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Abstract

Supramolecular systems have applications in areas as diverse as materials science, biochemistry,
analytical chemistry, and nanomedicine. However, analyzing such systems can be challenging due
to the wide range of time scales, binding strengths, distances, and concentrations at which non-
covalent phenomena take place. Due to their versatility and sensitivity, Forster resonance energy
transfer (FRET)-based techniques are excellently suited to meet such challenges. Here, we detail
the ways in which FRET has been used to study non-covalent interactions in both synthetic and
biological supramolecular systems. Among other topics, we examine methods to measure
molecular forces, determine protein conformations, monitor assembly kinetics, and visualize in
vivo drug release from nanoparticles. Furthermore, we highlight multiplex FRET techniques,
discuss the field’s limitations, and provide a perspective on new developments.

Graphical Abstract

FRET in supramolecular systems

This review details the ways Forster resonance energy transfer (FRET) can be used to study
natural and synthetic supramolecular systems.
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Introduction

Supramolecular chemistry describes the self-organization of molecules through non-covalent
interactions. In biology, such interactions play a vital role in cellular structures and signaling
processes. For example, nucleotide complexation into DNA and its subsequent packing into
chromatin depend strongly on hydrogen bonding,! but also vesicular transport? and
enzymatic catalysis® rely heavily on non-covalent interactions. In addition to its relevance in
biology, supramolecular chemistry plays a dominant role in the design of synthetic systems.
For example, stimuli-responsive catalysts are frequently based on metal coordination,*®
while molecular switches often rely on mechanical bonds.® On a larger scale, synthetic
supramolecular systems are applied in smart materials,’-® organic electronics,® and
biomaterials.10 Lastly, synthetic supramolecular structures are increasingly being used for in
vivo applications, for instance as biomaterials or drug carriers.11 In the latter case, non-
covalent interactions within the carrier, as well as those between the carrier and both blood
constituents and cellular components, are vital for optimizing drug delivery.12:13 Closely
related is the exploitation of supramolecular systems for bioimaging approaches ranging
from intravital microscopy of intracellular processes to the study of /7 vivo cell migration by
whole body optical imaging.14

The high levels of dynamicity and adaptability required for such applications are often
difficult to achieve using purely covalent chemistry. However, the wide range of energies,
time-scales, and concentrations associated with non-covalent interactions present unique
challenges for their characterization. Not surprisingly, this has led to a large number of
dedicated analytical techniques. Among these, Forster resonance energy transfer (FRET)-
based approaches have been particularly successful, largely due to their versatility, high
sensitivity, and non-invasiveness. Building upon earlier work by Jean and Francis Perrin,
Theodor Forster provided the first quantitative description of the non-radiative energy
transfer between fluorophores in 1948.15.16 |n this process, an excited donor fluorophore
transfers its energy non-radiatively to a nearby acceptor molecule, which typically relaxes
through the emission of light (Fig. 1a). As this process originates from dipole-dipole
interactions, certain criteria need to be met in order for it to take place. First and foremost,
the process requires sufficient spectral overlap between the donor emission and acceptor
absorption fluorophore. Secondly, the distance between the fluorophores needs to be less
than approximately 10 nm.17 Finally, for efficient transfer, the fluorophores’ dipoles should
be orientated favorably toward each other, as defined by the orientation factor x2 (Fig. 1b—d,
see ref18 for more information on x2).19:20 Once these criteria are met, the FRET efficiency -
defined as the percentage of photons absorbed by donor fluorophores that contribute to
FRET?L - can provide highly sensitive, temporally specific information on molecular
distance and orientation. This high sensitivity is a direct result of the strong /7% distance
dependence of the transfer probability associated with most FRET processes (/< being the
donor-acceptor distance). Quantitative information can be obtained when spectral cross-talk
and the acceptor:donor ratio are also taken into account.1”22 These aspects make FRET
excellently suited to study a wide-range of supramolecular phenomena (Fig. 1e).

Chem Soc Rev. Author manuscript; available in PMC 2019 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teunissen et al.

Page 3

In addition to the traditional form of FRET - one type of fluorophore gets excited and
transmits its energy to a second type of fluorophore whose emission intensity is measured —
several variations have been developed. In one variation, the acceptor is non-fluorescent and
therefore releases the transferred energy non-radiatively (a dark quencher, Fig. 2a).23 Energy
transfer is in this case observed by monitoring the decrease in fluorescence intensity of the
donor fluorophore. This approach has the advantage that the part of the spectrum that would
be occupied by the emission of the acceptor fluorophore becomes available for other FRET
pairs. In another variation, termed homo-FRET, energy is transferred between two identical
fluorophores. Here, the acceptor fluorophore is excited by polarized light and FRET can be
observed as a reduction in anisotropy in the emitted light. This technique can be used to
quantify the number of monomers in an aggregate, such as the number of proteins in a
protein cluster vide infra (Fig. 2b).2* Alternatively, not the emission intensity, but the
donor’s fluorescence lifetime can monitored (Fig. 2¢). As FRET provides additional de-
excitation routes it will enhance the decay of the donor’s excited state and thereby reduce its
fluorescence life-time. This technique is most commonly used in microscopy, where it is
termed FRET fluorescence-lifetime imaging microscopy (FRET-FLIM) and which has the
significant advantage of being insensitive to variations in fluorophore concentration.2>
Lastly, it can sometimes be difficult to irradiate a donor fluorophore in vivo. To circumvent
this problem the donor fluorophore can be replaced by a bioluminescent protein (Fig. 2d).
26,27 To discriminate from traditional FRET, this process is termed bioluminescence
resonance energy transfer (BRET).

During the last decades, novel fluorophores based on organic molecules, nanocrystals,
polymers, nanometals, and quantum dots have been developed and made commercially
available.28-32 Additional advances include highly advanced techniques such as atomic
force microscopy supplemented with FRET (AFM-FRET)33 and time-resolved
measurements with nanosecond resolution.3* These innovations have made FRET an easily
accessible — and widely applicable — technique for studying molecular interactions. Here, we
review the various ways in which FRET can be deployed to study supramolecular systems.
We will focus on the specific aspects of supramolecular systems that can be investigated
using FRET and the approaches used in such studies. In addition, we examine current
developments in the field and discuss how these will expand our understanding of cellular
processes and help advance synthetic supramolecular systems and their /in vivo applications.

2. Monitoring the kinetics of supramolecular systems

Quantitative insight into assembly kinetics is vital for a thorough mechanistic understanding
of supramolecular systems.35-37 Due to their high temporal resolution and low invasiveness
in systems analysis, FRET-based techniques are among the most commonly used methods.
In a typical experiment, the different building blocks are either inherently fluorescent or
labeled with fluorophores, and the FRET efficiency is monitored throughout the assembly
process (Fig. 3a). Conversely, self-assembled systems’ stability can be used to monitor
disassembly kinetics and provide quantitative information.38 Additionally, exchange rates
can be obtained by judiciously labeling different aggregate populations (Fig. 3b).3% A logical
prerequisite for such FRET-based kinetic measurements is that the fluorophores themselves
must not affect the assembly process.#041 In addition, the technique should be able to
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capture the full time range over which the supramolecular processes takes place, which can
be anywhere from picoseconds to multiple weeks.#2-44 While FRET has been successfully
used to study assembly processes taking place on picosecond timescales,*3 fluorophore
bleaching compromises the technique’s ability to continuously monitor processes that take
longer than several minutes. 4546

Many synthetic supramolecular constructs consist of a small number of molecules
positioned in a well-defined spatial arrangement. A typical example are structures consisting
of several molecules held together by metal-ligand coordination (Fig. 3c). The assembly
kinetics of such systems are often difficult to determine unambiguously, due to the formation
of various intermediates and structural analogues. By labelling the monomers with
fluorophores, FRET can be used to monitor the assembly process and thus elucidate their
assembly kinetics.4” Although such insight can, in theory, also be obtained with other
techniques, such as mass spectrometry or NMR, FRET’s distance dependency makes it
possible to noninvasively observe exchange processes between structurally similar
aggregates at low concentrations and with superior time resolution. A second process that is
notoriously difficult to study is block-copolymers’ assembly into micelles, as their critical
micelle concentration is typically in the low micromolar range and therefore below the
detection limit of most analytical techniques.®! By labeling block-copolymers with
fluorophores, micelle formation and exchange dynamics have been successfully monitored
using FRET at polymer concentrations as low as 10~/ M (Fig. 3d).48

Besides studying molecule assembly and exchange, FRET can also be used to monitor
changes within existing aggregates. In a system reported by Albertazzi et. al,, a
supramolecular polymer consisting of neutral benzene-1,3,5-tricarboxamide monomers was
doped with a small amount of positively charged, fluorophore-labeled monomers (Fig. 3e).4?
As the fluorophore-functionalized monomers were initially randomly distributed over the
length of the polymer, their relative distance was relatively large, so that FRET was
inefficient. However, with the addition of a negatively charged ssDNA-RNA hybrid, the
fluorophore-functionalized monomers were recruited into clusters, leading to increased
FRET efficiency. This process could be reversed through the addition of RNAse, which
cleaved the nucleotide strand and largely returned the system to its initial state. As a result of
FRET’s unique properties, these changes in intra-aggregate monomer distribution could be
quantified in a time-resolved manner (Fig. 3f).

Because its emitted light is typically in the visible spectrum, FRET can also monitor
assembly Kkinetics using optical microscopy. This is particularly interesting in a microfluidic
set-up, in which temporal aggregate formation can be studied in a spatial dimension. Using
this approach, the formation of several types of nanoparticle platforms was studied in real
time by adding an apolar FRET donor and acceptor to the nanoparticles’ building blocks
(Fig. 3g).%9 As the FRET pair will only be in close proximity upon formation of the
nanoparticles, the FRET signal is used to observe this process. Amongst other information,
this methodology provided insight into the influence of microfluidic flow rate on particle
formation kinetics (Fig. 3h, green indicates free dye, red indicates FRET and thereby
assembled nanoparticles).
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Lastly, FRET is also very well suited to monitor the Kinetics of biological structures. For
example, the processes through which DNA is read from chromatin are poorly understood
due to the significant challenges of monitoring this in cells. Through the site-specific
labeling of DNA with FRET pairs, the assembly of nucleosome core particles,:52 as well as
their compaction into chromatin,>3 has been studied in a time-resolved manner (Fig. 3i).
Interestingly, these studies revealed that large sections of DNA buried in nucleosomes
temporally unwind (on a timescale of seconds) and thereby become available for interaction
with other biomolecules. Collectively, FRET-based techniques can reveal the assembly
kinetics of a broad scope of supramolecular systems, information that would be difficult to
obtain using alternative techniques.

3. Determining molecular conformation

Upon molecular assembly, a product’s exact conformation dictates many of its
characteristics, including stability, chirality, density, color, and polarity. While techniques
such as crystal structure analysis, AFM, and TEM can be used to elucidate an aggregate’s
conformation, they require drying or freezing the sample and therefore do not provide
insight into the dynamics of the system. In addition, sample processing steps can in some
cases lead to structural changes in the product. Conformations can be accurately determined
in solution using NOESY-NMR; however, this approach is limited to length-scales below =
0.5 nm.>* Not surprisingly, FRET’s ability to transfer energy over larger distances has made
it a valuable tool for elucidating molecular conformations in solution.>5-59 Knowledge of
conformational changes is especially relevant for molecules containing mechanical bonds, as
their conformation often responds to external factors, including pH, light, and redox
potential.6:60.61 For example, rotaxanes consist of a one-dimensional stator threaded through
a mobile circular rotor, which can change position upon certain stimuli (Fig. 4a).% By
labeling the stator and rotor with fluorophores, FRET has been used not only to confirm the
compound’s interlocked structure, but also to monitor the rotor’s movement along the stator.
62 A second and more complex example of conformational analysis is the study of motor
proteins. While synthetic molecular motors are a relatively new research field,3 such
systems are an extensively studied mode of intracellular transport and whole cell movement.
64 Due to the challenges associated with synchronizing multiple motors, they are best
studied using single molecule techniques, at high temporal resolution and with low
invasivity, as has been achieved using FRET microscopy.54 Kinesin movement along a
microtubule is one of the best studied phenomena.®5-67 One approach investigated kinesin
movement by labeling its two domains with a FRET pair (Fig. 4b).6% As the movement of
kinesin induced changes in its conformation, and thereby in the distance of the attached
fluorophores, the rate and mechanism of kinesin movement could be estimated from
temporal fluctuations in the FRET efficiency (Fig. 4c). This was achieved by studying
kinesin analogs in which fluorophores were site-specifically attached on different positions.
By monitoring the acceptor and donor emission of these analogs during the movement of
kinesin, different FRET populations and their occurrence over time could be monitored. By
extensive analysis of these data, detailed insight into the gait of kinesin could be obtained.

Besides monitoring basic conformational changes, such as sliding and bending, FRET can
also be used to map the entire conformation of large molecules, such as proteins. In a typical
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experiment, a fluorophore (e.g., a FRET donor) is attached to a fixed and predefined site on
the molecule, while a second fluorophore’s position (in this example the FRET acceptor)
varies between different analogues (Fig. 4d). Because both fluorophores’ positions in the
molecule are known, the observed FRET intensities are a measure for their distance and thus
the molecule’s conformation. Comparisons with computational and X-ray data indicate that
the results obtained using this approach are highly accurate.22:6% However, care should be
taken when analyzing molecules that contain rigid sections or bulky fluorophores, as these
influence fluorophore orientation and therefore FRET efficiency.”® Despite their obvious
merit in determining molecular conformations, FRET mapping approaches are often
experimentally demanding because of the need to synthesize a different analogue for each
distance measurement. To overcome this inconvenience, Kapanidis et a/. developed a
switchable FRET methodology in which the energy of a single donor fluorophore can be
selectively transferred among several photo-switchable acceptor fluorophores (Fig. 4¢).58 By
sequentially activating and deactivating the acceptor fluorophores, this approach can
determine multiple distances using the same compound. In an example of such a procedure,
the conformation of a single dSDNA-peptide complex was analyzed by labeling the dsSDNA
with a Cy3B donor fluorophore and the peptide with two A647 acceptor fluorophores (Fig.
4f, left). Subsequently, the donor and acceptor were alternatingly irradiated (us timescales)
and their emission monitored over time (Fig. 4f, middle). Using the obtained data, the
apparent FRET efficiency (E*) - reporting the distance between the active FRET pair - and
the ratio between the continuously active donor and the number of active acceptors (S) could
be determined. By optically switching the acceptors on or off, three different populations
could be observed (Fig. 4f, right, see caption for details). By comparing the FRET efficiency
between both FRET pairs their relative distance can be determined. As FRET-mapping
techniques work in solution, they also allow for time-resolved studies and can therefore
provide insight into the rates and intermediates through which species interconvert.”! Such
studies have been especially successful in unraveling protein dynamics,’2~’4 and
nanosecond-level temporal resolutions are no exception.’>76

4. Determining aggregate configuration and composition

In addition to determining molecular conformation, FRET can also be used to investigate the
structure of aggregates.® Information about the number of monomers in a supramolecular
structure and how these are arranged is vital to fully understand a supramolecular system.
For example, the building blocks in many assembly processes are chiral and therefore allow
for the formation of either co-assembled or enantiomerically pure assemblies. While circular
dichroism spectroscopy can discriminate between these outcomes, this technique is less
suited to samples in which many other compounds are present, as typically encountered in /n
vivo studies. It is therefore desirable to be able to monitor assembly behavior in a highly
specific manner. To achieve such specificity, the two enantiomers of a supramolecular
monomer can be labeled with either a FRET donor or acceptor (Fig. 5a). As a result, co-
assembly can be observed by the presence of FRET, whereas self-sorting would not give rise
to energy transfer.3%:77 While the monomers in this case can only form one-dimensional
stacks, many other complex compounds, such as DNA and proteins, can interact in a variety
of ways. Accordingly, when designing supramolecular structures using such complex
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building blocks, it is vital to verify whether they interact in the conceived manner. Such an
evaluation can be achieved by labeling the monomers with a FRET pair in a way that
maximizes the difference in interfluorophore distance between the correct and misassembled
configurations (Fig. 5b).”8 A prime example of this approach was reported by C. W. Brown
et al., who analyzed three types of DNA structures functionalized with FRET cascades /.¢e., a
series of fluorophores able to sequentially transfer energy (Fig. 5¢).”° By analyzing FRET in
derivatives containing two, three, or all four fluorophores in the FRET cascade, the integrity
of the different structures could be confirmed (Fig. 5d, depicting the fluorescence spectra of
the dendrimer analogues as an example). Furthermore, the three different types of DNA
structures could be discriminated by comparing FRET efficiencies for each step, e.g, while
FRET in the dendrimer showed efficiencies of 85 %, 69 %, and 71 % for the three FRET
events, the Belt structure displayed efficiencies of 89 %, 76 %, and 82 %.

In addition to aggregates’ configuration and composition, the exact number of their building
blocks also plays an important role in many systems. For example, cell signaling by
membrane proteins depends strongly on the number of monomers in the formed structures.
80.81 Sych membranes consist of a fluid lipid surface through which various membrane
proteins diffuse. Due to the high dynamicity of this environment, it can be challenging to
monitor interactions between membrane proteins in a time-resolved and non-invasive
manner. Interestingly, such observations have been achieved using homo-FRET, which can
quantify the number of monomers in an aggregate (¢e.g., the number of proteins in a protein
cluster) by monitoring anisotropy reduction in the emitted FRET signal (Fig. 6a).82 This
technique can thus reveal the role of multivalency in signaling networks.24 In addition to
forming homo-aggregates, membrane protein analysis is further complicated by system
dimensionality. The two-dimensional confinement of the membrane proteins significantly
increases the chance of FRET (and the corresponding loss of anisotropy) arising from
fluorophores that are in close proximity as a result of random diffusion, rather than their
associated proteins interacting. This phenomenon is termed by-stander FRET, and it must be
taken into account when studying such systems (Fig. 6b).83:84 An example of the use of
homo-FRET to determine the number of monomers in an aggregate is depicted in Fig. 6¢.
Here, cells expressing a fluorophore-labeled transmembrane protein were monitored at two
different areas, 7.e., a smooth and ruffled part of the cellular membrane. The observed
reduction in anisotropy (denoted by r), indicates the degree of homo-FRET at both locations.
While this reduction is by itself sufficient to determine the average cluster size, partial
bleaching of the fluorophores was used to determine the cluster size distribution. This is
possible because aggregates with different cluster sizes show a different decrease in
anisotropy upon reduction of the number of active fluorophores.8>

5. Reading supramolecular sensors

Sensors for chemical compounds or physical conditions are an increasingly popular
application of synthetic supramolecular systems. Amongst others, sensors for metals,%6
biomolecules,®” charge,88 pH,8° force,% and temperature®! have been developed. While the
range of sensor designs and substrates is beyond the scope of this review, the manner in
which their activation can be monitored using FRET deserves some attention. In numerous
molecular sensors, substrate binding is observed as a direct change in the sensor’s
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physiochemical properties, such as its chemical shift®2 or fluorescence intensity?3:%4 (Fig.
7a). As these types of sensors do not rely on conformational changes, they are typically
small and robust. However, the necessarily close sensor-substrate proximity makes them less
appropriate for detecting larger molecules. Alternatively, FRET-based sensors are often more
widely applicable as they rely on conformational changes induced by activating the sensor,
and the FRET pair is thus not directly involved in the binding process (Fig. 7b).%

While initial resonance energy transfer sensors relied on FRET, advancements in
bioluminescent proteins have sharply increased the number of bioluminescence resonant
energy transfer (BRET)-based sensors, which eliminate the need for external illumination
and are therefore better suited for /n vivo applications. Interestingly, instead of developing
entirely new BRET sensors, it is common for existing FRET sensors to be functionalized
with a bioluminescent protein (Fig. 7¢).96 This approach averts sensor re-optimization and
provides both fluorescent and bioluminescent readouts. Although these sensors do not match
the high tissue penetration possible with other techniques, such as magnetic resonance
imaging (MRI; millimeters® vs. meters,% respectively), FRET and BRET do allow for
much higher spatial and temporal resolutions (* 200 nanometers and picoseconds for FRET
microscopy?9:190 vs. millimeters and seconds for MR1101). Consequently, FRET or BRET
sensors are typically used for detailed cell studies, while MRI is used for tissue or /in vivo
analysis.

Besides serving as sensors, such compounds are increasingly finding additional applications.
In one example, a structure acted as both sensor and switch.192 Here, the bioluminescent
protein NanoLuc (NLuc) was covalently attached to the enzyme human carbonic anhydrase
(HCA), as well as an acceptor fluorophore functionalized with biotin (B) and an HCA
inhibitor (SA, Fig. 7d). Due to a cleaver molecular design, adding streptavidin (Strep) led to
SA displacement from HCA as well as an increase in BRET pair separation. Consequently,
the observed BRET intensity measured not only the streptavidin concentration but also
served as a reporter for the HCA activity.

In addition to physical conditions or small molecules, FRET can also monitor large-scale
(e.g. cellular) processes. One important factor in the study of a given pathogen is the cell
infection rate. While various microscopy techniques can track pathogen uptake, they do not
provide real-time results, and it can be difficult to discriminate between pathogen uptake and
adhesion.193-105 Although several optical methods do not have these limitations, they are
often technically challenging and invasive.106 A FRET-based approach has been developed
to overcome these problems (Fig. 7¢).196 Here, a FRET pair was connected by a Tobacco
Etch Virus protease (TEVp)-cleavable linker and introduced into the cells of interest.
Additionally, TEVp was introduced into the pathogen. As a result, cell infection leads to
TEVp uptake, FRET pair cleavage, and reduced FRET efficiency (Fig. 7f). In this example
the FRET efficiency was not monitored by comparing emission intensities, but by measuring
the donor’s fluorescence lifetime (FRET-FLIM). In intact structures FRET can take place
and a relatively short lifetime of 2.0 ns was observed. After fusion and cleavage of the linker,
the donor can no longer transfer its energy, resulting in a lengthening of the donor
fluorescence lifetime to 2.4 ns.
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Lastly, many biochemical assemblies have been shown to respond to mechanical force.
110111 | addition, non-covalent interactions themselves often induce molecule or aggregate
movement, such as cytoskeletal rearrangements, 112 kinesin motor movement,112 or integrin
adhesion.114 FRET-based force sensors can reveal the forces associated with such
phenomena.®C In a typical configuration, two fluorophores are connected through a spring-
like linker, so that the distance or angle between them depends on the force applied (Fig. 79—
h).90.115.116 After calibration using computational models or single-molecule measurements,
such sensors can be used for quantitative measurements.117:118 To the best of our
knowledge, FRET-based force sensors have not been used to study entirely synthetic
supramolecular systems. However, they have provided unprecedented insight into
mechanical forces’ role in biochemical processes, under both /n vitro and in vivo conditions.
90,119,120 An elegant study of non-covalent interactions using such sensors was reported by
S. Hua et. /109 Here, the authors created a force sensor composed of a subcloned spectrin
linker functionalized with a FRET pair. This sensor was subsequently functionalized with
actinin and incorporated into the actinin filaments of a living cell, where it provided real-
time information about cytoskeletal stresses (Fig. 7i—j).

In any supramolecular system studied by FRET, unreliable results can arise from
interfluorophore interactions, or interactions between the investigated structure and the
fluorophores used to study it. Arguably, consideration of fluorophore interactions is
especially important in sensors, as such interactions will influence both the orientation of the
fluorophores (and thereby the FRET efficiency) as well as the way the sensor responds to
stimuli. Furthermore, many in vivo sensors make use of fluorescent proteins, which can be
prone to oligomerize.121 However, it has been shown that interfluorophore interactions can
sometimes be beneficial. In an example by C. Schultz, interfluorophore interactions
increased a sensor’s sensitivity by inducing a favorable conformation.® While the strengths
of such fluorophore interactions are likely difficult to predict, they may thus provide an
additional way to tune sensors’ behavior.

6. Monitoring the in vivo distribution and stability of nanotherapeutics

Synthetic supramolecular structures are increasingly exploited as drug delivery platforms
and in vivo imaging agents.1! Understanding these structures’ biodistribution and stability
under biological conditions is paramount to optimizing efficacy.122-124 As the complex and
‘hostile’ /in vivo environment makes it difficult to reliably predict the relation between a
nanotherapeutic’s structure and its behavior, insight must often be obtained experimentally.
For example, by incorporating a FRET pair in a nanotherapeutic, its structural integrity can
be monitored non-invasively in real time /in vivo (Fig. 8a, where Cy7 and Cy5.5 form the
FRET pair).12% Since it simultaneously elucidates the constructs’ spatial distribution, this
approach can be used for imaging applications as well.128 The interpretation of FRET-
facilitated /n vivo stability measurements depends on a complex analysis that considers
fluorophore effluence and assembly disintegration. The future success of nanoparticle
therapeutics relies on methods to improve their design, preferably based on /n vivo readouts.
FRET techniques can be exploited to study nanotherapeutic /n vivo stability and drug
release. More specifically, FRET acceptor fluorophores that serve as model drugs can be
incorporated in nanoparticle carriers that are labeled with a donor fluorophore. This system
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uses FRET imaging to determine the rate at which drugs leak from nanoparticle carriers.
12,127,128 For example, two recent studies demonstrate how imaging can assist in
determining nanotherapeutic tumor accumulation.

Zhao et al. applied such a strategy to study drug derivatization’s effects on nanotherapeutic
tumor delivery efficacy. Carrier nanoparticles were constructed from PEG-PLGA block
copolymers, some of which were labeled with the near infrared (NIR) donor fluorophore
Cy5.5. The NIR acceptor fluorophore Cy7 was chosen as a model drug (Fig. 8a). The latter
dye was subsequently derivatized with different molecular units that increased Cy7’s
compatibility with the Cy5.5-labeled PEG-PLGA nanoparticle carrier. In tumor-bearing
mice (tumor in upper thigh), intravital microscopy and whole-body FRET imaging revealed
that Cy7 derivatization dramatically improved the overall construct’s /n vivo stability and
enhanced tumor delivery (Fig. 8b—d).12 For example, little FRET was observed for the Cy7-
CA injected mice, showing that this model drug quickly leaves the particle, while the high
FRET efficicency observed for Cy7-OLA showed that this nanotherapeutic stayed intact
much longer. These imaging-derived guidelines were subsequently applied to the clinically
relevant cytotoxic agent doxorubicin. Similarly, albeit in a prodrug manner, this drug was
derivatized to enhance its compatibility with the PEG-PLGA nanoparticle platform. Upon in
vivo application in the same mouse model, dramatic differences in tumor accumulation and
corresponding survival rates were observed (Fig. 8d). This iterative design process, in which
FRET imaging provides guidelines that can be applied to improve the design of
nanotherapeutics, is depicted in Fig. 8e. Currently, the nanomedicine field largely lacks the
integration of such methods and the products that are translated to the clinic may therefore
often be suboptimally designed. FRET imaging techniques’ ability to non-invasively monitor
the stability of large constructs, as well as the effluence of small molecules, make them
uniquely suited for such applications.

7. Future developments

Its low invasiveness and high sensitivity make FRET well suited to investigate processes on
the molecular scale. However, the technique is not devoid of limitations and is therefore
increasingly complemented by alternative techniques. One of the major drawbacks of FRET
is the relatively short distance over which energy can be transferred (~ 10 nm), which
significantly constrains the study of larger structures. Fortunately, there are several ways to
increase the FRET distance. One approach involves forming cascades, in which several
FRET fluorophores with increasingly longer excitation wavelengths are organized into
arrays to facilitate energy transfer over distances of 10 nm or more.12%-133 Although
originally mostly a scientific curiosity, such cascades are increasingly being used to analyze
molecular conformations and dynamics, as shown in Fig. 5b.134 In addition to FRET
cascades, much effort is focused on developing more efficient fluorophores. FRET’s heavy
dependence on distance results from the £~6 decrease of transfer probability (R being the
donor-acceptor distance). However, in case of fluorophores with sizes close to R or for
favorable alignment of highly directional dipoles of organic fluorophores a weaker distance
dependence is possible. For example, outside the regime of interaction between point dipoles
(as assumed in Forster’s theory) a 74 or R~2 distance dependence has been predicted,3°
therefore (F)RET efficiency can often be increased to larger distances. For example, energy
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has been transferred over a distance of 20 nm from an organic fluorophore to a spherical
nanometal where the metal nanoparticle, with strongly absorbing free electrons, acts as a
surface rather than a point dipole.136 In addition, FRET is increasingly replaced by plasmon-
enhanced or metal-induced resonance energy transfer, which have been shown to work over
distances of 70 and 100 nm, respectively.137-13% An alternative class of fluorophores is
formed by semiconductor nanoparticles or quantum dots. Besides having a higher efficiency,
these generally do not blink and have a longer lifetime compared to organic fluorophores,
making it possible to monitor molecules for extended periods of time.28:140 However, these
nanocrystalline dyes are relatively large (typically >10 nm after the application of a coating),
have unknown cytotoxic effects, and are less accessible to most organic functionalization
chemistries. For these reasons, novel additives and conjugates are being developed to
increase the stability of organic fluorophores 141142

Another area of improvement for FRET is how the fluorophores are coupled to the
molecules of interest. The chemical strategies used to introduce fluorophores are often
incompatible with biological systems and thus limit the approach’s applicability.143 Further
development of biocompatible labeling procedures, such as enzyme-mediated coupling,144 is
expected to simplify /n vivo studies and expand the types of systems that can be studied.
Improved control over the exact location at which fluorophores are introduced is also highly
desirable, for example in conformational protein mapping. Typically, such site-specific
labeling proceeds by incorporating modified building blocks (e.g., unnatural amino acids)
functionalized with a chemical moiety to which the fluorophores are coupled.143 However,
these tagging procedures usually introduce only one or two fluorophores.14° Site-specific
labeling with multiple fluorophores would enable simultaneous monitoring of multiple
sections of a molecule and thereby increase the efficiency with which conformations and
dynamics can be unraveled. Besides, the correlated movement of multiple molecular
domains simply cannot be monitored using only two fluorophores.146 In addition to studying
protein conformations, such multi-fluorophore assays will likely be highly relevant to the
analysis of cellular signaling pathways,17-147 motor proteins, 113 and microfluidic reactors.
148 et using multiple fluorophores will also require additional insight into unequimolar
donor and acceptor ratios,1” as well as further development of physical4® and
mathematicall>0 spectral unmixing techniques.

One way such physical unmixing techniques work is by altering the emission spectra of
certain fluorophores to minimize spectral overlap.149 Secondly, increasingly more
switchable fluorophores are being developed. Molecules and nanoparticles whose
fluorescence can be switched on or off upon irradiation151-153 will surely benefit future
conformational mapping studies, but are also finding applications in FRET-based switching
and amplification of optical signals.1>* In addition to physically changing the behavior of a
fluorophore, spectral unmixing through advanced FRET signal observation technologies is a
highly active field of research. Especially promising is time-gated FRET, in which the FRET
signal is only recorded during a specific time window (e.g., 100 — 400 ps after excitation).
155,156 This approach greatly reduces the influence of scattering and autofluorescence and
helps to discriminate between fluorophores with different fluorescence decay times. Due to
their long luminescence lifetimes, narrow emission spectra, high brightness, and easy color
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tunability, lanthanides and quantum dots are the most suitable fluorophores for such
applications.1®7

Besides the development of FRET signal observation techniques, the current trend toward
integrating FRET with other techniques will likely continue.158.159 For example, much effort
is currently focused on developing super-resolution FRET to allow the phenomena
monitored through FRET to be localized with unprecedented spatial resolution.160 In
addition, FRET-AFM has shown great potential in simultaneously monitoring and
manipulating molecules,33:161 and FRET-mass spectrometry techniques are revealing
molecules’ gas-phase behavior.162 As with these microscopy and single-molecule
techniques, /n vivo FRET monitoring will likely also benefit from further integration with
other techniques. Currently, such measurements are complicated by autofluorescence, poor
fluorophore stability, and the limited penetration depth of the excitation and emitted light.
Accordingly, /n vivo FRET imaging is increasingly integrated with positron emission
tomography (PET). Furthermore, integrating FRET with fluorescence molecular tomography
has enormous potential to enhance the accuracy with which FRET can be localized in 3D.163
Lastly, the need to externally excite fluorophores will likely be reduced through the
development of novel bioluminescent proteins®4 and various synthetic alternatives, such as
self-illuminating quantum dots.165

Combined, these developments are expected to broaden both the system types that can be
studied using FRET and the insights that can be thus obtained. The ability to simultaneously
monitor multiple fluorophores will greatly benefit the development of multicomponent
synthetic systems and provide unprecedented knowledge of cellular reaction networks and
dynamics. Furthermore, we expect that integrating FRET with various microscopy and
imaging techniques will revolutionize the study of molecular interactions and improve the /in
vivo monitoring of nanotherapeutics and other supramolecular constructs.

8. Conclusions

The high sensitivity, broad temporal range, and non-invasiveness of FRET make it ideal for
analyzing supramolecular systems. Rather than serving as a stand-alone technique, FRET
has become a tool that can be implemented in a wide spectrum of analytical techniques and
settings. The affordability and simplicity of basic FRET spectroscopy makes it accessible to
any lab with a fluorescence spectrometer, while numerous specialized FRET techniques
have been developed to address highly complex molecular questions. However, FRET also
has several shortcomings that limit its applicability as an analytical tool: the relatively short
distance range over which energy can be transferred, the instability of organic fluorophores,
the limited number of FRET pairs that can be monitored simultaneously, and the challenge
of obtaining quantitative results. Consequently, FRET is increasingly replaced or
complemented by alternative techniques, such as plasmon-induced resonance energy transfer
and super-resolution microscopy. Nonetheless, the relative ease with which FRET can
provide insight into dynamic processes at the nanoscale guarantees its relevance to the
analysis of supramolecular systems in the decades to come.
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Fig. 1.

Tr?e principle of FRET and its application in the study of supramolecular systems. (a)
Jablonski diagram illustrating the energy levels and transitions associated with FRET: solid
black arrows indicate radiative transitions; red arrows indicate non-radiative transitions. For
FRET to occur, certain criteria need to be met. Requirements include: (b) sufficient spectral
overlap between the emission spectrum of the donor fluorophore (blue) and the excitation
spectrum of the acceptor fluorophore (yellow), (c) less than approximately 10 nm distance
between the fluorophores, and (d) favorable inter-fluorophore orientation. The depicted
excitation and emission wavelengths serve as an example. () FRET can be used to study
many aspects of supramolecular systems, such as: kinetics, aggregate composition,
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molecular conformation, sensor incitement, aggregation number (using homo-FRET),
applied force, and structural integrity.
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b Homo-FRET
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Different variations on traditional FRET where: (a) the acceptor releases the obtained energy
non-radiatively (dark quenching), (b) the FRET pair consists of identical fluorophores
(homo-FRET), (c) the fluorescence lifetime of the donor fluorophore is used to monitor
energy transfer (FRET-FLIM), or (d) the donor fluorophore is replaced by a bioluminescent
protein (red) to thereby eliminate the need for external illumination (BRET). The depicted
excitation and emission wavelengths serve as an example.
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Monitoring kinetics using FRET. (a) By labeling monomers with a FRET pair (blue and
yellow), the observed FRET efficiency can be used to monitor the assembly of building
blocks (grey) in a time-resolved manner. (b) FRET can be used to monitor monomer
exchange between different aggregate populations, each functionalized with only one type of
fluorophore. (c) Labeling both monomer types with either a FRET donor or acceptor allows
the kinetics of a coordination-driven self-assembly process to be monitored. Image based on
ref47. (d) Labeling identical polymers with either a FRET donor or acceptor allowed their
assembly into micelles to be studied at concentrations as low as 10~/ M. Image based on
ref48. (e) A supramolecular polymer consisting mainly of neutral monomers and a small
amount of fluorophore-labeled positively charged monomers was synthesized. Upon the
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addition of a negatively charged ssSDNA-RNA hybrid, the fluorophore-labeled monomers
were brought in close proximity, resulting in increased FRET efficiency. The nucleotide
strand could be fragmented through the addition of the enzyme RNAse, thereby largely
restoring the system to its initial state. (f) FRET data associated with the experiments shown
in e. Image e and f are both reprinted from ref4° with permission from the Royal Society of
Chemistry, Copyright 2015. (g) The microfluidic-mediated formation of nanoemulsions
could be monitored in real-time using optical microscopy.>? (h) Representative images
obtained using the set-up in g, showing the influence of flow rate on particle formation
kinetics. Green depicts emission from the FRET donor, red indicates FRET and thereby
formation of the nanoparticles. Images g and h adapted with permission from ref>0,
Copyright 2017, Wiley-VCH. (i) The kinetics of nucleosome core particles (orange) were
studied by labeling DNA (black) with a FRET pair (blue and yellow). Three different
populations could be observed based on the observed FRET efficiency. Image based on refl.
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Fig. 4.
Determining molecular conformations using FRET. (a) Schematic depiction of a rotaxane

consisting of a rotor (red) and stator (black and green). By labeling the rotor and stator with
a FRET pair, the rotor’s position along the stator can be monitored. Image based on ref®2,

(b) Using FRET to monitor kinesin movement along a microtubule by labeling the two
domains of kinesin (blue) with a fluorophore (green and red). Image adapted from ref®s. (c)
Schematic of a kinesin motor domain functionalized with 4 cystine residues facilitating site-
specific labeling with fluorophores. By monitoring the fluorescence intensity of a FRET-pair
labeled kinesin over time (black line donor fluorescence intensity, red line acceptor
fluorescence intensity), two populations of FRET efficiency could be observed
corresponding to different stages in kinesin’s step. By repeating such experiments using
differently labeled kinesin analogues, detailed information of kinesin’s gait could be
obtained. Images b and ¢ are both adapted from ref®2. Copyright 2009, National Academy of
Sciences. (d) In a typical FRET conformational mapping experiment, various analogues with
fluorophores at predefined positions are synthesized and analyzed. The obtained FRET
intensities allow subsequent reconstruction of the molecular conformation. Blue and yellow
dots represent the donor and acceptor fluorophore, respectively; black lines represent the
molecule in its stretched and folded conformation. (e) In switchable FRET the molecule of
interest is labeled with one donor fluorophore (blue) and multiple stimuli responsive
acceptor fluorophores (yellow when on, gray when off). By sequentially measuring the
FRET efficiency between the acceptor and each donor fluorophore, multiple distances can
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be determined using the same compound. (f) Example of switchable FRET results, used to
determine molecular conformation. The following fluorescence intensities were monitored:
Faa = acceptor emission upon acceptor irradiation, Fpp = donor emission upon donor
irradiation, Fpa = acceptor emission upon donor irradiation. The acceptor fluorophores were
switched in the following manner: 5 — 20 seconds, only proximal A647 on; 20 — 35 seconds,
both acceptors on; 35 — 60 seconds, only distal A647 on). Image adapted with permission
from ref8. Copyright 2010, Nature Publishing Group.

Chem Soc Rev. Author manuscript; available in PMC 2019 September 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Teunissen et al. Page 26

a No FRET FRET b
Self-sorting Co-assembly FRET

) No FRET

"
"
!

Dendrimer Belt 8-arm star
d Cy3—Cy3.5 Cy3 —Cy3.5—Cy5 Cy3 —-Cy3.5— Cy5—Cy5.5
20000+ 200001 20000+
?:’ 15000 85% 150001 69% 15000 1%
>
B 100001 100001 100001
£
— 5000+ 50001 5000-
a
0 - : 0 v v i 0 : - ,
500 600 700 800 500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
- Raw data = = Fit = Cy3 Cy35 =——Cy5 w— Cy5.5
Fig. 5.

Investigating aggregate composition and configuration using FRET. (a) Schematic depiction
of a supramolecular system in which FRET allowed discrimination between the co-assembly
and self-sorting of two stereoisomers (green and purple). Image based on ref’”. (b) By
judiciously functionalizing DNA structures with a FRET pair (blue and yellow), it becomes
possible to distinguish between correctly and misassembled analogues. Image based on
ref’8. (c) Three different DNA based structures labeled with fluorophores (stars), allowing
FRET to take place from the outside to the inside of the structure. (d) The
photoluminescence intensity of the dendrimer construct with two, three and four
fluorophores in the FRET cascade (black arrows depicted FRET). The FRET efficiency for
each added step in the cascade is depicted as well and allows for discrimination between the
three types of structures. Image ¢ and d adapted with permission from ref’®. Copyright 2017,
American Chemical Society.
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Fig. 6.
Investigating membrane protein clustering using homo-FRET. (a) Interactions between

membrane proteins (red) can be obtained by labeling them with fluorophores (blue); due to
the challenges associated with labeling such proteins they are often studied using homo-
FRET. Additionally, with this method the aggregate number can be inferred from the
anisotropy of the emitted FRET signal. (b) Schematic depiction of bystander FRET, in
which FRET occurs as a result of two fluorophore-labeled molecules being in close
proximity due to diffusion rather than interactions between the functionalized molecules.
The depicted excitation and emission wavelengths serve as an example. (c) Example of the
use of homo-FRET to determine aggregate cluster sizes. Cells expressing a fluorophore-
labeled transmembrane protein were imaged to determine the spatial reduction in anisotropy
(r) of the light emitted upon excitation with polarized light. By performing this experiment
after various degrees of bleaching, the protein cluster size distribution could be determined.
Image adapted with permission from ref24. Copyright 2011, Wiley-VCH.
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Examples of FRET sensors. (a) Example of a non-FRET-based metal sensor with which the
presence of different metals can be monitored using 129Xe NMR. Image adapted with
permission from refl97, Copyright 2010, Wiley-VCH. (b) Schematic depiction of a FRET-
based molecular sensor. When the ligands (red) bind to the substrate (grey), the fluorophores
(blue and yellow) are brought in close proximity, thereby increasing FRET efficiency. (c) A
dual readout BRET/FRET sensor for measuring /n vivo zinc concentrations. Images adapted
with permission from ref108, Copyright 2017, Elsevier. (d) A combined sensor and switch in
which adding streptavidin leads to reduced BRET and increased human carbonic anhydrase
activity. Image adapted with permission from refl92, Copyright 2015, Nature Publishing
Group. (e) The fusion of HIV-1 virions with living cells was studied using a covalently
bound FRET pair connected by a linker containing a Tobacco Etch Virus protease-cleavable
site. This FRET pair was incorporated into cells (orange), while HIV-1 virions (black)
containing Tobacco Etch Virus protease (red) were added. As a result, virus capsule fusion
with the cells resulted in linker cleavage and reduced FRET efficiency. (f) Example of the
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results obtained from the system described under e, showing the time-resolved fusion
between HIV-1 virions and cells. Blue indicates shorter donor fluorophore lifetimes (2.0 ns)
and thus an intact TEV site; red indicates longer donor fluorophore lifetimes (2.4 ns) and
thus cleavage of the TEV site. Image adapted with permission from refl1%6, Copyright 2015,
Nature Publishing Group. (g) Schematic depiction of a distance-based FRET force sensor
consisting of a FRET pair (blue and yellow) connected through a spring-like linker. Because
both the inter-fluorophore distance and the relation between fluorophore distance and FRET
efficiency are known, the intensity of the applied force can be inferred from the intensity of
the FRET signal. (h) Schematic depiction of an orientation-based FRET force sensor where
the angle between the fluorophores changes as a result of the applied force, thereby resulting
in altered FRET efficiency. Image based on refl0. (i) Example of the use of a FRET-based
force sensor comprising a spring-like spectrin linker functionalized with two fluorophores.
When a force pulls the fluorophores apart, the FRET efficiency decreases. The FRET sensor
was functionalized with actinin and (j) incorporated in cells, allowing real-time
measurements of cytoskeletal stresses. Red indicates lower tension; blue indicates higher
tension. Cell pictures were taken at the times indicated with the corresponding letters in the
graph. Image adapted with permission from refl99. Copyright 2011, American Physiological
Society.
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Tr?e in vivo stability and distribution of a supramolecular construct can be monitored using
FRET. (a) The components of a polymeric nanoparticle were labeled with a FRET donor
(Cy5.5), and a FRET acceptor (Cy7) was incorporated as a model drug. By measuring the
decrease in FRET efficiency, the release of the model drug could be monitored. (b) Three
formulations of the particles described in a were formed, each containing different
derivatives of the Cy7 model drug, CA = carboxylic acid, OLA = oleylamine, PLGA =
poly(lactic-co-glycolic acid). The biodistribution and structural integrity of the
nanotherapeutic (i.e., the combined nanoparticle+model drug), could be visualized using
FRET imaging. (c) Fluorescence images of a window chamber mouse injected with
nanoparticles containing the Cy5-C1, model drug and Cy3.5 fluorophore, 2 and 40 minutes
post injection. Scale bar = 100 um injection (Cy3.5 was used instead of Cy7 to
accommodate the microscopy protocol). (d) The tumor accumulation of doxorubicin
observed in mice 24 hours after injection with nanoparticles containing one of three different
doxorubicin derivatives, showing the strong influence of drug functionalization. (e) The
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cumulative survival curves corresponding to the experiments in d. Images a-e adapted with
permission from refl2. Copyright 2016, Nature Publishing Group. (f) The biodistribution of
a nanotherapeutic depends on the carrier’s size, composition, and compatibility with the
incorporated drug. By labeling the carrier with a fluorophore and including a fluorescent
model drug, the carrier’s stability and biodistribution can be monitored using FRET. In this
way, the drug-carrier compatibility can be optimized, thereby enhancing nanotherapeutic
efficacy.
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