra-
tion (FDA) approved anticancer drug Dox for accomplishing 
synergistic chemo-photodynamic therapy of cancer (Fig. 24a). 
PNIPAM-DOX-CPNs nanoparticles demonstrate a variety of 
functions including the cell imaging, thermo-responsive drug 
delivery and synergistic therapy of cancer via chemo/photody-
namic treatment. The dispersion of PNIPAM-DOX-CPNs at 
pH of 5.5 and a temperature of 36 °C indicate > 70% delivery 
of the loaded Dox inside the cancer (MCF-7) cells which sug-
gests that the drug is delivered effectively above PNIPAM's 
lower critical solution temperature (LCST). The bright green 
emission of nanoparticles allows successful monitoring of 
drug release via fluorescent imaging technique (Fig. 24b). 
Moreover, under white light irradiation, PFV in nanoparticles 
acted as a photosensitizer and produce effective ROS, result-
ing in synergistic chemo/photodynamic therapy.

The above discussed papers related to theranostic appli-
cations of CPNs and their nanohybrids are summarized in 
Table 3.

Conclusion and perspectives

Conjugated polymer nanoparticle (CPNs) with outstanding 
photophysical properties has emerged as a revolutionary 
material for variable biological and biomedical applica-
tions. This review comprehensively introduces CPNs, 
highlighted their methods of preparation and described 
their  state-of-art advances in biological sensing, imaging, 
diagnosis, and therapy taking cancer as a disease model. 
Compared with other class of organic/inorganic nanoma-
terials, CPNs exhibits several advantages as outlined in the 
following text. (1) Preparation of surface-modified CPNs 
is simple with an easy separation process. (2) They possess 
excellent fluorescence quantum yield, low cytotoxicity and 
excellent photostability. (3) They display high-sensitivity 
and rapid fluorescence signal response towards desired 
sensing analyte owing to the phenomenon of molecular-
wire effect [8, 150] typically observed in conjugated poly-
mer material. (4) Reactive oxygen species (ROS) genera-
tion ability and photothermal conversion efficiency (PCE) 
of CPNs required for proficient photodynamic (PDT) and 
photothermal therapy (PTT) are considerably higher. 
These features make CPNs and their nanohybrids as pre-
ferred choice of nanomaterials for variety of applications.

Fig. 24   (a)  Fabrication procedure of thermo-responsive PNIPAM-
DOX-CPNs loaded with Dox via co-assembly method for applica-
tion in drug delivery and synergistic chemo/photodynamic treatment 
of cancer. (b) CLSM images of MCF-7 cancer cells after incubation 
with PNIPAM-DOX-CPNs (5  µg/mL) for different time intervals. 

Cell uptake of nanoparticles and release of drug was tracked by moni-
toring green emission of PNIPAM-DOX-CPNs and red emission of 
Dox at different time intervals. Lysotracker red DND 99 and Hoechst 
33342 were employed to stain lysosomes and nucleus, respectively.  
Reproduced with permission from reference [208]
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Nevertheless, the exciting progress has been made in 
the area of CPNs, following limitations and challenges 
still exist. (1) The preparation of CPNs with a uniform 
size is slightly difficult compare to inorganic nanomate-
rials such as metal nanoparticles. (2) The aggregation-
caused quenching (ACQ) effect in an aqueous solution due 
to strong hydrophobicity of CP material radically affects 
photophysical properties (e.g. fluorescence brightness), 
sensing performance and ROS production of CPNs. (3) 
For targeted imaging and therapeutic applications in vivo, 
CPNs still suffer from the issue of selectivity, since their 
distribution to other organs could not be evaded. (4) Fab-
rication of long-wavelength absorbing CPNs especially in 
near-infrared II (NIR-II) window for effective PDT and 
PTT is rigorous. Thus, there is plenty of space for sci-
entists to circumvent the existing challenges and develop 
high performance CPNs through innovative pathways.

Thus, the future designing and development of CPNs-
based probes should consider and focus on the following 
aspects. (1) Fabrication of target-specific CPNs with emis-
sion in longer wavelength in order to avoid photo bleach-
ing and toxicity effects during sensing and drug-delivery 
applications. (2) Preparation of aggregation-induced emis-
sion (AIE)-active CPs and corresponding CPNs via sim-
plified route with improved bioimaging and PDT perfor-
mance. (3) Designing of new types of donor–acceptor CPs 
and relevant CPNs with better dispersibility in an aqueous 
solution for augmented PDT and PTT performance. It is 
anticipated that through the collective efforts of various 
investigators, the area of CPNs will be cultivated further 
with wider application prospects and the findings sum-
marized in this review may be helpful to them and other 
relevant audiences.
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