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In this review are summarized studies, performed by researchers
from the “Ilie Murgulescu” Institute of Physical Chemistry,
involving electron paramagnetic resonance spectroscopy on non-
covalent interactions. The review examines interactions between
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INTRODUCTION Over the last 50 years, supramolecular
assemblies have been investigated by electron
Non-covalent interactions represent a broad type paramagnetic  resonance (EPR)  spectroscopy
of physical interactions involving molecules and methods aiming at structural, dynamic and

include hydrogen bonding, electrostatic dipole-dipole
interactions, induction and dispersion van der Waals
forces and hydrophobic interactions. Host—guest
interactions involve (macro)molecules that can form
complexes through a combination of non-covalent
interactions and complementary structural features,
and are, in many cases, the driving force for building
supramolecular assemblies.

* Corresponding author: ige@icf.ro

thermodynamic information."® A large variety of
systems resulted by molecular assembly through
non-covalent interactions have been explored. For
more than three decades, an interesting research
topic regarded the dynamic characterisation of ionic
and non-ionic surfactants® in connection with their
application as template agents in the preparation of
mesoporous materials like silica or alumina.®'* Less
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represented were the EPR studies on host-guest
interactions. The first report demonstrating that EPR
spectroscopy is a suitable method to study host—
guest interactions between B-cyclodextrin and the
stable radical PROXYL (2,2,5,5-tetramethyl-1-
pyrrolidinyloxy), in water, was published in 1975
and belongs to Rassat et al.”” It was followed by a
group of papers published in the late 80’s and early
90’s."°*"  These studies describe interactions
between diamagnetic hosts and stable free radicals
from the PROXYL and TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) series. Later, the
interaction between cyclodextrins and less stable
radicals generated in situ was investigated.”'

Aligning to this particular research direction, our
studies refer to host—guest interactions involving
cyclodextrins or cucurbiturils as hosts, interactions
of paramagnetic probes (spin probes) with
albumins, and the use of spin probes and spin labels
to monitor the formation and properties of different
gels. In this review, we provide a summary of EPR
studies on different supramolecular assemblies,
performed over the course of the past 15 years by
researchers at the “Ilie Murgulescu” Institute of
Physical Chemistry, some in collaboration with
scientists from other laboratories.

Host-guest complexes of monoradicals

These studies have been concerned with the
behaviour of nitroxide-type spin probes in
cyclodextrin or cucurbituril solution. Thus, the
interaction of stable radicals from the TEMPO and
PROXYL classes (Fig. 1) with natural or
derivatized cyclodextrins has been analysed using
EPR spectroscopy,”>* as well as a combination of
EPR and circular dichroism.”> Host—guest
complexes of a series of mono- and poly-TEMPO
radicals with cucurbit[6]uril (Q[6]) have also been
investigated by EPR spectroscopy.” In addition to
commercially available cyclodextrins [a-, B-, 2-
hydroxypropyl-B- (HPB), methyl-B- (MCD) and y-
CD],” polymeric, water-soluble B-CD-based
nanocapsules [(CDS),] obtained via a disulphide
cross-linking process were used.”*” The latter
materials (average diameter 30 nm) form
spontaneously during air oxidation of aqueous
suspensions of per-thiolated f-CD.*’

The stability of host—guest complexes is
determined, in the first instance, by the geometric
features of the host, namely the cavity size that

depends on the number of repeating units.”**’ The
inclusion process occurs with desolvation of both
the host cavity and the guest molecule, and therefore
hydrophobic/hydrophilic groups in the structure of
the host and guest can significantly affect
complexation.

Using these various spin probes and
cyclodextrins, it was possible to evidence different
complexation modes of hydrophobic guests,
depending on the polarity and geometrical features
of the interacting species. Inclusion of the nitroxide
group into the cyclodextrin cavity mainly affects
two EPR parameters of the probe: the nitrogen
hyperfine splitting constant (ay), which reports on
the polarity around the probe (e.g., water vs. cavity),
and the spectral linewidth, which depends on the
rate of tumbling (rotational correlation time, 7). As a
common behaviour, the tumbling of the spin probe
is slowed upon complexation. The EPR spectrum of
a spin probe in solution of water-soluble host is a
sum of contributions from the diffusion of the whole
complex and of the free spin probe. In particular
cases, it is possible to clearly observe the two
spectral components (Fig. 2), and simulation of the
spectra provides the EPR parameters of each
component.22

The decrease in the ay value upon complexation
of a nitroxide radical with a host is observed only
for an inclusion complex geometry in which the
nitroxide group is located inside the cavity. In the
case of the interaction of functionalised TEMPO
derivatives like 4-carboxy-TEMPO and 4-amino-
TEMPO with cyclodextrins, it was observed that the
inclusion process depends on the solution pH. This
aspect has been discussed in detail in a recent study
that combines EPR spectroscopy, circular dichroism
spectroscopy and molecular modeling.” Compared
to water, the cyclodextrin cavity has a relatively
non-polar character, therefore it will readily
accommodate  non-polar  molecules/molecular
fragments rather than ionic species. The
complexation of the TEMPO radical is independent
on pH (Fig. 3), and this is understandable as no
ionic group is present in the structure.

Depending on the pH value, the functionalised
spin probes 4-carboxy-TEMPO and 4-amino-
TEMPO can be found in either neutral or ionic
form. Evidently, the neutral form favours inclusion
of the nitroxide group in the cavity, while the ionic
form weakens the inclusion complex (Fig. 4).



Noncovalent interactions

11

N—0» NH; N—O  COOH N—O-
TEMPO 4-amino-TEMPO 4-carboxy-TEMPO
I;. %
CHB-{CHJJ‘E—T N—O- HO OH
CAT16 Repeat unit in (CDS),,
0 aCD:n=6 R=H
/\/\/\/\/'\)L BCD:n=7 R=H
o] N—0» MCD:n=7,R=H
C12NO or OMe (average M,,=1310)

HPB: n=7,R=H
or CH,CH{OH)CH,

\/\/}(\/\ (average M,,=1460)

COOH

Qrs]

OO0H
16-DSA

Fig. 1 — Structures of nitroxide radicals, cyclodextrins and cucurbit[6]uril.

Fig. 2 — The EPR spectra of TEMPO in water and in f-CD, HPB, MCD and (CDS),, solutions. Concentration of each
cyclodextrin was 1 mM (reproduced from ref.*?).
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Fig. 3 — The EPR spectra of TEMPO in 10 M cyclodextrin solution at different pH values (reproduced from ref.?).
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Fig. 4 — The EPR spectra of (A) 4-carboxy-TEMPO and (B) 4-amino-TEMPO in 10> M cyclodextrin solution
at different pH values (reproduced from ref.%*).
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Fig. 5 — Induced circular dichroism spectra of (A) 4-carboxy-TEMPO at pH 2 and (B) 4-amino-TEMPO at pH 10, in the absence
(dashed lines) and in the presence of cyclodextrins. [4-carboxy-TEMPO] = [4-amino-TEMPO] = 7x10* M, [CD] = 102 M
(reproduced from ref.*’).

Interestingly, complexation of 4-carboxy- metal cations and protonated alkyl or aryl amines.™

TEMPO and 4-amino-TEMPO determines the
appearance of induced circular dichroism signals of
the neutral species that vary in sign and intensity as
a function of guest substituent and cyclodextrin type
(Fig. 5). By correlating the EPR and circular
dichroism data to molecular modeling results, the
geometries of the inclusion complexes can be
predicted.® The analysis of the changes in EPR
parameters, combined with data provided by other
techniques, can therefore lead to information on the
geometric orientation of paramagnetic groups in the
complexes.

Similarly, we investigated the interaction of a
new series of nitroxide radicals that contain
functional groups able to generate hydrogen bonds
(urea or amine derivatives) with the first term of the
cucurbiturils family, Q[6].° These synthetic hosts
possess a cavity marked by methylene groups and
decorated on the rims with carbonyl groups,” which
favour the formation of complexes through
hydrophobic interactions, in the case of hydrophobic
guests, or ion-dipole interactions, in the case of

Previously, interactions of organic radicals with
cucurbiturils have been reported by other groups,
stressing that the geometry of the complex is
determined by the size of the host.’*>* The portal
diameter of Q[6] is comparable to that of a-CD,
while the interior diameter has an intermediary
value between those of o-CD and B-CD.’ The
analysis of the EPR parameters of the functionalized
nitroxides in interaction with Q[6] indicated small
changes in ay and slower tumbling, which led us to
conclude that the NH groups of the radicals
interacted with the carbonyl groups of Q[6] via
hydrogen bonding.*®

Association constants of nitroxide-type radicals
with CDs or Q[6] were evaluated assuming a linear
dependence of 7 on the concentration of complex in
solution. In the case of cyclodextrin complexes, the
values are in the range 10*-10" M, *** while in the
case of complexes with Q[6], the association
constants range between 10-10* M™,* indicating a
weaker interaction.
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Fig. 6 — The EPR spectra of TEMPO in 8:2 (w/w) water:glycerol solution of B-CD (10”2 M) at different temperatures (a-d) and at 210
K in the absence of cyclodextrin (e).

Inclusion complexes
in aqueous glycerol below room temperature

The analysis of the EPR spectra of TEMPO
radicals in cyclodextrin solution below room
temperature provides supplementary dynamic
information” that can be further exploited to
evidence host—guest interactions in more complex
systems and in gels. EPR measurements at low
temperature require the preparation of samples in
aqueous glycerol. At room temperature, the spectral
changes induced by the presence of cyclodextrin are
smaller in water:glycerol than in water. Below room
temperature, however, the EPR spectra of spin
probes become more sensitive to complexation.

In the absence of cyclodextrin, the EPR spectra
of spin probes at temperatures in the range 250-210
K show progressive reduction in the tumbling rate
(Fig. 6). The freezing of molecular mobility
(powder pattern) on the EPR time scale depends on
the molecular structure of the spin probe, as this
point was reached at slightly different temperatures
in the range 230-210 K.* This result suggests that
rotational diffusion depends not only on local
viscosity, but also on specific interactions between
spin probe and environment. The rotational
diffusion of TEMPO slows down at a lower
temperature compared to other spin probes. At 210
K, all spin probes used in the study show powder
pattern EPR spectra.

The presence of two components, assigned to
free and complexed TEMPO, is clearly visible in the
spectra in Fig. 6. Interestingly, the spectrum at 210
K is dominated by the component that tumbles
much faster than pure TEMPO under the same
conditions. This suggests that the tumbling rate of

complexed TEMPO is faster than that of free
TEMPO. This is a rather unusual observation, as the
formation of host—guest complexes normally results
in the reduction of the tumbling rate. It implies that,
as the solution vitrifies, the environment inside the
cyclodextrin  cavity remains quite mobile.
Nevertheless, vitrification could occur with poor
homogeneity, and thus the formation of aggregates
or pools of fluid trapped inside the vitreous phase
cannot be ruled out. To unambiguously prove that
the changes in the EPR spectra are due to
complexation and not to heterogeneity artefacts, we
carried out competition experiments in the presence
of adamantanol (AdOH) (Fig. 7). Adamantane
derivatives possess high affinity for the B-CD
cavity” and are thus expected to effectively
compete with TEMPO. In the presence of this
competing guest, the EPR spectrum of the
TEMPO/B-CD solution is indistinguishable from
that of free TEMPO, confirming the displacement of
TEMPO from the B-CD cavity by AdOH.

Host—guest complexes involving biradicals
and poliradicals

The advantage of wusing biradicals and
poliradicals to confirm the formation of host—guest
complexes lies in their additional spectral features
arising from spin-spin interactions, which provide
information on the distance between the
paramagnetic moieties. Experimental data obtained
from X-band continuous wave EPR measurements
on biradical systems can be used if the distance
between the radical moieties linked through a bridge
is up to 2 nm, while the double electron-electron
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resonance (DEER) EPR  method allows
determination of spin-spin distances between 2 and
15 nm.** In case of supramolecular interactions with
other species, the nitroxide groups from biradical or
poliradical structures may be shielded from each
other, which leads to the observation of three-line
EPR  spectra  characteristic  to  nitroxide
monoradicals. We reported several EPR studies on
host—guest interactions involving, as guests, the
biradicals and poliradicals shown in Fig. 8.2¢*°7’
The biradicals in series A and C possess higher
molecular flexibility compared with those in series
B, which bear rigid aromatic linkers.

In aqueous solution, the biradicals from series A
show five-line EPR spectra due to the exchange

interaction between the two paramagnetic fragments
linked by the polyether chain. The intensity of the
lines attributed to spin-spin interactions depends on
the length and flexibility of the polyether chain. It
was found that the term P3T2 in this series shows
the most intense exchange interaction lines.**® EPR
studies regarding complexation of radicals from
series A and B with cyclodextrins (a-, f-CD and
HPB)***" and of radicals C with cucurbituril Q[6]*°
have been reported. By monitoring the changes in
the intensity of the exchange interaction lines, it was
possible to evidence and further evaluate the
equilibrium ratio and association constants, which
fall in the range 10’-10° M for 1:1 complexation
and 10*-10° M for 1:2 complexation.

[B-CD] = 102 M

[B-CD] = 102 M, [AdOH] = 107 M

Fig. 7 — Competition experiment: EPR spectra of TEMPO at 210 K in 8:2 (w/w) water:glycerol in the presence of (a) f-CD, (b) B-CD
+ adamantanol, and (c) without additives (reproduced from ref.>*).
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Fig. 9 — The EPR spectra of P3T2 in water (a), in the presence of increasing concentrations of B-CD (b-¢),
and in mixtures B-CD + 1-adamantylamine (f-h) (reproduced from ref.*).

The EPR spectra of the P3T2 biradical in aqueous
solution and in the presence of B-CD are shown in
Fig. 9. The high field line (%4+;) decreases upon
addition of cyclodextrin due to the slower tumbling
of the nitroxide moiety caused by complexation.
The exchange lines (4_; and 4.;) also decrease in
intensity with increasing B-CD concentration, until
they completely disappear at [B-CD] ~ 6x10° M
(Fig. 9¢). At this concentration, complexation of
one radical moiety by the B-CD cavity prevents the

exchange  interaction. At  higher [B-CD
concentration, the solution becomes turbid and a
precipitate appears, determining the drastic

reduction of the overall intensity in the EPR
spectrum of the solution.”> Adding a competing
guest, l-adamantylamine (AA), results in the
solubilisation of the precipitate and the
reappearance of the five-line EPR spectrum
(Fig. 9 g, h).

In the case of complexation with a-CD, the
presence of the five-line spectrum was observed up
to a higher cyclodextrin concentration (I M), at
which only the three-line spectrum was recorded.
However, this effect is in part due to the increased
viscosity of the environment. In the case of HPB,
complexation also occurs at lower cyclodextrin
concentration (10% M). In the latter case, the

separation of the complex as a solid precipitate was
not observed.

For bi and poliradicals in series B and C, the
exchange interaction lines are less intense in water,
indicating a smaller frequency of collisions between
the paramagnetic moieties. Complexation with [-
CD and Q6] is also associated with the decrease in
exchange lines intensity as the host concentration
increases.”*’

Dual molecular probes

The EPR analyses of supramolecular systems
offer valuable information, yet a more in-depth
understanding can be gained by combining EPR
spectroscopy with other spectral methods. We have
shown that, by combining EPR and circular
dichroism spectroscopies, we can obtain a clearer
picture on the inclusion of TEMPO radicals in the
cyclodextrin cavity.” Another approach is to use
molecular probes bearing two different sensing
moieties, one paramagnetic and one fluorescent, to
investigate supramolecular complexes. Literature
reports on such dual molecular probes, and their
properties have been mainly analysed in respect to
the quenching effect exerted by the nitroxide group
on the fluorescence emission.”*
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Our research on the topic began by studying the
behaviour of a simple dual molecular probe with a
relatively rigid structure, dansyl-TEMPO (DT),*
in the presence of cyclodextrin.* The analysis of
the fluorescence and EPR spectra of DT in B-CD
solutions led to the conclusion that complexation
occurs mainly with the inclusion of the dansyl
moiety in the B-CD cavity. The fluorescence
intensity of DT is weak, due to the quenching
effect of the nitroxide group in close proximity to
the dansyl fluorophore. Inclusion complexation of
either one of the two sensing groups of DT
diminishes quenching. By increasing the B-CD
concentration, the enhancement of the DT
fluorescence intensity was observed, accompanied
by a blue shift of the emission maximum of dansyl,
indicating that the fluorophore is located in a less
polar environment, thus proving its inclusion in the
cyclodextrin cavity. Moreover, the value of the
hyperfine splitting constant, ay, does not vary
significantly with the p-CD concentration.
Corroborating these data, we concluded that the
TEMPO moiety is exposed to the aqueous
environment, while the cyclodextrin cavity
includes preferentially the dansyl moiety.

This study underpinned our motivation to
obtain new series of dual molecular probes bearing
a paramagnetic moiety coupled with a fluorophore
by means of flexible linkers of variable length
(Fig. 10). By introducing a bridge between the two
moieties, it was possible to modulate the influence
of the nitroxide on the emissive properties of the
probe. A first series of such dual molecular probes
was synthesized by connecting the paramagnetic
TEMPO moiety to the fluorescent pyrene moiety
via oligoethylene glycol chains (Py(EG),T).* In a
second series of probes, TEMPO was linked to the
fluorescent dansyl moiety by alkyl chains
(DA, T).* In addition to these dual probes, mono-
pyrene” and mono-"* and  bis-dansyl®
fluorescent derivatives were also prepared. All
series of probes were investigated in interaction
with cyclodextrins by fluorescence and EPR
spectroscopies. The analysis of the spectral
features in solution and upon complexation
revealed different behaviours of the probes.

The choice of linking the pyrene fluorophore to
the TEMPO moiety by oligoethylene glycol chains
was made taking into account the emissive
properties of pyrene*® and our findings on the EPR
properties of the P3T2 biradical.* It is well known
that the fluorescence spectrum of pyrene is
characterised by a vibrational structure sensitive to

local changes in polarity and dynamics.*® The
fluorescence band of the Py(EG),T dual probes
does not show a vibrational structure, and the
fluorescence quantum yield (®) of the probes does
not follow a linear variation with the chain length
(Fig. 11). This irregular trend is due to different
proximities between the fluorophore and the
nitroxide quencher, determined by the gauche or
anti arrangement around C—C and C—O bonds and
by the length of the oligoethylene glycol chain.
The @ values of Py(EG),T probes range from 0.23
forn==6to0 0.05 forn=2.

This non-linear behaviour of EPR and
fluorescence parameters can provide distinct
information in complex systems in which host—
guest interactions occur,” and in block copolymer
micelles where the hydrophilic/hydrophobic
properties are non-uniform.*’

The interaction between Py(EG),T dual probes
and B-CD was elucidated by following the changes
in the EPR and fluorescence spectral features and
parameters. At high B-CD concentration, the
appearance of the vibrational fine structure of
pyrene emission was observed. The EPR
parameters of the probes in the presence of B-CD
evidenced a different complexation behaviour
along the series. The highest variation of ay upon
complexation was observed for the short chain
probes (n = 1, 2), which indicated the inclusion of
the TEMPO moiety in the B-CD cavity in the case
of these probes. Corroborating also with time-
resolved fluorescence data, for the longer chain
probes we predicted the formation of both
inclusion and encapsulation complexes of different
geometry and stoichiometry (Fig. 12).

The Py(EG),T dual probes were also used to
investigate the micelle-to-gel phase transition
occurring in systems containing pluronic F127, in
the absence and in the presence of HPB.*’ It was
shown that the structural particularities of the
probes markedly influenced the probe response.
The analysis of the fluorescence and EPR spectra
recorded in a temperature range around the
micelle-to-gel transition temperature revealed the
fact that only the EPR parameter ay was sensitive
to the polarity changes accompanying the phase
transition. The local information provided by EPR
spectroscopy was then correlated with the global
information provided by rheological parameters to
reveal that gelation involves continuous molecular
reorganization processes occurring in the
temperature interval of the gel phase.
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Fig. 10 — Dual paramagnetic-fluorescent molecular probes.
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Fig. 11 — The variation of the rotational correlation time (t) and fluorescence quantum yield (®) of the Py(EG),T dual probes with
the length of the oligoethylene glycol chain (n) (reproduced from ref.*?).

1:1

Fig. 12 — Schematic representation of the geometries of the inclusion and encapsulation complexes
of Py(EG),T dual probes with p-CD (reproduced from ref.*).

Differently from the case of Py(EG),T, the
quenching effect of the TEMPO moiety on the
dansyl fluorophore, in the case of the DA, T dual
probes, decreases quasi-linearly with the length of
the alkyl linker (Fig. 13). Nevertheless, it must be
noted that, due to the flexibility of the alkyl chain,
an increased linker length may favour bended
conformations that bring the two sensing groups in
close proximity.

The probes DA;,T interact with B-CD in
solution by inclusion of the dansyl moiety in the
cyclodextrin cavity, as the ay value of the probes
decreases with no more than 0.1 G in the presence
of B-CD, while the dansyl fluorescence is greatly
enhanced and shifts hypsochromically upon
complexation. The values of the association
constants are of the order 10* M™' for 1:1 complexes,
in agreement with the association constant found for
the complexation of DT with p-CD.*!
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Fig. 13 — The variation of the rotational correlation time (1)
and fluorescence quantum yield (@) of the DA, T dual probes
with the length of the alkyl chain (n) (adapted from ref.*®).

For both series of dual probes, Py(EG),T and
DA, T, the host—guest interaction with cyclodextrins
was also shown to occur in hydrogels that contain
cyclodextrins in their covalent network.***

Spin-labelled cyclodextrins

The results presented above refer to the general
case of the interaction between a paramagnetic guest
and a diamagnetic host. Attaching a paramagnetic
moiety to the host macromolecule makes it possible
to expand the scope of EPR studies to complexes of
spin-labelled hosts with unlabelled guests. Except
for one early study, which did not probe host—guest
complexation, ** spin-labelling of cyclodextrins
started to present interest during the last 15 years.
To date, only few studies have reported the
synthesis of spin-labelled cyclodextrins (SL-CDs).
One of these recent studies was reported by Ionita
and Chechik (York University),” and described the
synthesis and inclusion properties of three SL-CDs
(Fig. 14).

This work was followed by two other studies
reporting on the interaction of SL-CDs with low and
high molecular weight compounds by using
continuous wave and pulsed EPR spectroscopies.
Cyclodextrins accommodate in their cavities

. j}b\\ o

24,50

-
MTCYC m CYCAT
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phenolphthalein and 1-adamantylamine, which are
characterised by high values of the association
constants (~10* M™). > In the case of SL-CDs, the
association constants of these guests are two orders
of magnitude lower.”® Indeed, X-band continuous
wave EPR measurements have indicated that SL-
CDs are characterised by weaker association
properties.***%

The high affinity of adamantane derivatives for
the cyclodextrin cavity can be exploited towards
building a cyclodextrin assembly. As such,
dendrimers were functionalised with several
adamantane groups following literature procedures.”

The article reporting the synthesis of the three
SL-CDs was soon followed by a study reported by
Bardelang ef al.,”* in which the authors described
the synthesis of a mono spin-labelled permethylated
derivative and analysed the self-inclusion process of
the paramagnetic moiety covalently attached to the
cyclodextrin unit. >

Host—guest interactions of cyclodextrins have
also been investigated by the electron spin-echo
envelope modulation (ESEEM) method of EPR
spectroscopy, in collaboration with prof. D.
Goldfarb and prof. V. Chechik.** This was the first
study reporting on the application of a pulsed
method, in particular ESEEM, to investigate host—
guest interactions. The modulation depth obtained
by analysis of the ESEEM traces corresponding to
the free paramagnetic guest (4-carboxy-TEMPO)
and to its complex with cyclodextrin showed
differences. Inclusion into the cavity corresponds
to exposure to a less hydrated environment and, in
consequence, to a smaller modulation depth. The
addition of adamantanol as competing guest
increases the modulation width back to its original
value, which is consistent with the displacement of
4-carboxy-TEMPO from the cyclodextrin cavity
by the competing guest of higher affinity.

A\ —
m TCYC m

Fig. 14 — Schematic representation of mono spin-labelled B-cyclodextrins.
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Fig. 15 — Schematic representation of mono and bis spin-labelled permethylated f-CDs.
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Fig. 16 — The EPR spectra of MCT (a), AB (b) and AD (c) in dichloromethane, of AB (d) and AD in water (e), and of AB in water at
350 K (f) reproduced from ref.*

In our continuous wave EPR studies reporting on
properties of SL-CDs, we have found that
association constants for high affinity guests are
lower compared with unfunctionalized
cyclodextrins, and this has been explained assuming
the self-inclusion of the spin label as a competing
process. The ESEEM traces of MTCYC and
TCYC spin-labelled cyclodextrins exhibit only
slightly different k(*H) and d(*H) parameters
compared to those of uncomplexed 4-carboxy-
TEMPO. Therefore, we concluded that the
formation of self-inclusion complexes for MTCYC
and TCYC is negligible and the nitroxide group is
not shielded from the solvent. On the reverse, in the
case of the spin-labelled cyclodextrin CYCAT, the

self-inclusion of the paramagnetic group has been
proved.

Apart from studies reporting the synthesis of
mono SL-CDs, we have also reported the synthesis
of two spin-labelled cyclodextrin biradicals, in
which two 4-carboxy-TEMPO groups are attached
to adjacent glucose units or are separated by two
glucose units (Fig. 15).” These doubly spin-labelled
cyclodextrins, denoted AB and AD (Fig. 15), were
obtained by reaction of 6A,6D- and 6A,6B-
dihydroxy permethylated B-CD with 4-carboxy-
TEMPO in the presence of  N,N'-
dicyclohexylcarbodiimide.”® Mono  spin-labelled
permethylated B-CD (MCT) was also separated
from the reaction mixture. Spin-spin interactions
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were observed in dichloromethane solutions of
compounds AB and AD, and in water solution of
compound AB at 350 K (Fig. 16).

Formation and properties
of gels evidenced by EPR spectroscopy

The synthesis of spin-labelled cyclodextrins
opened the possibility to investigate inclusion
complexes involving molecules with large
molecular weight and, by extension, more complex
systems. Among the latter, supramolecular gels
represent a class of materials that nowadays attract
the scientific interest due to their diverse
applicability in fields like pharmacy, cosmetics,
pollutant  capture/removal and catalysis.”> "
Although EPR spectroscopy is mnot currently
exploited to a large extent in this field, it can
provide reliable information on the assembly of low
molecular weight gelators (LMWG), on the
encapsulation or diffusion of spin-labelled
molecules into and from gel networks, and can be
used to monitor the formation of polymeric gels.
Only few studies report supramolecular gel
formation based on changes in spin probe dynamics
revealed by EPR spectroscopy.

Gels are classified most often considering the
forces that govern the formation of the fibrillar
network. Supramolecular gels result by self-
assembly of LMWG molecules that generate
physical gels by the formation of three-dimensional
fibrous network structures as a response to various
physicochemical stimuli such as heat, light,
ultrasounds and chemical environments.” As a
general rule, LMWG molecules contain in their
structures moieties able to generate hydrogen
bonding, dipole-dipole interactions or m@-m
interactions. The EPR studies using spin-labelling or
the spin probe method have rarely been used to
prove the assembly of LMFG based on the changes
observed in the dynamics of the paramagnetic
moiety.®® Starting from these literature data, we
applied the EPR method to investigate the formation
of supramolecular gels resulted by assembly of
dibenzylidene sorbitol ~derivatives* and 12-
hydroxystearic acid.” The results show that our
approach of using spin-labelled gelators was less
sensitive compared to using spin probes like 5-doxyl
stearic acid (5-DSA, Fig. 1). For our investigated
systems, it seems that spin-labelled gelators cannot
be integrated in the gel fibres, proving that the
assembly process is highly selective.

Thermo-responsive ~ hydrogels  containing
various polymeric structures have been studied by
EPR spectroscopy using the spin probe method.
Examples refer to thermo-responsive hydrogels of
poly(N-isopropylacrylamide)'® and gelatin gels."’
In our group, we studied the influence of
cyclodextrin on the phase transition occurring in
pluronic F127 systems.*”* For this purpose, we
combined methods that offer global and local
information on the systems. We used spin probes
that have similar structure with F127 (spin-labelled
pluronics),” as well as dual molecular probes that
allowed us to evidence which spectral method is
more sensitive for studying such systems.*’

Spin-labelled cyclodextrins have been used to
monitor the formation of covalent gel networks
resulted by crosslinking the cyclodextrin with
isocyanate end-capped polyethylene oxides (Fig.
19).” It can be observed that the crosslinking
reaction in dimethylformamide (DMF) is complete
when the spin-labelled B-cyclodextrin TCYC shows
frozen molecular mobility.

Fig. 19 — The EPR spectra of TCYC: a) in DMF, initial
solution, b) during gel formation in DMF, ¢) after gel
formation in DMF, and d) after replacing DMF with water in
the gel network (reproduced from ref.®’).

This system has been analysed in depth using
EPR spectroscopy, and the results evidenced how
the initial ratio of reactants influences the overall
dynamics of the gel network and its absorption
properties, highlighting the inhomogeneity of these
polymeric gels. These gels present two regions that
can accommodate various molecules, namely the
cyclodextrin cavities and the solvent pools. Using
spin probes, it was easy to distinguish between the
two, as the probes hosted by cyclodextrins are
characterised by slower dynamics, while the probes
located in the solvent pools have a dynamics similar
to that in solution.®®
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Albumin interaction with surfactants
and nanoparticles

Albumins have remarkable affinity for
hydrophobic compounds such as fatty acids and
surfactants bearing hydrophobic tails, with values of
the binding constants in the range 10°~10” M™%
The most studied serum albumins, human (HSA)
and bovine (BSA), have similar structures
characterised by the existence of three helical
domains. Each domain consists of a large double
loop, a short connecting segment to a small double
loop, a long connecting segment known as hinge to
another large double loop, and a connecting
segment to the next domain. These proteins present
up to seven binding sites for fatty acids.”

Continuous  wave and pulsed EPR
spectroscopies have often been employed in the
study of albumin—fatty acid interactions, as these
methods provide numerical parameters of
rotational motion and distances between spin
probes bound to albumins.”' Studies in the
literature report high affinities of doxyl spin probes
for albumins, which result in a strong
immobilisation of these probes in the complexes
with albumins.

In our studies, instead of using doxyl-type
probes, we employed the CAT16 spin probe (Fig.
1) to investigate non-covalent interactions in
systems containing BSA, ionic surfactants (sodium
dodecyl sulphate, SDS, or cetyl trimethyl
ammonium bromide, CTAB) and/or cyclodextrin,
using the spin probe method.”” The CATI16 spin
probe was selected considering its structure, which
consists of a hydrophobic tail, allowing interaction
with the hydrophobic sites of the protein, and an
ionic group, which leads to a weak interaction with
the albumin while favouring a strong interaction
with micelles of ionic surfactants. Using this spin
probe, it was also possible to study the effect of
ionic surfactants (SDS and CTAB) and thermal
denaturation (at 70°C) on the BSA secondary
structure.”” The EPR measurements were
accompanied by circular dichroism measurements
in order to evidence the denaturation/renaturation
effects.”””> We have shown that ionic surfactants
can be stripped from the surface of the protein by
adding either cyclodextrin’ or a polymeric gel that
contains cyclodextrin in the network.”” This gel
can absorb the SDS molecules from the surface of
albumin even at a concentration higher than the
critical micelle concentration of the surfactant.
From the EPR spectral analysis, it was possible to
conclude that micellization of the surfactant is

possible inside the solvent pools of the gel.
Another study has shown that pluronic-type
surfactants have little effect on the protein
structure.”™

The formation and growth of gold nanoparticles
in albumin solution, in the absence of a reducing
agent, evidenced the two roles played by the
protein, namely its reducing action on Au(Ill) ions
and the protective role in the stabilisation of the
resulting nanoparticles. The process was monitored
by EPR spectroscopy using as spin probes CAT16,
which has affinity for albumin, and a biradical that
contains a disulphide group and thus has high
affinity for gold nanoparticles.”

The EPR evidences on the interaction between
fatty acid-like spin probes and albumins, and the
changes of EPR parameters as a function of protein
conformation can find medicinal applications.
There are some studies that highlight the potential
of the spin probe method of EPR spectroscopy in
monitoring or even testing the cancer
diagnosis.””””  We reasoned that the EPR
parameters of the spin probe 5-DSA in tear
samples collected from patients with dry eye
diseases can be correlated with the protein profile
of the tear samples and with ophthalmic
parameters. Tears contain, in small quantities,
albumin and lipocalin, the latter being a
prealbumin that can bind this spin probe. Although
the study was performed on a small number of
subjects, our results evidenced changes of the EPR
spectral features during the treatment prescribed
for dry eye syndrome.”

CONCLUSIONS AND PERSPECTIVES

Altogether, these studies reflect our contribution
to the research on non-covalent interactions by
means of EPR methods. We started investigating the
bimolecular complexes resulted by interaction of
host molecules with small molecule guests, then we
explored more complex systems that can be relevant
for biomedical and pharmaceutical applications.
These are broad fields of research, and we envisage
that further EPR studies on molecular reorganiza-
tion processes and non-covalent assemblies will be
useful for oriented applications.
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