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with their clinical therapeutic effect, is poorly understood at present. This is because of the technical challenges to
quantify the disassembly and behaviour of nanomedicines. As a fluorescence- and distance-based approach, the
Forster Resonance Energy Transfer (FRET) technique is very successful to study the interaction of nanomedicines
with biological systems. In this review, principles on how to select a FRET pair and construct FRET-based

I;gf:srr lése'sonance Energy Transfer (FRET) nanomedicines have been described first, followed by their application to study structural integrity,
Nanomedicines biodistribution, disassembly kinetics, and elimination of nanomedicines at intracellular and in vivo levels, espe-
Integrity cially with drug nanocarriers including polymeric micelles, polymeric nanoparticles, and lipid-based nanoparti-
Biofate cles. FRET is a powerful tool to reveal changes and interaction of nanoparticles after delivery, which will be very
Micelles useful to guide future developments of nanomedicine.

Polymeric Nanoparticles © 2019 Elsevier B.V. Al rights reserved.
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1. Introduction

In the past two decades, there has been explosive increase in pub-
lications, patents, and clinical trials related to the development of
novel nanomedicines for drug delivery, imaging, and diagnosis, such
as liposomes, micelles, polymeric nanoparticles, and quantum dots
etc. With the extremely small particle size, nanomedicines have very
high surface area for reaction and unique physiochemical properties,
which provide potentially wide applications to deliver drugs with im-
proved efficacy (e.g. long circulation in vivo) and reduced toxicity (e.g.
stimuli-responsive targeting). Despite the rapid advancement of the
nanotechnology, only few nanomedicines have entered into clinical
trials and finally approved by FDA. Therefore, many articles have
been published raising doubts about the ‘overpromising’ benefits of
nanotechnology [1]. They further pointed out that the high production
cost, extreme difficulty in industrial scale up, as well as the poor fun-
damental understanding of their interactions with biological systems,
are the main challenges for the successful development of
nanomedicines to bedside applications. Bourquin and coworkers
have raised concerns regarding the limited number of specific, reli-
able, and standard analytical methods for intracellular-, tissue-, and
organ-based quantification of drug nanomaterials, as lack of quantifi-
cation is the main hurdle to elucidate biodistribution, clearance, and
long-term fate of clinically relevant nanomaterials [2]. To address
this issue, Forster Resonance Energy Transfer (FRET)-based ap-
proaches [3,4] have been successfully utilized to study the interaction
of nanomedicines with biological environments to guide
nanomedicine development [3,5], as well as for the visualisation of
molecular signalling for biological systems [6]. Besides classical FRET-
based approaches, other fluorescent probes such as near-infrared

fluorophores and polymer aggregation-caused quenching (ACQ)
probes [7-9], aggregation-induced emission (AIE) probes [10,11], or
combination of these probes with FRET techniques [12] have also
been designed to elucidate the integrity and biofate of nanomedicines
after being delivered into circulation.

Resonance energy transfer was firstly observed by Francis Perrin in
the early 20" century. Then in the year 1948, Theodor Férster further
proposed an equation to quantify the energy transfer efficiency be-
tween fluorophores with a known distance [13], and this is where
the name FRET came from. FRET chromophores represent a unique
class of environment-responsive fluorophores, with the advantage of
high sensitivity, good selectivity, non-radioactive, and non-
invasiveness. Since FRET was first introduced as a physical process in
the 1940's, this fluorescence phenomenon has been extensively ex-
plored to study biological processes. Ma and coworkers summarised
three main reasons for the utilisation of FRET in biological research
[14]: FRET, as a ‘spectroscopic ruler’, is most sensitive to changes in
the distance between the donor and acceptor fluorophores, the dis-
tance range where FRET occurs matches well with the dimensions of
proteins and polynucleotides, and FRET has evolved to provide real
time imaging for living cells especially when FRET is combined with
microscopy as FRET fluorescence-lifetime imaging microscopy (FRET-
FLIM) or with atomic force microscopy (AFM) as AFM-FRET [15]. Al-
though several excellent reviews from experts of biophysics, biology,
materials science, and imaging have covered basic principles of FRET
[16,17], extension to the multiple acceptors for simultaneous detec-
tion of multiple interactions [6], application for protein studies [14],
as well as FRET applications on supramolecular systems [18], there
still lacks a critical review and discussion from a pharmaceutical
point of view to understand the effects of nanocarrier composition
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and properties on the intracellular and in vivo biofate of drug
nanocarriers (e.g. micelles, polymeric or lipid-based nanoparticles,
nanocrystals, and nanoemulsions), which will be valuable for formula-
tion and nanomedicine design in the future. Therefore, the aim of this
review is to introduce the recent applications of FRET in understand-
ing the intracellular and in vivo biofate of nanomedicines, including
construction, stability, drug release behaviour, disassembly kinetics,
elimination, and the nano-bio interactions with lipids, proteins, and
cells within microenvironments in vivo. Herein, we firstly present
the basic principle of FRET and the commonly used donor and accep-
tor fluorophores in drug nanocarriers. We next describe the design
strategy and application of FRET in nanomedicine, their release and in-
teraction within cells during the uptake and transport process, their
integrity, in vivo release, and pharmacokinetics after being delivered
by various delivery routes in mouse and zebrafish.

2. Theory of FRET
2.1. Conditions for FRET to occur

FRET involves a nonradioactive, resonant transfer of electronic
excitation energy from a donor fluorophore in the excited state to
an acceptor molecule in the ground-state, depending upon the
near-field interaction between them [19]. FRET requires a very par-
ticular set of prerequisites for its occurrence. The primary require-
ment for FRET is the integral overlap between the fluorescence
emission spectrum of the donor molecule and the fluorescence exci-
tation spectrum of the acceptor molecule, in order to generate
enough energy for dipole-dipole coupling (Fig. 1). An overlap of
more than 30% is the minimum condition for an efficient, accurate,
and reliable detection of FRET [20]. The secondary requirement for
FRET is a close distance (1-10 nm) between the donor molecule
and the acceptor molecule (Fig. 1).

If a pair of fluorophores has met the specific criteria of FRET, the do-
nor’s excitation may lead to the acceptor’s emission (Fgger), while simul-
taneously quenching the fluorescence of the donor (Fp). As shown in
Fig. 1, in order for FRET to occur, several constraints must be met. For in-
stance, the donor’s emission has to excite the acceptor, in which case Fp
should overlap partially with the excitation spectrum of the acceptor
fluorophore (&,). Briefly, the quantification of overlap can be expressed

FRET
/A

<+«— Acceptor
<10 nm

Donor

Acceptor

Ex. Em. Ex. Em.

"\ Spectral
\ overlap

Intensity

p—

Wavelength (nm)

Fig. 1. Specific requirements for the detection of FRET signals. The spectra of donor
molecule emission (Em.) are overlapped with the spectra of acceptor molecule
excitation (Ex.). The efficiency of FRET appears to be the highest when the energy
transferred from Em. to Ex. is fallen within 10 nm in a parallel orientation. Adapted with
permission from [21]. Copyright (2017) Elsevier.

by J (normalised spectral overlap integral; units M~'cm 'nm*; Eq. 1)
[22].
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FRET efficiency (E) is calculated by dividing the excitation of donor
that caused FRET by the total excitation of donor plus the actual distance
between fluorophores (r) to the power of six (see Eq. 2) [23].

6
RS +16

Ry (or known as Forster distance) indicates the distance at which E is
equal to 50% of the excitation of donor that results in energy transfer
to the acceptor (see Eq. 3) [24].

1/6 3

Ro = 0.0211(Jdpr?n~*)
where 2 is estimated as 2/3 of the free (unbound) dyes, n represents
the refractive index between donor and acceptor molecules, depending
on the composition, size, and structure of the nanocarrier and the loca-
tion of donor and acceptor molecules.

Due to the close relationship between FRET efficiency and donor-
acceptor pair distance, FRET has been used in a wide variety of fields
[25-27]. In the field of nano-drug delivery, FRET can offer a comprehen-
sive information of nanomedicines including nanomedicine design
in vitro stability, intracellular drug release as well as their in vivo biofate
during nano-bio interaction processes [28-30].

2.2. Donor-acceptor selection

Classic FRET fluorophores are listed in Table 1. These fluoro-
phores are originally used as membrane tracers, such as 3,3’-
dioctadecyloxacarbocyanine perchlorate (DiO), 1,1’-dioctadecyl-3,3,3’,
3’-tetramethylindocarbocyanine perchlorate (Dil), 1,1’-dioctadecyl-
3,3,3'3’-tetramethylindocarbocyanine perchlorate (DiD), and 1,1’-

Table 1
Summary for fluorophores discussed in this review
Fluorophore Wavelength Wavelength  Nex®  Nem” &€
range of range of (nm) (nm) (L-mol~'-cm™")
excitation emission
(nm) (nm)
DiO 350-550¢ 475-650¢ 484" 501" 154,000%
Dil 400-605¢ 530-700¢ 549" 5657 148,000¢
DiD 495-700¢ 600-800¢ 644" 6657 264,0008
DiR 500-830¢ 720-900¢ 750" 7797 270,000¢
Cy3 402-610¢ 499-740¢ 555¢  570° 150,000°
Cy5 400-700¢ 600-800¢ 646° 662¢ 250,000
Cy5.5 510-750¢ 635-800¢ 673° 707° 209,000°
Cy7 500-850¢ 700-850¢ 750°  773¢  199,000°
Cy7.5 546-900¢ 750-890¢ 788°  808° 223,000°
Alexa Fluor 400-600¢ 475-680¢ 490" 5257 72,0008
488
Alexa Fluor 360-674¢ 530-700¢ 556" 5737 112,0008
546
BODIPY-FL 400-550¢ 470-640¢ 503¢ 509° 80,000°
BODIPY-TR 448-600¢ 515-700¢ 589° 616° 69,000
FITC 300-540¢ 480-675¢ 490% 5258 78,0008
Coumarin 6 350-505¢ 450-750¢ 467 502\
Rhodamine B 440-585¢ 520-760¢ 555" 5807 \

@ Excitation peak.

Emission peak.

Peak extinction coefficient.

Data obtained from https://searchlight.semrock.com.
Data obtained from https://www.lumiprobe.com.
Data obtained from https://www.biotech.iastate.edu.
Data obtained from https://www.thermofisher.com.
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dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine iodide (DiR). Due
to their short excitation wavelengths and poor tissue penetration, DiO
and Dil are mostly applied in vitro at cellular level. DiD and DiR, active
in the near infrared (NIR) region, possess the advantages of minimal in-
terference of absorbance and fluorescence from biological samples and
improved tissue penetration depth, due to which they are widely used
in vivo (e.g. mouse and zebrafish models).

Cyanine (Cy) dyes (e.g. Cy3, Cy5, Cy5.5, Cy7, and Cy7.5) offer higher
fluorescence stability, better separation from autofluorescence and less
cell damage than other common dyes such as fluorescein isothiocyanate
(FITC), Coumarin 6, and Rhodamine B. However, their fluorescence
spectra and quantum yield are influenced by undesirable aggregation,
non-specific protein binding, and unwanted photobleaching [31,32].
In addition, due to their positive charge [33], Cy dyes tend to accumulate
in specific organelles (e.g. mitochondria) resulting in a negative FRET
phenomenon.

A number of alternatives to the bulky Cy dyes are commercially
available, such as Alexa Fluor 488 and Alexa Fluor 546, which possess in-
creased solubility, environmental stability, and brightness.

Various 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes
(e.g. BODIPY-FL and BODIPY-TR) have been widely developed because
of their photostability and sharp absorption and emission spectra [34].
However, the properties of high hydrophobicity and Stokes shifts of
these dyes might be a problem in FRET measurements.

FRET pairs of these dyes applied in vitro and in vivo are listed in
Table 2. Generally, the environment that nanomedicines encounter in
cells and in vivo is more complex than that in vitro. At cellular level,
endocytic organelles (with different pH, enzymes, and so on) must
be taken into consideration in the selection of appropriate FRET
fluorophores. Fluorophores with excellent sensitivity, desirable tissue
penetration depth, and low fluorescence background are preferred for
their applications in vivo, such as DiD/DiR, Cy5.5/Cy7, and Cy5.5/Cy7.5.
Recently, increasing attention has been paid to the use of upconversion
nanomaterials [35], quantum dots (QDs) [36], polymer dots [37], carbon
dots [38] and AIE dots [39,40] as FRET pairs, which will be described in
section 3.1.3.

2.3. FRET measurements

There are many different methods to measure FRET, such as
sensitised emission, acceptor photobleaching, fluorescence-lifetime im-
aging microscopy (FLIM), spectral imaging, and polarisation anisotropy
imaging [19]. At present, fluorescence spectrometer, fluorescence mi-
croscopy, confocal laser scanning microscopy (CLSM), in vivo imaging
system (IVIS), and spectrum imaging system are commonly utilised to
evaluate the FRET efficiency in vitro and in vivo. In this section, sensitised
emission, acceptor photobleaching, and FLIM-FRET will be introduced
briefly.

2.3.1. Sensitised emission

The fundamental principle of intensity-based FRET measurements is
primarily based on the response of the acceptor emission to the donor
emission. For intramolecular FRET-based sensor, image acquisition is
performed on the fluorescence signals of donor and FRET, and

Table 2

Common donor-acceptor FRET pairs for drug delivery
In vitro In vivo
DiO/Dil [5,28,41,42] DiO/Dil [28,43]
Dil/DiD [44,45] DiD/DiR [46]
Cy3/Cy5 [47] Dil/DiD [44]

FITC/Rhodamine B [48]
Coumarin 6/Dil [30]
Alexa Fluor 488/Alexa Fluor 546 [51] DiO/Rhodamine B [52]
Alexa Fluor 488/Cy5 [53] Coumarin 6/Dil [30]
BODIPY-FL/BODIPY-TR [54] \

Cy5.5/Cy7 [49]
Cy5.5/Cy7.5 [50]

subsequently calculated as the FRET ratio. The calculation of FRET ratio
is relatively similar to the formula of FRET efficiency (E) (see Eq. 4).

_ Fmer 4
Frrer + Fp

The acquisition and processing of in vivo FRET images is relatively
complex, which is attributed to the concentration and localisation of
donor and acceptor molecules as well as the correction for acceptor ex-
citation bleaching and donor emission bleed-through. Thus, multiple
controls and correction factors are required for the calculation of a
corrected FRET image [55]. Nevertheless, there are some advantages of
this method, especially its applicability in a wide variety of fields and
different types of microscopes. Moreover, this method could be applied
to live-cell imaging for studying dynamic cellular events, due to its rapid
image acquisition, depending upon the microscope configuration.

2.3.2. Acceptor photobleaching

The most direct method for FRET detection is through acceptor
photobleaching. The fluorescence emission of donor is enhanced by
the selective depletion of acceptor via photodestruction, presuming
that the absorption of acceptor could be abolished through
photobleaching. A high fluorescence intensity of donor emission could
be used as a reliable indicator, by comparing the images of donor emis-
sion before and after acceptor photobleaching. Here, FRET efficiency E is
dependent upon the donor fluorescence intensity, in the presence (Ips)
and in the absence of the acceptor (Ip), as depicted in Eq. 5.

E—1im 5
Ip

This may be obtained prior to and after acceptor photobleaching
with the same sample to prevent donor concentration changes, as
fluorophore concentration affects the intensity. This approach has
been used with a wide variety of microscopes. However, acceptor
photobleaching possesses several disadvantages. It is highly destructive,
requires longer analysis times, and it is only applicable on fixed sample
preparations. Moreover, the donor may be depleted by this method. De-
spite these limitations, acceptor photobleaching is the first key step in
FRET imaging, owing to its rapid information acquisition to compare
the differences between experimental samples.

2.3.3. FLIM-FRET

FLIM is a method for measuring the lifetime of fluorescence, by using
time-domain or frequency-domain methods [56]. Meanwhile, in FRET,
the lifetime of the donor fluorescence is reduced concomitantly with
the donor quenching in the presence of suitable acceptor. Here, E is de-
pendent upon the ratio of the donor fluorescence lifetimes in the pres-
ence (Tpa) and absence of the acceptor (7p) (Eq. 6).

E—1.DA 6
D

FLIM-FRET overcomes the difficulties that are related to intensity-
based approaches and are suitable for measurement of live cells with
a good time-resolution. The significant advantages of FLIM-FRET in-
clude, but are not limited to, the requirement of only donor imaging, in-
dependence of sample concentration, and high stability against
photobleaching. Nonetheless, the fluorescence lifetime of FLIM-FRET
may be influenced by several environmental factors, including pH, re-
fractive index of the solution, and the presence of ions. FLIM is time-
consuming and requires specialised instruments for both time- and
frequency-domain measurements. In addition, numerous fluorophores
display multi-exponential decay curves in live cells, which necessitates
complex data analysis.
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3. Design strategy and application of FRET in nanomedicine

FRET has been used to assess microcosmic interactions at nanoscale
due to its high sensitivity to the donor’s fluorescence intensity, excited
state lifetime, and distance between fluorophores. Over the past two de-
cades, owing to the increased production of fluorophores and the rapid
development of fluorescent microscopy, FRET has made it possible to
deeply investigate biological processes including protein-protein inter-
actions [57], conformational alterations of stimulated receptor and
membranes [58,59]. With the development of new materials, especially
nanomaterial-based fluorophores, FRET has been intensely utilised in
the field of nanomedicine to monitor the interaction of nanomedicines
with biological environments as well as to visualise the biofate of
nanomedicines in biological systems. Indeed, biomedical research in
nanomedicine is a multi-disciplinary area, and as a bridge, it links up
material/chemistry and biology/medicine. FRET is becoming more and
more important in this area.

3.1. FRET design in nanomedicine possesses distinct properties

Compared to classical FRET in biological applications, its participa-
tion in nanomedicine opens a new avenue in nano-bio interaction in-
vestigations and expands the choices of fluorophores [3]. Thus, the
design and use of FRET in nanomedicine offers its own distinct
advantages.

3.1.1. FRET in analysis of structural features

Fluorophores can be directly conjugated with polymeric materials to
explore the structural features of nanomedicines. In the development of
nanomedicines, the assembly of polymers causes a reduction of inter-
molecular distances. When using a single fluorescent molecule or mul-
tiple FRET pairs as probes, the reduced distance can trigger homo-FRET
or hetero-FRET [60,61], in which the altered spectrum and fluorescence
lifetime can be used as an ‘ON/OFF switch to detect the structural
dynamics of nanomedicines in the fabrication process (Fig. 2A). Con-
versely, when the nanomedicine enters the body and encounters differ-
ent tissue microenvironments, their integrities could also be monitored
with FRET (Fig. 2B) [62]. Recently, development of microenvironment-
sensitive nanomedicines have paid much attention to their ‘intelligent’
characteristics, which increases the targeting efficiency of
nanomedicines by responding with high sensitivity to extrinsic media-
tors (e.g. light, sound, and magnetism) or intrinsic effects (e.g. enzyme,
pH, and reducibility) [63-66]. As a sensitive ‘ON/OFF reporter, FRET is
now gradually becoming the standard technique for the evaluation of
‘intelligent’ nano delivery systems.

Efficient drug loading and release are the key points for successful
development of nanomedicines. By physically loading appropriate fluo-
rescent pairs, FRET can be utilised to evaluate the dynamic processes
during drug loading and release (Fig. 2C) [51]. Besides, FRET between
fluorescent drug and nanocarrier can also be employed in monitoring
drug loading and release by conjugating nanocarriers with fluorescent
labels (Fig. 2D) [12,67]. In this context, an enhanced FRET efficiency in-
dicates successful drug loading, while reduced FRET efficiency is associ-
ated with drug release.

Furthermore, based on the high sensitivity of FRET efficiency for the
assessment of intermolecular distance and orientation, it is reasonably
inferred that FRET can identify and distinguish fine structures in
nanomedicines (Fig. 2E), such as homogeneous mixtures, core-shell or
multilayer structured nanomedicines. Some pioneering work has been
conducted in this field [68].

3.1.2. FRET in the investigation of nano-bio interactions

Nanomedicines and biological molecules can be simultaneously
labelled with FRET pairs to detect nano-bio interactions. Compared
to the pharmacological actions of small molecular drugs, protein reg-
ulatory pathways of nanomedicines are more complicated [69]. FRET

can be used as an efficient tool for the accurate analysis of protein
complexes and the discovery of potential targeting receptors. As
shown in Fig. 2F, FRET efficiency can be assessed by conjugating
fluorophores, forming FRET pairs, to nanomedicines and specific pro-
teins, respectively [70]. If the labelled protein binds to
nanomedicines with high affinity, the acceptor fluorescence inten-
sity and therefore FRET efficiency increases, thus indicating that the
protein is a target of the nanomedicine. Interestingly, this FRET strat-
egy can also be used for the study of known protein-protein
interactions [71]. In this context, nanomaterials usually act as an
amplifier to increase the fluorescence signal derived from the
protein-protein interaction. This method is often used for the design
of biosensors to test the trace biological components [72,73]. Similar
to nano-protein interactions, the impact of nanomedicines on lipid
membranes can also be analysed by FRET (Fig. 2G). However, the se-
lected hydrophobic probes are usually dissolved and flow in lipid bi-
layers but are not fixed to a certain location as in protein labelling
[74]. In addition, partial environment-sensitive lipid dyes are used
and combined with FRET to investigate the effect of nanomedicines
on membrane conformation [75].

3.1.3. Application of novel nanomaterial-based fluorophores

Compared to canonical FRET in the biomedical field, more
nanomaterial-based fluorophores are being incorporated into
nanomedicine for studying their in vitro or in vivo fate [76]. In contrast
to the wusually implemented small molecular probes, some
nanomaterials can act as both drug carriers and fluorophores, due to
their specific nanostructures. These nanomaterials are mainly devel-
oped from inorganic materials, such as semiconductor quantum dots
(QDs) [77], metal organic frameworks, and up-conversion luminescent
nanoparticles (UCNPs), etc [78-80]. Table 3 summarises the common
fluorescent nano entities and their FRET-based biomedical applications.
As a typical example, QDs have been comprehensively utilised in
nanomedicine study because of their high extinction coefficients and
brightness [77]. By varying their size and composition, QDs can have a
wide range of wavelengths, narrow photoemissions, and multiple func-
tionalisation sites, making them very suitable for imaging analysis in-
cluding FRET.

Additionally, it is worth noting that some nanomedicines endow FRET
with other distinct properties, in which the acceptor’s fluorescent intensi-
ties are significantly amplified (Fig. 2H) or attenuated (Fig. 2I) due to the
effects of nano-structures. For instance, some metal nanostructures have
been observed to enhance the fluorescence intensity of organic
fluorophores or QDs, a phenomenon termed metal-enhanced fluores-
cence. Li et al. [81] designed a sensor for target cell imaging based on silver
decahedral nanoparticles (Ag;oNPs), which largely enhanced the fluores-
cence intensity of FITC. Hong and co-workers [82] have reported similar
functions for gold substrates. Some nanomaterials can also attenuate fluo-
rescence signals as “superquenchers”, which are generally used to reduce
background signals (e.g. graphene oxide, gold nanoparticles) [83]. For ex-
ample, Li et al. [84] reported a graphene-based molecular beacon (MB) for
homogeneous DNA detection. In this system, graphene oxide significantly
reduced the background fluorescence of MB, further improved signal-to-
background ratio and, consequently, sensitivity of DNA detection. In sum-
mary, these specific nanomaterials can deliver drugs as carriers while
expanding the selection of FRET pairs and increase the accuracy of FRET
technology for the evaluation of diagnosis and therapeutic applications
of nanomedicine.

3.2. The FRET technology works in multiple stages of nanomedicine delivery
process

As one of the important discoverers of FRET, Forster demonstrated
that the transfer efficiency in FRET depends on the inverse of the
sixth-power of the distance between the donor and acceptor [105],
which indicates energy transfer between fluorophores is highly
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can be amplified (H) or attenuated (I), which endow nanomedicines with multiple functions.

sensitive to micro spacing. Importantly, it means that the changes in in-
termolecular distance in nanomedicine study can be characterised via
FRET, as long as these molecules are labelled with appropriate
fluorophores in FRET pairs. Notably, these distance-associated processes
encompass both the synthesis and biodistribution of nanomedicines.
Therefore, as a versatile strategy, FRET can be applied in multiple
scenarios in nanomedicine research.

3.2.1. Nanomedicine construction

Most nanomedicines, especially those constructed by ‘bottom-up’
strategies, are assembled by polymeric unimers through weak interac-
tions, including hydrophobicity, electrostatic attraction, - interaction,
hydrogen bonding, etc [108]. When the polymers are labelled with FRET
probes, the construction process of nanomedicines can be monitored by
assessing the energy transfer efficiency that is closely related to the dis-
tance between molecules (Fig. 3A). For example, Magnusson et al. [106]
designed a micellar nanoparticle based on DNA conjugates for the
recognition of nucleic acid sequence. In this nano system, two partially
complementary oligonucleotides were separately labelled with
fluorescein and black hole quencher 1 (BHQ-1) as a FRET pair. The fluo-
rescence was quenched when the oligonucleotides combined, which
indicated the successful construction of nanoparticles. By addition of a
complementary strand and sequence-specific unshielding of the
ligand, FRET was disrupted, and fluorescence could be detected
(Fig. 3B).

Besides, FRET can also be used to identify microscopic structures.
Mandal et al. [109] reported a method of studying micelle-to-vesicle
morphologic transitions based on ultrafast FRET. Rhodamine 6G and
Coumarin 153 were chosen as a FRET pair in their work. The increasing
timescale of FRET indicated the increasing distance between donor and
acceptor which led to a further identification of the conversion of micro-
structures during micelle-to-vesicle transitions. In particular, in recent
years, biomimetic nanocarriers based on natural biomembranes have
been found to display long circulation and targeting effects [110].
Lipid fusion is an indispensable method for the functional modification
of materials during the fabrication of these nanocarriers. FRET is an effi-
cient tool for the monitoring and evaluation of membrane fusion by
using liposoluble fluorophores as FRET pairs. For instance, Sato et al.
[111] engineered a novel biomimetic nanocarrier by realising mem-
brane fusion of exosomes with liposomes, and the efficiency of exosome
and liposome fusion was quantitatively evaluated with a FRET assay
using a set of NBD- and rhodamine-labelled lipids.

3.2.2. Nanomedicine stability

In addition to the ‘static’ characterisation of the nanomedicine prep-
arations as previously described, the dynamic process of synthesis can
also be investigated via FRET-based strategies (Fig. 3A). As an example,
Azcarate and co-workers [112] used FRET to monitor the stability of
polymer-coated QDs dispersed in solvents with different polarities
in vitro. In their work, QDs emitting 550 nm were chosen as donors
and coated with a polymer containing a quencher molecule and a



T. Chen et al. / Advanced Drug Delivery Reviews 143 (2019) 177-205 183
Table 3
The common fluorescent nanomaterials and their biomedical applications via FRET
FRET-associated ~ Composition Morphological Examples
nanomaterials characterization Nanoparticles Spectrum FRET pairs Application Ref.
characterization
Quantum dots Semiconductor nanocrystals, Quasi-zero-dimensional ~ CdSe-ZnS QDs Nex: 450 nm, QSY-9, For the design of a maltose  [85]
(QDs) mainly consisting of [I-VI group colloidal nanocrystals Aem: 560 nm biosensor
elements QD490 Aex: 405 nm, ETH 2439 For the design of a [86]
Aem: 490 nm ratiometric potassium
Sensor
CdTe QDs Aex: 380 nm, AuNPs For the detection of a [87]
Aem: 530 nm tumour marker
(carcinoembryonic
antigen)
Metal organic Coordination network consisting ~ Porous nanoparticles NMOF-PVA \ex: 340 nm, ABt, BDP For the design of a [88]
frameworks of metal ions or clusters with densely packed Nem: 420 nm ratiometric peroxynitrite
(MOFs) coordinated to organic ligands oriented structure sensor
TO@UiO-66 Aex: 510 nm, CuO For the detection and [89]
Nem: 560 nm nanoparticles  imaging of H,S in living
cells
Upconversion Lanthanide nanocrystals Nano-size crystalline host NaGdF;@UCNPs Aex: 980 nm, Azobenzene For the bioimaging of [90]
nanomaterials matrix containing Nem: 365 nm tumours
(UCNPs) Lanthanide ions lanthanide-doped \ex: 980 nm, 2'-nitrobenzyl For the design of a metal [91]
@UCNPs Nem: 365 nm photocage ion probe in cells and
group zebrafish (Zn?*+)
NH,-NaYF,@SiO,  \ex: 980 nm, AuNPs For the detection of [92]
UCNPs Nem: 543 nm acetamiprid
Au nanoparticles Colloidal gold nano-size colloidal gold 50 nm AuNPs Fluorescence UCNPs For the design of an [93]
(AuNPs) nanoparticles quenching organophosphorus
pesticides nanosensor
20 nm AuNPs Fluorescence Cy3, Cy3B For the detection of the [94]
quenching protein cardiac troponin T
13 nm AuNPs Fluorescence Rhodamine B For the detection of [95]
quenching Mercury (II) in aqueous
solution
Au nanoclusters  Gold atoms stabilized by small Gold atom clusters with ~ AuNCs@Chi Nex: 405 nm, Cyl For the detection of H,S [96]
(AuNCs) molecules or polymers ultra-small size (<2 nm) Aem: 535 nm
HRP-AuNCs Aex: 365 nm, HRP-AuNCs For hydrogen peroxide [97]
Aem: 650 nm sensing
Ag nanoparticles Nanoparticles consisting of silver  Silver nanocrystals with  Silver triangular Fluorescence QDs For the design of a virus [98]
(AgNPs) or silver oxide various shapes nanoplates quenching antigen sensor
Ag1oNPs Fluorescence FITC, BHQ-1 For target cell imaging [81]
enhancing
Carbon Cylindrical carbon molecules Cylindrical nanostructure  CoMoCAT Fluorescence Nile blue A Expected to be used for [99]
nanotubes SWCNTs quenching molecular diagnostics and
(CNTs) in vitro and in vivo imaging
SWCNTs Fluorescence CdSe-ZnS QDs - [100]
quenching
Graphenes Reticular carbon molecules Two-dimensional carbon ~ SDBS-graphenes  Fluorescence FAM For the detection of [101]
crystal with one atom quenching thrombin
thickness Graphene oxide Aex: 400 nm, AuNPs For the design of an [102]
Aem: 547 nm immuno-biosensor for
pathogen detection
(rotavirus)
Carbon Conoid carbon molecules A high-aspect ratio subset CNHs Fluorescence H,P - [103]
nanohorns of fullerenes with closed quenching
(CNHs) cage structure 0xSWCNHs Fluorescence FAM For the detection of [104]
quenching thrombin

secondary emitting molecule (Alexa Fluor 647). FRET occurred when
polymers correctly assembled on the surface of the QDs, owing to the
appropriate donor-accepter distance. When polymers were stripped
from the QDs, FRET was disrupted and the fluorescence signal of QDs
could be detected easily. Notably, the design of environment-sensitive
nanomedicines aims to maximise the therapeutic effect of the loaded
drugs. These ‘intelligent’ nanomedicines can respond to the microenvi-
ronment, and then release drugs at a specific spatio-temporal site,
protecting drugs against degradation, and avoiding side effects [113].
Intriguingly, FRET can directly monitor the dynamics of drug release.
Miteva and co-workers [51] investigated the intracellular drug release
of micelles by co-loading dsDNA molecules separately labelled with
the FRET pair Alexa Fluor 488 and Alexa Fluor 546 in micelles. They
used FRET signals to visualise the process of drug release at the cellular

level. FRET signal was higher when the pair of fluorescent molecules
was entrapped in micelles, and it decreased when the fluorescent mol-
ecules were released.

3.2.3. Biofate

Efficient delivery to target organs or cells is a key point of biomedical
applications of nanomedicines. Thus, exploration of the fate of
nanomedicines during the delivery process is essential for the assess-
ment of therapeutic efficiency. As shown in Fig. 3A, from macroscopic
to microcosmic, the process of nano delivery mainly involves three
stages, including tissue distribution, cellular transport, and molecular
interaction [114]. Nanomedicines have different biological behaviours
at each stage due to the changed microenvironments [115]. Similar
to the ‘static’ characterisations (such as the evaluation of structural
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characteristics or the drug loading of nanomedicines), ‘dynamic’
characterisations (such as the evaluation of the structure stability,
drug release or the environmental response of the nanomedicines)
in vitro along with the structural changes of nanomedicines in tissues
and cells can be detected by FRET. However, more factors need to be
carefully considered when using FRET to examine the biofate of
nanomedicines, because physiological environments in tissues and
cells are more complicated than those encountered in vitro. Abundant
research in nanomedicine has focused on FRET to improve its accuracy
and sensitivity for better diagnostic and therapeutic applications
[116,117]. For instance, Bouchaala et al. [118] described a methodology
for monitoring the integrity of lipid nanocarriers in vivo by FRET. Cy 5.5
and Cy 7.5 were selected as a FRET pair and were co-encapsulated in
lipid nanocarriers. The use of near infrared fluorescent dyes enhanced
the tissue penetration of FRET signals and allowed the monitoring of
the biofate of nanocarriers in vivo.

Additionally, in cellular studies, most nanomedicines enter cells via
vesicle-mediated pathways and undergo a pH gradient as they move
from endosomes to lysosomes. FRET is highly sensitive to these changes
in cellular environments. As a typical example, Wang et al. [107] utilised
a series of ‘ultra-pH-sensitive’ (UPS) nanoparticles containing FRET-
paired fluorophores to detect the maturation of endosomes in HeLa
cells. The fluorescence of the donor was quenched when UPS nanopar-
ticles were in the micelle state and recovered after micellar disassembly
at a responsive pH. In this nano system, FRET signals reflect the struc-
tural change in nanoparticles, revealing the maturation process of
endosomes (Fig. 3C). Nevertheless, these few examples do not cover
the multiple applications of FRET to the complex and diverse biofates
of nanomedicines. Therefore, we will further expand and highlight
these studies in the following sections.

3.3. General design strategies of FRET in nanomedicine

Based on the theory of FRET, nanomedicine can be tactfully designed
according to its different applications. The selection of donor and accep-
tor should be considered firstly. The spectral overlap between donor
emission and acceptor excitation is a necessary condition for FRET and
appropriate spectral overlap makes it easier and more sensitive to de-
tect FRET signals. Some intelligent designs of FRET can also be achieved
through proper donor/receptor selection in according with its applica-
tions in nanomedicine. For example, some liposoluble fluorophores
could be used as FRET pairs for the study on nanomaterial-
biomembrane interaction because of their diffusivity from
nanomaterials to lipid membranes [46]. The sufficient tissue penetra-
tion of FRET signals is necessary for monitoring the biofate of
nanocarriers in vivo. So, some near infrared fluorescent dyes (Cy 5.5,
Cy 7.5) [118] or nanomaterials (UCNPs) [90] are more suitable to be se-
lected as FRET pairs in the research. In addition to traditional FRET pairs,
some special fluorophores with aggregation-caused quenching (ACQ)
or aggregation-induced emission (AIE) properties are alternative in
the design of FRET in nanomedicine. Some pioneering work has been
conducted in this field [12,97].

The appropriate distance between donor and acceptor is an impor-
tant guarantee for FRET to occur. The distance variation between
donor and acceptor can directly changes FRET signals. The nano-size

of nanomaterials makes it easier to keep the donor and the receptor
close enough together. In the design of nanocarriers based on FRET,
FRET pairs could be physically entrapped in nanocarriers or conjugated
with nanocarriers or drugs covalently, then the FRET of drug-drug [51],
drug-carrier [12,67] can be observed when nanocarriers are structured
stably. When the structure of drug loading nanocarriers changes, the
distance of FRET pair changes, resulting in the variation of FRET signals.
This can be used in monitoring drug release and integrity of
nanocarriers [51,118]. By labelling nanocarriers and environmental sub-
stances with FRET pairs respectively, FRET turns on when the donor and
acceptor are close enough, and this strategy is frequently utilized in
studies on nano-bio interaction [70,74]. It is worth mentioning that
the FRET process is not limited on the intermolecular but also intramo-
lecular FRET process. In this case, FRET occurs by connecting donor with
acceptor in a molecular and the variation of distance of FRET pair can be
implemented by breaking the linkers or changing molecular conforma-
tion [12,84,119].

The conversion strategy of FRET “on/off” should also be considered
in the design of FRET nanosystems. FRET turns on when: (a) the exis-
tence of donor and acceptor; (b) the appropriate distance between
donor and acceptor, and turns off when any of the conditions is not sat-
isfied. Accordingly, numerous of methods of converting FRET “on/off”
are design in applications of FRET in nanomedicine. Firstly, the conver-
sion of FRET “on/off” can be implemented by destroying or recovering
the donor-acceptor system. When nanocarriers containing FRET pair
are exposed to environments in vitro or in vivo, the donor or acceptor
can interact with some substances in the environment (e.g. H,S [89],
GSH [119]) and change its spectral properties, resulting in the conver-
sion of FRET “on/off”. This method is usually employed in trace sub-
stance detection or stimuli-responsive imaging and drug release. The
variation of distance between donor and acceptor can also cause the
conversion of FRET “on/off”, so several methods based on this can be
utilised in the design of FRET in nanomedicine. The physical diffusion
of FRET pairs entrapped in nanocarriers can cause the separation of
donor and acceptor, resulting in FRET turns off [46]. In addition, the
structure variation of nanocarriers can change the distance between
donor and acceptor and lead to the conversion of FRET signals, such as
the assembling or disassembling of nanocarriers. It is often used to mon-
itor the construction and integrity of nanocarriers in vitro and in vivo
[51,111,118]. In some FRET systems designed in nanomedicine, the
maintenance of distance between donor and acceptor relies on a proper
linker. In these systems, the destruction or recovery of linker can cause
the conversion of FRET signals (from “on” to “off” or from “off” to “on”).
The type of linkers could be either chemical connection (e.g. chemical
bonds, small molecular) [88] or biological connection (e.g. protein,
nucleic acid) [98]. Besides, some design of FRET system based on macro-
molecule can also change the distance of FRET pair by conformational
change, resulting in the conversion of FRET signals [84]. By combining
with the construction of nanomaterials, the conversion of FRET signals
can be more intelligently implemented. Nanocarriers constructed with
stimuli-responsive materials can change their structures in different en-
vironments, which causes the conversion of FRET “on/off” [107]. This
design strategy can be utilized in tumor imaging and monitoring
nanomedicine intracellular transport. Also these stimuli-
responsiveness can be involved in the design of linkers between donor

Fig. 3. FRET works in multiple stages of nanomedicine delivery process. (A) FRET as a versatile technology can be utilized throughout the whole studies of nanomedicines, from preparation
and characterization to the biofate analysis including tissue distribution, cellular transport and molecular interaction with biomembranes (B) The construction and dynamics of
nanomedicines can be characterized by FRET strategy. As an example, DNA conjugate micelles were fabricated. Functionalization of one DNA conjugate strand with a biorecognition
ligand results in shielding of the ligand when in the micelles, while encoding of the DNA sequences with overhangs allows supramolecular unpacking by addition of a complementary
strand and sequence-specific unshielding of the ligand. When the DNA strand was labeled with FRET probes, the molecular assembly/disassembly and ‘on-off’ switch of the
recognition signal is visualized by FRET pair signaling, allowing direct and amplified readout of nucleic acid sequence recognition. Adapted with permission from [106]. Copyright
(2014) Royal Society of Chemistry. (C) The biofate of nanomedicines can be sensitively monitored via the FRET effect among fluorescent labeled polymer materials. A pH-activatable
micellar nanoprobes were prepared by using the PEO-b-(PR-r-TMR) copolymers as the schematic design. At pH>pKa of ammonium groups, the neutralized PR segments self-assemble
into the micelle cores, leading to quenching of fluorophores by homo FRET mechanisms. Upon pH activation (pH<pKa), formation of charged ammonium groups results in micelle
dissociation into unimers with a dramatic increase in fluorescence emission. The subcellular location showed that different nanoprobes could accurately indicate the alteration of pH
microenvironments during the endocytosis process. Adapted with permission from [107]. Copyright (2011) John Wiley and Sons.
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and acceptor [88] or conformational variation [101]. By conditions re-
sponsively varying linkers’ situation and conformation, the conversion
of FRET signals can be implemented. These design strategies have
been widely utilized for trace substance detection in vitro and in vivo.

4. Intracellular fate of nanomedicines by FRET

When nanomedicines are administrated by various routes, the envi-
ronment that nanomedicines encounter within the cells (e.g. cell sur-
face proteins, endocytic organelles, and pH) is more dynamic and
rigorous than that encountered in vitro. At the cellular level,
nanomedicines firstly interact with cell membranes and are then
taken up into the cells, transported in endosomes and different organ-
elles, and finally transported across the cells. Even though some intact
nanocarriers are internalised into cells, most of them may suffer from
disassembly, degradation in lysosome, and releasing the drug in cyto-
plasm, which makes it hard for transcellular transport. It is well
known that free drugs from disintegrated nanocarriers are different
from drugs encapsulated in nanocarriers, which results in differences
in cellular pharmacokinetic profiles. Therefore, the elucidation of the in-
tracellular fate of nanomedicines is meaningful for the development of
nanomedicines. Many characterisation approaches such as dynamic
light scattering (e.g. particle size, distribution, and zeta potential mea-
surements), microscopy (e.g. transmission electron microscope, AFM,
and CLSM), and spectroscopy (e.g. ultraviolet-visible spectroscopy, Fou-
rier transform infrared spectroscopy, and nuclear magnetic resonance)
can investigate the overall structure of nanocarriers or individual com-
ponents but not their integrity and structural changes. However, FRET
is a very powerful technique to detect the static and dynamic
characterisations of nanomedicines in cells (described in detailed in sec-
tion 3). For this reason, FRET is widely applied to study the intracellular
fate of nanomedicines, such as interaction with cell membranes, intra-
cellular itinerary and co-localisation, intracellular integrity monitoring,
and transcellular integrity monitoring.

4.1. Interaction with cell membrane

Interaction with cell membrane is the first step for nanomedicines
during cellular internalisation. FRET is able to evaluate this process,
helping to understand the mechanisms underlying cellular
internalisation. Polymeric micelles are core-shell nanoparticles that
have been widely used as drug delivery vehicles. When the polymeric
micelles are close enough to the cell membrane, FRET can monitor
whether micelles fuse with cell membranes or whether drug is released
during the fusion process. Xiao and colleagues performed FRET to eval-
uate the cellular uptake and release of poly(ethylene glycol)-b-poly(D,
L-lactic acid) (PEG-PLA) polymeric micelles incorporating Nile red (M-
NIR) [120]. Fig. 4A depicts the phenomenon of FRET between the DAF
(5-dodecanoylaminofluorescein)-inserted cell membrane (donor) and
M-NIR (acceptor). To monitor the in vitro drug release of PEG-PLA mi-
celles and verify whether the micelles can interact with cell membrane,
A2780 human ovarian cancer cells were incubated with DAF, M-NIR,
and their combination. The images of DAF, FRET, and Nile red channels
were visualised and acquired using confocal microscope. Interestingly,
the fluorescence emission of DAF increased in the DAF channel, and
the fluorescence emission of Nile red similarly increased in the Nile
red channel (Fig. 4B). On the contrary, with the combined stimulation
of DAF and M-NIR, the fluorescence intensities of FRET and Nile red
channels increased, whereas the fluorescence intensity of DAF channel
reduced. Besides, the FRET ratios of all the randomly selected regions
were elevated from O to approximately 0.5 over time (Fig. 4C). These re-
sults indicate that M-NIR interacted with the cell membrane and re-
leases the drugs rapidly into the cell membrane.

In addition, Zou and colleagues have developed a FRET method for
noninvasive in vitro monitoring of drug release from PEO-PS (poly
(ethylene oxide)-block-polystyrene) nanoparticles [46]. To evaluate

whether nanoparticles remain intact in the cell medium, the PEO-PS
nanoparticles carrying two different lipophilic dyes (with DiO as
donor and Dil as acceptor), at a close proximity of less than 10 nm,
were synthesised. FRET signals are generated from the excessive accu-
mulation of DiO and Dil in the cell membranes of MDA-MB-231 cells.
The FRET ratio of PEO-PS nanoparticles is higher in the cell mem-
branes than in the medium, indicating that DiO and Dil are rapidly re-
leased from PEO-PS nanoparticles into extracellular space. The higher
FRET ratio in the cell membranes may be partially attributed to the ex-
cessive accumulation of the two free dyes on the cell surface and the
closer proximity between them. Moreover, they also incorporated
oleic acid-coated iron oxide nanoparticles into the PEO-PS nanoparti-
cles to inhibit the release of unbound dyes, from the nanoparticles
into medium, thus transferring more dyes for interaction with the
cell membranes [46].

FRET is also often employed to identify the interactions between
nanocarriers and cell surface proteins. For instance, Zhao et al. synthe-
sised Ag nanoparticles conjugated with sgc8 aptamer (Apt-AgNPs)
and employed FRET to detect the protein-specific cell surface sialylation
[121]. CCRF-CEM cells were labelled with Cy5 and treated with Apt-Cy3-
AgNPs, specifically tethered to the cell-membrane protein tyrosine
kinase-7 (PTK7). Strong FRET signals were detected on the cells with
PTK7, which signified the specificity of Apt-Cy3-AgNPs for PTK7 and
thereby their utility for the imaging analysis of PTK7 expression sites
on the cell surfaces.

4.2. Intracellular itinerary and co-localisation

The second step in nanoparticle internalisation is the endocytosis
of nanomedicines into cells and transport across endosomes and dif-
ferent organelles. FRET can be used to track their itinerary in cells,
which may help us to understand the fate of nanomedicines after
cellular internalisation. After endocytosis, as the nanomedicines
travel from early endosomes to late endosomes to lysosomes, they
encounter a continuous pH change from 7.2 (extracellular environ-
ment), to 6.0-6.5 (early endosomes), to 5.0-5.5 (late endosomes),
and finally 4.0-4.5 (lysosomes). In Wang’s lab, they developed a se-
ries of pH-specific nanoparticles to investigate the functional range
of organelles [122]. In the applications of drug delivery, endosomes
are the first intracellular organelles encountered after nanocarriers
are internalised into cells (endocytosis) [123]. Many nanocarriers
are developed to release the therapeutic drugs in early endosomes
and thus to get away from the degradation in lysosomes [124]. How-
ever, investigation of endosome/lysosome biology using the tradi-
tional approaches, suffer from undesirable effects encountered in
acidic organelles. The use of FRET can be applied for evaluating the
intracellular itinerary and localisation of nanocarriers in different
organelles.

In a recent study, Chen et al. have utilised N-palmitoyl chitosan bear-
ing a Cy5 moiety (Cy5-NPCS) to synthesise a pH-responsive nanocarrier
for an efficient delivery of doxorubicin (DOX) to cancer cells [25]. In
their research, at a pH > 7, the donor (DOX) and the acceptor (Cy5)
are in a close proximity for FRET to occur. At a low pH, the amine groups
in Cy5-NPCS are protonated, resulting in the FRET pair to separate from
each other. After treatment of HT1080 cells with Cy5-NPCS nanoparti-
cles for 30 min, fluorescence is only observed in the first channel
(Cy5), indicating high FRET efficiency in the caveolae/caveosomes
(Fig. 5). After incubation for 1 h, the intensity of Cy5 markedly decreases
with a weak fluorescence of DOX in the cytosol (the second channel in
Fig. 5), suggesting the swelling of nanoparticles. At 4 h, no fluorescence
of Cy5 was observed (the third channel in Fig. 5, FRET off) due to the
trafficking of nanoparticles into the late endosomes/lysosomes (more
acidic organelles). However, the strong signal of DOX was observed in
the cytosol, indicating that DOX was released from Cy5-NPCS nanopar-
ticles into the cytosol. Over time (12-24 h), DOX fluorescence was ob-
served and accumulated in the cell nuclei. Taken together, the findings
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suggested that DOX fluorescence is initially observed from the NPCS
nanoparticles trafficking across the slightly acidified environment of
the early endosomes. Subsequent to their transport into late
endosomes/lysosomes, DOX was released into the cytosol and then
steadily accumulated in the nuclei, resulting in cytotoxicity.

In order to improve biocompatibility as well as sensitivity of a FRET
system, Chen et al. employed the CdZnSeS/ZnS alloy core/thick-shell
QDs as donor for FRET-based applications [125]. The red fluorescence
from FRET after excitation of the donor QDs was detected on the HeLa
cell membrane, following treatment for 1 h. Additional FRET signals
were observed after 4 h of treatment as the positively-charged sensor
could augment cellular uptake and internalisation (Fig. 6A). Further-
more, huge yellow spots (merged green QDs donor fluorescence and
red FRET acceptor fluorescence) were visualised, indicating that QDs-
PEG-PDDLG/Cy3-HSA sensor remained almost intact after 4 h. As the
rapid lysosomal escape ability is a key prerequisite for a prospective
protein carrier, the fluorescence images of cells incubated with QDs-
PEG-PDDLG were studied. Green, red, and blue colours correspond to
fluorescence of QDs-PEG-PDDLG, lysosomes, and nuclei, respectively,
whereas yellow regions designate the merged green QDs-PEG-PDDLG
and red lysosomes. Following 2 h of treatment, the colocalisation of
QDs-PEG-PDDLG with lysosomes was demonstrated by the yellow

spots in the cell interior (Fig. 6B). As the incubation time increased (4
h), CLSM images displayed weak red fluorescence and dispersive
green fluorescence with no yellow fluorescence, indicative of the escape
ability of the carriers. The lysosomal escape of QDs-PEG-PDDLG could be
attributed to the pH-dependent protonation of diethylenetriamine moi-
eties in the polymer ligand side chains. Additionally, a biocompatible
and nontoxic FRET probe was reported by Kulkarni and Jayakannan
[126], wherein, a m-conjugated oligo-phenylenevinylene (OPV)
fluorophore was selected as the FRET donor and conjugated with the
PCL triblock copolymer. This copolymer self-assembled as <200 nm
spherical NPs (FRET donor) and could encapsulate Nile red (FRET accep-
tor) to form the OPV-NR FRET probe, which was rapidly taken up by
cancer cells and internalised in the cytoplasm and peri-nuclear environ-
ment [126]. Lee and colleagues developed a QD-FRET pair by attaching
QDs to PEI and Cy5 to small interfering RNA (siRNA) [127]. When incu-
bation with QDs-PEI/Cy5-siRNA complexes in human prostate carci-
noma (PC-3) cells, QDs-PEI/Cy5-siRNA complexes were located in
endosomes until 2 h treatment. After treatment for 2 h, Cy5-siRNA
was dissociated from QDs-PEI/Cy5-siRNA complexes, and unpacked
QDs-PEI and Cy5-siRNA were observed in the endosomal compartment.
After treatment for 6 h, siRNA was completely released and sequestered
in the cytoplasm.
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4.3. Intracellular integrity monitoring

After internalisation into cells, nanomedicines interact with dif-
ferent organelles (endosomes, lysosomes, endoplasmic reticulum,
and Golgi apparatus etc.). Whether nanomedicines remain intact or
dissociate in cells directly governs the efficacy of drugs. Most
nanomedicines are designed to improve systemic circulation, to pre-
vent drug release in cells or drug release from nanomedicines at in-
appropriate sites, as it also affects the treatment efficacy. FRET has
also been introduced for intracellular integrity or release behaviour
monitoring, based on the approximate distance needed for FRET to
occur. Selected applications related to the intracellular integrity of
nanocarriers, analysed by FRET, are listed in Table 4. The FRET fluo-
rescence pairs are loaded into various nanocarriers (e.g. micelles,
polymeric nanoparticles, nanocrystals, nanoemulsions, and mesopo-
rous silica nanoparticles) and observed after treatment with cells.
FRET pairs are primarily loaded into the hydrophobic domains of
nanocarriers. While in some studies, one of the fluorophores is con-
jugated with the polymer and interacts with the other one in hydro-
phobic domains of nanocarriers. Among these studies, DiO/Dil FRET
pair is most widely used for incorporation in the nanocarriers, possi-
bly due to its stability and efficient energy transfer ability.

Meanwhile, the in vitro FRET evaluation of nanomedicines is mainly
performed on cell models including MDCK cells, Caco-2 cells, KB
cells, MDA-MB-231 cancer cells, and HeLa cells. FRET signal is de-
tected by different techniques, but most frequently by CLSM to mon-
itor the intracellular behaviours.

Several studies have reported FRET analysis by loading both DiO and
Dil into the micelle core, in order to assess the intracellular integrity,
upon interaction with cells [41,42,128,129]. Under the conditions,
where micelles are intact, FRET can be detected at the excitation wave-
length of 484 nm (donor) and the emission wavelength of 565 nm (ac-
ceptor). Following the dissociation of micelles, an increased emission of
donor at 501 nm and a reduced emission of acceptor at 565 nm are ob-
served, indicating the longer distance between DiO and Dil. Our group
has synthesised three amphiphilic polymers containing hydrophilic
and hydrophobic blocks, namely, poly(ethyl ethylene phosphate)-co-
poly(e-caprolactone) (PEEP-PCL), poly(ethylene glycol)-co-poly(e-
caprolactone) (PEG-PCL), and poly(ethylene glycol)-(distearoyl-
snglycero-3-phosphoethanolaminen) (PEG-DSPE), in order to synthe-
sise different micellar systems [42]. Additionally, we have evaluated
the effects of the polymer structures on the mechanism of nanoparticle
internalisation and transport across epithelial cells. Using FRET, we
found that all the micellar systems are shown to be intact within 4 h.
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Furthermore, PEG-DSPE micelles demonstrate the most active and rapid
transport, followed by PEG-PCL and PEEP-PCL, in the undifferentiated
Madin-Darby canine kidney (MDCK) cells (for endocytosis and exocyto-
sis analyses) and the differentiated MDCK monolayers (for transcytosis
study).

In addition to intact micelles, stimuli-responsive nanocarriers have
received increasing attention over the past decade, especially in the
field of cancer therapy. For instance, Guo and colleagues have developed
pH-triggered polymeric micelles for targeted anti-tumour drug delivery
[119]. In the study, camptothecin (CPT) is transformed into (CPT),-ss-
Mal dimer, and the FRET signals generated from the interaction be-
tween CPT molecules and reduction-labile maleimide thioether bond
are used for intracellular monitoring of drug release. The blue fluores-
cence channels (Aex = 370 nm, A, = 438 nm) represent the fluores-
cence intensities of CPT (donor), whereas the green fluorescence
channels (Ae;, = 550 nm) represent the fluorescence intensities of
Mal (acceptor). The reduced intracellular environment is expected to
induce the breakage of maleimide thioether bond after cellular
internalisation, and subsequently lead to the release of CPT from (CPT)
»-ss-Mal into the cells. Overall, this procedure can be self-assessed

through FRET signals. As demonstrated in Fig. 7A, in the absence of
CPT leakage, MDA-MB-231 cells exhibit an enhanced cellular uptake,
as indicated by green fluorescence at 30 min. From 45 to 90 min, blue
fluorescence is observed in the cells, instead of green fluorescence, sug-
gesting that the CPT is released from the (CPT),-ss-Mal. A green fluores-
cence, of relatively low intensity, is detected in DA-TAT-PEG-PCL group
at pH 7.4, but not PEG-PCL and TAT-PEG-PCL groups, indicating the cel-
lular uptake of CPT from these micelles is relatively slow (Fig. 7B). How-
ever, at pH 6.8, DA-TAT-PEG-PCL micelles are significantly internalised
and CPT is fully released within 2 h, which is similar to the strong blue
fluorescence observed in TAT-PEG-PCL group. Additionally, the results
of flow cytometry analysis confirm the pH-dependent endocytosis of
DA-TAT-PEG-PCL into the cells. For DA-TAT-PEG-PCL group, the fluores-
cence intensity of CPT is comparatively higher at pH 6.8 than pH 7.4
(Fig. 7C). However, there are no significant differences in the fluores-
cence intensities of CPT at pH 7.4 and 6.8, in both PEG-PCL and TAT-
PEG-PCL groups (Fig. 7C).

In addition, Pu and colleagues have synthesised N-palmitoyl chito-
san (NPCS) bearing a hydrophobic Cy3 moiety (NPCS-Cy3) as a pH-
responsive nanocarrier to enhance the uptake and delivery of curcumin
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Table 4
A list of selected applications on intracellular fate of nanomedicines by FRET
FRET pair nanocarriers Donor Detection Cell lines FRET signal Ref.
(donor/acceptor) /acceptor  Apparatus
location
DiO / Dil PEEP-PCL, PEG-PCL  C/C CLSM MDCK cells FRET signal can be observed in MDCK cells at ~ [42]
and PEG-DSPE 1h and 4h but disappeared at 8h.

micelles

mPEG-PLGA c/C CLSM and MDCK cells, MDCK monolayer The intracellular FRET ratio decreased from [28]

nanoparticles microplate reader 0.87 to 0.79 after 2h, while in basolateral

chamber ratio decreased to 0.53.

nanocrystals c/C CLSM and MDCK cells, MDCK monolayer The intracellular FRET ratio decreased from [5]

microplate reader 0.92 to 0.63 after 1h, while in basolateral
chamber ratio decreased to 0.36.

PEG-PDLLA micelles C/C CLSM and KB cells FRET signal outside the cell was strong, while [128]
luminescence inside was weak.
spectrometer

nanoparticles c/C CLSM MDA-MB-231 cancer cells FRET ratios increased in cell membranes [46]

Dil /DiD lipid nanocapsules c/C CLSM HEK293 (33) cells (HEK293 cells  FRET ratio of LNCs group was higher than LNEs [44]

(LNCs) and transfected with human (33 group

nanoemulsions integrin)

(LNEs)

lipid nanocapsules c/C Fluorescence Caco-2 monolayer FRET signal can be observed in basolateral [132]

(LNCs) and spectrophotometer chamber of LNCs group, while disappeared in

nanoemulsions NEs group.

(NEs)

Cy3/Cy5 polymeric micelle c/C Flow cytometry HuH-7 cells FRET efficiency decreased with incubation [133]
time increase. And the FRET signal still existed
after 24h.

NA P/P CLSM and A2780 ovarian cancer cells and FRET signal decreased in cancer cells from [47]
fluorescence NIH3T3 cells 4h - 24h, while remain stable in normal cells.
spectrometer

Coumarin / FITC Mesoporous silica P/P CLSM HelLa cells FRET signal was negative corelated with the [134]
nanoparticles intracellular glutathione concentration

(MSNs)

Curcumin / Cy3 chitosan polymeric  C/P CLSM RAW264.7 macrophages cells FRET signal was strong at 15min and 1h but [27]
nanoparticle start to decrease after that. By 4h, the signal
was almost diminished.
Doxorubicin / Cy5 chitosan polymeric  C/P CLSM Human fibrosarcoma (HT1080) FRET signal was strong at 30min and start to ~ [25]
nanoparticle cells decrease after 1h. after 4h, the signal could not
be observed.
BODIPY1 / BODInD-Cl mPEG-DSPE micelle C/C CLSM Raw264.7 macrophages cells FRET signal switched off when there was a [135]
high level of H,S in cells.
Perylene / curcumin / Curcumin c/C/C (CLSM A549 cells FRET signal gradually decreased from 0.5h - [130]
5,10,15,20-tetro nanoparticle 8h
(4-pyridyl) porphyrin
Camptothecin (CPT) / PEG-PCL polymeric C/C CLSM MDA-MB-231 cells FRET signal switched off under [119]
maleimide thioether micelle glutathione-triggered condition

bond
BODIPY (558/568 nm) /
BODIPY (630/650 nm)

Fluorescent
microscopy

polylactide based P/P
magnetic NPs

Rat aortic smooth
muscle cells (A 10) and BAECs
-X cells

FRET signal decreased with the degradation [136]
status of nanoparticles

QDs (400/630 nm)/ Cy5.5 lipoprotein-based c/C fluorescence J774A.1 macrophage FRET signal can be observed within 10min, [137]
nanoparticles microscopy after that signal disappeared.
QDs (405/580 nm)/Cy3  nanoparticles c/C CLSM HelLa cells FRET signal can be observed at 1h and 4h. [125]
oligo-phenylenevinylene PCL nanoparticle P/C CLSM and Cell HelLa cells, breast cancer (MCF 7)  FRET signal can be observed in the [126]
(OPV) fluorophore / analyzer cells and Wild type mouse aforementioned cells

Nile red (NIR)

embryonic fibroblasts cells

a.C/ C: both the donor and acceptor fluorescence were loaded in the carrier; C/P: donor was loaded in the carrier, and acceptor was conjugated with polymer on the carrier; P/ C: donor
was conjugated with polymer, and acceptor was loaded in carrier; P / P: both the donor and acceptor were conjugated with polymer.

[27]. The localisation of NPCS-Cy3 and the intracellular release of
curcumin are detected by FRET. The findings suggest that the nanopar-
ticles are disintegrated and curcumin is completely released at an intra-
cellular level. Pu et al. fabricated redox-responsive polymer dots with
disulfide cross-linked polymers to allow quenching, by loading
BODIPY into the matrix [37]. The disulfide cross-links aided in the disin-
tegration of the system by intracellular glutathione, resulting in fluores-
cence recovery of BODIPY and drug release. Zhang and coworkers
developed a nanodrug self-delivered system without using any inert,
for the purposes of diagnosis, treatment and monitoring the release of
drugs into the cells [130]. In this system, a curcumin matrix was co-
doped into the FRET pair of perylene (donor) and 5,10,15,20-tetro (4-
pyridyl) porphyrin (acceptor), which served as an anticancer chemo-
therapeutic agent. From the FRET analysis, the obtained green

fluorescence of curcumin molecules was quenched in the nanoparticle
form and recovered upon its release into the tumour cells, offering
real-time self-monitoring abilities. This self-monitored and self-
delivered nanodrug system exhibits a broad application for the future
treatment of cancers. Besides, Wu et al. designed lipoplexes and
polyplexes for nuclei acid delivery and used QD-mediated FRET to eval-
uate intracellular integrity of lipoplexes and polyplexes [131]. In this
study, QD605-amine and Cy5 labelled oligodeoxynucelotides (ODN,
Cy5-GTI2040) were chosen as the PRET pair. After incubation with
lipoplexes and polyplexes in KB cells for 4 h, lipoplexes and polyplexes
were fully internalised into cells, and most of the lipoplexes and
polyplexes remained intact. After 48 h post incubation, most of the
lipoplexes and polyplexes broken up and little FRET-mediated Cy5 sig-
nal was detected.
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4.4. Transcellular Integrity Monitoring

There are many biological barriers in vivo, such as intestinal epithe-
lial barriers, respiratory epithelial barriers, blood-brain barrier, and
blood-eye barrier, which consist of closely connected epithelial mono-
layer. In order to deliver drugs into the targeted sites (like blood circu-
lation, brain, and eyes), the drugs should not only be internalised into
cells, but also transported across the epithelial monolayer.
The nanomedicines must traverse these biological barriers in an
intact form to maintain their properties and provide desirable efficacy.
Therefore, it is essential to monitor the integrity of nanomedicines, dur-
ing the transcellular transport. However, transcellular transport of
nanomedicines through epithelial barrier is still largely unclear. Hence,
further research is required to develop nanomedicines as well as to
study their transcellular integrity. FRET signals can monitor the integrity
of nanocarriers and calculate the amount of intact nanocarriers after
transcellular transport.

In our previous study, FRET was used to measure the integrity of
mPEG-PLGA (methoxy poly(ethylene glycol)-b-poly(lactic-co-
glycolic acid)) nanoparticles transported transcellularly across
MDCK epithelial cells [28]. The mPEG-PLGA nanoparticles were en-
capsulated with a DiO and Dil mixture in a 1:1 ratio (DiO/Dil-NPs),
in order to determine their transportation ability across MDCK cell
monolayers (Fig. 8A). The FRET signals of DiO/Dil-NPs diluted in ac-
etone and water were measured at 420 nm excitation wavelength
and 485-700 nm emission wavelengths. As shown in Fig. 8B, a high
intensity of Dil signal (red curve) and FRET ratio of 0.89 were found
after diluting the DiO/Dil-NPs in water. These positive results were
probably due to the short distance between of DiO and Dil. In

contrast, after dissolving DiO/Dil-NPs in acetone, the peak was
shifted from 565 to 505 nm, suggesting that the FRET pair may be
separated by acetone (green curve). Furthermore, the fluorescence
intensities of DiO/Dil-NPs were measured in both apical and
basolateral chambers. As shown in Fig. 8C, the initial ratio of FRET
is 0.89 in the apical chamber which was reduced to 0.82 after incuba-
tion for 2 h, indicating that the nanoparticles remain intact in the
cells. Meanwhile, in the basolateral chamber, the FRET signal was
still present at a ratio of 0.53, suggesting that a proportion of intact
nanoparticles was transported across the basolateral membrane.

To enhance the transportation of nanocarriers across the cells, a lipid
covered saquinavir pure drug nanoparticle (Lipo@nanodrug) has been
recently reported by synthesising the saquinavir nanoparticle with
phospholipid bilayers [138]. Xia et al. have reported that the transcellu-
lar transport of Lipo@nanodrug is increased by 1.92- and 3.75-folds
compared to pure nanodrug and coarse crystals, respectively. After
reaching the target cells, Lipo@nanodrug was found in the Golgi appara-
tus and endoplasmic reticulum, and the transcytosis of Lipo@nanodrug
may be induced in the intestinal epithelial cells. Dai et al. evaluated the
integrity of liposomes and lipid disks while crossing the blood-brain
barrier (BBB) and blood-brain tumour barrier (BBTB) in vitro [139].
FRET nanocarriers were prepared through encapsulation of DiO, Dil,
and DiD into liposomes and lipid disks. It was observed that liposomes
and lipid disks remain intact in the cytoplasm and cross the BBB with
a ratio of 0.68% and 1.67%, respectively, whereas they cross the BBTB
with aratio of 2.31% and 8.32%, respectively. Collectively, a deep under-
standing on the transport mechanisms of the nanocarriers is required at
the cellular, tissue, and systemic levels, in order to develop the better
nanodrug delivery systems. In addition, the delivery efficiency and the
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apical chamber before the transportation, the spectra generated from both (b) apical and (c) basolateral chambers after 2 h of transportation. The occurrence FRET is indicated by red

arrow. Adapted with permission from [28]. Copyright (2017) American Chemical Society.

cellular toxicity of nanoparticles are closely related to their capabilities
of internalisation and intracellular transport across cellular monolayers.

5. In vivo fate of nanomedicines revealed by FRET

Despite the extensive in vitro studies performed on many novel
nanomedicines, described in section 4, relatively little information has
been revealed about the in vivo fate of nanomedicines including the in-
tegrity, bio-distribution, disassembly kinetics, and elimination etc.,
which are crucial to determine their in vivo bioactivity. As we known,
the in vivo fate of nanomedicines mainly depends on their intrinsic prop-
erties such as composition, stability, drug release behaviour, compatibil-
ity, degradability, and their interactions with lipids, proteins, and cells
within a microenvironment. The environment a nanomedicine encoun-
ters in living systems (e.g. multiple biological components, severe micro-
environments, and biological barriers) is much more complex than that
encountered in vitro, after a nanomedicine is delivered by different
routes, especially for drugs loaded into novel functional nanocarriers

for targeted delivery, prolonged circulation as well as for microenviron-
ment responsive properties. Certain techniques (e.g. the dynamic light
scattering) have been successfully utilised to monitor the dynamic size
changes of nanoparticles in vitro, but their low sensitivity and interfer-
ence from biological components still limit their applications in vivo.
To circumvent this problem, as a non-invasive and real-time imaging
technique, FRET has been widely utilised to evaluate and track
nanomedicines including polymeric micelles, polymeric nanoparticles,
and lipid-based nanoparticles in in vivo systems, as shown in Table 5. It
is interesting to note that except normal and disease mice models,
zebrafish has emerged as a new model to evaluate integrity of
nanomedicines by FRET. The selection of FRET pairs such as DiD/DiR,
Cy5.5/Cy7, Cy5.5/Cy7.5, and QD710/Cy7 are more specific in vivo than
in vitro, and are only suitable to be used in vivo and imaged by IVIS Spec-
trum, as discussed in section 2.2 in detail. While for the DiO/Dil, Cy3.5/
Cy5, and QD610/Cy5.5 FRET pairs, which are widely used in cells, they
could also be used for imaging histologic sections by CLSM and superfi-
cial blood vessels in vivo by intravital CLSM. Nanomedicines are
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administrated by tail vein injection, intraperitoneal injection,
peritumoural injection, subcutaneous injection, and oral route, where
FRET signals of biological samples including the whole body, organs, tu-
mours, blood vessels, and plasma are imaged and analysed by IVIS Spec-
trum, CLSM, and spectrofluorometer. The appearance of FRET signal
indicates that intact drug nanoparticles exist in vivo, while the FRET
ratio changes with time suggesting the dynamic disassembly of drug
with its nanocarriers. Depending on the selected FRET pairs and
nanocarrier compositions, FRET-based technologies have been widely
applied to track the in vivo fate of drug nanocarriers, to guide the devel-
opment of nanomedicines.

5.1. In vivo imaging of FRET based nanocarriers

Compared with FRET imaging in vitro and at the cellular level, the re-
quirements for FRET imaging in vivo are much more demanding and
challenging, such as higher sensitivity, deeper tissue penetration, and
less background fluorescence interference. While some FRET-based
nanoparticles are very appropriate for imaging in vivo due to the advan-
tage of nanoparticle-integrated FRET. Firstly, incorporation of a FRET
pair inside nanoparticles is favourable for fluorescence resonance en-
ergy transfer and can be used to enhance fluorescence intensity
in vivo, which distinguishes the integrity of nanocarriers from free
fluorophore molecules, as well as monitors their dynamic disassembly
by analysing FRET signal changes. Secondly, the FRET emission by
dyes, such as DiD, DiR, Cy7, and Cy7.5 in the near infrared region can im-
prove tissue penetration and reduce the auto-fluorescence. FRET gener-
ates a larger Stokes shift of the emission maxima, which also could
minimise the crosstalk between excitation and emission, as well as re-
duce the background signal. Besides, FRET-based nanoparticles could
protect fluorophores from interaction with biological components and
getting rapidly cleared from the body, which leads to less quenching
and allows long-term and sensitive tracking in vivo. Finally, nanoparti-
cles preferentially accumulate at the tumour site via enhanced perme-
ability and retention (EPR) effect, which helps in tumour imaging and
diagnostic applications.

At present, FRET-based nanoparticles have been developed and ap-
plied for animal studies. Law’s group synthesised DiD and DiR encapsu-
lating, FRET-based PEG-PLGA polymeric nanoparticles for NIR and
in vivo FRET imaging. These nanoparticles were brighter than quantum
dots, stable in biological media, and demonstrated a potential for imag-
ing applications [151]. Except the one-step FRET which occurs between
two fluorophores, two steps or multiple FRET nanoparticles where FRET
occurs sequentially between three or more fluorophores have also been
applied for imaging in vivo [139,152]. It was also Law’s group [152]
which further developed a series of FRET PEG-PLGA polymeric nanopar-
ticles with sequential and multiple FRET for multicolour and
multiplexed imaging by encapsulation of a combination of DiO, Dil,
DiD, and DiR in the core. The optimised nanoparticles Q7 (DiO: Dil:
DiD: DiR=1:1:0.2:0.2) simultaneously emitted fluorescence at three
different wavelengths (Red: 570 nm, Far red: 669 nm, NIR: 779 nm)
for multicolour imaging via sequential and multiple FRET at Nex
485 nm (Fig. 9A). Three other optimised nanoparticles D6 (DiO: Dil:
DiD: DiR=1:1:0:0), T3 (DiO: Dil: DiD: DiR=1:1:0.5:0), and M5 (DiO:
Dil: DiD: DiR=1:0:0:0.05) emitted maximum fluorescence intensities
at 570, 672, and 777 nm, respectively for multiplexed imaging upon ex-
citation at 485 nm (Fig. 9B). When subcutaneously injected into the ab-
domen of mouse for whole-body imaging in vivo, T3 and M5 were 10
times brighter than the QDs (Fig. 9C and D). Furthermore, D6, T3, and
M5 have been used together as a multiplexed platform for in vivo imag-
ing with the calculated signal-to-noise ratios increasing in the following
order: D6<T3<M5 (Fig. 9E and F). The multiple FRET nanoparticles
could further be used to identify multiple cell types and tissue struc-
tures, as well as to image the delivery and biodistribution of drug
nanocarriers.

In addition, the semiconducting polymer nanoparticles (SPNs) com-
prising a semiconducting polymer as donor and NIR as acceptor in the
core, can be also used for FRET to improve the NIR quantum yield and
enhance NIR fluorescence, which is a new class of optical nanomaterial
for molecular imaging [153,154]. As well as the AIE dots, such as AIE-
active polymer, as FRET donors were beneficial for the nanoparticle-
based FRET systems [12,155]. Moreover, self-luminescing biolumines-
cence resonance energy transfer (BRET) which is analogous to FRET, en-
abled near-infrared imaging and cancer therapy in vivo without external
light excitation, replacing the donor energy by a light-emitting protein,
such as coelenterazine [156,157] and luminol [158]. Xiong et al further
developed the BRET-FRET nanoparticles integrating BRET and FRET,
which are well suited for lymph-node mapping and cancer imaging
[159]. In the following part, we will systematically discuss the FRET-
based nanoparticles to probe the fate of drug nanocarriers in vivo, in-
cluding polymeric micelles, polymeric nanoparticles, and lipid-based
nanoparticles.

5.2. The biofate of drug nanocarriers in vivo

5.2.1. Polymeric micelles

Polymeric micelles are ultrafine core/shell nanostructures (10-100
nm) which can be readily modified chemically and are an effective de-
livery system in cancer therapy. The amphiphilic block copolymers
such as PEG-PLA, PEG-PCL, PEG-PLGA, and Pluronic block copolymers
can self-assemble above their critical micellar concentration (CMC).
Compared with conventional surfactant micelles, polymeric micelles
have better kinetic and thermodynamic stability with a remarkably re-
duced CMC, and have a slower rate of dissociation, allowing retention
of loaded drugs for a longer period. The hydrophilic block forms the
shell layer of the micelles whereas the hydrophobic block forms their
core. The hydrophilic shell layer such as PEG enhances systemic circula-
tion and improves bio-distribution in vivo. However, all of these advan-
tages of micellar carriers are dependent on their fate in vivo, especially
their integrity and disassembly kinetics.

Compared with other static and stable nanoparticles, micelles pos-
sess a thermodynamically self-assembled structure, which could be
changed to free monomers reversibly and inevitably after disintegra-
tion. When polymeric micelles enter into living system by intravenous
injection, they are diluted rapidly by massive amount of blood and col-
lide at high velocity. In addition, the interaction of lipids and protein as-
semblies in human plasma with polymeric micelles also could lead to
the disintegration of nanoparticles and therefore drug release. As previ-
ous studies have shown, nanoparticles in biological fluids rapidly
adsorbed lipids and proteins on their surface, forming the protein co-
rona [160,161]. The so-called ‘protein corona’ largely determines the
biofate of nanoparticles in vivo [162]. Simultaneously, these biological
components also could destabilise the structure of nanoparticles, pro-
moting an early disintegration and premature drug release before
reaching the site of action [163]. For example, the lipoprotein in vivo,
such as chylomicron (CM), low density lipoprotein (LDL), and very
low density lipoprotein (VLDL) significantly disrupt the assembly struc-
ture of drug nanocarriers due to a similar amphiphilic nature [52].

At present, many FRET-based methods have been developed to re-
veal the integrity and mechanism of disassembly of polymeric micelles
invivo. Chen et al. investigated the self-assembly of PEG-PDLLA micelles,
encapsulating DiO and Dil as a FRET pair in the core, in vivo by FRET
[141]. At a close proximity of the FRET pair in the micellar core,
in vitro, an efficient FRET signal was observed, and the FRET ratio was
nearly 0.89. Once the PEG-PDLLA micelles were injected into the
BALB/c mice, by tail vein injection, a sharp fall of FRET ratio to 0.39
was observed in the ear blood vasculature. The PEG-PDLLA micelles
disintegrated rapidly and the lipophilic agent was released completely,
in the blood stream, in an uncontrolled fashion. Besides, five compo-
nents like red blood cells, albumin, a-, 3-, and <y-globulins in blood
were also tested, by FRET changes, in their experiments. It was revealed



Table 5
The applications of FRET for probing the fate of drug nanocarriers in vivo
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Nanocarriers Donor/ Position  Animal model Delivery route Test method Sample Initial ~ FRET ratio changes Disassemble Ref.
Accepter a FRET rate
ratio (Integrity %)
Polymeric PEG-PCL micelles DiO/Dil Cc/C Zebrafish Oral CLSM Intestine 047 1h: 0.75/4h 0.45 Rapid [140]
micelles PEG-PDLLA micelles DiO/Dil C/C Balb/C mice Tail vein Intravital CLSM Ear blood vessels 0.89 15min:0.46/3h: 0.39 Rapid [141]
injection 0.92 15min:0.58/1h:0.51/6h:0.42/12h:0.38 [43]
PEG-PPLG Micelles Cy5.5/Cy7.5 P/P Balb/C mice Ex vivo IVIS Blood 0.94 0 min: 0.8/72h: 0.5 Slow [142]
C/P 0.85 0 min: 0.4/4h: 0.28 Rapid
PEG-CAg micelles DiO/RB Cc/p Nude mice Spectrofluorometer Blood plasm 0.79 0 min:0.45/18 min:0.2 Rapid [52]
PEG-PCL micelles Cy5/Cy5.5 P/P Tumor-bearing Blood plasm 0.83 15min: 0.57/30min:0.47/24h:0.33 Rapid [143]
mice
Polymeric mPEG-PLGA NPs DiO/Dil c/C Zebrafish Incubation CLSM Whole body 0.89 1h: 0.84/12h: 0.4/48h:0.32 slow [28]
NPs C12 PEG-PLGA NPs Cy3.5/Cy5 C/C Tumor-bearing Tail vein Intravital CLSM Tumor vasculature (A/D)  10min:0.1 Rapid [49]
OLA PEG-PLGA NPs nude mice injection 1 10min:0.25 Moderate
PLGA PEG-PLGA NPs 10min:0.65 Slow
C12 PEG-PLGA NPs Cy5.5/Cy7 VIS Whole body 10min:0.18/1h:0.15 Rapid
OLA PEG-PLGA NPs 10min:0.35/1h:0.2 Moderate
PLGA PEG-PLGA NPs 10min:1/1h:0.25 Slow
ROS responsive PEG-PPS NPs  DiO/Dil c/C C57 mice Intraperitoneal  Ex vivo IVIS Organs n/a n/a Slow [144]
Sepsis mice injection significant decreased Rapid
mPEG-(Cys)4-PDLLA NPs Balb/C mice Tail vein Intravital CLSM Ear blood vessels 0.95 15min:0.84/1h:0.77/6h:0.58/12h:0.54 Slow [43]
injection Tumor 6h:0.31 Rapid
PEG-Cys4-CAg NPs DiO/RB C/P Nude mice Tail vein Spectrofluorometer Blood plasm 0.84 0 min: 0.6/18 min: 0.35 Moderate [52]
injection
Enzyme responsive NPs FAM/ RB P/P Nude mice Tail vein VIS Tumor n/a FRET signal: 8 days Cleared slowly [145,146]
Enzyme non-responsive NPs injection FRET signal: 1h Cleared rapidly
pH responsive Polymer NPs ~ DOX/BTTPF Cc/p ICR mice Tail vein VIS Organs n/a FRET off Disintegrated [147]
injection Tumors FRET on Integrated
PEO-PS NPs DiD/DiR c/C nude mice VIS Whole body 0.89 Omin: 0.89/2h: 0.48 Rapid [46]
Oleic acid-coated iron oxide Omin: 0.89/6h: 0.56 Slow
PEO-PS NPs
Lipid-based  Lipid nanoparticles Dil/DiD c/C Tumor-bearing Tail vein VIS Liver (A/D)  (A/D)1h:0.313/5h:0.194/24h:0.111 46.7%/14.3%/0% [44]
NPs nude mice injection Tumor 0.5 (A/D)1h:0.307/5h:0.216/24h:0.172 45%/20%/8.3%
CLSM Tumor (A/D)1h:0.283/5h:0.146/24h:0.057 38.8%/11%/5.1%
Lipid nanoparticles QD610/Cy5.5 Cc/pP nude mice tail vein Intravital CLSM Tumor vasculature n/a Omin: 0.5/30min: 0.47/2h: 0.41 Rapid [62]
injection Tumor interstitium Omin: 0.5/30min: 0.52/2h: 0.46
VIS Whole body FRET signal decreased
Lipid nano-emulsion c/C Healthy nude Tail vein VIS Tail vein 0.85 15min: 0.85/6h: 0.75 100%/93% [118]
droplets mice injection Liver 15min: 0.85/6h: 0.55/24h: 0.4 100%/66%/20%
Tumor-bearing Tail vein 15min: 0.85/6h: 0.58 100%/70%
nude mice Tumor 15min: 0.85/6h:0.4/24h: 0.25 1009%/40%/0%
lipid nanoemulsions DiD/FP730-C18 C/C nude mice Tail vein VIS Whole body n/a Imaging of FRET signal changes Slow [148]
lipid nanocapsules injection Rapid
PEG lipid nanocapsules Moderate
Liposomes Pyro/Bchl P/P nude mice VIS Whole body Imaging of FRET signal changes Slow [149]
Liposomes DiO/Dil/DiD C/C/C Nude mice Tail vein VIS Brain n/a 3-12h: FRET increased; 12-24h: FRET Integrated [139]
injection CLSM Tumor decreased
Lipid disks VIS Brain
CLSM Tumor
Others Thermosensitive PECT FITC/RB P/P Nude mice Subcutaneous VIS Subcutaneous 0.835 D1-D21:0.76 Slow [150]
micelles hydrogel injection injection site
Tumor-bearing Intraperitoneal Organs and tumor
nude mice injection
Peritumoral CLSM Tumor Unchanged
injection Organs
Nanocrystals C6/Dil C/C Zebrafish Incubation CLSM Whole body 0.94 n/a Integrated [30]
Pure drug nanoparticles Cy5.5/Cy7.5 Cc/C Nude mice Tail vein VIS liver 0.85 35min: 0.3/2h: 0.15 56%/10% [50]
injection

a. C/C: both the donor and acceptor were loaded in the carrier; C/P: donor was loaded in the carrier, and acceptor was conjugated with polymer on the carrier; P/C: donor was conjugated with polymer, and acceptor was loaded in carrier; P/P: both the
donor and acceptor were conjugated with polymer.
b. The disassemble rate was judged according the conclusion in paper.
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respectively. Adapted with permission from [152]. Copyright (2013) John Wiley and Sons.

that a- and -globulins are the main factors responsible for the disinte-
gration of micelles in the blood stream. In addition, Li et al. [52,164] also
demonstrated the easy and rapid disassembly of polymeric micelles in
blood streams of mice (which reduced their anticancer effect in vivo)
by FRET. For targeted polymeric micelles, the integrity and stability of
micellar nanocarriers are essential for efficient drug delivery. Our
group [140] has demonstrated, by FRET, that transferrin receptor-
targeted 7 peptide-decorated DiO/Dil PEG-PCL micelles could be
absorbed partially in an intact form across the small intestinal epithelial
barrier in a visual zebrafish model, after oral administration (Fig. 10).
The FRET ratio in the basolateral side of the intestine decreased after 2
h, which also confirmed that some micelles were disassembled during
delivery into the body.

Since the hydrophobic FRET pair (DiO and Dil) can be together en-
capsulated into the core of micelles, as mentioned above, the behaviour
of the polymers after being delivered into the body could not be moni-
tored. Therefore, Morton and Zhao explored association of micellar
unimers and unimer-drug association by FRET but with a different label-
ling position [142]. Two different FRET PEG-PPLG micelles have been
formulated including the blank micelles and drug loaded micelles. The
blank micelles were formulated by a mixture of PEG-PPLG-Cy5.5 and
PEG-PPLG-Cy7, where the FRET pair was conjugated on each polymer
respectively, (Fig. 11A) to probe the association of unimers in the
blank micelles in vivo. The drug-loaded micelles were fabricated using

PEG-PPLG-Cy7 to encapsulate Cy5.5 as the model drug and to probe
the in vivo association of the unimer-drug (Fig. 11F). Two kinds of
FRET PEG-PPLG micelles were observed with different FRET signal in-
tensities distributed in the mice body, by IVIS, after administration via
the tail vein (Fig. 11B and G). The FRET efficiency (FRET ratio) of the
blank polymeric micelles in blood barely changed (between 50 and
85% for up to 72 h), and was much higher than drug-loaded polymeric
micelles, the FRET efficiency of which was only 37%, after administration
(Fig. 11D and I). Notably, the blank micelles had a longer circulation and
slower clearance, in vivo, as shown in Fig. 11E and J. The biodistribution
based on the FRET measurement demonstrated that most of the blank
polymeric micelles remain intact in circulation after 24 h, while only a
small amount was observed in the clearance organs, such as the liver,
spleen, and kidneys. In contrast, the drug-loaded polymeric micelles
had a stronger fluorescence signal in the clearance organs than in the
circulation after 8 h. The drug-loaded micelles were easier to disassem-
ble in vivo than blank micelles and were rapidly cleared from the circu-
lation. Therefore, incorporation of drug in the micellar core had great
influence on the stability of the micelles, where blank polymeric mi-
celles actually were more stable than drug or fluorescent molecule-
loaded micelles, in vivo.

What is the mechanism of clearance of polymeric micelles from the
body? Do micelles clear as intact moieties or as unimers? Sun et al. [ 143]
compared the in vivo behaviours of two different polymeric micelles



196

T. Chen et al. / Advanced Drug Delivery Reviews 143 (2019) 177-205

PCL

B Nucleus DiO

2h

——RODR
——ROD ——ROD3
ROI ROM
200 40 ——ROIS
2N e —a—ROI6
- = ——ROU
: < ——ROIS
& 150 — 30 —a—ROD
) —+—ROI10
é‘ ‘é‘ —a—ROI1
E 100 5 20
2 £
= [S=]
= 50 10
0 0 S
500 550 600 650 700 3 5 5 700
Wavelength (nm) Wavelength (nm)
E 20 1 —*—Rol F 70 11
i ——ROR "
H ROI3 . —e=530mm
H ROI4 60 F
i —e—ROIS ——572nm 41 08
~ 15 i —e—ROI6 — _——3
5 ! ——RoOD ;50 F ! :
2 i =eptn =3 —e—FRET ratio
=, i ——ROIY 340 I 4 06
——ROI10 S
é‘ ——RoOll1 S
7 —a—RoOIN2 L
k= =20 f
4 0.2
10 t 3
0 N N N N 0
700 0 1 2 3 4 5

Wavelength (nm) Time (h)

FRET ratio



T. Chen et al. / Advanced Drug Delivery Reviews 143 (2019) 177-205 197

using FRET technology: PEG-PCL micelles which are easy to disassemble
and PEG-PS micelles which are highly stable with a glassy core and
strong hydrophobicity of the PS block. The hydrophobic block tail end
was conjugated with Cy5 and Cy5.5, as donor and acceptor for FRET
(Fig. 12A). They found that the micellar stability affected their blood
clearance. Once injected intravenously, the PEG-PCL micelles immedi-
ately disassembled into unimers by the blood shear and proteins (albu-
min), and were cleared rapidly from the blood stream and sequestered
into the liver as unimers. While, the intact PEG-PS micelles were diffi-
cult to clear, which spread over the whole body and accumulated less
in the liver but more in the spleen and tumour (Fig. 12B and D). Kupffer
cells are resident macrophages in the liver, which are responsible for
clearance of foreign substances in blood. After blocking the phagocytosis
of liver macrophages by GdCl; pretreatment, PEG-PCL micelles also
spread widely in the whole body and were largely distributed in the
spleen, rather than the liver, which was very different from the GdCls-
untreated mice. The GdCl; pretreatment did not significantly change
the biodistribution of PEG-PS micelles (Fig. 12C and F). Therefore, it
could be concluded that the Kupffer cells sequestered unimers rather
than the micelles.

5.2.2. Polymeric nanoparticles

Polymeric nanoparticles are solid particles or particulate dispersions
with a size in the range of 10-1000 nm, where the drug is encapsulated
in the polymer matrix. The common polymers used for drug delivery are
poly (lactic-co-glycolic acid) (PLGA), poly (lactic acid) (PLA), poly
caprolactone (PCL), and poly (glycolic acid) (PGA), which are biocom-
patible and biodegradable in vivo. Compared with the polymeric mi-
celles, polymeric nanoparticles possess a static and compact structure
and are more stable in vivo. They are also grafted with hydrophilic mol-
ecules (e.g. PEG) to enhance their circulation in vivo or are modified
with ligands for targeted drug delivery, as well as linked with functional
groups for environment responsive drug release. FRET is widely used to
investigate the disassembly kinetics and biodistribution of polymeric
nanoparticles in vivo, especially for novel functional nanocarriers.

Although polymeric nanoparticles are more stable than polymeric
micelles, similar to polymeric micelles, the incorporation of drug also
significantly disrupts the stability and integrity of polymeric nanoparti-
cles. Zhao et al. have illustrated, by FRET, that the improvement of drug-
carrier compatibility significantly enhances the circulation stability and
therapeutic effect of polymeric nanoparticles in vivo [49]. The Cy7-CA,
Cy7-C12 to Cy7-OLA with increasing hydrophobicity or Cy7-PLGAy
with higher miscibility as acceptor and Cy5.5-PLGA as donor were en-
capsulated into PEG-PLGA nanoparticles for whole body imaging by
IVIS; while Cy5-X (X= C12, OLA, or PLGA;y) and Cy3.5-PLGA were
used to investigate the drug release kinetics in the vasculature in real
time by intravital CLSM on a window chamber mouse model. All three
model drugs exhibited a burst in drug release with a sharp FRET ratio re-
duction at the beginning. The dissociation rates of drug-carrier followed
the order: C12> OLA> PLGA,y, which is in the same order of their hydro-
phobicity and miscibility. They further demonstrated that either im-
proving the miscibility or increasing the hydrophobicity of drug
resulted in stronger drug-carrier associations and slower drug release
in circulation, enhanced drug delivery efficiency in tumour, and im-
proved antitumour effects. Therefore, the properties of drug-carrier,
like hydrophobicity and miscibility, could significantly influence the sta-
bility, drug release, delivery efficiency, and therapeutic effect of drug
nanocarriers in vivo. Interestingly, our previous work has utilised a vis-
ible and dynamic zebrafish model [28] with FRET to demonstrate that

small-sized mPEG-PLGA nanoparticles were gradually dissociated with
time. And the mPEG-PLGA nanoparticles of Schisantherin A enhanced
the blood-brain barrier delivery efficiency and anti-parkinsonian
activity.

FRET has also been widely used to monitor the dynamic changes
of environment responsive functional polymeric nanoparticles
in vivo. For instance, polymeric nanoparticles crosslinked by disul-
fide bonds have been used to stabilise nanomedicine in circulation
and control drug release in reductive environment in cancer cells,
as demonstrated perfectly by FRET [43,52]. Lee et al. [43] synthesised
DOX mPEG-(Cys)4-PDLLA nanoparticles (DS), crosslinked by disul-
fide bonds, and investigated their fate in vivo by FRET imaging and
compared their anti-tumour activity with self-assembled non-
crosslinked mPEG-PDLLA micelles (SA) (Fig. 13A). The DiO and Dil
were encapsulated into the core to monitor the integrity and drug re-
lease kinetics of SA and DS NPs by FRET imaging in the blood vessels
of the ear lobes after tail vein injection. As shown in Fig. 13B, the
FRET ratio of SA micelles in bloodstream rapidly decreased, indicat-
ing that polymeric micelles were easy to disassemble in blood-
streams and lost their drug contents. In contrast, the FRET ratio of
DS NPs in bloodstream slowly decreased due to the stabilisation by
disulfide bond crosslinking (Fig. 13C). However, in the reductive en-
vironment of tumour cells, that have high glutathione (GSH) concen-
tration, the FRET ratio also rapidly decreased to 0.31 at 6 h (Fig. 13D
and E). In addition, DS NPs remained intact with a strong FRET signal
in tumour free tissues, like liver, spleen, lung, and kidney (Fig. 13F).
The blood-stable and tumour-adaptable DS NPs significantly en-
hanced the long circulation and anti-cancer effect of the drug
in vivo, which inhibited tumour growth in mice (Fig. 13G and H).
FRET analysis showed that the DS nanoparticles were stable in
blood and retained the drug contents in the NP core during circula-
tion in vivo, then disassociated and triggered drug release in re-
sponse to the high GSH levels in cancer cells. Except for the GSH
responsive disulfide bond crosslinked polymeric nanoparticles, pH
[147], reactive oxygen species (ROS) [144], and enzyme [145,146]
responsive polymeric nanoparticles and thermosensitive hydrogels
[150] were also evaluated by FRET to verify their environment re-
sponsive drug release properties and biodistribution. Therefore,
these series of FRET methods are powerful for probing the biofate
of drug nanocarriers.

5.2.3. Lipid-based nanocarriers

Due to the low toxicity, good biocompatibility, biodegradability, and
drug encapsulation capability, lipid-based nanocarriers are widely used
as potential carriers for drug delivery. These generally include lipid
nanoparticles, lipid nano-emulsions, lipid nano-capsules, and lipo-
somes. Although many lipid-based drug nanocarriers have been applied
in clinic, such as liposomes, emulsions, and solid lipid nanoparticles, the
understanding of their biofate in vivo is still very poor. At present, some
studies have been carried out to reveal the biofate of lipid-based
nanocarriers by FRET, which would help to guide the development of
lipid-based drug nanocarriers.

Compared with polymeric nanoparticles, lipid-based nanocarriers
are relatively soft and friable, especially in the presence of rapid blood
streams and in the presence of all kinds of physical interactions with
lipids, proteins, and enzymes under in vivo environments. Because of
the fact that lipid-based nanocarriers can exchange components with
lipids and proteins, they are easily degraded by enzymes in vivo [165].
Zhao et al. developed QD-based lipid nanoparticles for a FRET-based

Fig. 10. Integrity of PEG-PCL polymeric micelles in the intestine of adult zebrafish by FRET after oral administration. (A) Diagram of the FRET 7pep-DiO-Dil-Micelle and reported their
integrity by change in their emission; (B) Confocal fluorescence microscopy analysis of the intestine of adult zebrafish after oral administration of 7pep-DiO-Dil-micelle at 1, 2, and 4
h. DiO and FRET channel were observed using excitation wavelength of 488 nm. Emission wavelengths between 500 and 530 were used for DiO channel imaging. Emission
wavelengths between 580 and 650 nm were used for FRET channel imaging. The excitation wavelength of confocal lambda scan was 488 nm and \-scan range was from 500 to 700
nm. Scale bar: 25 and 50 um. (C-E) Spectral analysis of 12 ROIs at 1, 2, and 4 h; arrows indicate N DiOem, (530 nm). (F) Monitoring of fluorescence of micelles during the intestinal
absorption. Emission intensities of donor (530 nm) and acceptor (572 nm) and FRET ratios were shown as the mean from the ROIs. Adapted with permission from [140]. Copyright

(2018) American Chemical Society.
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Fig. 11. Biological behaviour of blank and drug-loaded micelle formulations in vivo by FRET. (A) FRET blank micelles prepared on the basis of independently fluorophore conjugated
unimers mixed in equivalent ratio and (F) drug-loaded micelles on the basis of fluorophore-conjugated unimers with an encapsulated FRET pair as model drug. The biodistribution of
FRET (B) blank micelles and (G) drug-loaded micelles in whole body of mice imaged using IVIS imaging. Top row corresponds to the donor fluorescent channel, Nex = 640 nm, Aey =
700 nm; bottom row corresponds to FRET fluorescent channel, Nex = 640 nm, N, = 800 nm. Liver association is identified (circle and arrow) in the first image displayed post-
systemic administration for reference. Biodistribution of (C) blank micelles after 24 h and (H) drug-loaded micelles after 8 h (n = 3). Liver (Li), Spleen (S), Kidneys (K), Heart (H),
Lungs (Lu), and Blood (Bl) extracted for each FRET micelle treatment and an untreated control for autofluorescence background. Below the image is quantification of recovered
fluorescence (units of radiant efficiency) following background subtraction of autofluorescence from the untreated control. FRET efficiency of (D) blank micelles and (I) drug-loaded
micelles in circulation as a function of time (determined from live-animal bleeds following systemic administration). Initial FRET efficiency reported as that obtained immediately
following doping of blood collected from an untreated animal with the micelle formulation. Data represents mean + SEM. Circulation profile of FRET (E) blank micelles and (J) drug-
loaded micelles, displaying percent of injected dose fluorescence recovered as a function of time. Adapted with permission from [142]. Copyright (2014) Elsevier.

monitoring of the disassembly kinetics of self-assembled lipid nanopar-
ticles in real time, by in vivo FRET imaging after intravenous administra-
tion [62]. The QDs were coated with dye-DMPE and PEG-DSPE
monolayers. Two kinds of FRET lipid nanoparticles were synthesised
for IVIS and CLSM imaging, respectively. The QD710-Cy7-PEG lipid
NPs were used for whole body live imaging using a Xenogen IVIS Spec-
trum imaging system. The FRET signal was observed in the whole body
and the NPs accumulated in the tumour as early as 30 min post-
injection. The quenching of FRET emission and de-quenching of QDs in
the tumour site and ex vivo organs revealed the disassociation of Cy7-
lipid from QDs. The Cy7-lipids were mostly taken up by the kidneys

and liver for subsequent renal clearance. In addition, the lipid NPs
were also drained from the tumour and migrated to inguinal lymph
nodes, within minutes, and disassembled gradually after injecting into
the periphery of solid tumours in nude mice. Then, the QD cores were
retained in the inguinal lymph nodes and lipids were excluded which
subsequently underwent renal clearance. To study the disassembly ki-
netics of lipid NPs in tumour blood vessels and tumour interstitium,
by intravital CLSM, they synthesised another FRET-based lipid NPs,
QD610-Cy5.5-PEG, with absorption at a shorter wavelength. Their
study showed that most of the QD610-Cy5.5-PEG lipid-NPs were
disassembled in the blood circulation after the initial 2 h, with the
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with a FRET pair of Cy5 (donor) or Cy5.5 (acceptor). The in vivo imaging (B, C) and biodistribution (D, E) of PEG-PCL (or PS)-FRET i.v. injected in tumor-bearing nude mice without (B, D) or
with (C, E) GdCl; pretreatment. (B) Mice were i.v. injected with PEG-PCL-FRET at 10 mg/kg and imaged at 0.5, 2, and 6 h and then sacrificed and dissected, and (D) the polymer
concentration in each tissue was analyzed. (C) Mice were i.v. administered with GdCl; at 15 mg/kg at 48, 24, and 6 h prior to the injection of the polymer solution and then
(E) analyzed as in (D). Data are reported as the mean (SD) for triplicate samples. The imaging was taken by the FRET fluorescence (Ex/Em = 640 nm/720 nm). Adapted with

permission from [143]. Copyright (2018) American Chemical Society.

dissociation half-life of around 42 min. The disassembled QDs and
Cy5.5-lipids were observed, obviously, in the tumour interstitium at
48 h. Therefore, the self-assembled lipid nanoparticles were concluded
to be structurally dynamic, and that they dissociated in circulation
through lipid exchange after intravenous administration.

Laine et al. systematically compared the behaviour of lipid
nanoemulsions (LNEs), conventional lipid nanocapsules (LNCs), and
one-step PEGylated stealth LNCs (OS LNCs) in vivo by FRET imaging
[148]. The OS LNCs and LNEs exhibited a different biodistribution and
a long circulation time with good structural stability for several hours,
post-injection, compared with conventional LNCs. Especially the LNEs
remained intact and stable in plasma for 24 h. Thus, lipid nanoemulsions
are more stable in circulation than lipid nanoparticles, which is contrary
to the common opinion that lipid nanoemulsions, as liquid systems,
should not be stable enough after delivery into the body. In addition,
FRET was also applied to monitor the integrity, disassembly kinetics,
and delivery of liposomes [139,149]. Dai et al. demonstrated, by a
two-step FRET, that liposomes and lipid disks traversed the blood-
brain barrier (BBB) and the blood-brain tumour barrier (BBTB) in an

intact form. In these experiments, DiO, Dil, and DiD were loaded into li-
posomes and lipid disks. The ex vivo and immune-histochemical FRET
imaging suggested that liposomes and disks could traverse the BBB
and BBTB in vivo in an intact form.

Notably, FRET has been used to quantify the integrity of drug
nanocarriers in vivo [44,50,118]. Bouchaala and Mercier quantified the
integrity of drug nanocarriers directly in blood circulation and tumour
of living mice by FRET ratiometric imaging for the first time [118]. As
the donor and acceptor respectively, Cy5.5 and Cy7.5 were encapsulated
in the core of lipid nanoemulsions, which were prepared by the sponta-
neous emulsification of Labrafac WL and Cremophor ELP (Fig. 14A). Be-
fore quantitative analysis of the integrity of lipid nanoemulsions, it is
required to calibrate the FRET ratio (A/(A+D)) response to the integrity
(%) of lipid nanoemulsions, in the same imaging setup, in vivo (Fig. 14 B
and C). Based on the calibration results, the FRET ratio images obtained
in living mice, directly correlated with the integrity of lipid
nanoemulsions in vivo. A strong FRET signal was observed in the tumour
site by IVIS imaging after systemic administration, indicating that intact
lipid nanoemulsions extensively accumulated in the tumour site
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Fig. 14. Quantified integrity of lipid nanoemulsions in bloodstream and tumor by near-infrared ratiometric FRET imaging in living mice. (A) Concept of FRET nanocarriers reported on their
integrity by change in their emission color. Chemical structures of oil Labrafac WL (medium chain triglyceride) and Cremophor ELP (PEGylated surfactant), as well as lipophilic cyanine 5.5
and 7.5 dyes (Cy5.5LP and Cy7.5LP) with their bulky hydrophobic counterions are showed. (B) Calibration of ratiometric in vivo images using mixtures of intact FRET nanocarriers with
nanocarriers containing separately donor and acceptor at low concentration. The mixing is done to preserve the same concentration of dyes: 100% integrity corresponds to FRET
nanocarriers (1% of Cy5.5LP and 1% of Cy7.5LP) diluted in PBS 1000-fold from the original formulation, while 0% integrity corresponds to a mixture of nanocarriers containing
separately donor (0.1% of Cy5.5LP) and acceptor (0.1% Cy7.5LP), both diluted at 100-fold in PBS. The latter mixture models the disintegrated nanocarriers, where donor and acceptor
separate and get diluted in the tissue. Fluorescence images of these mixtures acquired with the in vivo imaging set-up: donor (Cy5.5LP) channel (upper panels), acceptor (Cy7.5LP)
FRET channel (middle panels), and the acceptor/donor ratio images (lower panels). Nanocarriers containing only donor dye (Cy5.5LP) and FRET NCs diluted 1000-fold in dioxane
(second model of the complete disintegration) are also shown. (C) Calibration curve of A/(A + D) ratio vs the level of integrity of nanocarriers obtained based on data in (B) panel
(n = 3). (D) FRET imaging of tumor-bearing nude mice at different times after injected with NIR-FRET lipid nanocarriers (1% of Cy5.5LP and Cy7.5LP each) or control nanocarriers
with donor dye only (1% of Cy5.5LP dye). Upper panels present intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel (820 nm), while
the lower panels present ratiometric images (acceptor/donor). The excitation wavelength was 630 nm. (E, F) Analysis of the A/(A + D) ratio (E) and integrity (F) of nanocarriers in
different regions of tumor-bearing mice as a function of post-administration time. Three mice were analyzed, the error bars represent the standard error of the mean (n=3). Adapted
with permission from [118]. Copyright (2016) Elsevier.

(Fig. 14D). A quantitative analysis of FRET imaging showed that 71% of nanocarriers will be helpful to develop in vivo stable and controlled re-
the lipid nanoemulsions was intact in the blood circulation, 6 h post lease drug nanocarriers with long circulation to enhance drug delivery
tail-vein injection, while only 40% were intact in the tumours (Fig. 14E and therapeutic efficiency.

and F). It also demonstrated that the lipid nanoemulsions synthesised

only from oil (medium chain triglycerides) and a surfactant 6. Conclusion and future perspective

(Cremophor® ELP) maintained their integrity in blood stream for

hours and showed remarkably efficient accumulation in tumours. Despite the emerging applications of nanomedicine for diagnosis

In summary, these FRET-based methods have demonstrated the  3nq treatment, the intracellular fate of nanomedicines is largely un-
biofate of different drug nanocarriers. The self-assembled polymeric mi- known with respect to: a) whether nanomedicine disintegrates before
celles are relatively easy to disassemble and lose their drug contentrap-  jpternalisation into cells; b) whether nanomedicines retain their integ-

idly after systemic administration, which leads to a rapid clearance from rity after uptake into cells; and c) whether nanomedicines are
the body. As a result, disassembly of polymeric micelles undoubtedly  ¢rapsported across the epithelial barrier. Therefore, the loading of
will influence drug delivery and therapeutic efficiency, especially for FRET pairs into nanocarriers or conjugating FRET pairs with polymers
the targeted and functionalised polymeric micelles. Furthermore, the to form nanocarriers, has been widely used to address intracellular
premature drug release of anti-cancer drugs may increase the non-  fate of drug nanocarriers, including interaction with cell membrane, in-
specific toxicity to healthy organs. The main clearance mechanism of  3cellylar itinerary and co-localisation, intracellular integrity monitor-
polymeric micelles from blood was that they were sequestered into  jng and transcellular integrity monitoring. Apart from intracellular
the liver as unimers. Compared to polymeric micelles, polymeric nano-  jntegrity studies, FRET-based techniques can also track the in vivo deliv-
particles and lipid-based nanoparticles were more stable, especially the oy and biodistribution of drug nanocarriers, monitor their stability, in-
environment responsive polymeric nanoparticles, which could achieve tegrity, and disassembly kinetics by non-invasive and real-time
controlled drug release. Moreover, compatibility of drug with carriers imaging. Since the in vivo environment that nanomedicines encounter
is another important factor affecting stability, which needs to be consid- is more dynamic and rigorous than that encountered in vitro when
ered in the future. Therefore, these in vivo biofate studies of drug nanomedicines interact with cells, the ideal FRET pairs are expected
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with high fluorescence intensity and good tissue penetration, good bio-
compatibility and selectivity, low toxicity and high intracellular
targeting. Compared with other fluorescence labelling techniques
which are always on, FRET technology can distinguish the intact nano-
particles from disassembled nanoparticles with high sensitivity, as
well as monitor disassembly kinetics of nanoparticles by changes in
FRET signals. In clinical study, FRET-based bioassays have been exten-
sively reviewed for their application for cancer biomarker determina-
tion in patients [166], where commonly utilized fluorescent organic
dye molecules are usually replaced by functional fluorescent
nanoprobes. For example, Wang and his co-workers has reported a
polymer-based FRET approach to quantify DNA methylation levels of
colon cancer-related genes in a Chinese population, which has demon-
strated high accuracy and sensitivity for both colon cancer detection
(86.3 and 86.7%) and for differential diagnosis (97.5 and 94%) [167].
However, no much clinical study of FRET technique for biofate study
of nanomedicines have been reported so far. The new direction of bio-
luminescence resonance energy transfer (BRET) application in pho-
todynamic therapy is to develop self-illuminating nanoparticles for
both imaging and therapy for potential clinical translation in the fu-
ture. For example, Zhang’s group has synthesized a novel polymeric
conjugate with a luminescent donor and a fluorescent acceptor for
in-vivo luminescence imaging and photodynamic therapy in deep
tissues. The microenvironment in inflammatory sites or in the tu-
mour further trigger BRET to generate singlet oxygen to kill cancer
cells [158]. Besides cancer therapy, Wang'’s group has reported a
new modality activated by chemical molecules through BRET process
to produce reactive oxygen species (ROS) for antifungal activities
[168]. We believe that with more collaborations and efforts of multi-
discipline scientists in chemistry, biological science and medical doc-
tors to overcome limited depth of tissue penetration, external
irradiation, poor targeting ability and biocompatibility of the FRET-
based nanoparticles, FRET-based technique has bright clinical trans-
lation potential in cancer diagnosis and therapy as well as for other
disease in the future.

Although FRET-based approaches have many advantages towards
the evaluation of drug nanocarriers in vivo, there are still some limita-
tions. Firstly, the lipophilic fluorescent dyes of FRET pairs released
from the FRET nanoparticles may generate FRET again when they are
‘accumulated’ in intracellular cell membranes or same organs, which
may lead to misjudgement in the integrity and disassembly kinetics of
drug nanocarriers in quantification, because the FRET ratio is no longer
proportional to the nanoparticle integrity. Therefore, strategies of cova-
lently labelling hydrophilic dyes to FRET nanoparticles may be more re-
liable. Secondly, for IVIS FRET imaging, the difference in the penetration
depth for different wavelengths of light would affect the precision of
quantitative analysis. Furthermore, IVIS imaging can only detect the
overall surface fluorescence but not that in the deep tissues. Therefore,
FRET technology still needs further modifications to become a reliable
approach and to increase its in vivo applications.

In the future, more reliable, sensitive, and selective covalent FRET
pairs or conjugated pairs with polymers are required to reduce the inter-
ference from the biological ingredients, and to enhance optical penetra-
tion capabilities to detect structural changes of nanomedicines in deep
tissues. For complementary and validation purposes, other methods
reviewed in this theme issue are encouraged to compare with FRET-
based methods to reveal intracellular and in vivo fate for the same
drug nanocarriers in different animal models. Moreover, more clinical
translational research should be performed to elucidate integrity and
biofate of nanomedicines but not limited to cancer biomarker determi-
nation to further expand application of FRET-based techniques. Com-
bined with FRET approach, Zebrafish has potential to become a new
visible model providing information on integrity and biofate of
nanomedicines in circulation and organs after incubation, oral delivery
or injection, which will provide a fast and dynamic platform for
nanomedicine development before extensive trials in rodents.
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