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We developed a new strategy of polyglutamate nanorod preparation based on supramolecular polymers
stabilized with hydrophobic drugs. Using this strategy, we prepared a family of star-shaped polyglutamates
(star-PGAs) with benzenetricarboxamide (BTA)-based cores of different hydrophobicity. We then studied
the self-assembly of the resulting polymers in aqueous solutions containing a physiological level of salt
using fluorescence spectroscopy, small-angle X-ray scattering (SAXS), and transmission electron
microscopy (TEM). We discovered that star-PGAs behave as classical polyelectrolytes in very dilute solu-
tions; however, compounds with hydrophobic cores assembled into one dimensional-nanorods upon an
increase in concentration due to supramolecular interactions in the core. Small hydrophobic drugs, such
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as doxorubicin and irinotecan, stabilized the nanorods and inhibited their disassembly at concentrations
below the critical aggregation concentration (CAC). We anticipate that this simple nanorod preparation
strategy from star-PGAs will enable the development of new nanomedicines with unique biodistribution
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Introduction

Self-assembly is a unique yet ubiquitous phenomenon found
in nature that is widely used in applied sciences.” Biological
macromolecules can self-organize into a plethora of intricate
structures with specific functionalities emerging from the
supramolecular complexes rather than the individual com-
ponents. The propensity to mimic the complexity of biological
systems has stimulated a focus on the study of synthetic poly-
mers and their aqueous self-assembly.>* Synthetic polypep-
tides, or polyaminoacids, are the class of polymers most
closely related to biomacromolecules, consisting of the same
building blocks as natural proteins yet keeping a high degree
of structural versatility. These characteristics make polypep-
tides perfectly suitable for advanced drug delivery.”® Among
the described biocompatible polypeptides, poly-L-glutamates
(PGA) display low immunogenicity, high biodegradability, and
controlled biodistribution profiles, making them a focus for
research.”'’

Many studies have demonstrated that physicochemical pro-
perties strongly influence the in vivo behavior of particles.® The
role of charge, size, and surface decoration have been
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described in detail; however, the role of shape has remained
mostly unstudied. Recently, Zhao et al. demonstrated that
mesoporous silica rods exhibit longer circulation times and
higher bioavailability than spherical analogs.'’ Van Pomeren
et al. also established that the shape of gold nanoparticles
determined biodistribution in zebrafish embryos."” Aqueous
shaping of soft-matter nanoparticles and polyelectrolytes, in
particular, remains a complicated issue due to multiple repul-
sive interactions, though non-spherical polyelectrolyte par-
ticles can open new avenues in drug delivery studies.

In search of new morphologies, many studies have incor-
porated different structural elements, such as hydrophobic
blocks, into the polymer to generate unique self-assembly
properties.’*® One especially interesting strategy is the incor-
poration of supramolecular motifs that allow hierarchical
levels of self-assembly. Benzenetricarboxamide (BTA) is one of
the most well-studied motifs employed for aqueous supramole-
cular polymerization.'®'” Following the covalent attachment of
sufficient hydrophobic domains to BTA and further shielding
with hydrophilic groups, the obtained molecules assemble in
water into fibers or rods due to directional non-covalent inter-
actions. While vast numbers of studies of different BTA-based
molecules (including polypept(o)ids) have been carried out,
the majority of the molecules able to self-assemble were
uncharged.”® Some studies attempted to combine BTA-cores
with poly-amino acid derivatives; however, BTA played the role
of a multifunctional core rather than supramolecular motif in
all cases.'® > Besenius pioneered a method of charge screening
for small BTA-based molecules bearing ionizable groups with
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low molecular weight salts, achieving control for up to nine
charges for Newkome dendron-decorated molecules.>’ We
hypothesized that replacing Newkome dendrons with small
PGA chains should allow the formation of stable structures that
can self-assemble in water and other physiological solutions.

BTA-based supramolecular polymers, as well as polyelectro-
lyte rod-like or worm-like micelles, suffer from disassembly
upon dilution that significantly limits their applicability in
drug delivery. Micelles require crosslinking for system stabiliz-
ation, and hydrophobic drugs, such as paclitaxel (PTX) or
doxorubicin (Dox), have been used to non-covalently stabilize
micelles.””> BTA-based supramolecular polymers usually lack
functional groups, and to the best of our knowledge, their
crosslinking or stabilization has yet to be reported.

In this study, we synthesized the first compound from the
class of supramolecular PGAs based on BTA cores (Fig. 1A)
that self-assembles into one dimensional (1D) aggregates both
in pure water and in the presence of salts and bears a
sufficient amount of charged functional groups for further
modification. In the second part of this study, we developed a
method of supramolecular stabilization of rod-like aggregates
with flat hydrophobic drugs, such as Dox and irinotecan (Iri)
(which play a dual role as both active agent and particle
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stabilizer). The obtained particles display stability upon
dilution for at least 48 hours.

Results and discussion

As a basis for our star-PGAs, we chose previously described
hexa- and nona-phenylalanine-BTA modified with small ethyle-
nediamine spacer that was used as an initiator to prepare
short PGAs with 10-25 glutamic units per arm (total 30-75
units per molecule). We prepared an initiator for star-PGAs
bearing no hydrophobic core, as previously described by Duro-
Castano et al.>® Therefore, by employing ring-opening polymer-
ization of N-carboxyanhydrides (NCA-ROP) of y-benzyl gluta-
mic acid with further deprotection, we synthesized water-
soluble star-PGAs (FOE10, F2E10-25, and F3E10-15) as sodium
salts (Fig. 1B) (see ESI for synthetic details and Scheme 1St).
NMR analyses allowed us to assess identity and appropriate
purity of the polymers, confirming the experimental degree of
polymerization in good agreement with theoretical values and
in line with the molecular weight determined via GPC that
confirmed very low D for the obtained polymers (1.06-1.12)
(Fig. 1C, Fig. S17).
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Fig. 1

(A) Suggested general scheme of self-assembling benzenetricarboxamide (BTA)-based polyglutamates (PGAs) and their further stabilization

with flat hydrophobic drugs. (B) General structure of the polymers used in this study and their main physico-chemical characteristics. Mn, DP,,,, and
polydispersity (D) determined by GPC for benzyl protected polymers. CAC determined by fluorimetry.
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BTA-based molecules assemble into 1D supramolecular
polymers through the formation of a directional C3-symmetric
network of non-covalent bonds.'”” In aqueous solutions, this
process is coupled with the formation of a hydrophobic micro-
environment that can be probed with solvatochromic dyes
such as Nile Red (NR). According to previous reports, NR in
water displays emission at 654 nm with very low fluorescence
intensity irrespective of the salt concentration. In the presence
of hydrophobic domains in solution, NR changes its confor-
mation accompanied by an increase in intensity and a hypso-
chromic shift.>* As a first step, we performed fluorimetry
experiments to determine the critical aggregation concen-
tration (CAC) of F2E10, F3E10, and F3E15 in pure water and
120 mM NacCl solution (Fig. 1B and Fig. 2A). We performed all
measurements at pH 7.4, adjusted, if necessary, with 0.1 M
NaOH. We observed a substantial increase in NR peak inten-
sity for all three compounds and the hypsochromic shift of the
peak maximum to 633, 630, and 629-630 nm for F2E10,
F3E15, and F3E10, respectively, confirming the self-assembly
of the compounds with the formation of hydrophobic micro-
environments. F3E10 displayed a CAC 30-times lower than
F2E10 and five-times lower than F3E15 (Fig. 1B), which
emphasizes the significantly stronger tendency of nona-
phenylalanine-based cores to self-assemble. The hypsochromic
shift of NR directly correlates with the hydrophobicity of the
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environment; therefore, we conclude that compound F3E10,
which possesses a more hydrophobic core and a lower
polymerization degree, not only aggregates more strongly but
also contains an altered inner structure of the self-assembled
particles. In a 120 mM solution of NaCl, we observed a similar
trend for self-assembly, with CAC values decreasing for all
compounds by three- to six-times due to the partial screening
of Coulomb repulsions. The CAC value of F3E10 decreased the
most, as this compound exhibits a lower spatial charge density
than F2E10 and fewer negative charges than F3E15.

We further demonstrated this effect with an ionic strength
variation experiment (Fig. 2B). Keeping concentrations of
F2E10 and F3E10 at 0.2 mM in water at pH 7.4 and varying salt
concentration from 0 to 1.2 M, we determined CAC values of
0.73 M and 0.068 M, respectively. F3E10 reached an intensity
plateau at much lower salt concentration and higher intensity
value that F2E10; in fact, complete charge screening can be
reached in solutions with high salt concentration, which
forces compounds to self-assembly even at lower concen-
trations. To confirm that the NR signal does not arise from
alternative mechanisms, we synthesized compounds FOE10
and F2E25. Control compound FOE10 is a star-PGA without a
hydrophobic core that we used to demonstrate that specific
properties of supramolecular PGAs do not arise from topologi-
cal or polyelectrolyte issues. Compound F2E25 contains a
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(A) Dependence of NR wavelength emission maximum on the concentration of F3E10, F3E15, and F2E10 in water (red, blue, and green

circles, respectively) and 120 mM NaCl (orange, blue, and green triangles, respectively). (B) Fluorescent salt titration of F3E10 and F2E10 at 0.2 mM at
pH 7.4, data as mean + SD (n = 3). (C) Fluorescence spectra for F3E10, F2E25, FOE10, F2E10, and Nile Red (NR). Transmission electron microscopy
images of F3E10 in water at pH 7.4 at 1.0 mM, stained with uranyl acetate (D), at 3.5 mM stained with uranyl acetate (E), and 1.0 mM stained with

phosphotungstic acid (F).
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hydrophobic core with two phenylalanines and 25 glutamic
acid units per arm, that we used to eliminate the possibility of
assembly due to the flexibility of the core and formation of
hydrophobic domains within a single molecule. As expected,
NR fluorescence intensity quenched rapidly to zero in both
water and salt solution in the solutions of FOE10 and F2E25
irrespective of concentration (up to 70 mg ml™") and ionic
strength (from 5 mM to 1 M), thus excluding the alternative
mechanisms (Fig. 2C).

Next, we performed transmission electron microscopy
(TEM) studies of compound F3E10 at concentrations of 1.0
and 3.5 mM with uranyl acetate staining. At concentrations
above the CAC (1.0 mM), we found short flexible nanofila-
ments with a diameter of around 15 nm and a length varying
from 40 to 150 nm (Fig. 2D). Finally, at high concentrations
(3.5 mM), we observed very long fibers with lengths up to
micrometers (Fig. 2E).

When we evaluated phosphotungstic acid staining, we
observed straight nanorods; however, the contrast of the
images was very low (Fig. 2F). We performed Cryo-TEM for
solutions at near the CAC value to confirm particle shape. We
observed nanorods with a length from 50 to 150 nm and a dia-
meter of around 7 nm (Fig. 3A). In contrast with TEM with
uranyl staining where particles appeared as flexible filaments,
cryo-TEM images showed rod-like particles, without apparent
bending. The appearance of artifacts with uranyl acetate may
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Fig. 3 Cryo-TEM image of F3E10 at 0.14 mM in 120 mM NaCl (A, scale
bar 100 nm), reconstructed images (B), and corresponding plot profile (C).
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be explained by the fact that, at concentrations around the
CAC, only a portion of the molecules in solution become aggre-
gated into rods while the majority of molecules exist as
unimers. Uranyl acetate interacts with nanorods and, in paral-
lel, complexate the surrounding unimers, thus forming thick,
seemingly flexible aggregates. A supporting argument for this
assumption is the presence of more defined long fibers at con-
centrations above the CAC, where the majority of the mole-
cules becomes aggregated, leaving only minor artifacts visible
(Fig. 2E). Even though not directly suitable for the study of
polyanions like F3E10 at concentrations around the CAC,
uranyl staining can be useful for systems with a high degree of
aggregation.

We also acquired cryo-TEM images of F3E10 at 0.14 mM in
120 mM NaCl (Fig. 3A), and their reconstruction demonstrated
a periodic structure for the nanorods (Fig. 3B). Fascinatingly,
these images resembled a double helix, a concept lacking an
adequate explanation within the framework of what we cur-
rently know regarding the self-assembly of BTA-based mole-
cules. This periodic structure may arise from unusual self-
assembly mechanisms involving interactions of several fibers
and the assembly of individual fibers in a spiral manner. The
distance between the two groove maxima in nanorods is
4.6-4.9 nm (Fig. 3C), the diameter of nanorods is around
5 nm, and the maximum distance between the centers of the
fibers is 2.8 nm. PGA chains in 0.12 M NaCl display partial col-
lapse, and the diameter of individual fibers is smaller than the
theoretically calculated diameter of the molecule with fully
extended chains. To better understand this unexpected twisted
architecture, we conducted deeper fluorescence and small-
angle X-ray scattering (SAXS) experiments.

Of note, we failed to observe any aggregated or assembled
particles for F2E10, even in solutions with concentration far
above the CAC. Considering the lower hypsochromic shift
obtained for F2E10, we hypothesize that this compound forms
tiny aggregates incorporating only a few molecules.

We performed SAXS experiments to determine the structure
of nanorods; at low concentration, all compounds behaved as
typical polyelectrolyte solutions displaying practically identical
scattering curves at a concentration of 0.5 mM in pure water
(Fig. 4A). These curves fit well with regards to the polyelectro-
lyte model.>® Such SAXS profiles are typical for solutions of
charged particles, with a dip at low g-values and curve bending
in medium g-range, which varies slightly with molecular
weight and concentration. For similar 0.5 mM solutions con-
taining 120 mM NaCl, we observed almost identical curves for
both FOE10 and F2E10, providing scattering profiles typical for
unimolecular solutions (Fig. 4B). Both compounds behave as
dilute polyelectrolyte solutions with repulsive interactions
screened by salt ions, resulting in the linear range in low
g-values.”® We found a completely different curve for F3E10
characterized by a power law —1 dependence, typical for cylind-
rical objects.

We also performed SAXS studies at higher concentrations to
study the possible self-assembly of F2E10 and confirm the for-
mation of long fibers for F3E10 (concentration 3.5 mM, which

Polym. Chem., 2020, 1,1220-1229 | 1223
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Fig. 4 SAXS profiles of FOE10, F2E10, and F3E10 at 0.5 mM and 3.5 mM in water (A and C) and 120 mM NaCl (B and D, respectively). SAXS curves (E)
and Kratky plots (F) for F3E10 at 3.5 mM and 0—-640 mM NaCl concentration. P(r)-distribution function for F3E10 (G) and F3 (H).

is below the CAC for F2E10 but far above the CAC for F3E10 in
water and 120 mM salt solution). At higher concentrations in
solutions of varying concentrations of salt (from 0 to 640 mM),
we discovered substantially different SAXS curves for com-
pounds F3E10, FOE10, and F2E10. In pure water (Fig. 4C),
differences in the appearance of the curves were already appar-
ent. We found a less pronounced dip in the low g-region of the
curve for FOE10 than for diluted compound, and peak
maximum shifted to the higher g-value.

This alteration occurs as charged particles at higher con-
centrations remain at smaller distances between each other in
solution. The curves acquired for F2E10 appeared similar to
the curves for FOE10 in water, with the uphill section in the
low g-range shifted to ¢ = 1 nm™". In 120 mM NacCl solution,
we observed similar profiles for FOE10 and F2E10 in high and
medium g-range with a power law dependence of 0, corres-
ponding to a unimolecular solution. Small uphill sections at
low g-values on the curve corresponding to F2E10 may be
related to a clustering effect. Curves obtained for compound
F3E10 in the presence and the absence of salt possess —1
power law dependence in low to medium g-range, which
corresponds to cylindrical particles, and —4 at high g-range,
which corresponds to the scattering of individual molecules.
At 120 mM salt solution, the curve possesses a more defined
S-shape that can be explained in terms of overlapping the two
curves — polyelectrolyte repulsive scattering and rod scattering
(Fig. 4D). Of note, a Guinier approximation is not valid for
these systems as the aggregation distorts low-g regions.
Therefore, we employed a modified Guinier approximation for
rod-like particles and determined that a radius of the cross-
section of the rods is around 2.3 nm.

We performed a more detailed study of F3E10 at a higher
salt concentration (0-640 mM) and observed a smooth tran-

1224 | Polym. Chem., 2020, 11, 1220-1229

sition with an isosbestic point at g = 0.89 nm™". We observed
an increase in intensity at the low to middle g-range due to an
increased fraction of aggregated fibers and a slight decrease in
the slope at the high g-range corresponding to chain collapse.
Kratky plots (Fig. 4F) demonstrated the appearance of a hyper-
bolic peak with a maximum at 0.48 nm™" with increasing
intensity typical for the formation of ordered or frozen struc-
tures in solution.

We additionally proved the presence of supramolecular
fibers using a small-angle neutron scattering (SANS) study of
F3E10 in water and 120 mM NaCl (see ESI Fig. S2t). While this
system scatters weakly, the results were sufficient to confirm
the results of the SAXS experiments. We observed —1 power
law dependence typical for rod-like particles and salt-induced
aggregation. At this concentration, the length of the particles
is higher than the resolution of the instrument, and Guinier
approximation is not applicable to determine the absolute
length.

Finally, we extracted the P(r) pair distribution function for
the F3G10 solution in 120 mM NaCl to eliminate the inter-
ference of chain repulsion (Fig. 4G). The function is typical
for rod-like particles with a sharp maximum, corresponding
to rod diameter and Dy, slightly above 50 nm. Of particular
interest, we note the appearance of small periodic oscillations
in the P(r) function. Burian and Amenitsch performed
dummy atom modeling for SAXS scattering for helical and
twisted structures and established that P(r) functions of these
structures have similar oscillations with a distance between
the maxima corresponding to the length of the full twist.>” In
our case, the distance between the maxima is 10-11 nm,
which correlates well with the cryo-TEM data.

As a control experiment, we prepared compound F3 in the
form of a water-soluble hydrochloride salt; this compound

This journal is © The Royal Society of Chemistry 2020
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comprises the nona-phenylalanine-BTA without PGA. We
assumed that the self-assembly of the core should be similar
to the assembly of the corresponding polymer. The P(r) func-
tion for this compound also displayed decaying oscillations
typical for periodic structures with the distance between the
grooves of 9.7 nm. However, taking into account the complex-
ity of the system, we cannot consider P(r) function appearance
as final proof for the helical structure of the particles.

PGA can adopt different solution conformations depending
on the degree of ionization, while pH represents a critical para-
meter for controlled supramolecular polymerization.”®*° We per-
formed circular dichroism studies of F3E10 at pH 7.5 (Fig. SI1T)
and observed that PGA adopts a random coil conformation.
From these data, we suggest the oligophenylalanine core and not
the PGA chains as the main driving force behind self-assembly.

By combining SAXS and cryo-TEM data, we suggest that
fibers assemble as depicted in Fig. 1A. We provide a more
detailed characterization of this hypothetical model in the
ESI.{ Existing models for the self-assembly of BTA-based mole-
cules include a twist of the ring, as shown in Fig. S8A, with
the centers of the BTA cores situated on the z-axis. Repulsions
between corresponding donors and acceptors are balanced by
the formed hydrogen bonds. This model is sufficient to
explain the appearance of chirality in the systems and explains
the majority of BTA-based low molecular weight systems well.
We hypothesized that our systems assembled into helical
structure according to the molecule twist mechanism, as
shown in Fig. 1A and Fig. S8B.f We hypothesized that n-n
stacking interactions are more energetically favorable in the
case of offset stacking than for sandwich stacking. Therefore,
the system of directional hydrogen and aromatic stacking
interactions will not be disrupted. However, in the center of
the molecule, BTA rings will be shifted one against the other,
so that interactions will occur through amide-r stacking and
n-n stacking. Considering the distance between the groove
maxima as 11.5 + 1.5 nm (from cryo-TEM data), which corres-
ponds to a full 360-degree twist, and considering the distance
between molecules in the assembly as 0.3 nm, we estimate the
number of molecules per full twist as 38 + 5 units. That pro-
vides a twist angle of 9.47 + 1.43 degrees. Considering that the
maximum distance from the z-axis to the chain center is
around 1.4 nm, we determine that the shift of each molecule
in the XY plane is equal to around 1.5 A. It is not completely
clear how two fibers interact with each other as it is highly
improbable that PGA chains can somehow be packed into a
double-helical structure without repulsions. Additionally, the
distance between fiber centers, as determined from cryo-TEM,
is 1.4 nm, which is not enough to reach an overlap of phenyl-
alanine aromatic rings from two separate molecules. We
suggest that due to the break of C3 symmetry, an exposed
hydrophobic region appears on the single fiber, which then
interacts with a similar region on the other fiber thus forming
a double helix. However, we do highlight the requirement for
further experiments to confirm the proposed model.

Both supramolecular and polymeric self-assembling
systems suffer from low stability upon dilution and require

This journal is © The Royal Society of Chemistry 2020
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additional stabilization. One possible stabilization strategy is
the use of hydrophobic molecules to stabilize the whole struc-
ture by the formation of additional non-covalent bonds. We
employed the common anthracycline chemotherapeutic drug
Dox as it is both water-soluble and strongly hydrophobic.

We prepared a series of solutions with F3E10/Dox ratios of
50/1, 25/1, 10/1, and 5/1 (mol/mol) and a polymer concen-
tration of 1.0 mM. By TEM (Fig. 5A-D), we observed the pres-
ence of flexible filaments and small nanorods of 20-40 nm in
length in low Dox solutions. Upon increasing Dox content, we
observed an increase in the fiber lengths to 50-120 nm for the
10/1 ratio. For the 5/1 ratio of PGA/Dox, we observed the for-
mation of long fibers from 100 nm to a few hundred nano-
meters. The rod diameter in all the cases was maintained at
around 10 nm. We selected the 10/1 ratio for subsequent stabi-
lity studies.

To determine the influence of pH on self-assembly, we pre-
pared F3E10/Dox complexes (10/1 mol/mol) in a pH range
from 5.5 to 8.5 (see ESI, Fig. S4t). At low pH, we observed the
formation of longer nanofibers, reaching 1 pm in length, as a
consequence of a lower degree of glutamic residue ionization
and lower chain repulsions. At pH 6.5-7.5, we observed similar
nanorods of around 100 nm in length. At pH 8.5, we observed
shorter rods (30-50 nm); however, it remains unclear if this
occurs due to higher PGA chain repulsions or partial Dox
degradation.

These studies demonstrated that the obtained particles
remained stable during dialysis for five days, and we failed to
observe any Dox loss (as measured by UV spectroscopy) (see
ESI, Fig. S3t). We additionally studied how particles respond
to dilution below their CAC values for non-stabilized F3E10 in
120 mM Nacl solution using TEM. We prepared a 1.0 mM solu-
tion of F3E10/Dox at a ratio of 10/1 in 120 mM Nacl, diluted it
to 0.014 mM, and then studied both solutions after 24 and
48 hours with TEM (Fig. 5E and F). In all cases, we observed the
maintenance of a similar nanorod size even after 48 hours. A
control experiment with non-stabilized F3E10 demonstrated the
absence of assembled particles (see ESI, Fig. S47). Dox loading
efficiency was determined as 96 + 2% (see ESIT for details).

Next, we tried to ascertain whether other flat hydrophobic
but water-soluble molecules can also stabilize the structure in
the same way. To this end, we performed a series of TEM
experiments for solutions containing different amounts of NR,
doxycycline, or Iri and performed TEM studies. Excluding NR,
we used all compounds as hydrochloride salts that were added
to the F3E10 solutions at pH 7.4 and in similar molar ratios of
5/1, 10/1, and 20/1. For F3E10 mixtures with Iri, we observed
nanorods similar to those containing Dox (Fig. 5G, Fig S4 and
S6t), but shorter and more polydisperse in length, ranging
from 30 to 200 nm. When we employed doxycycline at ratios of
5/1, 10/1, and 20/1, we only detected a few short nanorods of
50-70 nm (Fig. 5H) independently of the content of doxycy-
cline. In all cases, we observed a significantly lower number of
observed particles for F3E10/doxycycline than for F3E10/Dox
and F3E10/Iri. Finally, NR failed to support the formation of
nanorods, and the dye precipitated in a few days.
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Fig. 5 TEM images of F3E10/Dox complexes with molar ratio 50 :1 (A), 20:1 (B), 10:1 (C), 5:1 (D). Images of 10 : 1 complex, diluted 10 times below
CAC of F3E10 after 24 h (E) and 48 h (F). F3E10/Iri (G) and F3E10/doxycycline (H) with molar ratio 10 : 1. Scale bar 200 nm.

To determine the stabilization mechanism involved, we
selected the F3E10/Dox complex at a ratio of 10:1, given the
suitable size range of the particles and high sensitivity of Dox
to different environments. As a first step, we studied how star-
PGA without a hydrophobic core interacted with Dox by mixing
Dox hydrochloride with a solution of F3E10 and FOE10 at pH
7.4 at a ratio of 10:1 star-PGA to Dox. We observed that the
addition of Dox to solutions of FOE10 results in immediate clou-
diness with rapid precipitation. In solutions of F3E10, light
cloudiness appeared immediately, but which subsequently com-
pletely disappeared in a few seconds (see images in ESI,
Fig. S5f). In the case of FOE10, the precipitate formed most
probably due to point-to-point Dox-induced aggregation. In the
case of F3E10 complexes, Dox forms some point-to-point inter-
actions as a kinetic product, but either intercalates in the core
or diffuse deeper into the molecule at later times.

Studies have also shown that Dox forms nanorods by itself,
which can then further co-assemble with PGA forming rod-like
particles that comprise an inner Dox core and outer PGA
shells.?® To exclude this possibility, we performed cryo-TEM
for F3E10/Dox at 0.014 mM in 120 mM NaCl (Fig. 6A) and
found identical nanorods to those not stabilized with Dox.
Image reconstruction provided evidence of a similar helical
structure; this fact suggests that the particles represent supra-
molecular polymers stabilized with Dox rather than Dox nano-
rods stabilized with PGA. We note that we discovered a particle
length and diameter identical to that obtained by TEM with
uranyl acetate staining, confirming our suggestion that this
technique may be of use for studies of highly aggregated
systems.

1226 | Polym. Chem., 2020, 1,1220-1229

The behavior of Dox in polyanionic solution is quite diverse
(Fig. 6D) - it forms ionic complexes with PGA chains, dimeric
ionic complexes, dimers, and oligomers with itself, and also
interacts with hydrophobic cores. We employed fluorescence
spectroscopy to determine a more detailed mechanism of Dox
interaction with F3E10. We studied solutions of FOE10 and
F3E10 with concentrations ranging from 0.02 to 2.5 mM in
120 mM salt solution (Fig. 6E and F). For the control
experiment with FOE10, we observed changes in the intensity
of the peaks in the emission spectrum with no peak maximum
shift or peak ratio change. Intensity changes occur due to the
formation of dimeric ionic complexes (i.e., point-to-point inter-
actions) at lower concentrations, which disassemble in the
presence of salt or high concentration of the polymer. Upon
increased polymer concentration, the equilibrium shifts
towards the formation of unimeric ionic complexes, and inten-
sity increases. For F3E10 at low concentrations, we observed
an identical trend; however, at concentrations above CAC, the
peak shifts from 585 to 590 nm, and we observed a decrease in
the ratio between peaks at 559 nm and 590 nm. At concen-
trations above the CAC, Dox interacts with the core, resulting
in a red shift of the 585 nm peak. Considering that the
expected mechanism of self-assembly of F3-based compounds
does not suppose the formation of a dense ordered structure
of planar stacks, like in DNA, Dox cannot directly intercalate
into the structure. Similar interactions were observed for poly-
AT complexes with Dox. Unlike poly-CG nucleotides, Dox fails
to intercalate into the poly-AT structure; however, Dox does
interact with the poly-AT structure.*' Therefore, we can con-
clude the formation of an association product with the F3

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Cryo-TEM image of F3E10/Dox, particle reconstruction image (A) and corresponding plot profile (B). (C) SAXS profile for F3E10 at 1.0 mM in
0.12 M NaCl solution and in the presence of 0.1 eq. of Dox. (D) General scheme of Dox-F3E10 solution equilibrium. Fluorescence spectroscopy data
for FOE10 (E) and F3E10 (F) at 0.02—-2.5 mM concentration in 0.12 M NaCl in the presence of 6 pmol Dox.

core, although we cannot unambiguously define the precise
orientation of Dox within the core.

Finally, we performed SAXS studies of F3E10 with Dox in
0.12 M NaCl. For the samples at 0.2 mM (prepared from
1.0 mM solutions and diluted 24 h before analysis) in the pres-
ence of Dox, we observed an increase in the intensity and a
higher slope of the curve, which confirms the existence of rod-
like particles and an increase in their quantity. In addition to
the simple stabilization of the particles, Dox additionally
stimulated their aggregation.

We repeated the synthesis of F3E10/Dox at a 10:1 ratio
several times to study the reproducibility of the method (see
ESI, Fig. S61) and, encouragingly, we observed identical sizes
for the particles. Finally, we note the fundamental nature of
the preparation strategy for the formation of stabilized nano-
rods. Following the addition of highly concentrated solutions
of Dox to polymer without strong stirring, the mixture con-
sisted of very long rods of a few mm long that sometimes gath-
ered in “clots” and uranyl-induced artifacts arising from non-
assembled unimers (see ESI, Fig. S71).

Finally, we studied drug release from F3E10/Dox (10/1 mol/
mol) nanorods at pH 5.5, pH 7.4, and in the presence of cath-

This journal is © The Royal Society of Chemistry 2020

epsin B (Fig. 7). At both pH 5.5 and pH 7.4, Dox release
remained below 2% of total drug loading after 72 hours.
However, we believe that this value corresponds to the free drug
rather than the slow release as levels remain almost constant. In
the presence of Cathepsin B, we observed significantly higher

—@— Cathepsin B
—e—pH55
—e—pH74

Cumulative release, % to TDL

Time, h

Fig. 7 Time-dependent release of doxorubicin from F3E10/Dox (10 :1)
nanorods at pH 5.5, pH 7.4, and in the presence of cathepsin B.
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cumulative drug release, reaching 25% after 72 h. These results
confirm our hypothesis of Dox localization in the nanorods
cores as opposed to interacting with the PGA chains.

Conclusions

In conclusion, we prepared the first compound from a class of
supramolecular star-polyelectrolytes combining BTA supramo-
lecular chemistry and PGA functionality. We observed that the
molecules behave as polyelectrolytes in diluted solutions but
self-assemble into rod-like particles in more concentrated solu-
tions or the presence of salts. We controlled the length of the
fibers over a broad range from 40 nm to micrometers. TEM
and SAXS results confirmed that F3E10 behaves as a molecular
gel at higher concentrations.

Finally, as these systems are prone to disassembly upon
dilution and considering future applications in drug delivery
technologies, we developed a method for the stabilization of
nanorods with first-line chemotherapeutic agents such as Dox
and Iri, most probably through intercalation in the hydro-
phobic core. Other hydrophobic drugs with cationic substitu-
ents could also be used through this strategy. The careful
control over the preparation of the constructs allowed us to
generate nanorods with a length of 50-120 nm that displayed
stability upon dilution for several days. Dox incorporation not
only stabilizes the nanorods but strongly pulls the equilibrium
towards nanorod formation, minimizing the presence of
unimers or small oligomer species within the system. We
believe that these systems represent promising candidates for
biomedical applications due to their unique morphological
structure, expected flow alignment, and vast availability of car-
boxylic groups that can be easily functionalized with drugs or
targeting and diagnostic moieties. Importantly, due to their
inherent versatility and multivalency, these polyelectrolytes
will allow the generation of a new family of targeted drug deliv-
ery technologies, representing the core constituents of combi-
nation therapeutics and allowing the application of theranostic
moieties. Combination therapies represent one of the four
recognized strategic directions that can foster nanomedicine
translation.®* Due to fiber formation and the ability to modu-
late the gelation properties of these materials, polyelectrolytes
could also be applied as therapies for topical/local adminis-
tration after the application of an adequate design strategy.
Therefore, potential applications include pathologies such as
spinal cord injury after intrathecal injection or skin diseases.
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