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Abstract The synthesis of a novel supramolecular system
comprising of branched polyethylenimine and cyclodex-
trin, is presented. The synthesis route is based on the self-
assembly phenomena with the inclusion of solvent mole-
cules. The systems are formed by a hydrogen-bonding
network and host-guest type interactions between the
building blocks. It was found that the native cyclodextrin
and polyethylenimine are able to form stable systems when
the reaction medium constitutes a polar solvent forming
host—guest type complexes with cyclodextrin. A special
consideration was paid on the detailed spectroscopic
analyses of the obtained water-soluble constructs, includ-
ing ROESY and diffusion-ordered (DOSY) NMR spec-
troscopy studies. The versatility and significance of DOSY
technique for the analysis of the cyclodextrin complexes
and its non-covalent systems with branched polymers, were
presented. It was also found that the guest molecules that
were incorporated in the complexes exhibited enhanced
thermal stability. The morphological details in the solid
state were obtained by scanning electron microscope.
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Introduction

Cyclodextrins (CDs) are a class of cyclic compounds,
comprised of six or more repeating D-glucose units which
are coupled by the o-1,4-glycosidic bond [1, 2]. The
cyclodextrins chemistry is the so-called host—guest chem-
istry due to their original and interesting three-dimensional
structure based on forming of the cup-shape supramole-
cules [3, 4]. The stereochemical arrangement of the
cyclodextrin ‘cup’ implies that the exterior of CD is more
hydrophilic in comparison with its interior. Therefore, the
CD molecule is capable to bind the hydrophobic molecules
in aqueous media, in order to increase their water solu-
bility. The examples of a smart application of the afore-
mentioned host—guest phenomena are (1) the anti-corrosion
application (corrosion inhibition) [5], (2) the enhancing oil
recovery [6], (3) as well as the complexation of anticancer
drugs inside CD interior [7, 8]. A large number of drugs
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have poor water solubility, therefore the creation of CD-
drug complexes enables (1) to reduce the required phar-
macological effective dose of the anticancer drug and (2) to
enhance its pharmacological availability. The aqueous
stability of CD-drug inclusion complexes determines the
possibility for designing the so called controlled drug
release systems [9].

The unique properties of cyclodextrins resulted in many
applications e.g. in the polymer science (synthesis of CD-
polymer conjugates) [10—12] or sensors technology [13].
The CDs may constitute as the building blocks of the so-
called self-assembly structures, which may be regarded as
the promising starting-point for the synthesis of advanced
materials [14]. An interesting method is to create the
redox-responsive and shape memory polymer structures,
based on the presence of CD covalently conjugated to a
(bio)macromolecule [15]. Also, it was found that on the
basis of host—guest interactions, the CD is not only able to
complex simple molecules (like the aromatic compounds
[16]. or typical organic solvents [17]), but also linear
polymers, as for example poly(ethylene glycol) (PEG) [18]
or poly(acrylamide) [19] Interestingly, under appropriate
pH conditions the CD is also capable to interact with
typical hydrophilic linear macromolecules, i.e. the linear
polyethylenimine (PEI) [20] or PEG [21] part of the PEG-
PEI copolymer, which results in formation of polyrotax-
ane-like structures.

Due to the interesting features of polyethylenimine, e.g.
exhibited proton sponge effect or adsorption of various type
of negatively charged chemical individuals, in the develop-
ment of adsorption technologies the cyclodextrin-PEI (CD-
PEI) covalent conjugates have been widely synthesized
[22, 23]. These conjugation routes involve the use of
sophisticated coupling reagents, e.g. 1,1’-carbodiimidazole
(CDI) [24] or pre-modified CDs, e.g. tosylated (OTs-CD)
cyclodextrin [25] or the hydroxypropylated one (HP-CD)
[26]. Such covalent PEI-CD structures are considered as
promising materials dedicated to bio-related field of appli-
cation, including non-viral gene delivery systems. The PEI-
CD covalent structures which form nanospheres in the way
of self-assembly phenomena, with the inclusion of appro-
priate guest molecules, have been also reported [27]. Please
note that most commonly the synthesis of such covalent type
CD-polymer structures is associated with multistep conju-
gation protocol. Additionally, the cyclodextrin pre-deriva-
tization process is not always connected with the satisfactory
yield of the desired product. Therefore, the approach for the
formation of polymer-CD systems based on the direct pro-
tocol (without pre-derivatization of the starting reactants)
may constitute a promising and interesting proposal of the
high-yield synthesis.

Please note that a significant number of the synthetic
protocols for conjugation of CD to branched PEI, is
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conducted (1) in DMF as a reaction medium (e.g. CDI-me-
diated approach [24]) or (2) with addition of pyridine (e.g.
CD tosylation [25]). Nevertheless, there are no studies on the
possible creation of the non-covalent PEI-CD supramolec-
ular systems, despite of the fact that both PEI and CD is
soluble in DMF and pyridine. In other words, a possible
formation of PEI/CD non-covalent systems with the inclu-
sion of DMF or pyridine molecules, has not been investi-
gated yet. Herein we report a novel ternary non-covalent
supramolecular system comprising the branched PEI
(M,, = 25 kDa) and cyclodextrin (o,  or y). The chemical
structures of the used cyclodextrins and branched PEI are
presented in Fig. 1. We have developed a novel and efficient
approach to synthesize PEI aggregates bearing the CD and
appropriate solvent molecules (DMF or Py), on the basis of
the hydrogen-bonding interactions and host—guest phenom-
ena. In this work, we present the in-depth insight into the
spectroscopic studies of PEI-CD-guest systems both in
aqueous media and solid state in order to increase the
understanding of such strong non-covalent interactions.

Experimental section
Materials and methods

Branched polyethylenimine (PEI; >99%; M, (by LS):
25 kDa) and cyclodextrins (aCD, yCD > 98%;
BCD > 95%) were purchased from Sigma-Aldrich. Pyr-
idine (Py; >99%) and N,N-dimethylformamide (DMEF;
>99.8) were purchased from Avantor Performance Mate-
rials Poland S.A. All the reagents were used as received
without purification.

Fourier transformation infrared (FT-IR) spectra were
recorded in a transmission mode with Thermo Scientific
Nicolet iS5 spectrometer with a resolution of 4 cm™'. The
samples were analyzed as pellets with dry KBr, whilst PEI
was applied as thin film onto a pellet made of spectrally
pure KBr. All NMR experiments were carried out on a
Varian VNMRS spectrometer operating at 500 MHz and
equipped with a multinuclear z-gradient inverse probehead.
In all experiments, the probe temperature was maintained
at 298 K and standard 5 mm NMR tubes were used. 'H
NMR and ">C NMR spectra were recorded in deuterium
oxide (with the calibration on the residual HOD signal
479 ppm and the cyclodextrin’s CI1 signal (aCD—
101.29 ppm, PCD—101.75 ppm, yCD—101.55 ppm),
respectively). No internal reference was added, in order to
eliminate possible interactions with CDs, if any. MestRe-C
2.0 software was used for NMR spectra simulation (Mes-
tRe-C NMR Data Processing Made Easy 4.9.9.6, 1996—
2006, courtesy F.J. Sardina, Universidad de Santiago de
Compostela, Spain).
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Fig. 1 Chemical structures of branched PEI (fop) and cyclodextrins (bottom)

DOSY (Diffusion Ordered SpectroscopY) experiments
were performed using a stimulated echo sequence incor-
porating bipolar gradient pulses [28] and with convection
compensation [29]. The gradient strength was logarithmi-
cally incremented in 15 steps from 25% up to 95% of the
maximum gradient strength. The DOSY Toolbox software
was used for DOSY NMR spectra simulation (The DOSY
Toolbox—version 2.5, 2014, Mathias Nilsson, School of
Chemistry, University of Manchester, UK).

Thermogravimetric analysis (TGA) was performed with
a TA Q-50 instrument under nitrogen atmosphere and
heating rate of 10 °C min™".

Dynamic light scattering (DLS) measurements were
performed using Malvern Zetasizer instrument. The anal-
yses were conducted on the samples suspended in distilled
water (100 ug mL™").

Morphological features were obtained using scanning
electron microscopy (Zeiss Merlin). The powdered samples
were put on an aluminum holder coated with a carbon tape.
Before observations the samples were covered with a thin
layer of carbon using a commercial sputtering instrument.

General procedure for the synthesis of the pCD-
solvent inclusion complexes

A solution of the PCD (40 mg mL™") in the appropriate
solvent (DMF or Py) was stirred for 24 h at room tem-
perature. The solvent was evaporated under reduced

pressure. Finally, the residue was lyophilized for 24 h. The
mass gain of the obtained products is: ca. 6% for DMF as
the solvent and ca. 8% for Py as the solvent, of the mass of
the BCD used for the reaction.

General procedure for the synthesis of the PEI-CD-
solvent ternary systems

The polyethylenimine (PEI; My, = 25 kDa) was dissolved
in the appropriate solvent (40 mg mL™', N,N-dimethyl-
formamide (DMF) or pyridine (Py)). To the stirred PEI
solution, B-cyclodextrin dissolved in the same solvent
(50 mg mL™") was added dropwise. The PEL:CD mass
ratio was 1:1. A turbid-white mixture was obtained and the
formation of the aggregates was observed immediately.
Despite the fact that the process is very rapid (please see
Supplementary Video Data), the mixture was stirred
overnight at room temperature to ensure the best reaction
yield. Sequentially, the as-obtained system was centrifuged
five times with the solvent used for the reaction) (DMF or
Py) and the supernatant was removed. The content of
unbonded cyclodextrin in the following supernatants was
monitored by TLC (a phosphomolybdic acid test was used:
a drop of a supernatant was placed on a TLC plate and
phosphomolybdic acid was used to visualize CD). Finally,
the product was lyophilized for 24 h. The masses of the
obtained materials are summarized in Table 1. Hereafter,
the obtained supramolecular structures are referred as PEI-
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CD-DMF and PEI-CD-Py, for the systems consisting N,N-
dimethylformamide (DMF) and pyridine (Py), respectively.

Two representative reactions with «CD and yCD were
also carried out applying DMF as the solvent in both cases.
There were no significant differences in the course of the
reaction, the final product yield and the aggregates
morphology.

Results and discussion

The synthesis of the ternary systems involves the addition
of the CD solution in the appropriate solvent (DMF or Py)
into the stirred PEI 25 kDa solution in the same solvent
(PEL:CD mass ratio is 1:1). The process is very rapid, the
aggregates are formed instantly and the first precipitate is
observed even after few seconds (please see Supplementary
Video Data). The obtained supramolecular systems exhibit
interesting solubility behavior in the different media
(Table S1 in Supplementary Data). Please note that the
solubility behavior of the CD-solvent inclusion complexes
is the same as for the native CD. Interestingly, despite of
the fact that the constructs main building elements are the
PEI and CD, the obtained supramolecular aggregates are
not soluble neither in methanol or chloroform (PEI) nor
DMSO (CD). If so, one has to consider that the strength of
the hydrogen bonds between the obtained aggregates and
solvent molecules is the main factor which crucially
influences the solubility behavior.

Both cyclodextrin and polyethylenimine can act as the
hydrogen bond (HB) donors or acceptors, due to the presence
of specific functional groups, i.e. hydroxyl (CD) and amino
(PEI) moieties, in their structure. Also, it was shown that
each structure comprising of cyclodextrin is being stabilized
by the host—guest type interactions [19]. Thus, the products
were analyzed by means of spectroscopic methods in order to
observe and to determine the supramolecular interactions (if
any) in the obtained non-covalent systems.

'H and *C NMR studies

Firstly, '"H and '*C spectra (in D,O) of the obtained sys-
tems and the starting reactants, were acquired. The differ-
ences in the "H NMR spectrum of representative PEI-BCD-

DMF (d) ternary system in comparison with: (a) pristine
branched PEI 25 kDa, (b) native BCD, and (c) physical
mixture of PEI and BCD, are presented in Fig. 2. The
spectra of the products (Figs. S11-S18 in Supplementary
Data) consist of peaks corresponding to the protons of PEI,
CD and solvent (DMF or Py), but there are some differ-
ences in comparison with the spectra of the starting reac-
tants (Figs. S1-S8 in Supplementary Data). The broadening
of the signals coming from the CD might be attributed to
the hydrogen bonding interactions between the CD and PEI
or is associated with the formation of aggregates. It is
worth mentioning that in the spectra of the BCD-solvent
inclusion complexes (Figs. S9-S10 in Supplementary
Data) and the BCD-PEI physical mixture in D,O (Fig. S18
in Supplementary Data), no peak broadening was observed.
It is crucial to bear in mind that CD and PEI form hydrogen
bonds also with water molecules, and those interactions
crucially affect the arrangement of those compounds. If so
it can be stated that the CD and branched PEI are not able
enough to form stabile aggregates in the absence of the
polar aprotic solvent, like DMF or Py, which also forms
hydrogen bonds with the major building elements (PEI and
CD). Please note that despite the fact that the products have
been lyophilized for 24 h, the signals coming from the
solvent molecules can be found in the spectra of each
product.

Additionally, the specific changes were observed in the
3C NMR spectra of the representative PEI-CD-DMF
systems (see Figs. S12, S14, S16 in Supplementary Data).
These discussed differences (presented in Fig. 3) are rela-
ted to the PEI broad peaks from the range ca. 50-52 ppm,
which correspond to the carbons C(3-3) and C(2-1) (see
the designations in Fig. 3) [30]. A direct comparison of the
3C NMR spectra of pristine PEI and PEI-BCD-DMF
brings a conclusion that the peaks from C(3-3) and C(2-1)
in the obtained supramolecular system appear as two
individual and distinguished signals. This observation
could be related to the hydrogen-bonding interactions
between the tertiary amine moieties (HB acceptors) in the
PEI structure and the hydrogen-donating functionalities
(hydroxyl groups) in the CD molecules. Hence, we claim
that the water-soluble solvent included in the ternary sys-
tem structure (non-covalently bound to the branched PEI)
allows the creation and the stabilization of aggregates
through host-gest interactions with the CD ‘cup’.

Table 1 Experimental data for the synthesis of the PEI-BCD-solvent non-covalent supramolecular systems

Substrates Products

PEI mass BCD mass Solvent Ternary system Ternary system Weight gain in Weight gain in

(mg) (mg) mass (mg) comparison to PEI (%) comparison to BCD (%)
204.8 201.2 DMF PEI- BCD-DMF 317.6 55 58

198.7 197.5 Py PEI- BCD-Py 336.2 69 70
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DOSY studies

It should be highlighted that a shifting of the signals
coming from the protons of CD and guest molecules for 'H
NMR spectra is very tiny. As for example for BCD com-
plex with minoxidil the discussed differences are only ca.
0.005-0.08 ppm [31]. Therefore, such tiny shifting of the
signals in the "H NMR spectrum cannot be observed in the
spectra of PEI-CD-solvent ternary systems because of the
fact that the signals coming from CD are very broadened
(please see Fig. 2).

The study of molecular diffusion in solution offers an
insight into a range of physical molecular properties
including molecular size, shape and aggregation states. The
NMR-based measurements have been applied to many
areas of chemistry for over five decades [32-34]. The
mobility rates or diffusion coefficients may also be used as
the basis for the separation of the spectra of compounds
mixtures in the solution. This procedure being referred to
as diffusion-ordered spectroscopy or DOSY. It is often
regarded as a special chromatographic method for physical
component separation, but unlike other techniques, it does
not require any particular sample preparation or opti-
mization of the chromatographic method.

All modern NMR-based diffusion measurements rely on
the application of pulsed field gradients to map the physical
location of a molecule in solution and have been made with
conventional high-resolution NMR spectrometers through
the provision of actively shielded pulsed field gradient
(PFG) probeheads. Molecular diffusion is characterized
along the direction of the applied field gradient, which is
typically along the z-axis of conventional gradient probe-
heads. The measured signal is the integral over the whole
sample volume and the NMR signal intensity is attenuated
depending on the diffusion time and the gradient parame-
ters. In practice, a series of NMR diffusion spectra are
acquired as a function of the gradient strength. It can be
observed that the intensities of the resonances follow an
exponential decay. The rate of this decay depends on the
diffusion coefficient. All signals corresponding to the same
molecular species decay at the same rate. The next step is a
transformation of raw PFG-NMR spectra into 2D-DOSY
spectrum. The horizontal axis of the DOSY spectrum
encodes the chemical shift of the observed nucleus ('H
[ppm]). The vertical dimension encodes the diffusion
constant (D [m? sfl]). It is worth noticing that in the ideal
case of non-overlapping component lines and no chemical
exchange, the 2D peaks are aligned to horizontal lines,
each corresponding to one sample of component—-molecule.

Any non-covalent interaction, including host guest
phenomena, between cyclodextrin and complexed guest
molecules and/or polymer should be followed by reduced
number in diffusion coefficients of the molecules included
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in the constructs in comparison with the pristine reactants
[35-38]. In other words, if the molecules participate as
separate compounds in given media, no changes in diffu-
sion coefficients in comparison with starting values, are
observed. It is also crucial to bear in mind that the amount
of the molecule introduced into the solution affects the
viscosity of a given solvent, thus, measured diffusion
coefficient of the compound. Therefore, the observed value
should be corrected by using an appropriate equation.
Further spectroscopic insight into the behavior of the
obtained non-covalent systems in aqueous media, was
based on above-mentioned diffusion-ordered NMR spec-
troscopy (DOSY). In the presented studies, diffusion
coefficient values for each compound (CD, DMF/Py,
and PEI) were calculated as follows: D.o = Dpeas X
(DuaoD(ref) X DE(I)D(()bS)), where D, is a viscosity-cor-
rected diffusion coefficient value for each compound,
Dcas stands for measured diffusion coefficient for each
compound, Dyopgery Stands for diffusion coefficient for
pristine D,O in pure solution, and Dyopobs) 1S an observed
diffusion coefficient for the solvent with introduced
molecules [39, 40]. The Dyopery value was measured to
be 13.400 x 107'° m? s~! (for DOSY spectrum of D0,
please see Fig. S19 in Supplementary Data). D, values for
samples of pristine substrates were found to be
0457 x 107'°, 1.958 x 107'%, 6.876 x 107'%, and
6.784 x 107" m? s7!, for PEI 25 kDa, BCD, pyridine,
and DMF, respectively (for DOSY spectra of the sub-
strates, please see Figs. S20-S23 in Supplementary Data).
The DOSY spectra of the representative BCD-DMF
complex and PEI-BCD-DMF ternary system are presented
in Figs. 4 and 5, respectively. The DOSY spectra of BCD-
Py inclusion complex and PEI-BCD non-covalent system
with pyridine are shown in Figs. S24 and S25 in Supple-
mentary Data. The D, values for each molecule included
in the given system are summarized in Table 2. As it can
be seen, for BCD-DMF complex (Fig. 4) the diffusion
coefficients for both CD and DMF was found to be lower in
comparison with the pristine reactants, which is a further
indication of the formation of the inclusion complex
between solvent (guest) molecule and cyclodextrin. Such
phenomenon has been also observed both for BCD-Py
complex (Fig. S24 in Supplementary Data) and PEI-BCD-
solvent ternary systems (Fig. S25 in Supplementary Data).
In the presented spectra of PEI-BCD-DMF system (Fig. 5)
the diffusion coefficient values for each integrating element
were found to be lower in comparison with the substrates.
If so, one can conclude that PEI, CD and solvent molecules
form non-covalent constructs. No differences in D, values
in comparison with starting reactants (i.e. D, values for
native: PEI, BCD and DMF) would be observed if
supramolecular ternary system were not be formed. Please
note that D, values for CD and solvent molecules are
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slightly lower than the diffusion coefficients observed in
the corresponding CD-solvent inclusion complex. The
lowering of D, value for each participating molecule can
be attributed to the fact of shifting the equilibrium to form
stable PEI-BCD-solvent aggregates in given media in the
way of intermolecular non-covalent interactions between
all the building elements. PEI with a molecular weight of
25 kDa is a large molecule in comparison with other
integrating elements (CD, solvent), therefore, when the
stabile systems are formed D, values for cyclodextrin and
solvent (guest) are reduced.

DOSY spectrum of PEI-BCD-DMF sample after incu-
bation in D,O at room temperature for 4 months, was also
recorded (see Fig. S26 in Supplementary Data). The

diffusion coefficients for each molecule forming the system
were increased in comparison with starting PEI-BCD-DMF
D, values (please see data presented in Table 2). This
observation constitutes the confirmation of a well-known
fact that the water molecules interfere the formation and
strength of hydrogen bonding and host—guest type inter-
actions. This feature of CD complexes and/or hybrids with
polymers is a starting key-element for the design of the
aforementioned controlled molecule (e.g. drug) release
systems.

2D-ROESY NMR experiment

In order to unambiguously prove the host—guest interaction
between the solvent molecules and CD in the obtained
ternary systems, 2D-ROESY NMR spectrum in D,O was
acquired. As presented in Fig. 6, the representative PEI-
BCD-DMF system showed the cross-correlations between
the signals of DMF (7.95, 3.03 and 2.88 ppm) and inner H3
and H5 protons of BCD (3.96-3.80 ppm). Please also note
that same type of cross-correlations were found in the 2D-
ROESY NMR spectrum in D,O of PEI-BCD-Py system
(between Py aromatic protons and H3 and HS protons of
BCD; please see Fig. S27 in in Supplementary Data). This
observation proves our assumption on the inclusion of the
solvent molecules into the cavity of CD in D,O in the
ternary system. It should be highlighted that correlations
between PEI and CD cannot be observed due to a fact that
using D,O as a solvent only CH, groups of PEI can be
found in the spectra. No correlation between NH, of PEI
and CD cavity can be observed due to a fast exchange of
NH, protons. Therefore, the distance of CH, moieties of
PEI to protons of CD is grater that 5 A. In other words, the
CD cavity is occupied only by guest (solvent) molecules
not PEI, therefore PEI-CD cross correlations are not
observed in the 2D-ROESY NMR spectrum.

FTIR studies

More structural details were obtained by FT-IR spec-
troscopy. Please note that FT-IR studies allow to analyze
the obtained materials in the solid state, and so, no ‘for-
eign’ solvent molecules (e.g. D,O) interfere with the ana-
lyzed supramolecular systems. Therefore, the infrared
spectroscopy could be regarded as a key analysis to
determine whether the non-covalent interactions take place
in the obtained supramolecular systems. Such implemen-
tation of infrared spectroscopy in order to decipher and to
confirm the occurrence of intermolecular interactions
between the cyclodextrin and guest molecules (including
linear polymers), has been previously demonstrated
[19, 41]. Please note that all the obtained materials (i.e.
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Table 2 Diffusion coefficients (10710 m2~s71) of pristine substrates, inclusion complexes and ternary systems (Dyopgery = 13.400,

Dcor(PEl) = 0.457, Dcor(BCD) = 1.958, Dcor(Py) = 6.876, Dcor(DMF) =06.784)

Molecule Dieas Dyop(obs) Do Difference to D, value for
corresponding substrate
Inclusion complex
pCD-Py
Py 6.237 13.200 6.332 —0.554
BCD 1.751 1.778 —0.180
BCD-DMF
DMF 6.161 13.250 6.231 —0.553
BCD 1.848 1.867 —0.091
Ternary system
PEI-SCD-Py
Py 6.026 13.070 6.117 —0.759
BCD 1.452 1.490 —0.468
PEI 0.323 0.342 —0.134
PEI-fCD-DMF
DMF 6.085 13.090 6.219 —0.565
BCD 1.475 1.510 —0.448
PEI 0.369 0.378 —-0.079
PEI-BCD-DMF after 4 months
DMF 6.408 12.820 6.700 —0.084
BCD 1.633 1.707 —0.251
PEI 0.377 0.394 —0.063

ternary systems and CD complexes) were lyophilized for
24 h before acquiring FTIR spectra. On the other hand,
native cyclodextrins and PEI were not lyophilized and both
DMF and pyridine was not used as anhydrous solvent,
therefore the FTIR spectra of the starting reactants include
absorption bands coming from water molecules.

The FT-IR spectrum of the representative PEI-BCD-
DMF system is shown in Fig. 7. In the presented spectrum
the characteristic bands coming from the starting reactants
are seen, but there are some significant shifts of the
absorption bands. Such observation is undoubtedly asso-
ciated with the hydrogen-bonding/host—guest type interac-
tions. As for example the sharp absorption band from the
C=0 moiety in DMF is downshifted of 25 cm™' (from
1690 to 1665 cm_l), such as the weak absorption band
associated with the amide band of DMF (580 cm™!; the
downshift of 100 cmfl). Both observations constitute an
irrefutable evidence of the inherent inclusion of the solvent
molecules in the formation of this non-covalent ternary
system. Such band-shifting of the absorption bands coming
from the DMF moieties is also observed in the spectrum of
the BCD-DMF inclusion complex (Fig. S28 in Supple-
mentary Data). It means that the host—guest type interac-
tions between the solvent molecules and CD may be a
major factor that crucially influences the observed changes
between the spectra of the obtained supramolecular
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systems and the starting reactants. Please note that the band
located at 1590 cm™' (Fig. 7), coming from the N-H
vibrations of 1° amine moieties of PEI, is upshifted (pris-
tine PEL: 1575 cm™'; the upshift of 15 cm™"). This finding
represents a further confirmation of our statement about the
non-covalent interactions between NH, functionalities of
PEI and the other structural elements of the aggregates.
Such shifting of the C=0 (1665-1630 cm™') absorption
bands coming from the solvent (DMF) and the primary
amine groups of the branched PEI (1595-1580 cm™") is
also observed in the spectra of other ternary systems
(Figs. S29-S30 in Supplementary Data). It is worth men-
tioning that in the PEI-BCD-Py spectrum (Fig. S31 in
Supplementary Data) the main determinants of the non-
covalent supramolecular interactions between the aggre-
gates components are: (1) the lack of the absorption bands
coming from pyridine: C-H stretching vibrations
(3085-3005 cm™ "), C=C and C-N ring bending vibrations
(14901455 cm™") and out of plane C-H bending vibra-
tions (755-616 cm™"), and (2) the aforementioned PEI
(NH,) absorption band are upshifted.

Thermal stability of the obtained systems

According to TGA measurements, water content in the
representative PEI-BCD-DMF and PEI-BCD-Py system
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Fig. 6 2D-ROESY NMR spectrum (500 MHz, D,O) of PEI-BCD-
DMF non-covalent ternary system with marked crucial cross-corre-
lations. Below full spectrum zooms that present the interesting parts

was found to be ca. 1.7 and 1.5%, respectively (for TGA
curves please see Figs. S32 and S33 in Supplementary
Data). Water molecules interfere into the strength of the
intermolecular non-covalent interactions, because of the
hydrogen-bonding phenomena between hydroxyl groups
(H,O) and other functionalities (e.g. included in the poly-
mer structure). Hence, every loss of water molecules from
the supramolecular structure should induce the enhanced
strength of hydrogen bonding between the systems building

T T i T T T U T U T

8.20
ppm (12)

of the spectrum are presented: (a) correlation between cyclodextrin
H3 and H5 protons and aliphatic protons of DMF, (b) correlation
between DMF C-H proton and cyclodextrin H3 and HS protons

elements. Therefore, we decided to try answer the question
on the role of water molecules for the physicochemical
features of the PEI-CD-solvent materials and the thermal
stability of the obtained non-covalent systems.

It was found that the representative PEI-BCD-DMF
system after drying for 24 h at 115 °C changes its form of a
white viscous aggregate into the hard, bright-yellow solid.
Moreover, the water solubility depletion of the obtained
material was observed in comparison with starting

@ Springer
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Fig. 7 FT-IR spectra of the PEI-BCD-DMF system

structure, which is most probably associated with the
strength of the hydrogen bonding network between PEI,
CD and DMF. Such observation constitutes a strong evi-
dence of the importance of water molecules on the stability
of non-covalent systems. Therefore, we have confirmed the
previously reported statements (e.g. Wang et al. [42]) that
the role of water as a plasticizer is crucial for the lack of
macroscopic glassy-like form of the obtained supramolec-
ular PEI-CD systems.

In order to investigate the thermal stability of the
obtained materials, fCD-DMF/Py complexes and PEI-
BCD-DMF/Py ternary systems were heated under reduced
pressure (2 mbar) at 200 °C for 24 h. As expected, the PEI-
based materials changed their form into hard, bright-yellow
solids and the water solubility was reduced in comparison
with starting material. Such observation is correlated with
the aforementioned loss of water after heating at 115 °C.
Interestingly, "H NMR spectra of the obtained materials
after heating at 200 °C revealed that the solvent molecules
are still present in the structures (see Figs. S34 and S35 in
Supplementary Data). This phenomenon means that the
non-covalent interactions between all the building elements
in the obtained systems decrease the evaporation rate of the
solvent which is included in the structure. TGA curves of
the representative PEI-BCD-DMF and PEI-BCD-Py sam-
ples (Figs. S32 and S33 in Supplementary Data) constitute
as a further confirmation of our observation, because of the
fact that the evaporation of the solvent included in the
ternary system structure begins at a higher temperature
than for the pristine solvent. It other words, in the solid
state the solvent molecules must exceed the energy barrier
required to break the non-covalent bonds, which affects the
decreased evaporation rate of the DMF or Py. Such
enhanced thermal stability of CD inclusion complexes has
been also observed for typically hydrophobic guest mole-
cules complexed inside CD cavity [43].

@ Springer

state were obtained using scanning electron microscope.
The representative microscopic images of the PCD-DMF
complex (a), PEI-BCD-DMF supramolecular system
(b) and PEI-BCD-DMF supramolecular system after heat-
ing at 200 °C for 24 h (c) are shown in Fig. 8. The changes
in the morphology between the inclusion complex (without
the polymer) and the aggregates (the ternary systems) are
clearly seen. The BCD-DMF complex comprises of flake-
like objects with the size between 5 and 20 um. Moreover,
these materials also contain some amount of rod-like
structures. The PEI-BCD-DMF non-covalent supramolec-
ular system is built of quasi-spherical micro-aggregates
(diameter ca. 2-10 um). Interestingly, PEI-BCD-DMF
construct after heating in 200 °C for 24 h (Fig. 8c), com-
prises of some fiber-like objects with significant amount of
opened “peapod” structures (width of ca. 10 pm).

Finally, the average hydrodynamic diameter in aqueous
media (which corresponds to the particle size in the sus-
pension) was determined by dynamic light scattering
(DLS). The average diameter of the representative
supramolecular systems comprising the BCD was found to
be 465 and 510 nm, for PEI-BCD-Py and PEI-BCD-DMF,
respectively (sample concentration 100 pg mL™'). Please
note that those values are much higher in comparison with
the pristine materials (CD: 90 nm [44] and PEIL: 239 nm
[45]).

Conclusions

In conclusion, the efficient and easy to perform synthesis of
the novel ternary supramolecular systems, comprising of
the branched PEI, CD and the appropriate solvent mole-
cules (DMF, pyridine), has been presented. The creation of
the system is based on the hydrogen bonding interactions
and host—guest phenomena. On the basis of a detailed study
by means of the spectroscopic methods, the formation of
supramolecular system, has been proposed. It has been
found that the solvent molecules can be regarded as crucial
integrating elements of the presented systems, allowing to
form stable aggregates in given media. ROESY NMR
spectra finally revealed that the solvent molecules form
inclusion complexes with CD in the obtained ternary sys-
tems. By applying DOSY technique we have presented the
in-depth insight into the host—guest chemistry and hydro-
gen-bonding dependent interactions of CD and the hydro-
philic branched polymers. All the integrating elements of
the constructs constitute as water-soluble molecules, but in
aqueous media stabile aggregates between branched PEI,
CD and DMF or Py, are formed. Therefore, our study
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Fig. 8 Representative SEM images of: (a) BCD-DMF complex,
(b) PEI-BCD-DMF system and (¢) PEI-BCD-DMF system after
heating at 200 °C

presents the evidence for the universality and significance
of DOSY technique for the analysis of the cyclodextrin
complexes and its non-covalent systems with branched
hydrophilic polymers. The results obtained by means of the
DOSY technique constitute as a novel method for the
analyses of the supramolecular constructs. Sequentially, we
have demonstrated the influence of water molecules on the
physicochemical features of the obtained materials. It was
also found that the solvent molecules involved in the host—

guest complexes and ternary systems, are present in the
structures even after heating at 200 °C for 24 h. This
observation means that the solvent molecules included in
the structure of the obtained materials exhibit enhanced
thermal stability. The TGA measurements undeniably
confirmed the phenomenon of the increased evaporation
temperature of the solvent molecules included in the
ternary system structure. The electron microscopy studies
revealed that in the solid state the supramolecular aggre-
gates are composed of a sphere-like polymer core bearing
the CD and solvent molecules. After heating the material
under reduced pressure (2 mbar) at 200 °C, fiber-like
structures, including “peapod-like” objects, are obtained.
The average particle size of the obtained systems (aqueous
media) is much bigger in comparison with all the pristine
reactants, which constitute the further confirmation of the
hypothesis about the formation of stable supramolecular
PEI-CD systems. Our study presents the importance of
direct non-covalent interactions between the branched
hydrophilic polymer, cyclodextrin and polar guest mole-
cules. The obtained systems may open up new strategies
for the development of the supramolecular constructs
dedicated to e.g. new polymer materials or adsorption
technologies. Additionally, the added value of this paper is
to demonstrate the scientific community that the non-co-
valent interactions between branched PEI and CD may take
place in the DMF or Py, i.e. the solvents commonly used as
a reaction medium or the additive during a formation of
covalent-type PEI-CD structures. It means that herein
presented phenomena should be always taken into account
during a synthesis of the polymer materials comprising CD,
which are conducted in the solvents forming possible host—
guest complexes with CD.

Acknowledgements This work was partially supported by Warsaw
University of Technology and the National Centre for Research and
Development (Poland) through the project LIDER 527/L-4/2012
“New mobile nanocomposites of high corrosion resistance for
removal of aromatic compounds and heavy metal ions”. Artur
Kasprzak thanks Warsaw Consortium of Academic Chemistry for
KNOW scholarship.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Chen, G., Jiang, M.: Cyclodextrin-based inclusion complexation
bridging supramolecular chemistry and macromolecular self-
assembly. Chem. Soc. Rev. 40, 2254-2266 (2011)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

64

J Incl Phenom Macrocycl Chem (2017) 87:53-65

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Martin Del Valle, E.M.: Cyclodextrins and their uses: a review.

Process Biochem. 39, 1033-1046 (2004)

. Kurkov, S., Loftsson, T.: Cyclodextrins. Int. J. Pharm. 453,

167-180 (2013)

. Crini, G.: Review: a history of cyclodextrins. Chem. Rev. 114,

10940-10975 (2014)

. Zhu, CJ., Tang, W.Q., Lan, G.H., Tian, Q., Wang, T.Y.:

Enhancement inhibition efficiency of PBTCA depending on the
inclusion complex with hydroxypropyl-B-cyclodextrin. J. Incl.
Phenom. Macrocycl. Chem. 76, 61-68 (2013)

. Li, X., Zhu, C., Cui, C.: Synthesis and characterization of a novel

B-cyclodextrin modified cationic polyacrylamide and its appli-
cation for enhancing oil recovery. Starch-Stirke 67, 673-682
(2015)

. Yu, S., Zhang, Y., Wang, X., Zhen, X., Zhang, Z., Jiang, X.:

Synthesis of paclitaxel-conjugated B-cyclodextrin polyrotaxane
and its antitumor activity. Angew. Chem. Int. Ed. 125, 1-7 (2013)

. Gidwani, B., Vyas. A.: A comprehensive review on cyclodextrin-

based carriers for delivery of chemotherapeutic cytotoxic anti-
cancer drugs. BioMed Res. Int. Article ID 198268 (2015)

. Hirayama, F., Uekama, K.: Cyclodextrin-based controlled drug

release system. Adv. Drug Del. Rev. 36, 125-141 (1999)
Harada, A., Takashima, Y., Nakahata, M.: Supramolecular
polymeric materials via cyclodextrin—guest interactions. Acc.
Chem. Res. 47, 2128-2140 (2014)

Zhou, J., Ritter, H.: Cyclodextrin functionalized polymers as drug
delivery systems. Polym. Chem. 1, 1552-1559 (2010)

Tonelli, A.E.: Nanostructuring and functionalizing polymers with
cyclodextrins. Polymer 49, 1725-1736 (2008)

Ogoshi, T., Harada, A.: Chemical sensors based on cyclodextrin
derivatives. Sensors 8, 4961-4962 (2008)

Nakahata, M., Takashima, Y., Harada, A.: Redox-responsive
macroscopic gel assembly based on discrete dual interactions.
Angew. Chem. Int. Ed. 53, 3617-3621 (2014)

Dong, Z.-Q., Cao, Y., Yuan, Q.-J., Wang, Y.-F., Li, J.-H., Li, B.-
J., Zhang, S.: Redox- and glucose-induced shape-memory poly-
mers. Macromol. Rapid Commun. 34, 867-872 (2013)

Loh, X.J.: Supramolecular host—guest polymeric materials for
biomedical applications. Mater. Horiz. 1, 185-195 (2014)
Granero-Garcia, R., Fabbiani, F.P.A.: B-Cyclodextrin dimethyl-
formamide 12.5 hydrate: a deeper insight into B-cyclodextrin
crystal packing. Acta Crysallogr. Sect. B Struct. Sci. 70, 586-594
(2014)

Cheng, C., Han, X.-J., Dong, Z.-Q., Liu, Y., Li, B.-J., Zhang, S.:
Self-assembly of rod-coil polyethylenimine-poly(ethylene gly-
col)-a-cyclodextrin inclusion complexes into hollow spheres and
rod-like particles. Macromol. Rapid Commun. 32, 1965-1971
(2011)

Das, S., Joseph, M.T., Sarkar, D.: Hydrogen bonding interpoly-
mer complex formation and study of its host—guest interaction
with cyclodextrin and its application as an active delivery vehi-
cle. Langmuir 29, 1818-1830 (2013)

Choi, H.S., Ooya, T., Yui, N.: One-pot synthesis of a polyro-
taxane via selective threading of a PEI-b-PEG-b-PEI copolymer.
Macromol. Biosci. 6, 420-424 (2006)

Karaky, K., Brochon, C., Schlatter, G., Hadziioannou, G.:
H-Switchable supramolecular “sliding” gels based on polyro-
taxanes of polyethyleneimine-block-poly(ethylene oxide)-block-
polyethyleneimine block copolymer and o-cyclodextrin: synthe-
sis and swelling behavior. Soft Matter 4, 1165-1168 (2008)
Wang, Z., Wei, H,, Jia, L., Xu, L., Zou, C., Xie, J.: Water-soluble
adsorbent B-cyclodextrin-grafted polyethyleneimine for remov-
ing bilirubin from plasma. Transfus. Apher. Sci. 47, 159-165
(2012)

Wang, Z., Cao, Y., Wei, H,, Jia, L., Xu, L., Xie, J.: Bilirubin
adsorption properties of water-soluble adsorbents with different

@ Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

cyclodextrin cavities in plasma dialysis system. Colloids Surf. B
90, 248-253 (2012)

Ping, Y., Hu, Q., Tang, G., Li, J.: FGFR-targeted gene delivery
mediated by supramolecular assembly between B-cyclodextrin-
crosslinked PEI and redox-sensitive PEG. Biomaterials 34,
6482-6494 (2013)

Forrest, M.L., Gabrielson, N., Pack, D.W.: Cyclodextrin—
polyethylenimine conjugates for targeted in vitro gene delivery.
Biotechnol. Bioeng. 89, 416-423 (2005)

Wang, K., Yan, Y., Zhao, G., Xu, W., Dong, K., You, C., Zhang,
L., Xing, J.: In vitro and in vivo application of hydroxypropyl B-
cyclodextrin-grafted polyethyleneimine used as a transdermal
penetration enhancer. Polym. Chem. 5, 4658 (2014)

Wang, D., Tong, G., Dong, R., Zhou, Y., Shen, J., Zhu, X.: Self-
assembly of supramolecularly engineered polymers and their
biomedical applications. Chem. Commun. 50, 11994-12017 (2014)
Wu, D.H., Chen, A.D., Johnson, C.S.: An improved diffusion-
ordered spectroscopy experiment incorporating bipolar-gradient
pulses. J. Magn. Reson. Ser. A 115, 260-264 (1995)

Jerschow, A., Muller, N.: Suppression of convection artifacts in
stimulated-echo diffusion experiments. Double-stimulated-echo
experiments. J. Magn. Reson. 125, 372-375 (1997)

Cao, X., Li, Z., Song, X., Cui, X., Cao, P., Liu, H., Cheng, F.,
Chen, Y.: Core-shell type multiarm star poly(e-caprolactone)
with high molecular weight hyperbranched polyethylenimine as
core: synthesis, characterization and encapsulation properties.
Eur. Polym. J. 44, 1060-1070 (2008)

Pessine, F.B.T., Calderini, A., Alexandrino, G.L.: Review:
cyclodextrin inclusion complexes probed by NMR techniques.
InTech (2012). doi:10.5772/32029

Cohen, Y., Avram, L., Frish, L.: Diffusion NMR spectroscopy in
supramolecular and combinatorial chemistry: an old parameter—
new insights. Angew. Chem. Int. Ed. 44, 520-554 (2005)
Stilbs, P.: Fourier transform pulsed-gradient spin-echo studies of
molecular diffusion. Prog. Nucl. Magn. Reson. Spectrosc. 19,
1-45 (1987)

Ge, W., Zhang, J.H., Pedersen, C.M., Zhao, T., Yue, F., Chen, C.,
Wang, P., Wang, Y., Qiao, Y.: DOSY NMR: a versatile analytical
chromatographic tool for lignocellulosic biomass conversion.
ACS Sustain. Chem. Eng. 4, 1193-1200 (2016)

Jullian, C., Miranda, S., Zapata-Torres, G., Mendizabal, F., Olea-
Azar, C.: Studies of inclusion complexes of natural and modified
cyclodextrin with (4)catechin by NMR and molecular modeling.
Bioorg. Med. Chem. 15, 3217-3224 (2007)

Zhang, Y.-M., Yang, Z.-X., Chen, Y., Ding, F., Liu, Y.: Molec-
ular binding and assembly behavior of B-cyclodextrin with
piperazine and 1,4-dioxane in aqueous solution and solid state.
Cryst. Growth Des. 12, 1370-1377 (2012)

Ferazza, R., Rossi, B., Guella, G.: DOSY-NMR and Raman
investigations on the self-aggregation and cyclodextrin com-
plexation of vanillin. J. Phys. Chem. B. 118, 7147-7155 (2014)
Avram, L., Cohen, Y.: Complexation in pseudorotaxanes based
on a-cyclodextrin and different o, ®-diaminoalkanes by NMR
diffusion measurements. J. Org. Chem. 67, 2639-2644 (2002)
Danielsson, J., Jarvet, J., Damberg, P., Graslund, A.: Two-site
binding of PB-cyclodextrin to the Alzheimer af(1-40) peptide
measured with combined PFG-NMR diffusion and induced
chemical shifts. Biochemistry 43, 6261-6269 (2004)

Bakkour, Y., Vermeersch, G., Morcellet, M., Boschin, F., Martel,
B., Azaroual, N.: Formation of cyclodextrin inclusion complexes
with doxycyclin-hyclate: NMR investigation of their characteri-
sation and stability. J. Incl. Phenom. Macrocycl. Chem. 54,
109-114 (2006)

Lenik, J., Lyszczek, R.: Functionalized fB-cyclodextrin based
potentiometric sensor for naproxen determination. Mater. Sci.
Eng. 61, 149-157 (2016)


http://dx.doi.org/10.5772/32029

J Incl Phenom Macrocycl Chem (2017) 87:53-65

65

42. Wang, Y.-F., Zhang, D.-L., Zhou, T., Zhang, H.-S., Zhang, W.-

43.

Z., Luo, L., Zhang, A.-M., Li, B.-J., Zhang, S.: A reversible
functional supramolecular material formed by host—guest inclu-
sion. Polym. Chem. 5, 2922 (2014)

Kayaci, F., Ertas, Y., Uyar, T.: Enhanced thermal stability of
eugenol by cyclodextrin inclusion complex encapsulated in
electrospun polymeric nanofibers. J. Agric. Food Chem. 61,
8156-8165 (2013)

44. Bonini, M., Rossi, S., Karlson, G., Almgren, M., Lo Nostro, P.,

45.

Baglioni, P.: Self-assembly of B-cyclodextrin in water. Part 1:
cryo-TEM and dynamic and static light scattering. Langmuir 22,
1478-1484 (2006)

Kasprzak, A., Poplawska, M., Bystrzejewski, M., Labedz, O.,
Grudzinski, IP.: Conjugation of polyethylenimine and its
derivatives to carbon-encapsulated iron nanoparticles. RSC Adv.
5, 85556 (2015)

@ Springer



	Novel non-covalent stable supramolecular ternary system comprising of cyclodextrin and branched polyethylenimine
	Abstract
	Graphical Abstract
	Introduction
	Experimental section
	Materials and methods
	General procedure for the synthesis of the beta CD-solvent inclusion complexes
	General procedure for the synthesis of the PEI-CD-solvent ternary systems

	Results and discussion
	1H and 13C NMR studies
	DOSY studies

	2D-ROESY NMR experiment
	FTIR studies
	Thermal stability of the obtained systems
	SEM and DLS analyses

	Conclusions
	Acknowledgements
	References




