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Abstract

Water-soluble polyrotaxanes have been prepared under heterogeneous conditions from mixtures of
B-cyclodextrin, 2-hydroxypropyl-p-cyclodextrin, methyl--cyclodextrin, or 6-monoazido-p-
cyclodextrin with 4-sulfobutylether-B-cyclodextrin and Pluronic® L81 copolymer modified with
cholesterol endcaps. B-CD threading gave polyrotaxane products in modest chemical yield that
were reflective of the p—CD feed ratios in the reaction.
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Polyrotaxanes (PR) are self-assemblies obtained from macrocyclic molecules such as
cyclodextrins threaded onto polymer axles that non-covalently retain the macrocycles on the
polymer core through bulky stoppers that prevent dethreading. These non-covalent
constructs have attracted wide interest in supramolecular and polymer chemistry, with
particular attention focused on their potential applications as sliding ring gels,12 molecular
machines,3 and as carriers for drug and gene delivery.#® Since the first PRs constructed
from a-cyclodextrin (a-CD) and PEG were reported by Harada et al,%7 many research
efforts have been dedicated to the design of various Pluronic®-based PRs using B-
cyclodextrin (B-CD) and its derivatives.8-16 Some of these studies have been devoted to
understanding the formation of cyclodextrin inclusion compounds, but the forces that drive
the complexation, especially for CD-polymer inclusion complex formation are yet to be
fully elucidated.1”21 In addition, many reports have described the influence of cyclodextrin
modifications on the stability and solubility of the numerous drug:B-CD complexes;22:23
however, none of these contributions have methodically focused on their impact on linear
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polymer complexes. Tonelli and coworkers have shown, while trying to interchange a-CD
between PCL chains and PLLA chains in solution, that the guest-host steric compatibility
plays an important role in polymer-CD complex formation.24

We have previously reported the synthesis of 2-hydroxypropyl-p-cyclodextrin (HP-3-
CD):Pluronic® copolymer based PRs in heterogeneous conditions as part of our effort to
develop substrate reduction agents as potential Niemann-Pick Type C therapeutics.25 This
synthetic method is practical for in situ multiple step reactions and allows for optimization
of threading of highly water-soluble cyclodextrins. Since the previously reported HP-f3-
CD:Pluronic® PRs displayed limited solubility in physiological saline solutions, we sought
to develop a library of PRs from mixtures of B-CD derivatives with 4-sulfobutylether-p-
cyclodextrin (SBE-B-CD) to improve the water solubility of the PR product. SBE-B-CD has
been widely utilized to improve the toxicity profile and water solubility of a variety of
molecules in drug formulations.26:27 To understand the effect of macrocycle substituents on
inclusion complex formation of B-CD and derivatives, we report the synthesis and structural
properties of PRs from mixtures of SBE-B-CD with 3-CD derivatives including -CD, HP-§3-
CD, methyl-B-cyclodextrin (Me-p-CD), 6-deoxy-6-monoazido-p-cyclodextrin (Azido-p-
CD). To the best of our knowledge, this is the first report focused on the threading of a
Pluronic® surfactant with mixtures of -cyclodextrin derivatives. We further demonstrate
that PR water-solubility can be significantly improved using SBE-B-CD in the 3-CD feed
mixture.

A library of CD:Pluronic® PR compounds was prepared by thoroughly mixing SBE-3-CD
and the B-CD derivatives in the solid state by extensive grinding of the two powdered
cyclodextrins before initiating the polymer threading and endcapping reactions. The
pseudopolyrotaxane intermediates generated by this procedure were endcapped with
cholesterol chloroformate to generate the corresponding PR product as depicted in Scheme
1. 1H NMR analysis was used to determine the number of cyclodextrins threaded onto the
Pluronic® axle by comparing the integral intensities of the HP-B-CD C;4-H (5.05 ppm) and
PPG CH3 (1.0 ppm) signals. For compounds that contain SBE-$-CD, the broad peak of the
sulfobutyl CH, moiety at 1.7 ppm was used to determine the number of SBE-B-CD units
incorporated. The coverage ratio was calculated based on the assumption that two PPG units
are capable of inclusion per CD unit. The estimated number of total cyclodextrins threaded
onto each triblock copolymer and the percent CD coverage of eight PR samples
corresponding to Pluronic® L81 PRs obtained from p-CD, HP-B-CD, Me-B-CD, and azido-f-
CD alone or a 1:1 mixture are shown in Table 1.

The PR structures were confirmed first by 1H NMR as shown in Figures S1 — S9 (Electronic
Supplementary Information). The proton peak at ~1.0 ppm was assigned to the PPG methyl
groups on the Pluronic® L81 copolymer, whereas the proton signals in the 3 — 3.5 ppm
region were attributed to the methylene units (CH,) of the PEG and most of the cyclodextrin
protons. The signal displayed in the 4.5 — 5.0 ppm region is assigned to the cyclodextrin C-
H protons as well as the Cg hydroxyl protons. The broad signal at 1.6 ppm, assigned to the
sulfobutyl methylene (CH,) protons, was utilized to determine the number of SBE-B-CD in
the complexes.
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The molecular weights of the PR estimated by *H NMR analysis products were then
compared with GPC-MALS/RI using DMSO as eluent (Table 1). The molecular weights
determined by GPC analysis are in general agreement with the values calculated from the
NMR except for -CD-PR, which appears to be self-aggregating in DMSO based on the
appearance of a very high MW peak in the GPC chromatogram (Figure S10).

To assess the effect of competition between different CDs in the Pluronic® L81
rotaxanation reaction, four different CD mixtures containing $-CD, HP-3-CD, Me-3-CD, or
Azido-B-CD mixed with SBE-B-CD, were prepared at different molar ratios starting with no
SBE-B-CD. Solid mixtures of the CDs were suspended in hexane such that the L81
copolymer was afforded ready access to both host CDs in the mixture. As shown Figure 1,
where the percent threading efficiency of each CD pair is plotted against the percent molar
ratio of SBE-B-CD in the reaction feed, the threading efficiency of the uncharged B-CD
derivatives remains roughly constant while the amount of SBE-B-CD threaded onto the
polymer axle increases with increasing feed ratio. Since the structural modifications of the
CD derivatives vary significantly across this family of 3-CD derivatives, we infer from these
findings that the CD-entrapped hexane solvent is more readily displaced from the SBE-3-CD
cavity by the PEG ends of the polymer strand than the cavities of the other less polar, non-
ionic CD derivatives.

FTIR was used to analyze the eight PR compounds (Figure S12) and the spectra compared
to those of the pure B-CD precursors and the Pluronic® L81 polymer core. The peak
corresponding to the cholesterol endcap carbamate appears at 1672 cm™! and the C-O-C and
C-N-C stretching vibrations of carbonyl group in carbamate linkage emerge at 1109 cm™1
and 1230 cm™1, respectively, for all PRs. The broad absorption between 3100 — 3500 cm™1
corresponds to the CD hydroxyl stretching vibrations.

We observed a strong peak at 2103 cm™1 in the Azido-B-CD:Pluronic® L81 PR and Azido-
B-CD/SBE-B-CD:Pluronic® L81 PR compounds, corresponding to the azide stretching
mode, indicating that the PR isolated from these reactions has significant Azido-p-CD
content. The PR products were further characterized using wide-angle X-ray scattering
(WAXS), differential scanning calorimetry (DSC), and thermal gravimetric analysis (TGA).
Figure S16 shows that for all the PRs synthesized, a unique peak is observed near 26 = 20°;
this peak is different from those found in the corresponding pure cyclodextrins or Pluronic®
L81. Amorphous HP-B-CD, Me-B-CD, SBE-B-CD, and $-CD samples show peaks at 12.04°,
14.36°, 18.24°, and 21.76°. Taken together, these data suggest the presence of a channel-
type crystalline structure for all B-CD PRs generated in this study, similar to the channel-like
structures that were previously reported by Harada et al.28

The inclusion of the CDs was further supported by the DSC and TGA analysis. As depicted
in Figure S13A, the DSC thermograms of pure cyclodextrins (except Azido-B-CD), as well
as the unmodified Pluronic® L81 polymer, do not give rise to any significant endothermic
transitions. This is likely due to disassembly of the 3-CD microcrystalline powder during the
first heating phase, producing an amorphous solid that has no melting transitions. For Azido-
B-CD, the peak at 140 °C can be attributed to extrusion of N»(g).2? On the other hand, clear
endothermic transitions are observed for the PR in Figure S13B. This corresponds to the

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 October 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mondjinou et al.

Page 4

aggregation of rod-like segments of the nearest neighbor PR species into microcrystalline
domains that melt at elevated temperatures. It can be seen that the enthalpy exchanges
corresponding to all SBE-B-CD-based PRs are smaller than those of single CD and mixed
PR materials. Presumably, the charge repulsion caused by the sulfonate groups prevents
these molecules from packing into ordered structures.

The thermal stability of the PRs was also evaluated by TGA. Figure S14A shows that the

pure cyclodextrins with the exception of Azido--CD and SBE-B-CD, had a single thermal
decomposition event. Azido-B-CD produces a different profile with a sharp weight loss at
440 °C indicating the decomposition of the azide group and loss of N»(g) from the CD.

The multiple weight losses seen for SBE--CD are likely due to dehydration, extrusion
and/or cracking (e.g. loss of H,0, SO, and butanesultone) processes of the CD
modifications. In the case of the PRs, the thermograms showed two or more steps in the
thermal degradation process. The first step is attributed to the thermal decomposition of the
corresponding cyclodextrins, while the second one is related to the Pluronic® L81 triblock
copolymer degradation. Apparently, the weight losses of the inclusion polymer complexes
are slower than those for the free CDs, suggesting that the cyclodextrins bound to the PPG
block confer greater thermal stability for the CDs than the monomeric CDs species. In
addition, the decomposition temperatures of the Pluronic® L81 during the second phase of
PR degradation increases relative to that of the free polymer. We infer from these
observations that inclusion of the PPG chains within the CD cavities affords greater thermal
stability for the triblock copolymer. These findings, i.e., that the thermal stability of both the
B-CD species and the Pluronic® L81 triblock copolymer are increased upon rotaxanation,
are strongly suggestive that the polymer is included within the hydrophobic CD cavity.

Using negative-stain TEM microscopy, we were able to observe the microstructures of the
PR dispersions. TEM micrographs were obtained for HP-B-CD:Pluronic® L81 PR and HP-B-
CD/SBE-B-CD:Pluronic® L81 PR, which were chosen as models for all PR prepared (Figure
S11). Both compounds show self-aggregation to produce spherical particles. As illustrated in
Figure S11(A), HP-B-CD:Pluronic® L81 PR gave rise to nanoparticles with diameters of 10
— 88 nm, whereas under the same conditions, HP-B-CD/SBE--CD:Pluronic® L81 PR
aggregated into more regular and small particles that were 6 — 12 nm in diameter as shown
in Figure S11B. The net difference seen between these two samples can be explained by
electrostatic charge repulsion between the sulfonated CDs, thereby preventing more
extensive aggregation of the PRs in the case of HP-8-CD/SBE-S-CD:Pluronic® L81 PR.

Our long-term objective of increasing the solubilities of HP-B-CD PRs for Niemann Pick
Type C therapeutics was then tested. We anticipated that the negative charges introduced by
the SBE-B-CD units in the PR complexes would reduce their aggregation and improve their
water solubility. To test this assumption, the samples obtained from HP-3-CD/SBE-3-CD
mixtures were dissolved in hanopure water and the appearance of the solutions monitored
(Figure 2). Our findings show that increasing the amount of SBE-B-CD in the PR structure
leads to a significant improvement in their water solubility, particularly for the samples with
SBE-B-CD molar ratios of = 25%. It is well known that CD-based PRs are generally
insoluble in water due to the aggregation of their rod-like structures.3%-31 The incorporation

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 October 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mondjinou et al. Page 5

of SBE-B-CD, a highly water soluble material, leads to weaker intermolecular interactions
and improved water solubilities of the mixed PR products.

Conclusions

In summary, we report an efficient synthetic method for the construction of mixed CD based
PRs using a heterogeneous strategy. The competition between p-CD monomers during
inclusion complex formation of PRs is likely dictated by a balance between electrostatic
repulsion between neighboring intrinsic SBE-B-CD units, the intermolecular hydrogen
bonding capability of the various CD derivatives, and their relative solubilities in the organic
solvent used during the heterogeneous threading reaction. A cooperative process of the CDs
during the rotaxanation reaction is inferred, leading to threading of mixed CDs on the
polymer core. Inclusion of SBE-B-CD increased as a function of its increasing molar ratio in
the feed. Interestingly, the water solubilities of the PRs were significantly improved due to
the presence of SBE-B-CD units in the PR product. The synthesis of water soluble PRs with
defined units of azide may open possibilities for controlled and orthogonal post-
modifications for a wide variety of applications.
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Abbreviations

Azido--CD 6-deoxy-6-monoazido-f-cyclodextrin

CD cyclodextrin

B-CD B-cyclodextrin

DSC differential scanning calorimetry

GPC gel permeation chromatography

HP-B-CD 2-hydroxypropyl-B-cyclodextrin

MALS/RI multiangle light scattering/refractive index detection
Me-B-CD methyl-B-cyclodextrin

PR polyrotaxane

SBE-$-CD 4-sulfobutylether-p-cyclodextrin
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TGA thermal gravimetric analysis
WAXS wide-angle X-ray scattering
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Figure 1.
Threading efficiency of B-CD and SBE-B-CD mixtures using the heterogeneous threading

reaction for PR synthesis (bars for individual CD and red lines for combined CD sums). The
percent coverage was determined as the ratio of found CDs to the whole PPG units of L81 +
2. Top left: B-CD + SBE-B-CD. Top right: HP-B-CD + SBE-B-CD. Bottom left: Me-3-CD +
SBE-B-CD. Bottomright: Azido-p-CD + SBE-B-CD.
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Figure 2.
Water solubility of the HP-B-CD/SBE-B-CD:Pluronic® L81 polyrotaxanes at 50 mg/mL.
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Synthesis pathway employed for p-CD/SBE-3-CD mixed PR derivatives.
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