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Supramolecular polymeric nanotubes self-assembled from cyclic
peptide—polymer conjugates are employed as general scaffolds to
fabricate supramolecular FRET systems. The monomer-to-excimer
emission ratio of the FRET donor, PYR—-CP-PEG, can be simply and
reversibly tuned by the introduction of a spacer in the supramole-
cular structure, thus endowing the luminescent FRET systems with
tailorable and responsive properties.

Introduction

Fluorescent materials with tuneable luminescence have
attracted an increasing amount of attention in the fields of
visual displays, illumination, bioimaging, and ion/molecular
sensing.’”® Conventional approaches for controlling the emis-
sion of fluorescent molecules mainly involve covalent modifi-
cation. Over the past few decades, a large variety of organic
dyes have been developed with tailored photophysical
properties.”'® Moreover, the innovation of organic molecular
luminescence mechanisms, including intramolecular charge
transfer (ICT),""'? twisted ICT (TICT),"*'* Forster resonance
energy transfer (FRET)," excited-state intramolecular proton
transfer (ESIPT),'® aggregation-induced emission (AIE),'”"*®
and vibration-induced emission (VIE),">?° further advances
the knowledge in the design of luminescent molecules.
Supramolecular systems are spontaneously assembled struc-
tures constructed using relatively simple molecular building
blocks through noncovalent interactions, including hydrogen
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Tailoring the luminescence of FRET systems built
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bonding, host-guest interactions, n-n stacking, metal coordi-
nation, hydrophobic forces, and electrostatic interactions.>">*
Different from their covalent counterparts, supramolecular
chemistry focuses on reversible, dynamic, and responsive pro-
perties. As many of the organic molecular luminescence
mechanisms are related to the molecular arrangement of dyes,
supramolecular chemistry offers a complementary way of
facilely and reversibly tuning the photophysical properties of
fluorophores.>>*

FRET describes a photophysical process between two
fluorophores in which energy is transferred from an excited
donor to a proximal ground-state acceptor through non-
radiative dipole-dipole coupling. Supramolecular FRET
systems have found various applications, including fluo-
rescence sensing, light harvesting, fluorescence imaging, intra-
and intermolecular interaction determination, nanoscale
structural and configurational analysis, and molecular
dynamics studies.>®>” Due to the strong dependence of the
energy transfer efficiency on the donor-acceptor distance,
accurately positioning multiple components into a highly
organised assembled system is essential for the construction
of fluorescent materials with tuneable luminescence pro-
perties. A wide range of supramolecular scaffolds, including
micelles, vesicles, fibrils, supramolecular polymers, gels, and
bio-inspired structures, have been used to construct supramo-
lecular FRET systems, generating supramolecular luminescent
materials with tuneable and dynamic properties.** ™

Self-assembling cyclic peptide-polymer conjugates are
capable of stacking into supramolecular polymeric nanotubes
in solutions with a well-defined core-shell structure.**"*® The
cyclic peptide constitutes the core driven by multiple hydrogen
bonds, with the solvated polymer chains wrapped as the shell.
The highly ordered supramolecular polymeric nanotubes have
been employed as scaffolds to molecularly arrange functional
moieties such as drugs, n-conjugated chromophores, proteins,
and nanoparticles.”’ > More recently, we built a supramolecu-
lar system with a two-step sequential FRET process by molecu-
larly aligning three different chromophores along the nano-
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tubes, which showed great potential in artificial light-harvest-
ing systems and highly emissive organic materials.>®
Considering its powerful capability of aligning chromophores
and the resulted high energy transfer efficiency, we believe
that the supramolecular polymeric nanotube could be
employed as a general scaffold to fabricate supramolecular
FRET systems with tailorable luminescence.

Herein, as shown in Scheme 1a, a fluorophore-cyclic
peptide-polymer conjugate, PYR-CP-PEG, is chosen as the
FRET donor due to its unique emission behaviour. The for-
mation of the self-assembled polymeric nanotubes driven by
multiple hydrogen bonds between the cyclic peptides leads to
the stacking of pyrene moieties. As a result, a broader emission
band belonging to the pyrene excimer appears accompanied
by the conventional pyrene monomeric emission, thus effec-
tively extending the emission of PYR-CP-PEG in water to a
wide range between 350 nm and 650 nm.***®> This greatly
expands the range of fluorophores as FRET acceptors to con-
struct supramolecular FRET systems. Three fluorophore-cyclic
peptide-polymer conjugates with distinctive fluorescence
colours, NTI-CP-PEG, Cy3-CP-PEG, and Cy5-CP-PEG, are
selected as FRET acceptors, generating three supramolecular
FRET systems built using the supramolecular polymeric nano-
tubes. All the three systems showed high energy transfer
efficiency, permitting a wide tuning range of fluorescence
colours. Moreover, by the introduction of a spacer, Oct-CP-
PEG in the stacked structures, the monomer-to-excimer emis-
sion ratio could be facilely and reversibly tuned (Scheme 1b).
Owing to the distinct energy transfer capability between the
pyrene monomer and excimer to energy acceptors, the overall
energy transfer efficiency could be effectively altered. This
offers a unique supramolecular strategy to tailor the lumine-
scence of the supramolecular peptide nanotubes. Last but not
least, by replacing Oct-CP-PEG with a pH-responsive conju-
gate, we were able to show that the energy transfer efficiency
and fluorescence colour of the supramolecular FRET systems
could be reversibly controlled by variation in pH.

(a) (b)

PYR-CP-PEG

NN
Oct-CP-PEG N

‘E

Cy3-CP-PEG

Cy5-CP-PEG
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Results and discussion

The energy transfer process between PYR-CP-PEG as the FRET
donor and NTI-CP-PEG, Cy3-CP-PEG, or Cy5-CP-PEG as the
FRET acceptor, respectively, was studied. As shown in Fig. 1a,
despite the disparate absorption spectra of NTI-CP-PEG, Cy3-
CP-PEG, and Cy5-CP-PEG peaked at 450 nm, 552 nm, and
650 nm, they all overlap with the emission spectrum of PYR-
CP-PEG to some extent without exception. As a result, FRET
occurred when co-assembling NTI-CP-PEG, Cy3-CP-PEG, or
Cy5-CP-PEG with PYR-CP-PEG to form supramolecular poly-
meric nanotubes in water. The emission of PYR-CP-PEG kept
decreasing when increasing the ratio of NTI-CP-PEG, Cy3-CP-
PEG, or Cy5-CP-PEG, while a new emission band appeared at
the same time, which could be ascribed to the emission of the
corresponding acceptor fluorophore (Fig. 1b-d). The energy
transfer process could be confirmed by time-resolved fluo-
rescence experiments. As shown in Fig. S5-S7,f the fluo-
rescence decay of PYR-CP-PEG was significantly faster in the
presence of NTI-CP-PEG, Cy3-CP-PEG, or Cy5-CP-PEG
(Table S1 and Fig. S87).

As mentioned above, the donor emission is contributed by
both the PYR monomer and excimer. The energy transfer
efficiency (®gr) from the PYR monomer or the excimer to NTI,
Cy3, or Cy5 was then calculated. Taking PYR-CP-PEG/Cy3-CP-
PEG as an example, as shown in Fig. S10,T each emission spec-
trum was convoluted into 3 emission bands from the PYR
monomer, PYR excimer, and Cy3. This allows the accurate cal-
culation of @gr values, as indicated in Fig. S12.1 With the
increase of Cy3-CP-PEG ratio, both &gr from the PYR
monomer to Cy3 (Pgr, mon-cys) and Pgr from the PYR excimer
to Cy3 (Pgr, mxe-cy3) increased. However, since the overlap
between the PYR monomer emission spectrum and Cy3-CP-
PEG absorption spectrum is significantly smaller than that
between the PYR excimer emission spectrum and the Cy3-CP-
PEG absorption spectrum, @gr, mon-cys iS much lower than
Dgr, Exc-cys- FOr example, at a PYR-CP-PEG/Cy3-CP-PEG ratio

Scheme 1 FRET systems built using supramolecular polymeric nanotubes with tailorable luminescence: (a) chemical structures of the fluoro-
phore—cyclic peptide—polymer conjugates and the spacer; (b) cartoon illustration of tailoring the luminescence of FRET systems with the supramo-

lecular spacer.
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Fig. 1 (a) Normalized absorption spectra (solid curves) of PYR-CP—PEG (blue trace), NTI-CP-PEG (green trace), Cy3—-CP-PEG (orange trace), and
Cy5—-CP-PEG (red trace), and the normalized fluorescence spectrum of PYR-CP-PEG (dashed curve, blue trace); (b) fluorescence spectra of PYR—
CP-PEG with the addition of NTI-CP-PEG; (c) fluorescence spectra of PYR-CP—PEG with the addition of Cy3—CP—-PEG; (d) fluorescence spectra
of PYR—CP-PEG with the addition of Cy5—-CP—-PEG; (e) CIE 1931 diagram showing the CIE coordinates of fluorescence emission colours at different
PYR-CP-PEG/NTI-CP-PEG, PYR-CP-PEG/Cy3-CP-PEG, and PYR-CP-PEG/Cy5-CP-PEG molar ratios; (f) photograph showing fluorescence
emissions at different PYR-CP—PEG/NTI-CP-PEG, PYR-CP-PEG/Cy3-CP-PEG, and PYR-CP-PEG/Cy5—-CP-PEG ratios, under a 365 nm UV lamp.

of 100/6, Pgr, pxc-cys 1S 89.1%, while Pgr, pmon-cys is only 30.2%.
Similar trends could be observed for PYR-CP-PEG/NTI-CP-
PEG and PYR-CP-PEG/Cy5-CP-PEG (Fig. S9, S11 and S12%).
For all cases, the overall energy transfer efficiency (Per, total)
could reach 90% at relatively low donor/acceptor ratios,
suggesting efficient FRET processes within the supramolecular
polymeric nanotubes.

The efficient FRET process allows effective tailoring of the
luminescence colour of the supramolecular polymeric nano-
tubes. As indicated in Fig. 1le and f, a series of fluorescence
colours could be obtained in a wide range. Specifically, by
increasing the ratio of NTI-CP-PEG to PYR-CP-PEG, the fluo-
rescence colour could be tuned from blue to green; by increas-
ing the ratio of Cy3-CP-PEG to PYR-CP-PEG, the fluorescence
colour could be tuned from blue via white and finally to
orange; by increasing the ratio of Cy5-CP-PEG to PYR-CP-
PEG, the fluorescence colour could be tuned from blue to
pink.

The monomer-to-excimer emission ratio of PYR could be
tuned noncovalently by adjusting the stacking of pyrene moi-
eties in the self-assembled polymeric nanotubes. To this end,
a non-emissive conjugate, Oct-CP-PEG, was introduced as a
supramolecular spacer to co-assemble with PYR-CP-PEG. The
average distance between PYR moieties increased in the co-
assemblies of PYR-CP-PEG/Oct-CP-PEG, thus causing a
decrease in PYR excimer emission (Fig. 2a). As shown in
Fig. 2b, with the increase of Oct-CP-PEG/PYR-CP-PEG ratio, a
continuous decrease of the PYR excimer emission band
peaked at 470 nm was observed, along with the simultaneous
increase of PYR monomer emission. The increase in the
average distance between PYR moieties was further confirmed
by UV/vis spectroscopy. The absorption of the PYR moiety
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Fig. 2 (a) Schematic illustration showing the co-assembly of PYR-CP—
PEG and Oct-CP-PEG; (b) fluorescence spectra of PYR-CP—-PEG/Oct—
CP-PEG at different molar ratios; (c) evolution of the ratio of PYR
monomer and excimer emission at the Oct-CP-PEG/PYR-CP-PEG
molar ratio.

increased gradually with a slight hypsochromic shift when
increasing the ratio of Oct-CP-PEG/PYR-CP-PEG (Fig. S137).
The monomer-to-excimer emission ratio of PYR was then
quantified by convoluting each emission spectrum into peaks
of PYR monomer emission and PYR excimer emission
(Fig. S14%). Fig. 2c shows the change of PYR monomer-to-
excimer emission ratios at different Oct-CP-PEG/PYR-CP-PEG
molar ratios. Initially, PYR-CP-PEG emission is composed of a
large majority of excimer (88.4%) and a small portion of
monomer (11.6%). With the increase of Oct-CP-PEG/PYR-CP-
PEG molar ratio from 0/1 to 2/1, the ratio of the excimer gradu-
ally decreased to 44.2%, while that of the monomer increased

This journal is © The Royal Society of Chemistry 2022
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to 55.8%. Therefore, by co-assembling PYR-CP-PEG with Oct-
CP-PEG as the spacer, the monomer-to-excimer emission ratio
of PYR could be rationally tuned over a large range.

The distinct emission spectra of the PYR monomer and
excimer lead to different energy transfer capabilities to energy
acceptors. Hence, it is anticipated that the excimer-to-
monomer emission transition of PYR will lead to a gradual
decrease in the overall energy transfer efficiency. In this
regard, Oct-CP-PEG was introduced into the FRET systems
composed of PYR-CP-PEG as the energy donor and NTI-CP-
PEG, Cy3-CP-PEG, or Cy5-CP-PEG as the energy acceptor. As
shown in Fig. 3a, the addition of Oct-CP-PEG to the FRET
system of PYR-CP-PEG/Cy3-CP-PEG = 100/6 resulted in a con-
tinuous decrease of Cy3 emission, accompanied by a dramatic
increase of both PYR monomer and excimer emission. By con-
voluting the spectra into emission bands ascribed to the PYR
monomer, PYR excimer, and Cy3, ®gr values including @gr,
Mon-Cy3r PET, Exc-cy3) and Ppr, oral Were calculated (Fig. S177).
On one hand, the distance between PYR-CP-PEG and Cy3-
CP-PEG increased when co-assembled with Oct—-CP-PEG,
which consequently caused the decrease of both @gr, mon-cy3
and Ppr, pxe-cys (Fig. 3b). On the other hand, the PYR
monomer-to-excimer ratio increases with the increase in Oct-
CP-PEG/PYR-CP-PEG molar ratio. The combination of both
leads to a greater variation of ®@gr, oral, decreasing from 83.7%
to as low as 36.1%. As a result, the addition of Oct-CP-PEG
enables reverse tuning of the fluorescence colour from orange
via white to blue (Fig. 3c). Similar phenomena were observed
for PYR-CP-PEG/NTI-CP-PEG and PYR-CP-PEG/Cy5-CP-PEG
when adding Oct-CP-PEG (Fig. S15-S197). It should be noted
that the capability of tuning the PYR monomer and excimer
emission ratio by the incorporation of a spacer is unique to
this system, which allows a more effective tuning of ®@gr, and
hence a greater range of luminescence colours.

The dynamic nature of non-covalent interactions makes it
facile to introduce stimuli-responsive features into the supra-
molecular FRET systems. As a proof of concept, we demon-
strate here the capability of reversibly tuning the energy trans-
fer efficiency and fluorescence colour by adjusting the pH. To
this end, a pH-responsive conjugate was designed bearing two
glutamic acid moieties on the cyclic peptide, namely Hep-CP-
PEG (Fig. 4a). Under alkaline conditions, the electrostatic
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Fig. 4 (a) Schematic illustration showing the pH-responsiveness of
Hep—-CP-PEG; (b) SANS scattering data and fitting of Hep—CP-PEG at
pH = 2 and pH = 10; (c) fluorescence spectra of PYR—-CP—-PEG/Hep-
CP-PEG = 1/4 at different pH.

repulsion between the cyclic peptides originated from the
deprotonated carboxyl groups will result in the disassembly of
the polymeric nanotubes. Acidifying the solution will neutral-
ize the cyclic peptide and lead to the re-assembly of the nano-
tubes. Therefore, we hypothesized that replacing Oct-CP-PEG
with Hep-CP-PEG might not only allow the tuning of the
energy transfer efficiency and fluorescence colour similar to
Oct-CP-PEG but also allow the control of both by pH.

The pH-responsive properties of Hep—-CP-PEG were demon-
strated by "H NMR spectroscopy and small angle neutron scat-
tering (SANS). As shown in the "H NMR spectra (Fig. S201), at
acidic pH, only proton resonances belonging to PEG were
clearly observed, while those derived from the cyclic peptide
(core) were almost invisible because of its low mobility within
the polymeric nanotube. However, after adjusting the pH to
basic, all peaks ascribed to the cyclic peptide became clear
and sharp, implying the disassembly of the polymeric nano-
tubes. SANS provides more detailed information regarding the
change of morphology when altering pH. As shown in Fig. 4b,
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Fig. 3 Fluorescence spectra of PYR-CP-PEG/3%NTI-CP-PEG with the addition of different molar ratios of Oct—CP—-PEG; (b) &gt and PYR
monomer ratios at different Oct—CP—-PEG/PYR—-CP—-PEG molar ratios; (c) CIE 1931 diagram showing the CIE coordinates of (a) (insert: photograph

showing fluorescence emissions of (a) under a 365 nm UV lamp).
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at pH = 2, the SANS data were fitted using a cylindrical
polymer micelle model, which agrees well with the proposed
polymeric nanotubular structure (Table S2}); while at pH = 10,
the data were fitted using a Gaussian coil model, suggesting
the disassembly of the polymeric nanotubes (Table S37).

The ability of tuning the PYR monomer-to-excimer ratio by
Hep-CP-PEG was then investigated. As shown in Fig. S21,}
with the increase of Hep-CP-PEG/PYR-CP-PEG molar ratio in
an acidic environment, an increase of monomer-to-excimer
ratio was observed, implying that Hep—CP-PEG could function
similarly to Oct-CP-PEG. More importantly, the monomer-to-
excimer ratio is sensitive to pH. At a fixed molar ratio of Hep-
CP-PEG/PYR-CP-PEG = 4/1, the increase in pH led to an
increase in monomer-to-excimer ratio (Fig. 4c and Fig. S227).
At pH = 3, the emission is composed of 61.8% excimer and
38.2% monomer; while at pH = 8, the excimer emission ratio
increased to 83.7% with only 16.3% monomer remaining. This
could be attributed to the pH-responsive property of Hep—CP-
PEG. As the pH increases, an increased number of carboxyl
groups on the cyclic peptides are deprotonated, which sub-
sequently leads to a weakening co-assembly with PYR-CP-
PEG.

Lastly, the pH-responsive properties of the supramolecular
FRET systems in the presence of Hep-CP-PEG were studied.
Fig. 5a shows the fluorescence spectra of PYR-CP-PEG/Cy3-
CP-PEG/Hep-CP-PEG = 1/0.06/4 at different pH values. A clear
decrease in PYR emission was observed when increasing pH.
By comparing the emission spectra with the ones in the
absence of Cy3-CP-PEG, &gr values at different pH values
were calculated (Fig. $231). Both @1, mon-cys and Ppr, Bxe-cys
increased with the increase of pH. Consequently, a greater
increase of ®gr, (ora1 from 45.0% to 74.4% was achieved by
increasing the pH from 3 to 8. In this way, the fluorescence
colour could be adjusted from orange via white to light blue
simply by decreasing the pH from 8 to 3 (Fig. 5b). This strategy
is applicable to other FRET systems, including PYR-CP-PEG/
NTI-CP-PEG and PYR-CP-PEG/Cy5-CP-PEG. As can be seen
in Fig. 5c, distinct fluorescence colours were obtained at
different pH values (Fig. S247).
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Fig. 5 (a) Fluorescence spectra of PYR-CP—-PEG/Cy3—-CP-PEG/Hep—
CP-PEG = 1/0.06/4 at different pH; (b) photograph showing fluor-
escence emissions of PYR-CP-PEG/Cy3-CP-PEG/Hep—-CP-PEG at
different pH, under a 365 nm UV lamp; (c) photograph showing fluor-
escence emissions of PYR—CP—-PEG/NTI-CP-PEG/Hep—-CP-PEG, PYR-
CP-PEG/Cy3-CP-PEG/Hep-CP-PEG, and PYR-CP-PEG/Cy5-CP-
PEG/Hep—-CP—-PEG at pH = 2 and pH = 10, under a 365 nm UV lamp.
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Conclusions

To conclude, we have successfully developed supramolecular
FRET systems with tailorable luminescence based on supramo-
lecular polymeric nanotubes. The unique excimer emission of
the energy donor, PYR-CP-PEG, enables a wide range of
fluorophores as FRET acceptors. Therefore, different supramo-
lecular FRET systems with high energy transfer efficiency were
constructed, showing tuneable luminescence colours, includ-
ing blue, green, orange, and pink. More importantly, the
excimer-to-monomer emission transition of PYR-CP-PEG
induced by the incorporation of a supramolecular spacer led
to a gradual decrease in the degree of spectral overlap between
donor emission and acceptor absorption, offering a supramo-
lecular strategy to tailor the luminescence of the FRET
systems. Considering the generality of the cyclic peptide-based
polymeric nanotubes as supramolecular scaffolds, we believe
that this approach provides a powerful supramolecular strategy
to fabricate fluorescent materials with tuneable luminescence
as well as stimuli-responsive properties.
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