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Effective detection of cellular microenvironments and understanding of physiological activities in living
cells remain a considerable challenge. In recent years, fluorescence (or Förster) resonance energy transfer
(FRET) technology has emerged as a valuable method for real-time imaging of intracellular environment
with high sensitivity, specificity and spatial resolution. Particularly, polymer-based imaging systems
show enhanced stability, improved biodistribution, increased dye payloads, and amplified signal/noise
ratio comparedwith small molecular sensors. This review summarizes the recent progress in FRET-based
polymeric systems for probing the physiological environments in cells.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Cells are the basic units of life. The physiological processes of
cells and the conditions involved in these processes are the basis
for unlocking the secrets of cell life. Therefore, understanding the
physiological activities in cells is of great significance for early
diagnosis and discovery of various diseases, as well as for the
assessment of new drugs associated with apoptosis [1,2]. Despite
significant advancements that have beenmade in antibody, nucleic
acid, and enzyme probes for cell analysis [3], collecting informa-
tion from environments as small as cells remains a considerable
challenge. Over the last decade, fluorescence technique has
become a powerful tool for noninvasive visualization and optical
imaging of diverse biological processes in vitro and in vivo by virtue
of its high sensitivity and technical simplicity [4]. However, the
conventional fluorescent biosensors are based mainly on the
change of single emission intensity in response to target analytes,
which are sometimes problematic for precise analysis under
complicated biological conditions due to possible interferences
from various environmental factors (pH, temperature, solvent,
etc.), instrumental conditions, and the concentrations and
locations of fluorescent probes inside the cells [5,6]. To circumvent
this problem, the simultaneous measurement of two or more
fluorescence signals at different wavelengths enables ratiometric
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and specific imaging capacity with a greater precision [7,8]. In
particular, fluorescence (or Förster) resonance energy transfer
(FRET) technology has recently emerged as a valuable method for
real-time imaging of intracellular environments [9–16]. The
principle of FRET was pioneeringly proposed by Förster in 1948
[17]. When two different chromophore molecules (donor and
acceptor) have overlapping emission/absorption spectra, and the
distance between the two fluorophores is appropriate (1�10 nm), a
transfer of fluorescence energy from the donor to the acceptor [30_TD$DIFF]will
be observed [18,19]. Hence, FRET is an effective and sensitive
approach for probing very small changes in distance with high
spatial resolution, such asmolecular binding, bond cleavage, phase
transition, and change in protein conformation, etc. [20–22]. These
properties make FRET-based probes well suited for quantification
of microenvironmental indicators in cells (Scheme 1) [23,24]. On
the other hand, polymer-based imaging systems possess higher
thermodynamic and kinetic stability, increased dye payloads, and
improved biodistribution compared with small molecular sensors.
More importantly, they exhibit attractive signal amplification and
high responsivity to external stimuli, allowing for an ultrasensitive
detection at nanomolar-picomolar concentrations [25–27]. In
recent years, FRET-based polymeric nanosystems have shown
great promise in chemical and biological analysis including
digitization of pH in cells, tracking of redox processes, and
monitoring of changes in temperature and other biosignals
(hydrogen sulfide, enzyme) in cells. Here, we outline the recent
advances in various FRET probes constructed from polymer
materials for exploring cellular microenvironments, highlighting
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic principle of FRET-based polymer sensors for detection of
cellular environments. D and A represent donor and acceptor, respectively, and r
indicates the donor-acceptor distance.
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the wide range of applications of FRET technology for understand-
ing diverse biological activities and functions in cells.

2. Acid-activable polymeric sensors for pH detection

The pH value is a vital physiological signal that plays a key
role in maintaining cell and tissue homeostasis. Most of the
cellular processes are related to the acidic [31_TD$DIFF]environments in cells,
including cell proliferation, apoptosis, signaling, and endocyto-
sis [28,29]. Abnormal pH values in organelles are recognized as
a hallmark of cell dysfunction [30], which have been observed in
Alzheimer’s disease [31], cancer [32] and other common disease
models. On the other hand, the acidic pathological micro-
environments allows for the construction of pH-responsive
nanosystems for specific delivery and triggered release of drugs
and imaging agents in target sites [33–36]. Therefore, monitor-
ing the changes of pH values inside living cells is not only
important for better understanding of physiological and
pathological processes, but also helpful in developing smart
delivery systems for precise diagnosis and therapy of
diseases. There have been many methods for studying cellular
pH, including nuclear magnetic resonance (NMR) spectroscopy
[37–39], surface-enhanced Raman spectroscopy (SERS) [40–44],
microelectrodes and optical microscopy [45–50]. Among them,
fluorescent probes have emerged as promising tools due to their
high sensitivity and selectivity, low cost, simple operation and
non-invasiveness [51–56].

Yan [32_TD$DIFF]et al. [57] designed a ultra pH-responsive micellar system
constructed from poly(oligo(ethylene glycol)methacrylate)-b-poly
(benzyl-L-aspartic acid) (POEGMA-PBLA) copolymer. The side
chains of PBLA block were aminolyzed by primary amine to
introduce ionizable tertiary amines as pH-sensitivemoieties, while
the chain end was conjugated with a cyanine dye Cy5.5 and a
quencher. The polymeric micelles are disassembled under weak
acidic condition, leading to a high fluorescence activation ratio (>
20 times) for sensitive monitoring the pH values in cellular
microenvironment.

Recently, semiconducting polymer [33_TD$DIFF]dots (Pdots) have attracted
great interest for using as ultrabright probes for pH sensing [58–60].
Chiu [32_TD$DIFF]et al. [60] prepared a poly(2,5-di(3',7'-dimethyloctyl)phenyl-
ene-1,4-ethynylene) (PPE) dot. The Pdot [34_TD$DIFF]was coupled with a pH-
sensitive fluorescein (FITC) to construct a FRET-based ratiometric
pHsensor.Theprobeshowsa linearpHratiometricmeasuringrange
of pH 5–8, which is favorable for detection of intracellular pH in
different kinds of cells.

The above-mentioned pH sensors have limited ability to
selectively image specific regions in cells, such as late endo-
somes/lysosomes (pH 4.0–5.5) [61]. Endosomes and lysosomes
play critical role in cell physiology including protein/lipid
metabolism, receptor recycling, nutrient senses, and cell death
[62]. Unfortunately, there is no available method to image the
dynamic maturation process of these organelles. To overcome this
problem, Gao [35_TD$DIFF]et al. developed a library of tunable multispectral
ultra-pH-sensitive (UPS) nanosensors self-assembled from ioniz-
able block copolymers to monitor the acidification process of
endocytic organelles in live cells (Fig. 1a) [63–65]. The UPS library
contains a set of nanoprobes with large fluorescent emissions
(400� 820 nm) in a wide pH range (4�7.4) (Fig. 1b) [65]. Lately,
they incorporated three different fluorophore-encoded block
copolymers in one nanoparticular system [66]. The mixed
polymeric systems display an amplified (> 30 folds) and sharp
response (DpH < 0.25) to microenvironments of clathrin (pH 6.9–
7.2) [67], early endosomes (pH 6.0–6.5) [68], and late endosomes
(pH 4.0–5.5) [61]. In particular, all the fluorescent polymer
modules are “silent” at pH 7.4 due to the quenching of overall
fluorescence by hetero- and homo-FRETeffects.With decreasing of
pH values, the polymers are sequentially lightened at predeter-
mined pH values corresponding to different stages of organelle
maturation. The UPS nanoprobe provides a smart tool to digitize
the organelle pH and identify the cell signaling pathways involved
in endosomal/lysosomal function regulation ([36_TD$DIFF]Figs. 1c–e).

3. Biosensors for detection of reduction conditions

Redox homeostasis affects the fate of cells and participates in
many pathological processes [69]. It has become a target for cancer
chemotherapy [70–72], because the reduced susceptibility of
cancer cells to stimuli that cause apoptosis has been closely
associated with decreased redox potential [73]. Although selective
redox regulation has potential benefits for cancer treatment,
effective methods for testing [37_TD$DIFF]the treatment remain largely
unexplored since it is difficult to measure intracellular redox
conditions over time [74]. To address this issue, Lin [32_TD$DIFF]et al. [73]
developed a novel genetic FRET system that undergoes amolecular
conformation transition from an α-helix to a “clamped coil” state
due to the formation of intermolecular disulfide bonds, which
forces donor-enhanced yellow fluorescent protein (ECFP) and
acceptor-enhanced blue-green fluorescent protein (EYFP) into a
closer proximity for FRET detection (Fig. 2a). With the help of
microfluidic device, this construct is capable of assessing
intracellular redox homeostasis in real-time and monitoring the
response of tumorigenic cells to glutathione (GSH). They found
that mammalian cells can restore a reduced intracellular redox
environment in few minutes after removal of an acute oxidative
insult.

To further monitor the cleavage of disulfide bonds by living
cells and determine the cytosolic transport of therapeutics, a
variety of FRET-based imaging systems with disulfide-linked
donors and acceptors [38_TD$DIFF]have been developed [75–78]. For
example, Gao [32_TD$DIFF]et al. [75] reported a redox-activated sensor based
on a cysteine-derivative hetero-FRET system, where tetramethylr-
hodamine (TMR) and cyanine dye (Cy5) as model fluorescence
donor and acceptor were coupled with a disulfide bond. The
fluorescence of the system is off through the endocytic pathway,
and can be switched on by cytosolic GSH after endo-lysosomal
disruption ([36_TD$DIFF]Figs. 2b and c).

To avoid undesirable aggregation-caused quenching effect
(ACQ) of traditional chromophores, Zhao [32_TD$DIFF]et al. [79] recently
incorporated a well-known aggregation induced emission (AIE)
probe, tetraphenylethene (TPE) [80,81], as a FRET donor, and
curcumin (Cur) as a model drug and FRET receptor into a block
copolymer (Fig. 2d). The fluorescence intensity of this system is
relatively weak after self-assembly into intact micelles due to the
ACQ effect of Cur and the energy transfer from TPE to Cur. Under a
reducing condition, the cleavage of disulfide linkages induces the
release of Cur and turns on both AIE signal and Cur fluorescence.
This FRET-based polymer material can be potentially used for
monitoring drug release and cell apoptosis in situ [82,83].
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Fig. 1. (a) Schematic illustration and structural design of UPS nanoprobes. (b) The UPS library contains 10 nanoprobes with large fluorescent emissions (400�820 nm) in a
wide pH range (4–7.4). Reprinted with permission [65]. Copyright 2014, American Chemical Society. (c) Schematic illustration of multispectral UPS probe for digitizing
organelle maturation processes in tumor cells after receptor-mediated endocytosis. (d) Digitizing of endocytic organelles by UPS probe at different times in living tumor cells.
Green, red and blue colors represent dipyrrometheneboron difluoride dyes (BDY), TMR and Cy5 fluorescence, respectively. (e) Quantitative results of distribution of endocytic
organelles in different pH regions. The digital barcodes illustrate the heterogeneity of organelle maturation in tumor cells. Reprinted with permission [66]. Copyright 2016,
John Wiley & Sons.
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4. FRET-based thermometers

Temperature is an important and fundamental parameter in a
wide range of cellular functions and biological activities in living
systems [84–87]. Many cell activities (e.g., division, metabolism,
enzymatic reactions) are associated with temperature variation. In
particular, some pathological phenomena including inflammation
and cancers are generally accompanied by elevated temperature.
In recent years, a variety of ingenious thermometers have been
developed to real-timemeasure the cellular temperature at micro/
nanoscale [88–90]. Nevertheless, most of the reported fluorescent
thermometers are based on the change of fluorescence intensity at
a single wavelength, which are impacted by many factors, such as
probe distribution and concentration, excitation energy, and
photobleaching [91].

To circumvent these unfavorable effects, researchers have
constructed thermo-induced FRET systems for ratiometrically
detecting and sensing cellular temperature [92,93]. Yang [32_TD$DIFF]et al. [94]
covalently incorporated a fluorophore triarylboron compound
(DPTB) into a poly (N-isopropylacrylamide) (PNIPAM) nanogel to
fabricate a luminescent temperature probe (PNDP). The PNDP
nanogel (donor) loading with NR (acceptor) could shrink to form
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Fig. 2. (a) Schematic illustration of conformation-modulated FRETeffect in response to redox stimuli. Themolecule undergoes a conformation transition from an α-helix to a
"clamped coil" state due to the formation of intermolecular disulfide bonds under oxidative conditions, resulting in decreased donor-acceptor distance for FRET detection of
redox response of tumorigenic cells to GSH. Reprinted with permission [73]. Copyright 2010, Oxford University Press. (b) A redox-activatable sensor based on a cysteine-
derivative hetero-FRET system for detection of cytosolic delivery of biomacromolecules. (c) CLSM analysis of endo-lysosomal escape and cytosolic delivery of IgG labeledwith
redox-activatable sensor. Reprinted with permission [75]. Copyright 2016, John Wiley & Sons. (d) Schematic illustration of FRET systems integrating an AIE probe TPE for
determination of intracellular drug release. Reprinted with permission [79]. Copyright 2018, John Wiley & Sons.
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an efficient ratiometric FRETcolloidal nanoparticle [39_TD$DIFF]with increase of
temperature, resulting in significant fluorescence color change
from red to green and blue with a high temperature resolution,
good linear relationship and excellent reversibility at the single-
cell level [94,95].

To realize long-range energy transfer for sensing complex
biological environments in living cells, Hu and Liu [32_TD$DIFF]et al. [96]
designed a polymeric ratiometric fluorescent thermometer with a
two-step cascade FRET property (Fig. 3a). They incorporated
coumarinm (CMA, blue), 7-nitro-2,1,3-benzoxadiazole (NBD,
green) and rhodamine B (RhBEA, red) separately into
three PNIPAM-based thermoresponsive block copolymers. By
facile mixing of the three fluorescent polymers in an
optimized molar ratio, a two-step cascade FRET was
achieved with NBD dye as a bridge for transferring energy
from CMA to RhBEA. As a result, the system exhibits a �8.4-fold
change in intensity ratio in a broad temperature range of 20�44 �C,
with an imaging sensitivity of less than 1 �C or even 0.4 �C
([36_TD$DIFF]Figs. 3b–d). This work demonstrates an excellent performance of
intracellular cascade of FRET thermometers, which is helpful for
understanding intracellular temperature-associated activities,
such as signal transduction, cancer cell pathogenesis and
inflammation.
5. Other FRET-based polymeric biosensors

5.1. Biosensors for detection of hydrogen sulfide (H2S)

H2S can be produced by enzymes in many organs (heart, liver,
kidney, brain, ileum, uterus, etc.) and tissues in vivo [97]. Both
endogenous and exogenous H2S are involved in a variety of
physiological and pathological processes [97–99], including
Alzheimer’s disease, Down’s syndrome, diabetes and cirrhosis
[100]. Therefore, tracking and quantifying H2S in biological
systems is critical to understanding the biology and pathology
of H2S.

To fulfill this need, FRET systemswith donors and acceptors that
could be separated by the cleavage of NBD amine bonds in the
presence of intracellular H2S have been widely researched [101–
103]. Alternatively, Zhao [32_TD$DIFF]et al. [104] encapsulated a semi-cyanine-
BODIPY hybrid dye (BODInD-Cl) and its complementary energy
donor (BODIPY1) into amphiphilic block copolymer micelles
(Fig. 4a). The absorption spectrum of BODInD-Cl is red-shifted
from 540 nm to 738 nm in response to H2S, thus switching off the
FRET signal and recovering the donor fluorescence for in situ
trapping of endogenous H2S generation. On the contrary, Ai [32_TD$DIFF]et al.
[105] lately designed a genetically encoded biosensor (hsFRET)
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Fig. 3. (a) Construction of polymeric ratiometric fluorescent thermometer with a two-step cascade FRET process for intracellular temperature imaging. (b) Normalized
change in intensity ratio (Ired/Iblue) and (c) imaging sensitivity determined by CLSM analysis for live tumor cells after incubating at 37 �C for 40min with the polymeric
ratiometric fluorescent thermometer. (d) Fluorescence images obtained for the above sample at 25 and 41 �C, respectively. Reprinted with permission [96]. Copyright 2015,
American Chemical Society.
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with a FRET effect enhanced by H2S (Fig. 4b). They used a blue
fluorescent protein EBFP2 as a fluorescent donor, and azido
functionalized superfolder green fluorescent protein as a receptor.
The azido group of hsFRET can react with both extracellularly
added and endogenously generated H2S (1mmol/L), leading to a
significant change in FRET ratio (> 1.7 folds) for ratiometric
imaging of H2S in live mammalian cells.

5.2. Biosensors for detection of reactive oxygen species (ROS)

ROS are natural by-products of normal oxygen metabolism
produced in a wide range of physiological process. While a low
concentration of ROS is crucial to cell signal transduction
and homeostasis, abnormal overproduction of ROS such as
hydrogen peroxide (H2O2) may lead to oxidative damages to
various biomolecules such as proteins, lipids and DNA, and
cause cell apoptosis, which [40_TD$DIFF]is closely related to the pathogenesis
of cancer, diabetes and neurodegenerative diseases [106].
Therefore, ROS-responsive materials hold great potential as
specific delivery systems for targeting oxidative microenviron-
ments and diagnostic biosensors for imaging of ROS and cellular
activities [107–109].

To understand the relationship between ROS and cell apoptosis,
Yi [32_TD$DIFF]et al. [110] designed a fluorescent probe containing a H2O2

reporter (NP1) and a Cy5 chromophore linked with a SGDEVDSG
peptide (Fig. 5a). The absorption band of Cy5 overlaps with the
emission portion of NP1 after reaction with H2O2, while the
SGDEVDSG sequence can specifically recognized by a caspase 3
enzyme that activates apoptosis. As a result, FRET effect occurs in
living cells resulting in detectable Cy5 fluorescence, while that is
inhibited in apoptotic cells because peptide spacers are cleaved by
specific proteases. Thus, this probe can differentiate H2O2 changes
with different fluorescence wavelengths between living cells (red)
and apoptotic cells (green).

In addition to thedetectionof endogenousROS, FRETsystemscan
also induce the production of ROS for tumor treatment under some
conditions [111,112]. For example, Zhao [32_TD$DIFF]et al. [113] recently reported
a semiconducting polymer nanoparticle (SPNs) containing fluores-
cent BODIPY (dipyrromethene boron difluoride) derivative as a
donorandnear-infrared (NIR) phosphorescent iridium(III) complex
as an energy acceptor and photosensitizer (Fig. 5b). Upon
irradiation, the energy is transferred from excited BODIPY to
iridium(III) complexes via an efficient FRET process, then to the
ground state 3O2 to obtain an excited state of 1O2 with a high
quantum yield of 0.97. The SPN system can be used as a versatile
theranostic platform for image-guided photodynamic therapy
(PDT) of tumors.

5.3. Biosensors for detection of enzymes

Enzymes can exhibit abnormal activity in a variety of diseases
[114]. For example, many kinds of enzyme proteins (e.g., proteases,
phosphatases, lipases, oxidoreductases) are overexpressed in
tumor microenvironments and show significant impact on cancer
growth, angiogenesis, and metastasis [115]. As a result, enzymes
could be exploited as promising targets for therapeutic and
diagnostic applications, by virtue of their substrate specificity and
biological catalysis ability. Hence, the detection of enzymatic
activity is beneficial to early stage diagnosis of disease progression
[116].
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Fig. 5. (a) Design of a ROS sensor containing NP1 and Cy5 linked with a caspase 3-
cleavable peptide, which can differentiate H2O2 changes between living cells
(red) and apoptotic cells (green). Reprinted with permission [110]. Copyright
2016, Elsevier. (b) Design of FRET system containing BODIPY as a donor and
iridium (III) as an acceptor and photosensitizer for generation of 1O2 through
FRET process. Reprinted with permission [113]. Copyright 2019, The Royal Society
of Chemistry.
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Fig. 6. (a) Construction of DFNP for detection of MMP-2 activity overexpressed in
tumor metastasis tissues. (b) In vitro dual-channel imaging property of DFNP after
treatment with different amount of activated MMP-2. Reprinted with permission
[117]. Copyright 2019, Elsevier. (c) Design of a two-stage open fluorescent probe for
sequential sensing of MMP-2 and caspase-3. Reprinted with permission [118].
Copyright 2019, The Royal Society of Chemistry.
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Fig. 4. (a) Design of polymeric H2S sensor from BODInD-Cl and BODIPY1 encapsulated mPEG-DSPE micelles. Reprinted with permission [104]. Copyright 2015, American
Chemical Society. (b) Illustration of a genetically encoded biosensor (hsFRET) based on FRET enhancement effect in the presence of H2S. Reprinted with permission [105].
Copyright 2019, American Chemical Society.
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Jeong and Kim [32_TD$DIFF]et al. [117] constructed a dual-channel
fluorescent nanoprobe (DFNP) for highly-sensitive detecting of
extracellular matrix metalloproteinase (MMP)-2 activity overex-
pressed in tumor metastasis tissues. They first designed an MMP-
activatable probe integrating a cyanine fluorophore (Cy5.5) and a
quencher (BK01) linked with an MMP-2,9 degradable substrate
peptide. Then the probe was hydrophobically associated with a
Cy7-labeled polymer surfactant (F127-Cy7) to form self-assembled
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nanoparticles (Fig. 6a). The Cy5 fluorescence emission is activated
by the cleavage of peptide in response to MMP-2,9, allowing for
precise imaging of tumor invasion and metastasis in lymph nodes,
taking an “always-on” Cy7 fluorescence of polymer surfactant as an
internal standard (Fig. 6b).

Since the distribution of a particular enzyme differs widely in
various pathological situations, biosensors with simultaneous
probing abilities for two or more target enzymes are highly
desirable. Zhang [32_TD$DIFF]et al. [118] designed a two-stage open fluorescent
probe for sequential sensing of MMP-2 (a biomarker for tumor
invasion and metastasis), and caspase-3 (a sign for early-stage
apoptotic cells). The probe contains 5(6)-carboxyfluorescein (FAM)
as a donor and two 4-{[4-(dimethylamino)-phenyl]-azo}-benzoic
acid (Dabcyl) groups as quenchers (Fig. 6c). The donor fluorescence
is first quenched by Dabcyl groups via a dual FRET processes under
physiological conditions, then recovered in response to extracel-
lular MMP-2 and further enhanced by caspase-3 after exposure to
apoptosis stimuli, triggered by the cleavage of enzyme-responsive
peptide sequences and break in corresponding FRET effect. This
dual-FRET system renders real-time monitoring of DOX- and UV-
induced cell apoptosis in situ with high sensitivity and selectivity.

6. Summary and prospects

The cellular microenvironment plays an extremely important
role in cell life, and many methods have been used to study the
microenvironment of cells. Conventional fluorescent sensors have
the advantagesof high sensitivity, noninvasive character, andeaseof
use. However, the accuracy of single-channel imaging can be
influenced by various factors, such as the location of the sensor, and
changes in the environments around the sensors. FRET technique
enables simultaneously measurement of fluorescence intensities at
multiple wavelengths and selective and ratiometric detection of
cellular environments in a quantitative manner, which is more
effective and sensitive than traditional biosensors. Therefore, a
relatively large number of polymer-based FRET systems have been
developed and widely used in specific quantification of cell
indicators including pH, temperature, redox activity, and enzymatic
reactions as mentioned above. With the help of these technologies,
severalmechanisms of cell endocytosis, signaling, apoptosis, aswell
as cancer cell pathogenesis and inflammation have been revealed.
These studies are of great significance for understanding the secrets
of cell life and developing smart materials for early diagnosis and
effective therapy of a wide range of diseases.

In spite of significant progress in the development of FRET-
equipped polymeric probes for bioanalysis, a more sophisticated
designofpolymerarchitecture shouldbe involvedwith theadvances
inchemistryandmaterialsscience.Thefinetuningofamphiphilicity,
ionizable components and labile linkages inpolymer structuresmay
impart sharp transition and signal amplification of biosensors in
response to diverse biological stimuli [25,65,119]. Moreover, FRET
systems incorporating fluorescent dyes or chemiluminescent
luminophores with NIR emission are particular promising for in
vivo use, since the light with long wavelength shows greater
capacity for deep tissue penetration and diminished phototoxicity
[77,120–122]. In addition, it is also imperative to understand the
degradation, metabolism, and long-term toxicology profiles of
fluorescent probes. Hence, [41_TD$DIFF]further studies are still needed to
developed novel kinds of biodegradable and biocompatible
polymeric platforms for effective and safe bioimaging applications.
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