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Hybrid GMP—-polyamine hydrogels as new
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Here we present the preparation and characterization of new biocompatible materials for drug encapsulation.
These new gels are based on positively charged [1+1] 1H-pyrazole-based azamacrocycles which minimise the

electrostatic repulsions between the negatively charged GMP molecules. Rheological measurements confirm

the electroneutral hydrogel structure as the most stable for all the GMP—polyamine systems. Nuclear magnetic
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resonance (NMR) was employed to investigate the kinetics of the hydrogel formation and cryo-scanning
electron microscopy (cryo-SEM) was used to obtain information about the hydrogel morphology, which
exhibited a non-homogeneous structure with a high degree of cross-linking. It is possible to introduce

isoniazid, which is the most employed antibiotic for tuberculosis treatment, into the hydrogels without

rsc.li/soft-matter-journal

Introduction

As early as in 1920 the Norwegian physicist and chemist 1. C.
Bang reported that aqueous solutions of guanylic acid could
give rise to hydrogel formation under certain circumstances.
Half a century later, the molecular biologist N. Gellert in a
collaborative work with M. Lipsett and D. Davies determined by
X-ray diffraction that the structure of these hydrogels was
composed of helical aggregates with tetrameric structures
stacked one upon the other.” It is now known that relatively
concentrated aqueous solutions of 5’-guanosine monophosphate
(GMP) give rise to hydrogels made by the stacking of tetrads in
which four guanine units self-assemble in a square, planar arrange-
ment through a network of Hoogsteen-type hydrogen bonds giving
rise to G-quadruplexes.® The central hole on the structure is
occupied by metal ions, typically Na* or K*, which counterbalance
the electrostatic repulsions binding to the guanine oxygen atoms.*
G-quartet structures also form in genomic guanine-rich DNA and
RNA regions, particularly, in telomeres. The telomere length is
critical to determine the cell survival. Each cell division shortens
the telomere ends by 50-100 base pairs until a critical length is
reached inducing senescence and apoptosis.” While healthy
somatic cells show low telomerase activity, tumour cells show high
telomerase activity which contributes to cell inmortality.® Since it is
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disrupting the hydrogel structure at appropriate concentrations for oral administration.

known that G-quadruplex structures inhibit telomerase activity, the
preparation of compounds that stabilise these structures may be a
route for therapeutic intervention.”

Recently, low molecular weight gelators (LMWGs) have
attracted much attention due to their potential applications in areas
such as new sensor devices,® catalysis,” design of biocompatible
materials for drug transport and release,'” and bioengineering.'*
LWMGs can typically comprise molecules with a molecular weight
below 3000 g mol ™~ that are able to form supramolecular gels at low
concentrations either in water or in non-aqueous solvents.'?

Among the many applications, the development of bio-
compatible materials for drug transport and release represents
a promising route to solving problems such as those related to
drug bioavailability and/or solubility. Previously, several strategies
have been put forward using liposomes, micelles or polymeric
materials as carriers. Notwithstanding, supramolecular hydrogels
have emerged recently as promising alternatives to those carriers.
To be useful in this context hydrogels should exhibit, in addition
to mechanical resistance, chemical stability and resistance to
enzymatic degradation."® In this respect, guanine-based hydro-
gels have good potential as biocompatible materials for drug
delivery." The weak and reversible nature of the non-covalent
forces governing guanine hydrogel formation makes them
tuneable materials under different external stimuli. Moreover,
such hydrogels can be readily prepared and, from an economical
point of view, they are often rather inexpensive materials.

While aqueous GMP solutions can self-assemble to bio-
compatible G-quartet-based hydrogels, electrostatic repulsions
between the GMP phosphate groups disfavour the self-assembly
process making the use of large GMP concentrations and low
temperatures necessary.”” To avoid this drawback and stabilise

This journal is © The Royal Society of Chemistry 2020
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the gel, some authors have used modified guanines in which the
phosphate group has been replaced by other less charged
moieties. However, this strategy can result in less water-soluble
or more toxic materials, which can make them unsuitable from a
biological point of view. Another alternative may be the use of
cationic species. Alkali metal ions as Na' or K" might be a good
option from biological and economical points of view, however,
these simple cations interact with phosphates weekly.'® There-
fore, the use of polycationic proteins, lipids or sugars might be a
more appropriate option. Although cationic proteins such as
protamine are very efficient in reducing the electrostatic repulsions
between the phosphate groups of nucleic acids, they are expensive
and can give rise to immunogenicity."” Polycationic lipids have also
been used in gene therapy and do not seem to induce an immune
response, although they can develop toxicity issues.

In a previous study we adopted a strategy based on the use of
protonated polyamines to induce GMP gelation."® Polyamines
have remarkable affinity for phosphate groups'®'® that depends
not only on the charge but also on the charge distribution in the
molecule. Moreover, even though polyamines might be toxic,
there are a number of them that exist within cells in large
amounts playing key biological roles.> In this respect we showed
that among the polyamines tested, the macrocyclic ones are
more efficient gelators than the acyclic ones. Moreover, the
incorporation of additional hydrogen bonding donor and/or
acceptor groups may give rise to new self-assembling features.
Within this context we considered that 1H-pyrazole,** which can
behave simultaneously as a hydrogen bonding donor through its
pyrrolic nitrogen and as a hydrogen bond acceptor through its
imine nitrogen, might be an interesting component of poly-
amines to tune the gelation process.

Here, we examine the gelation capacity of five 1H-pyrazole
[1+1] condensation macrocycles containing different tetra- and
hexamine bridges. We study their behaviour as gelators with a
variety of experimental techniques. Finally, we examine the ability
of one of these ligands to encapsulate isoniazid, the most employed
antibiotic in the treatment of tuberculosis.

Results and discussion
Acid-base behaviour

Since most of the studies presented here were performed in
aqueous media, it was necessary to consider the acid-base
properties of the polyamines L1-L5 (Fig. 1) employed as gelators.

The protonation constants of L1-L5 were obtained from
potentiometric titrations using the HYPERQUAD?* set of programs
(Table 1). The distribution diagrams were calculated using the HySS
software.>* The data are presented in Table 1 and in the Electronic
Supplementary Information (Fig. S1-S5, ESIt).

As shown in Table 1, all the compounds exhibit the same
number of protonation processes as the number of secondary
amines in their structures. While L1-L3 have four measurable
protonation steps, L4-L5 can bind up to six protons. As already
discussed for other [1+1] condensation aza-cyclophanes containing
either pyridine or for the only one reported with a pyrazole spacer,
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Fig. 1 1H-Pyrazole azamacrocycles L1-L5.

Table 1 Logarithms of the stepwise and cumulative protonation con-
stants of L1-L5 determined in 0.15 M NaCl at 298.0 + 0.1 K

Reaction L1 L2 L3 L4 L5
L+H s HL* 9.15(2)* 9.77(2)° 10.52(1)° 10.06(1) 10.72(1)
HL+H s H,L  810(2)  8.19(2) 9.46(1)  9.24(1) 9.80(1)
H,L+H s H;L  4.84(3) 5.19(3) 6.76(1)  8.09(1)  8.63(1)
H;L+H s H,L  2.653) 3.71(3) 5.87(1) 6.50(1)  7.46(1)
HL+H S HL — — — 5.41(1)  6.90(1)
H;L+H s HL — — — 4.42(1)  6.02(1)
Log 24.74(3) 26.86(3) 32.61(1) 43.72(1) 49.53(1)

@ Charges omitted. ? Values in parenthesis show the standard deviation
in the last significant figure. © Taken from ref. 24. ¢ Calculated as
log [5 = Zlog KHjL~

]

no protonation is observed for the nitrogen atoms of the hetero-
cycle in the pH range available for deriving accurate data from
potentiometric measurements (pH 2.0-11.0).>> The accumulation
of positive charges in the macrocycles due to the protonation of the
more basic secondary amines likely prevents the protonation of the
less basic groups of the heterocycles.

When comparing the data for the tetra-amine macrocycles,
it is clear that the values of the constants follow the trend L3 >
L2 > L1 for all the protonation steps. The macrocycles with
longer hydrocarbon bridges between the amines are more basic
because of both the increase in the inductive effect and the
diminution in positive charge repulsions. It is considered
that the repulsion between two positive centres separated by
hydrocarbon chains diminishes markedly on going from ethylenic
to propylenic chains and practically vanishes for separations by
butylenic chains. Similar reasoning can explain the higher basicity
of L5 compared to L4.%°

An important point regarding the gelation induced by the
polyamines L1-L5 is the GMP charge as well as the actual
protonation degree of the polyamines at the pH selected for the
studies (5.0 in this case). By means of the protonation constants
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in Table 1, the mean protonation degrees at pH 5.0 are 2.4, 2.7,
3.9, 4.9 and 5.9 for L1-L5, respectively. An important reduction
in charge is observed when moving to the physiological pH of
7.4; at this pH, the values become 1.8, 1.9, 2.2, 2.9 and 3.7 for
the same sequence of ligands. The GMP charge will be —1.1 at
pH 5.0 and —1.9 at pH 7.4. Therefore, pH 5 was used as an
appropriate value to facilitate the gelation process because of
the lower repulsion between the GMP molecules. Moreover, in
view of that many of the therapeutic applications of hydrogels
involve cutaneous treatment, pH 5 is an interesting value since
it is close to that of human skin.*”

Interactions with GMP in aqueous solution

Polyamines in their protonated form have been shown to be
able to form supramolecular complexes with nucleotides in
aqueous solution.'***® Although the main driving force of this
binding is likely to be based on charge attraction between the
receptor and substrate, other interactions such as hydrogen
bonding, n-r stacking, n-cation and van der Waals interactions
may also be involved to some extent.”® Therefore, prior to
the gelation studies, we analysed the ability of the polyamines
L1-L5 to interact with GMP using potentiometric titration
under the same conditions described for the determination of
the protonation constants.

In GMP, the hydrogen atom from the imidic nitrogen can be
removed at alkaline pH. Hence, when calculating the acid-base
behaviour of GMP we have to consider the first protonation
equilibrium of the purine base which has a value of 9.45
logarithmic units (Scheme 1). The mononucleotide with the
deprotonated imine will be termed H_;GMP®~ throughout the
text or H_;G in the tables and figures. The next two protonation
steps affect the phosphate group with protonation constants of
6.30 and 2.84 logarithmic units.*®

Taking into account the basicity of ligands and GMP, the
cumulative stability constants obtained with the aid of
HYPERQUAD? have been decomposed into successive constants
(Table S1, ESIt). As shown in Table S1 (ESIT) and in the distribution
diagrams collected in the ESIf (Fig. S6-S10), all receptors form
stable adducts with GMP in a wide pH range. However, among
them, L1 forms the least stable adducts which can be attributed to
its reduced basicity and size that may not be appropriate for
binding GMP. On the other hand, the two largest receptors L4
and L5 form a higher number of very stable adducts with stoichio-
metries varying from the neutral [(HL)(H_,GMP)] species for L4 or
[(HL)(GMP)]~ for L5 to [(HeL)(HGMP)]>". Nevertheless, since these
systems present overlapped equilibria of receptors and substrates,

o] 0
N © N
N NH
< | By + H® — < | Py
N™ >N “NH, N™ >N” NH,
R R
H.4GMP* GMP?

Scheme 1 Protonation equilibrium of the GMP imidic nitrogen.
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and the decomposition of cumulative in stepwise constants is
rather cumbersome, the most appropriate way to compare the
relative stabilities of the different systems at the different pH values
is to use effective constants. The effective constants (K.y) are
calculated at every pH value as the quotient between the overall
amount of complexed species (H;;AL) and of free receptor (H/L)
and substrate (H;A) (see equation 1).*

K= [HiAL /ST HAID L] )

Fig. 2 plots the logarithms of the effective constant at pH 5.0
and 7.4 for the interactions of the polyamines L1-L5 with the
GMP nucleotide calculated for 1:1 GMP : polyamine molar ratio
([L1-L5] = [GMP] = 1.0 x 10 * M). The complete plot of K vs.
pH is shown in Fig. S11 in the ESL{ As shown in Fig. 2, L1
forms the least stable complexes with GMP at both pH values.
On the other hand, the other four pyrazole-based macrocycles
do not seem to differ much in spite of their different sizes and
number of charges. This might be pointing out that the most
important factor in the complex stability is the charge density
and distribution instead of the total charge in the molecule.

Another relevant aspect regarding the hydrogel formation is
the percentages of adduct formation. The percentages of
adducts present in solution at 1:1 GMP: polyamine molar ratio
([L1-L5] = [GMP] = 1.0 x 10> M) and pH 5.0 change from over
90% for L2, L4 and L5, and 83% for L3 to 65% for L1. At pH 7.4
the percentages of complex formation for the same experi-
mental conditions are 93% for L4, 90% for L5, 88% for L2,
85% for L3 and 40% for L1.

Rheology

As a general rule, the higher the concentration of the GMP solution,
the greater the strength of the hydrogel formed. Typically, the
concentration employed in the literature for GMP hydrogel prepara-
tion at room temperature is between 180 and 1000 mM. At room
temperature the gel formation process is not efficient at GMP
concentrations below this range. However, the use of polyamines
permits GMP hydrogels to be obtained at concentrations even one

5

4

3.

2 |

1

0 - |
L1 L2 L3 L4 L5

Fig. 2 Plot of the values of the logarithms of the effective constants for
the interaction of L1-L5 with GMP at pH 5.0 (red) and pH 7.4 (blue). [L1-
L5] = [GMP] = 1.0 x 107 M.

Log Kt
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order of magnitude lower than this. Furthermore, different poly-
amines produce different results depending on their charge and on
the arrangement of the ammonium sites along their structure.'®
Therefore, besides temperature, there are three main factors to
consider in this study: () GMP concentration, (i) pH, since it
establishes the protonation state of GMP and polyamines, and
(iii) the molar GMP: polyamine ratio needed to produce the
hydrogels. To address the latter point, we tried different molar
ratios for each GMP-polyamine system keeping the GMP
concentration at 30 mM. The pH was adjusted to 5 by adding
drops of concentrated HCI or NaOH. As previously noted, GMP
behaves as a monoanion at this pH, and the repulsion between
the GMP anions is less important than the repulsion experi-
enced at higher pH. All samples were heated and sonicated
until a transparent solution was obtained. Finally, the samples
were left at room temperature overnight. Then a tube inversion
test®® was carried out to evaluate the formation of the gel (see
Fig. 3).

This simple inversion test allows us to discard combinations
that do not result in gel formation (Table 2).

Polyamines L4 and L5 should in principle be the best gel
promoters because of their higher charge. However, surprisingly L4
did not promote gel formation at any molar ratio as shown in
Table 2. In contrast, L5 promotes gel formation at every molar ratio
assayed, except for the 3:1 GMP: polyamine molar ratio, which is
the ratio with the highest polyamine content and thereby, with the
highest excess of positive charges. Repulsion between the excess
positive charges of the polyamines destabilise the gel formation.
Also surprising is the fact that L3 and L5 gave rise to gel formation
even at the GMP:polyamine 50:1 molar ratio. This intriguing
result suggests that besides net charge there are other important
parameters to be taken into account to explain these processes.
However, it is not possible to obtain more information from
these simple inversion tests. For this reason, we characterized
the hydrogels by means of rheological measurements. Gels are
viscoelastic materials, showing both solid and liquid behaviour.
From the rheological point of view, a material is a gel when its solid

Inversion
Tube Test

Hydrogel Hydrogel
not formed formed

30 mM 30 mM GMP
GMP +6mML5

Fig. 3 Gel inversion test.
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Table 2 Tube inversion test results for the different GMP—-polyamine

systems studied at different molar ratios. G: a gel is formed. N: no gel is
formed

GMP : polyamine molar ratio

Polyamine 3:1 4:1 5:1 6:1 8:1 10:1 15:1 30:1 50:1
L1 G G G G G G G G N
L2 G 6 G G G N N N N
L3 G G G G G G G G G
L4 N N N N N N N N N
L5 N G G G G G G G G

component predominates over its liquid one. The solid component
is related to the storage modulus (G’) while the liquid component is
related to the loss modulus (G”). This technique also allows the
determination of the maximum stress that can be applied to a
material (yield stress, y) without deforming it plastically in an
irreversible way. The higher the value of y, the stronger is the
hydrogel, and consequently, the greater is the polyamine ability in
promoting the GMP hydrogel formation.

Except for the polyamine L4 that did not induce gel formation,
rheological measurements confirmed the results of the tube inver-
sion tests showing that G’ > G” by about one order of magnitude.
The full rheological studies are presented in the ESLt (Fig. S12-S15
and Tables S2-S5). The maximum gel strength (optimal conditions
for the gelation) was always achieved when the negative charges of
the GMP molecules matched the positives charges of the poly-
amine, implying the electroneutral structure as the most stable one
(Fig. 4 and Table 3).

Table 3 lists the values of G’, G’ and 7y, obtained from the
oscillatory stress sweep experiments under the optimal conditions
for the gelation (shown in Fig. 4). When comparing the results
presented in Table 3, polyamines L3 and L5 gave rise to the
strongest hydrogels as they presented the higher values of yield
stress (1260 Pa and 1780 Pa, respectively). Both compounds along
with L4 are those having the largest macrocyclic cavities and
highest net charges at pH 5. The fact that L4 does not form stable
hydrogels is rather surprising and probably has to do with a

a0 a

0,1

0,1 1 10 100 1000

Osc. Stress (Pa)
Fig. 4 Oscillatory stress sweep experiments for the optimal conditions for
the gelation for each GMP—polyamine system. G’ : filled circles. G” : empty
circles. GMP:L1 3:1 (purple). GMP:L2 3:1 (red). GMP:L3 4:1 (blue).
GMP: L5 5:1 (green).
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Table 3 Rheological properties of the hydrogels at the GMP : polyamine
optimal molar ratios for each GMP—polyamine system. G’ > G” confirms
the material as a gel. The larger the value of y, the stronger the gel

Polyamine GMP: polyamine molar ratio G’ (Pa) G” (Pa) 7y (Pa)
L1 3:1 65000 7300 1190
L2 3:1 50000 6100 890
L3 4:1 49000 5400 1260
L5 5:1 60000 9100 1780
2000
1500
©
e
2
4 1000
<
7]
s L5
£ 500
L2
L1 L3
0
0 10 20 30 40 50

GMP/Polyamine

Fig. 5 Plot of the yield stress as a function of the GMP/polyamine
quotient.

particular network of intramolecular bonds that may alter its
interaction and cross-linking with the GMP molecules.

Moreover, as seen in Fig. 5 for all the GMP-polyamine
systems studied, the lower the polyamine concentration in
the hydrogel, the lower is the hydrogel yield stress.

Nuclear magnetic resonance (NMR) studies

The NMR technique allows studying the liquid phase of the
hydrogels by following the evolution of their "H NMR spectra
with time, giving an easy way to investigate the kinetics of the
GMP-polyamine hybrid hydrogel formation. In this case we
decided to monitor the H1’ signal from the GMP molecule and
the H4 signal from the 1H-pyrazole ring (Fig. 6).

The hydrogels were prepared employing the optimal condi-
tions for gelation summarized in Table 3. For all the systems we
observe a decrease in the integral of the 'H NMR signals over
time as the gelation process proceeds which can be explained in

GMP Polyamine

[
Hd O—FI’—ONa
ONa

Fig. 6 H NMR monitored signals during the kinetic studies of the GMP—
polyamine gel formation.
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Fig. 7 'H NMR spectra recorded during the GMP-L5 hydrogel formation
kinetic studies. Spectra were recorded every 25 seconds. The study was
performed employing the optimal conditions for the GMP-L5 hydrogel
formation: GMP: L5 5:1 molar ratio.

terms of the deposition passage of both the GMP and poly-
amine molecules from the liquid phase to the solid phase of the
hydrogel as it forms. Nevertheless, we can see different profiles
when comparing the evolution of the monitored signals along
with time (Fig. S16-S19, ESIt) which may indicate either
different hydrogel formation mechanisms or different for-
mation kinetics.

The kinetics for the formation of the GMP-L5 hydrogels is
particularly remarkable, showing an estimate formation time of
2-3 minutes (Fig. 7), which is much faster than those for the
other systems, which typically take approximately one hour for
L1 and L2, and approximately two hours for L3.

Cryo-scanning electron microscopy (cryo-SEM) studies

The hydrogels presented here contain a large amount of water
and cannot be directly observed using SEM without removing
the water. The water can be removed to allow the use of SEM,
but at the risk of distorting the solid matrix of the gel. This is
somehow solved in cryo-SEM in which water is removed partly
in a controlled sublimation process, and hence sample distor-
tion due to the dehydration process is reduced, leading to a
better representation of the hydrogel original structure.

The hydrogels were prepared employing the optimal condi-
tions for gelation shown in Table 3. As shown in Fig. 8, all the
samples exhibit a quite similar morphology, having a non-
homogeneous structure with a high cross-linking degree as
we expect for a gel-like material.

Hybrid GMP-polyamine hydrogels as new biocompatible
materials

The hybrid GMP-polyamine hydrogels exhibit mechanical
resistance as demonstrated by rheology and showed previously
in Fig. 4 and 5 as well as in Table 3. Moreover, the dropping ball
method®? indicates that these hydrogels are stable at tempera-
tures higher than human body temperature, and exhibit gel-sol
transition temperature (Ty) values between 39 °C and 41 °C,
depending on the GMP-polyamine system. These results

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Cryo-SEM images obtained for (a) GMP: L1 3:1, (b) GMP:L2 3:1,
(c) GMP:L3 4:1 and (d) GMP: L5 5:1 molar ratios.

highlight the potential of the hybrid GMP-polyamine hydrogels
as biocompatible materials, as any material designed for this
purpose must have both mechanical resistance and thermal
stability. Encouraged by these results, we decided to add a drug
to these gels. Many drugs can be used depending on the
intended application; here we have decided to use the anti-
biotic isoniazid, which is an antibiotic widely used for the
treatment of tuberculosis, as a preliminary test.

We studied the effect of adding different amounts of isoniazid
on the hydrogel yield stress value (Fig. S20-S23 and Tables S6-S9,
ESIT). It was possible to introduce 1 mg of isoniazid in all the
systems without disrupting the hydrogel structure. Furthermore,
we were able to introduce 10 mg of isoniazid for the GMP-L1 and
GMP-L3 systems, which is the normal dose of isoniazid when given
orally. However, the higher the concentration of isoniazid, the
lower is the resistance of the hydrogel (Fig. 9).

Experimental
Synthesis of L1-L3

The synthesis of L1-L3 was performed as described in ref. 24.
The compounds gave satisfactory elemental microanalysis and
spectroscopic characterization (see spectra in the ESIt).

Synthesis of L4 and L5

The pyrazole precursor 3,5-bis-(chloromethyl)-1-(tetrahydropyr-ane-
2-yl)-pyrazole was obtained as previously described in ref. 24.
The polyamine precursors 1,5,8,12,15,19-hexaquis-( p-tolylsulfonyl)-
1,5,8,12,15,19-hexaazanonadecane and 1,5,9,13,17,21-hexaquis-
(p-tolylsulfonyl)-1,5,9,13,17,21-hexaazaheneicosane were prepared
as reported in ref. 33 and 34, respectively.

1 Tetrahydropyran-2-yl-3,7,10,14,17,21-hexaaza-3,7,10,14,17,21-p-
toluensulfonyl-1-(3,5)-pyrazolacyclodocosaphane (1). 1,5,8,12,15,19-
Hexaquis-(p-tolylsulfonyl)-1,5,8,12,15,19-hexaaza-nonadecane (6.00 g,
5.0 mmol) and K,CO; (6.91 g, 50.0 mmol) were suspended
in 250 mL of anhydrous acetonitrile in a round-bottom flask.

This journal is © The Royal Society of Chemistry 2020
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. No . 1 mg/ mL 10 mg/ mL
Isoniazid Isoniazid Isoniazid
1800
1600
1400
= 1200
=
¥ 1000
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400
200
0
L1 L2 L3 L5

Fig. 9 Yield stress (y) for the GMP-L1, GMP-L2, GMP-L3 and GMP-L5
systems as a function of the isoniazid concentration. The study was per-
formed employing the optimal conditions for hydrogel formation: GMP: L1
3:1, GMP:L2 3:1, GMP:L3 4:1 and GMP: L5 5:1 molar ratios. 10 mg mL™*
prevented gel formation for the GMP-L2 and GMP-L5 systems.

3,5-Bis-(chloromethyl)-1-(tetrahydropyrane-2-yl)-pyrazole (1.25 g,
5.0 mmol) was dissolved in 150 mL of anhydrous acetonitrile
and dropwise added over one hour. The suspension was refluxed
for 48 hours under a nitrogen atmosphere and then filtered off.
The solution was vacuum evaporated to dryness. Purification was
carried out by column chromatography (silica gel, chloroform/
acetone 25/1) to give the product as a solid. Yield: 48%. "H NMR
(300 MHz, CDCl,): 6 7.76-7.68 (m, 6H), 7.59-7.54 (m, 6H), 7.37-
7.25 (m, 12H), 6.32 (s, 1H), 5.47 (dd, J = 9 Hz, J = 3 Hz, 1H), 4.60-
4.56 (m, 1H), 4.28-4.10 (m, 3H), 3.96-3.87 (m, 1H), 3.74-3.63 (m,
1H), 3.40-2.84 (m, 20H), 2.45 (s, 3H), 2.44 (s, 3H), 2.42 (s, 3H),
2.41 (s, 3H), 2.39 (s, 3H), 2.23 (s, 3H), 2.02-1.80 (m, 6H), 1.73-
1.44 (m, 6H). "*C{"H} NMR (75.43 MHz, CDCL;): § 149.7, 143.6,
144.2, 138.1, 129.9, 129.1, 105.6, 100.4, 68.3, 50.9, 50.6, 48.4,
45.0, 44.9, 30.0, 25.5, 23.5, 22.4, 23.1.

1"-Tetrahydropyran-2-yl-3,7,11,15,19,23-hexaaza-3,7,11,15,19,23-p-
toluensulfonyl-1-(3,5)-pyrazolacyclotetracosaphane (2). 1,5,9,13,17,21-
Hexaquis-(p-tolylsulfonyl)-1,5,9,13,17,21-hexaaza-heneicosane (6.14 g,
5.0 mmol) and K,CO; (6.91 g, 50.0 mmol) were suspended in 250 mL
of anhydrous acetonitrile in a round-bottom flask. 3,5-Bis-(chlor-
omethyl)-1-(tetrahydropyrane-2-yl)-pyrazole (1.25 g, 5.0 mmol)
was dissolved in 150 mL of anhydrous acetonitrile and dropwise
added over one hour. The suspension was refluxed for 48 hours
under a nitrogen atmosphere and then filtered off. The solution
was vacuum evaporated to dryness. Purification was carried out
by column chromatography (silica gel, chloroform/acetone 25/1)
to give the product as a solid. Yield: 31%. "H NMR (300 MHz,
CDCl,): § 7.70-7.59 (m, 12H), 7.33-7.27 (m, 12H), 6.24 (s, 1H),
5.57 (dd, J =9 Hz, J = 3 Hz, 1H), 4.58-4.53 (m, 1H), 4.29-4.15 (m,
3H), 3.98-3.90 (m. 1H), 3.81-3.68 (m, 1H), 3.18-2.88 (m, 20H),
2.43 (s, 3H), 2.41 (s, 6H), 2.40 (s, 9H), 2.04-1.81 (m, 10H), 1.77-
1.57 (m, 6H). *C{'H} NMR (75.43 MHz, CDCl;): § 149.7, 143.7,
144.1, 138.1, 139.8, 128.9, 105.5, 100.1, 68.1, 50.1, 49.1, 48.7,
47.9,29.9, 27.4, 25.3, 23.3, 21.3.
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3,7,10,14,17,21-Hexaaza-1-(3,5)-pyrazola cyclodocosaphane
hexahydrochloride (L4-6HCI). 1 (2.75 g, 2.0 mmol) and phenol
(13.55 g, 144.0 mmol) were suspended in HBr-AcOH 33%
(150 mL). The mixture was stirred at 90 °C for 14 hours and
then was cooled. The resulting residue was filtered off and
washed with acetone to give the final product L4 in a salt form.
Yield: 59%. 'H NMR (300 MHz, D,0): § 6.79 (s, 1H), 4.42 (s, 4H),
3.57 (s, 8H), 3.40-3.29 (m, 8H), 3.26-3.18 (m, 4H), 2.29-2.13
(m, 6H). "*C{'"H} NMR (75.43 MHz, D,0): § 138.8, 108.7, 44.4,
44.3, 43.4, 42.7, 42.3, 42.1, 22.6, 21.5. ESI-MS (m/z): Calculated
for [L + H]": 367.3. Found: 367.2. Elemental analysis: calculated
for C,4H;sNg-6HCL: C, 36.9; H, 7.6; N, 19.1. Found: C, 37.3; H,
8.9; N, 19.0.

3,7,11,15,19,23-Hexaaza-1-(3,5)-pyrazola cyclotetracosaphane
hexahydrochloride (L5-6HCI). 2 (2.81 g, 2.0 mmol) and phenol
(13.55 g, 144.0 mmol) were suspended in HBr-AcOH 33%
(150 mL). The mixture was stirred at 90 °C for 14 hours and
then was cooled. The resulting residue was filtered off and
washed with acetone to give the final product L5 in a salt form.
Yield: 53%. 'H NMR (300 MHz, D,0): 4 6.78 (s, 1H), 4.42 (s, 4H),
3.35-3.20 (m, 20H), 2.23-2.09 (m, 10H). *C{'"H} NMR (75.43 MHz,
D,0):  138.9, 108.6, 44.2, 44.1, 44.0, 43.9, 43.6, 42.3, 22.5, 22.3,
21.7. ESI-MS (m/z): calculated for [L + H]": 395.4. Found: 395.2.
Elemental analysis: calculated for C,,H,,Ng-6HCI: C, 39.2; H, 7.9;
N, 18.3. Found: C, 38.7; H, 8.4; N, 19.1.

Nuclear magnetic resonance measurements

The 'H and C NMR spectra of compounds L4 and L5 were
recorded on a Bruker Advance DPX 300 MHz and a Bruker
Advance DPX 400 MHz spectrometer operating at 299.95 MHz
and 399.95 MHz for 'H and at 75.43 MHz and 100.58 MHz for
3C. The chemical shifts are given in parts per million refer-
enced to the solvent signal. ter¢t-Butyl alcohol was used as a

reference standard (6 = 1.24 ppm for 'H and § = 70.36 ppm for
13C).35

Mass spectrometry measurements

The mass spectra of water solutions of compounds L4 and L5
(5.0 x 10~* M) were acquired in the positive ion mode using an
ESQUIRE 3000 PLUS Ion Trap Mass Spectrometer attached to
an AGILENT 1100 (HPLC-MS) high-performance liquid chro-
matograph. The equipment has an atmospheric-pressure
chemical ionisation (APCI) source and an electrospray ionisa-
tion (ESI) source.

Electromotive force measurements

The potentiometric titrations were carried out in water at
298.1 £+ 0.1 K using 0.15 M NaCl as the supporting electrolyte.
NaCl was chosen as the electrolyte because of (i) the high
solubility of the receptor in this medium and (ii) the content
of this salt in the extracellular matrix as well as its role in some
biological relevant processes.”® The experimental procedure
(burette, potentiometer, cell, stirrer, microcomputer, etc.) has
been fully described elsewhere.’” The data were obtained by
using the computer program PASAT.?® The reference electrode
was an Ag/AgCl electrode in saturated KCI solution. The glass
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electrode was calibrated as a hydrogen ion concentration probe
by titration of previously standardized amounts of HCI with
CO> -free NaOH solutions. The equivalent point was determined
by Gran’s method,* which gives the standard potential (E”') and
the ionic product of water (pk, = 13.73(1)) in pure water. The
computer program HYPERQUAD> was used to calculate the pro-
tonation and stability constants and the HySS* program was used
to obtain the distribution diagrams. The pH range investigated was
2.0-11.0.

Hydrogel preparation

The GMP-polyamine hybrid hydrogels were prepared by weigh-
ing the appropriate amount of the hydrochloride/bromide salt
of the polyamine in a vial and adding 1 mL of water solution of
30 mM guanosine-5’-monophosphate disodium salt. Then the
pH was adjusted to 5 by adding drops of concentrated HCI and/
or NaOH. Then the resulting mixture was heated and sonicated
and was left at room temperature overnight. Hydrogels having
isoniazid were prepared as described, employing the optimal
conditions for gelation for each system but adding the appro-
priate amount of isoniazid to the system before heating and
sonicating the mixture.

Rheology

Rheological measurements were carried out using a TA instru-
ment Advanced Rheometer 2000. A parallel-rough-plate geome-
try (25 mm) was employed with a gap of 1000 pm. The samples
were prepared by adding 1 mL of the melted hydrogel in a
25 mm cylindrical block leaving them to set for 25 minutes to
allow the hydrogel formation at 10 °C.

Oscillatory stress sweep experiments were performed over a
0.1-10000 Pa range with a constant frequency of 1 Hz. The
rheometer was controlled by the Rheology Advance Instrument
control programme (v 5.8.2) and the analysis of the data was
performed using the Rheology Advance Data Analysis pro-
gramme (v 5.7.0).

Cryo-scanning electron microscopy (cryo-SEM) studies

Samples for cryo-SEM must be dry and conductive. Further-
more, the drying process must be carried out preserving the
original structure of the sample as much as possible. With this
aim we used the cryo-fixation method, cooling the sample as
fast as possible by employing liquid nitrogen. Subsequently, the
sample was transferred to the cryo-observation system, where it
was treated and coated with gold for later observation. SEM
images were obtained using a JEOL scanning electron micro-
scope model JSM 5410.

Nuclear magnetic resonance (NMR) studies

Kinetic studies were performed using a Varian Inova-500 NMR
spectrometer operating at a frequency of 500.13 MHz for
'H NMR. Hydrogels were prepared in D,0 as described
previously employing the optimal conditions of gelation for
each GMP-polyamine system deduced by means of rheology.
The pD was adjusted by adding concentrated DCl and/or
NaOD to the mixture. The pD values were measured using a

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0sm00704h

Published on 10 June 2020. Downloaded on 7/18/2025 10:15:20 PM.

Paper

pH meter calibrated with proteo standards. A correction factor
of +0.4 units was applied to account for the fact that the
calibration used proteo standards instead of deuterium ones.
pD = reading + 0.4.%°

Dropping ball method

The dropping ball method*> was used to determine the gel-sol
transition temperature (Tg). The methodology consisted of
placing a 261.1 mg metal ball on the surface of the hydrogel
and increasing the temperature gradually 1.0 °C per minute.
The temperature at which the dropping of the metal ball
through the hydrogel is observed is considered as the gel-sol
transition temperature.

Conclusions

We have shown that the pyrazole-based polyamines tested, with
the exception of L4, significantly facilitate GMP gel formation
by reducing unfavourable electrostatic repulsion. In the case of
L3 and L5 considerable enhancements in gelation efficiency are
obtained even at a 50:1 GMP: polyamine ratio. The fact that a
considerable difference in gel formation efficiency is observed
when slightly different polyamines are used suggests that the
structure and nature of the polyamine are factors that need to
be considered in addition to the electrostatic effect. Macrocycle
L5 also results in considerably enhanced gelation kinetics. Gels
were optimised at pH 5.0 consistent with human skin pH and
probed to be able to tolerate a therapeutically meaningful
amount of a model drug substance. These factors, coupled
with a gel-sol transition temperature above body temperature,
mean that these systems exhibit promise for topical delivery of
active pharmaceutical ingredients. Further studies are neces-
sary to establish which drugs are compatible with these gels, to
check that the polyamines used in the study do not develop any
toxicity at the concentrations employed, and in which scenarios
these gels could be used for medical applications.
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