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Synthesis and characterization of a pH-responsive
mesalazine-polynorbornene supramolecular
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A pH-responsive mesalazine—crown ether and perfluoro tert-butyl functionalized polynorbornene supra-
molecular assembly (smc-1-4-cp-1-5) has been prepared. A promoted mesalazine (1) anti-inflammatory
drug sustained release has been observed at elevated pH (7-9) enabling targeted topical and sustained
drug dosing in the inflamed lower gastrointestinal (Gl) tract. Thermoanalytical and solid-state NMR investi-
gations of the supramolecular assembly revealed an amorphous, solid solvent structure showing that 1 is
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evenly distributed in the supramolecular polymer framework. In situ 'H NMR investigation revealed a
downshift of the respective hydrogens upon mesalazine—supramolecular polymer assembly formation.
The equilibrium constant of the complex of crown ether-functionalized norbornene monomer (5) and 1

rsc.li/polymers (logK = 3.4 + 0.5, in a DMSO-dg—CD,Cl;, 1: 1 mixture) was calculated.
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Introduction

Mesalazine (1, 5-aminosalicylic acid, 5-ASA) is a highly potent
anti-inflammatory drug to treat ulcerative colitis or Crohn’s
disease." It is generally accepted that 1 exerts its effect in the
gut lumen via topical actions.' 1 is a potent scavenger of reac-
tive oxygen species, which are supposed to play a significant
role in the pathogenesis.” Once orally administered, its absorp-
tion is most extensive in the proximal small bowel. Although
several alternative oral dosage formulations have been devel-
oped to facilitate the delivery of 1 to more distal sites of
inflammation, its precisely targeted and sustained release
remained challenging.” For mesalazine administration,
in general, three types of sustained-release approaches
are considered: (1) diffusion-dependent prolonged-release;* (2)
colonic bacterial azoreduction;” and (3) pH-dependent
delayed-release.®
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The average residence time of chyme and the pH are signifi-
cantly higher in the duodenum, small and large intestine
(16 hours to several days, pH: 7.0-8.5), than in the upper diges-
tive system (four hours, pH: 1.5-4.0).” One of the most obvious
approaches to design drug carrier molecules® for targeted and
sustained release of 1 is to seize the opportunity arising from
the pH differences of the gastrointestinal tracts. The pH differ-
ences can be even more pronounced if there is inflammation
in the intestinal tract.’

Polynorbornenes synthesized by ring-opening metathesis
have become an emerging class of drug carrier polymers.
Polynorbornenes have been demonstrated to be non-toxic in a
variety of systems including mammalian cells.'*™"* Although
polynorbornenes cannot be considered as typical bio-
degradable polymers, their application as biocompatible drug
delivery materials is known."* ' Moreover, pH-responsive poly-
norbornene drug carrier macromolecules and biodegradable
polynorbornene for biomedical applications have also been
reported.’”'® The synthesis of several functionalized norbor-
nene copolymers having pyridino-18-crown-6 ether, hydroxy
and perfluoro-tert-butyl units by ruthenium-catalyzed ring-
opening metathesis polymerization (ROMP) has recently been
reported."® It was demonstrated that the complexation of these
copolymers with biogenic amines including dopamine (2) and
t-alanyl-t-lysine dipeptide (3) led to the formation of the
corresponding supramolecular assemblies."®

The equilibrium constant (K) values for the supramolecular
complexes of crown ethers with aliphatic protonated primary
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amines including dopamine (log K = 4.3) are in general high,
indicating that the equilibrium is shifted to the complex for-
mation side.’*>* The complexation of 1 with 18-crown-6 ether,
however, renders a significantly lower logK = 2.15 value,”
revealing a greater extent of dynamic behavior. Therefore, it
was tentatively expected that a small increment of pH changes
- affecting the -NH,/-NH;" equilibrium (ESI Fig. S17{) -
should have a high influence on the equilibrium and thus the
drug-releasing properties of the polymer supramolecular
assembly. This unique feature prompted us to investigate the
supramolecular assembly and pH responsive drug release pro-
perties of pyridino-18-crown-6 ether units containing fluorine-
functionalized polynorbornene and mesalazine (1).

Results and discussion

The supramolecular assembly formation of the perfluoro-tert-
butyl-functionalized polymer 4-cp-1-5 (Fig. 3) involving one
crown ether and five perfluoro-tert-butyl units has not been
investigated yet. However, this polymer might be a suitable
choice as a model transporter, since the enriched perfluoro-
tagged organic moieties are not only biocompatible, but also
enable the in vivo monitoring of the carrier macromolecules by
magnetic resonance imaging (MRI) techniques.*

In this study, the synthesis, structural characterization and
drug release properties of a perfluoro-tert-butyl-functionalized
poly-norbornene-mesalazine supramolecular assembly are
reported.

The preliminary investigation of the formation of the supra-
molecular assembly sme-1-5 was carried out by the titration of
monomer 5 with 1 using in situ "H NMR. The presence of the
smc-1-5 supramolecular assembly was manifested by the
gradually increasing downfield shift of the respective aromatic
signals of 5 (6.77 ppm) (Fig. 1). As the stoichiometric ratio has
been achieved, further addition of 1 did not cause remarkable
changes in chemical shifts. Based on the chemical shift
changes, logK = 3.4 = 0.5 was calculated (DMSO-ds-CD,Cl,
1:1 mixture), which is consistent with the K values reported
for similar complexes (see the ESI).>

Electronic structure calculations
program package®” were carried out to determine the lowest-
energy conformers of 5 and its complexes formed with mesala-
zine (1) at the MO06-2X/cc-pVDZ level of density functional
theory (DFT)*®*° using an SMD implicit solvent model.*
Coordinates of optimized geometries are listed in the ESLT
The one with the lowest energy is shown in Fig. 2. Driven by
secondary interactions, the macroring of the crown ether
shrinks and folds back over the pyridine moiety.'® Upon com-
plexation, however, the macroring of the crown ether folds out
and takes a conformation, which can host the primary
ammonium ion. Complexation of 1 proceeds by forming three
H-bonds (distributed at every ~120°) with the crown ether by
two possibly different ways: either involving the nitrogen atom
of the pyridine ring or without it. Based on the calculations
the former is the energetically favored structure.

using Gaussian 09
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Fig. 1 Investigation of the complexation of 5 (endo/exo mixture) with 1
by titration *H NMR. Stochiometric ratios: red: 0; yellow: 0.3; green: 0.6;
light blue: 1.0; purple: 1.3 equivalents (DMSO-dg—CD,Cl, 1:1 mixture,
[5] = [1] = 0.06 mmol mL™).

v

Fig. 2 DFT optimized minimum energy conformer of pyridino-18-
crown-6 ether (5, left). DFT optimized low energy conformer of
complex smc-1-5 (right) in implicit water solvent.

The supramolecular complexation of polymer 4-cp-1-5 with
1 was investigated by 'H NMR spectroscopy (Fig. 3). As
expected, upon complexation the broad aromatic proton
signals of 4-cp-1-5 shifted downfield from 6.50 to 6.55 ppm,
meanwhile the aromatic protons of 1 also showed a significant
downshift from 6.89 (d), 6.60 (dd) and 6.43 (d) ppm to 7.02 (d),
6.71 (dd) and 6.52 (d) ppm, respectively (Fig. 3). These
observations are in accordance with the literature data
reported for the supramolecular complex formation of pyri-
dino-18-crown-6 ethers with protonated primary amines.”® A
chemical shift could also be observed in the case of the
benzylic proton region of the crown ether as well. The benzylic
CH, proton signals of 4-cp-1-5 (H®) shifted from 4.32 and
4.23 ppm to 4.37 and 4.27 ppm, respectively. Interestingly, the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Complexation of 4-cp-1-5 (bottom) with one equivalent of
mesalazine (1, top) based on the crown ether moiety and smc-1-4-cp-1-
5 complex (middle) (DMSO-dg—CD,Cl, 1:1 mixture, 30 °C, [1] =
0.06 mmol mL™).

proton signals of 1 showed relatively broad signals presumably
due to the presence of zwitterionic 1 oligomers; however, upon
complexation, the signals became narrower, indicating that
the formed polymer supramolecular assembly contains dis-
jointed, single mesalazine (1) units. Upon complexation the
white color of the polymer turned purple immediately.
Although polymer 4-cp-1-5 is soluble in CH,Cl, and THF, the
isolated supramolecular polymer smc-1-4-¢p-1-5 is poorly
soluble in any common organic solvents. DMSO-CH,Cl, was
the only solvent mixture which sparingly dissolved the supra-
molecular complex making possible its "H NMR analysis. As
was expected, the 'F NMR spectrum of the supramolecular
polymer showed a peak at —70.64 ppm, which is very close to
the chemical shift of 4-¢p-1-5 (=70.59 ppm), indicating a sig-
nificant distance between the perfluorinated and crown ether
units of the polymer.

GPC analysis of 4-¢p-1-5 indicated a 10.6 kDa average mole-
cular weight (which concurred with the earlier reported

This journal is © The Royal Society of Chemistry 2021
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data);'® however, its supramolecular assembly was either non-
soluble in THF or, due to its ionic character, it physically
adsorbed on the column and showed a significantly longer
elution time. The MALDI-TOF analysis confirmed the presence
of smec-1-4-cp-1-5 containing a single mesalazine molecule
(Fig. S91). However, supposedly due to the relatively weak
interaction between 1 and 4-cp-1-5, supramolecular sme-1-4-cp-
1-5 with two or more mesalazine molecules could not be
detected under our MALDI conditions. Solid-state NMR charac-
terization of the supramolecular complex sme-1-4-¢p-1-5 indi-
cated an amorphous structure of the molecular assembly (see
Fig. S6t). Narrow Lorezian signals of crystalline mezalazin dis-
appear in the spectrum of the assembly. Analysis of cross
polarization curves is a powerful method to investigate matrix—
drug interactions in the solid state.*’** Cross polarization
buildup curves show changes in the behavior of both the
crown ether (Fig. S71) and backbone (Fig. S8t) signals, as well.
The buildup curve of crown ether groups rises faster because
of the increased number of hydrogens in the neighborhood of
the rings owing to complexation. Relaxation of backbone
signals changes also by the effect of adduct formation which
confirms that mezalazin molecules are evenly distributed in
the matrix affecting the backbone. We can conclude that the
formed mesalazine-polymer adduct is rather a solid solution
than a solid dispersion, which is in agreement with the for-
mation of the smec-1-4-cp-1-5 supramolecular assembly. The
presence and even distribution of 1 in smec-1-4-cp-1-5 were also
confirmed by thermal analysis. On the TG-DSC trace of 1 (see
Fig. S13} in the ESIT), a sharp endotherm peak accompanied
by substantial mass loss can be observed between 225 and
305 °C, which is the result of the melting and simultaneous
chemical degradation of crystalline 1. The calorimetric melting
point of 1 (283.7 °C) is also in good agreement with the values
in the literature (275-282 °C). The thermal analysis of sme-1-4-
¢p-1-5 revealed the presence and even distribution of 1 in the
supramolecular complex, which is confirmed by a small mass
loss step (TG), and a small endotherm peak (DSC). It corres-
ponds to the chemical degradation of 1 (see Fig. S13 and S1t5
in the ESI{). Based on the comparison of both mass loss
values and the melting/degradation enthalpy values (between
205 and 295 °C) of 1, the shifting of the small endotherm peak
towards lower temperature (260.5 °C) also supports the
uniform and even distribution of 1 in smec-1-4-¢p-1-5. The
content of 1 was found to be around 7% (more precisely,
content of 1 determined from the mass loss step is 7.4 + 0.2%,
while the mesalazine content calculated from the melting/
degradation enthalpy ratio is 7.6 + 0.1%), which is in good
agreement with the values determined from the dissolution
measurements.

Mesalazine release of the sme-1-4-¢p-1-5 supramolecular assembly

Mesalazine (1) release tests using the smc-1-4-cp-1-5 supramo-
lecular polymer were carried out in aqueous phosphate buffer
solution at preadjusted pH and aqueous sodium chloride con-
centration at 37 °C. The effect of pH was investigated in a
2.0-9.2 pH range, meanwhile the influence of sodium chloride

Polym. Chem., 2021,12, 2175-2180 | 2177
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concentration on the sustained release was studied in a
0.06-0.60 M concentration interval. Tentatively it was expected
that the pH affects the concentration of the primary
ammonium salt (R-NH;"), meanwhile the sodium cation con-
centration has an influence on the equilibrium of the for-
mation of the supramolecular complex. Actually, a competition
between the R-NH;" and sodium cations in the complex
forming reaction step is expected (Scheme 1). As it has been
mentioned earlier, the pH and the average residence time of
chyme are significantly higher in the lower digestive system
than in the upper gastrointestinal tract. As can be clearly seen
in Fig. 4, only 7% of 1 is released after eight hours at pH 4.0
and even less at pH 2.0 (5%). However, as the pH was raised to
7.0 and later on to 9.2, significantly higher release of 1 was
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Scheme 1 Competitive reactions (including Na* complexation and pH
dependent —NH3z*/—NH shift) in the equilibrium of smc-1-4 complex
formation.
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Fig. 4 Rate of mesalazine release from smc-1-4-cp-1-5 as a function
of pH 2.0 (brown), 4.0 (blue), 7.0 (marine) and 9.2 (green) and sodium
ion concentrations of 0.06 M (dashed orange) and 0.60 M (dashed
black) at pH 7.0. T = 37 °C.
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Fig. 5 Sustained mesalazine release from smc-1-4-cp-1-5 (pH = 9.2,

[Na*] = 0.189 M). T = 37 °C, t = 48 h (three independent runs).

observed (20% and 53%, respectively) at a similar time inter-
val. At pH 9.2, complete drug release was observed within 48 h
(Fig. 5). The effect of sodium ion concentration at pH 7.0 was
also investigated. The experiments showed that higher sodium
ion concentration caused faster release (Fig. 4, black dashed
line). On the other hand, at lower sodium ion concentration,
slower release (Fig. 4, yellow dashed line) could be observed.

C(t) = Coo[1 — e KM, (1)

It was found that the mesalazine release curves can be ade-
quately described by a stretched exponential function
(Weibull-function)*® up to ca. 60% of release (eqn (1)), where
C. is the value (percentage) of the final (equilibrium) release
ratio, and k and 4 are the parameters describing the rate and
distribution of the release. The parameters of the model were
determined by fitting eqn (1) to the corresponding experi-
mental release curves. According to the results, the values of 1
were found to vary between 0.5 and 0.6 (only exception to that
is the release curve at pH 7 and [Na'] = 0.189 M). This finding
may indicate Fickian diffusion of mesalazine.>* The results of
the fitting are summarized in the ESI (Fig. S187).

However, it should also be considered that at low pH, pyri-
dinium salt formation might occur initiating mesalazine
release. Nevertheless, as the log K values of the reaction of pyri-
dino-18-crown-6 ether with a proton (log K = 4.80) and sodium
ion (logK = 4.25) are similar,”>*® when sodium ions are
present competitive pyridine protonation and sodium ion
complexation can take place. In our case however, the sodium
ion concentration is twenty times higher than the proton con-
centration. Therefore, it is supposed that the formation of the
pyridino-18-crown-6 ether-sodium complex is preferred to pyri-
dine protonation.

Thus, it is assumed that the proton concentration may have
limited impact on mesalazine release, since the sodium ion
concentration is significantly higher above pH = 2.0. As the
sodium complexation is presumably less affected by the

This journal is © The Royal Society of Chemistry 2021
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proton concentration under these conditions, it is supposed
that the pH should have significant impact only on the mesala-
zine deprotonation but not on the pyridine protonation.

Conclusions

In summary, a pH-responsive mesalazine (1) supramolecular
polymer assembly was synthesized. The solid NMR and ther-
moanalytical investigations of the synthesized sme-1-4-cp-1-5
supramolecular assembly showed an amorphous, solid
solvent structure. In situ "H NMR studies revealed downshifts
of the concerned hydrogens. Upon titration of monomer 5
with 1, log K = 3.4 + 0.5 was calculated (in a DMSO-ds-CD,Cl,
1:1 mixture). The pH-dependent release of 1 was investigated
at pH 2.0, 4.0, 7.0, and 9.2 showing enhanced release of
mesalazine at elevated pH. The Na' concentration was also
found to have a significant impact on the release of 1. At
higher Na" concentration faster mesalazine release was
observed at pH 7.0. In conclusion, the reported supramolecu-
lar assembly-based drug delivery system demonstrated a tar-
geted and sustained release of mesalazin (1) — a highly potent
anti-inflammatory agent. This approach can open the door
for innovative supramolecule based, pH responsive drug deliv-
ery systems.
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