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ABSTRACT: Protection—deprotection of carbohydrate is
often required in the preparation of glycopolymers, which
causes an obvious polarity change of the polymers, but it has
been neglected in the studies of self-assembly. In this paper, a
new strategy for self-assembly of sugar-containing block
copolymers is suggested based on the protection—depro-
tection chemistry. We found that deacetylation of a series of
block copolymers of PS-b-PManAc (PS, polystyrene block;
PManAc, “sugar block” with acetylated @-mannopyranoside
side groups) in THF resulted in glyco-inside structures of the
deprotected copolymer PS-b-PMan, i.e., vesicles with a sugar
wall and micelles with a sugar core. Besides, vesicle-to-micelle
transition of the assemblies with decreasing the relative length
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of the sugar block was observed. These unique glyco-inside assemblies show interesting functions, such as generating
homogeneous Au nanoparticles within the layer of the glyco-block from AuCl*~ without any additional reducing reagents or
energy input. Control experiments prove that the polar layer of glyco-polymer inside the vesicle provides an essential reduction

environment.

In the long-term studies of self-assembly of biomacromole-
cules, significant achievements have been made when DNA
or proteins serve as the basic building blocks." For example,
rigid double-helix DNA could act as the backbone of various
assembled tubes and cages with a specific name, “DNA
origami”, and peptides of a-helix and S-sheet could build the
skeleton of various self-assembled structures, for example, the
vesicular membrane and fibril backbone. Such self-assembled
nanostructures turn out to be very attractive biomimetic and
bioinspired materials. Compared to DNA and protein, self-
assembly of sugar-containing biomacromolecules is obviously
less advanced mainly due to their chemical complexity,
diversity, and heterogeneity.”

Glycopolymer is one of the most important artificial mimics
to glycans in nature due to its feasible preparation and
multivalent binding effect.’ Progress on self-assembly of
glycopolymers is also significant in the literature and
contributed by several research groups.* In these works,
glycopolymers always located on the outer layer of nano-
objects, ie., glyco-outside structure. However, reports on self-
assembled glyco-inside structures, i.e., sugars as the “skeleton” of
nanomaterials, are very limited. There is only a limited amount
of reports using glycopolymer as the major component to build
hydrogels.” The general strategy to self-assemble glycopolymer
in solution is to connect it with a hydrophobic block, either
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inert or stimulus-responsive, and thus the resultant amphiphile
will self-assemble in water.® However, this strategy always leads
to assemblies with the glycopolymer blocks as the micelle shell
acting as a hydrophilic stabilizer just like PEG (poly(ethylene
glycol)) or PAA (poly(acrylic acid)) etc. does in various
micelles of block copolymers. Thus, contribution from the
specificity of the chemical structures of sugars to the assembly
process as well as to the characters of the assembled objects has
not been systematically investigated.

Herein, the object of this work is aimed at the preparation of
glyco-inside nanostructures with a new self-assembly strategy. It
is well-known that during the synthesis of sugar monomers and
oligosaccharides the hydroxyl groups often need to be
protected first for performing the subsequent reactions in
organic solvents. Therefore, removal of the protective groups is
often required to obtain the desired sugar-containing target
species. We notice that this protection—deprotection chemistry
brings a significant polarity difference in the glycopolymers,
which had not been considered in the literature as a driving
force for self-assembly of glycopolymers. Our new strategy
developed in this paper features fully taking advantage of the
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Figure 1. (a) Synthesis of the macro-CTA PS and block copolymers PS-b-PManAc. (b) GPC curves of PS-b-PManAc and the corresponding macro-

CTA PS in DMF.
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Figure 2. (a) Scheme of deprotection on PS-b-PManAc to form PS-b-PMan and the chemical structure of the catalyst. (b) "H NMR spectra of PS,-
b-PManAc,s and PS,s-b-PMan,; in THF-dg at room temperature (peaks from solvents were removed for clarity). (c) FT-IR spectra of PS,s-b-

PManAc,; and PS,5-b-PMan,;.

necessary protection—deprotection steps in the preparation of
sugar-containing polymers to drive their assembly, resulting in
the desired nanosized glyco-inside objects, i.e., micelles with a
sugar core and vesicles with a sugar center layer. This new
strategy can be regarded as an important development of
“chemical reaction-induced micellization” of block copolymers.”

To demonstrate this deprotection-induced micellization of
sugar-containing polymers, block copolymers composed of one
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sugar block with protective groups on their glyco-units and a
hydrophobic block are designed. Polystyrene (PS) was chosen
as the hydrophobic block, which is inert to hydrogen bonding.
For the glyco-monomer, tetra-acyl-a-1-mannosyl styrene
(ManAc) was synthesized according to the reported procedure
(synthetic stegps and characterizations are in the Supporting
Information).” The block copolymer PS-b-PManAc (PManAc:
poly(ManAc)) was obtained via two-step RAFT (reversible
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Figure 3. (a) (R,) distributions of PS,s-b-PManAc (black) and PS,s-b-PMan (red) in THF after CONTIN analysis and cryo-TEM images of the
self-assemblies in THF. (b) Scheme of the deprotection-induced micellization (vesicles) process.

addition—fragmentation chain transfer) polymerization (Figure
1a). Briefly, the PS block was first synthesized in the presence
of S-ethyl-S’-(a,a’-dimethyl-a”-acetic acid) trithiocarbonate,
which was then used as a macro-CTA (chain transfer reagent)
to initiate the monomer ManAc. A series of block copolymers
with different PManAc block length from the identical PS
macro-CTA (degree of polymerization 75) were prepared.
GPC traces of macro-CTA PS and the block copolymers PS-
b-PManAc, (n =7, 9, 19, 25) are shown in Figure 1b. PDI (less
than 1.10) and Mn obtained from GPC and 'H NMR (Figures
S1-S5) are listed in Table S1 (Supporting Information).

There are varieties of deprotection catalysts for the removal
of O-acetyl protecting groups on carbohydrates, but for
performing the deprotection-induced self-assembly and mon-
itoring the process by DLS (dynamic light scattering) and TEM
(transmission electronic microscopy), most of the common
deprotection catalysts could not be utilized. For example,
although sodium methoxide in methanol for well-known
“Zémplen decacetylation” is the most common one,” it formed
particles in the nano- or microscale in most organic solvents
(Figure S6, Supporting Information), which made DLS and
TEM analysis impractical. Similarly, potassium carbonate was
proved not suitable either. Organic amines, e.g, triethylamine,
do not bring such problems, but the required amount of amines
for sufficient deprotection was too large due to their relatively
weak catalytic ability resulting in a substantial change in the
solvent property, which might influence the deprotection
process. Finally, we found that tetrabutylammonium hydroxide
(TBAOH) in water matched the requirements and served well
as an effective and soluble catalyst in THF (Figure 2). The
minimal amount of the catalyst (6 uL of 40% TBAOH in water
vs 1 mg of ManAc) was estimated by a model reaction (Figure
S7, Supporting Information). It is worth mentioning that this is
the first time using TBAOH for deacylation of polymers and
small molecules as well, and this reagent was found to be critical
to the success of self-assembly.

'"H NMR and FT-IR were employed to demonstrate the
removal of the acetyl groups of the protected block copolymers
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under the catalysis of TBAOH. The data for PS,s-b-PManAc,
are shown in Figure 2 as an example. For the copolymer in
THF-d; before deacylation (Figure 2b and Figure S8,
Supporting Information), peaks around § = 4.0—5.5 ppm
clearly showed the pyranose ring of the sugars, and those
around 6 = 6.3—7.3 ppm showed the phenyl groups in both PS
block and glyco-block. Meanwhile, peaks around 6 = 2.0 ppm
confirmed the presence of acetyl groups on the sugar backbone.
Once TBAOH was added, the signals of the acetyl groups
almost disappeared since most of the byproduct TBAOAc was
trapped inside the hydrophilic part, showing the successful
removal of the groups and the formation of unprotected PS-
b-PMan,;. Moreover, in the FT-IR results, a significant
enhancement of the characteristic broad absorption of hydroxyl
groups at v = 3340 cm ™' and disappearance of the signals of
acetyl groups at 1747 (v(C=0)) and 1218 cm™" (¢(C-0))
(Figure 2c and Figure S8, Supporting Information) also
supported the formation of PS.s-b-PMan,g from PS;-b-
PManAc,; after treatment of TBAOH. In particular, after the
deprotection, the NMR signals of the pyranose rings
disappeared, and those of the phenyl groups slightly decreased
(Figure 2b). Considering that the number of phenyl groups of
the sugar block is much smaller than that of the PS block, the
NMR results can be attributed to the sugar block transforming
from the soluble state to less solvated. This implies the self-
assembly of the block copolymer in THF as a result of the
deprotection. A similar conclusion was made for the other
block copolymers PS.s-b-PManAc,, (n = 19,9, 7) based on the
corresponding results of "H NMR and FT-IR (Figures S9—S11,
Supporting Information).

DLS and TEM were further conducted to monitor and
confirm the self-assembly caused by deacylation. As expected,
the block copolymer PS,s-b-PManAc,s (2 mg/mL) existed as a
single chain with a very small (R;) (hydrodynamic radius) of 3
nm in THF (Figure 3a). Once 20 uL of TBAOH aqueous
solution was added into the 3 mL THF solution of PS,s-b-
PManAc,s, blue opalescence appeared immediately, accom-
panied by an increase of (R,) from 3 to 42 nm (Figure 3a),
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Table 1. Summary of (R;), PDI, and Morphology of the Self-Assembled Structures in THF and Water”

in THF in water
self-assembly polymer (Ry)/nm PDI (R;)/nm (Ry)/{Ry) morphology (Ry)/nm PDI morphology
PS,s-b-PMan, 42 0.12 40.3 0.96 v 11 0.08 m
PS,s-b-PMan,, 25 0.09 26 1.04 v 12 0.07 m
PS,s-b-PMan, 13 0.08 8.6 0.66 m 60 0.35 m and v
PS,¢-b-PMan, 10 0.1 68 0.68 m 102 0.15 v

“m: micelle. v: vesicle ({(Ry), (R,), and PDI were determined by DLS and SLS (Figure S12, Supporting Information)).
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Figure 4. (a) Evolution of UV—vis spectra after mixing of PS,s-b-PMan, aggregates with HAuCl, at 25 °C. ([HAuCl,] = 0.2 mM, [HAuCl,]:[PS,-
b-PMan,s] = 2:1; inset: photo of the reaction vial). (b) Cryo-TEM image of PS.s-b-PMan, with AuNPs (inset: the enlarged AuNP under HR-
TEM). (c) Particle size distribution of AuNPs formed inside the vesicle membrane of PS,s-b-PMan,; (number of NPs measured: 100). (d)
Proposed scheme of formation of AuNPs inside within the vesicle membrane.

which clearly indicated the formation of self-assembled
structures. Moreover, the ratio of (Ry)/(Ry) ((Ry): radius of
gyration from static light scattering, SLS) was measured as 0.96
(Table 1), a characteristic value of vesicles. The cryo-TEM
image confirmed the morphology of vesicles with a diameter of
90 nm and its membrane thickness of 10 nm (Figure 3a), which
was consistent with the (R;) measured by DLS. Combined with
the information from the '"H NMR spectrum (Figure 2b), i.e.,
the disappearance of signals from the pyranose ring of sugars in
THE-dg, the vesicle membrane can be deduced as a sandwich
structure with the glyco-block as the middle layer and PS as the
outer and inner layer. Moreover, all of the other block
copolymers PS,¢-b-PManAc, (n = 19, 9, 7) showed similar self-
assembly behavior after deacylation, forming vesicles or
micelles with glyco-inside structures. All the related data from
DLS and SLS and cryo-TEM are shown in Figure 3a and Table
1. Similar to PS,¢-b-PManAc,;, the copolymer with a relatively
long sugar block, i.e., PS;s-b-PManAc,,, formed vesicles as well,
as judged by the cryo-TEM image (Figure 3a) and the value of
(Ry)/(Ry) = 1.04 (Table 1). However, the two copolymers with
shorter sugar blocks, ie., PS;;-b-PManAc, and PS,s-b-
PManAc,, led to core—shell micelles as observed by cryo-
TEM and supported by DLS of much smaller size, 13 and 10
nm, and lower (R,)/(R;) of 0.66 and 0.68, respectively. In
short, all the data led to the attractive feature of the assemblies;
i.e,, with increasing length of the sugar-containing block, which
is the solvophobic one in THF, the morphology transition from
the vesicle to the micelle takes place. This is in agreement with
the general theory of morphology change with the “packing
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parameter”, which was determined by the relative length or
volume of the solvophilic and solvophobic blocks.'® Such a
simple rule was found true for many amphiphilic block
copolymers, particularly the block copolymer PAA-b-PS.'" It
is worth mentioning that each sugar-containing unit is much
larger than that of the PS unit, so even when the lengths of
PMan,; and PMan,y are lower than that of PS,, they lead to
vesicles.

New functions of such glyco-inside vesicles and micelles are
expected and worth exploring. The first attempt in this respect
was in fabricating gold nanoparticles (AuNPs) via reduction of
chloroauric acid. In the literature, various procedures were
reported to prepare hybrid AuNPs via chemical reduction and/
or light irradiation,"”> in some of which sugar-decorated
polymers or dendrimers were involved."> These procedures
were proved successful; however, a reducing reagent was always
necessary to obtain regular particles with relatively small size.
Herein our glyco-inside assembled objects were found to be a
good platform to produce AuNPs with some advantages. As
shown in Figure 4a, after addition of HAuCl, (0.2 mM) to the
vesicle solution of PS,s-b-PMan,; in THF, an absorption band
at around 510 nm appeared, showing the formation of AuNPs.
The optical intensity at 510 nm increased sharply at the first 30
min and then reached a maximum, indicating completion of the
reduction. In addition, the photo of the reaction vial clearly
showed the well-dispersed AuNPs in THF (Figure 4a, inset).
The cryo-TEM image (Figure 4b) showed that the AuNPs in
fact are located inside the vesicle membrane. Compared to the
cryo-TEM image of PS,s-b-PMan,g vesicles before hybrid-
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of water.

ization (Figure 3a), the vesicle in Figure 4b exhibits a higher
contrast due to the membrane being decorated with the black
dots of AuNPs (some are pointed by white arrows). HR-TEM
confirmed the formation of AuNPs by revealing its crystal
lattice (Figure 4b inset). Interestingly, the AuNPs generated
quickly (<0.5 h) are small with an average diameter of 1.5 nm
only and nearly monodispersed (Figure 4c). Such a narrow size
distribution for such a small size of AuNPs prepared without
any additional reductant has seldom been reported before.
Moreover, the average diameter depends on the glyco-block
length; the diameter of AuNPs from PS,s-b-PMan, with the
shortest sugar block was around 2.7 nm (Figure S13,
Supporting Information).

As the reduction of HAuCl, to AuNPs here was realized
without any additional reducing reagent and energy input, our
glyco-inside vesicles and micelles could be regarded as a “green
microreactor” producing small and narrow-distributed AuNPs.
We hypothesized that when the precursor HAuCl, was added it
would move to the hydrophilic glyco-block membrane or core
where the high local concentration of sugar units benefits the
reduction.'* Furthermore, the solidified glyco-block membrane
or core would restrict the mobility of the nascent Au clusters
preventing their aggregation, which of course results in a
narrow size distribution.'® In addition, the AuNPs formed in
such a procedure were well-dispersed in aqueous dispersion
when the medium was switched from THF to water (Figure
S14, Supporting Information).

The self-assembled glyco-inside structures can be further
inversed to glyco-outside structures. To the vesicle solution of
PS.;-b-PMan,; in THF, addition of water up to 15 wt % led to
destruction of the vesicles as evidenced by a dramatic decrease
of the scattered light intensity (Figure S15, Supporting
Information) and disappearance of the blue opalescence.
Upon further increase of the water content to 27 wt % and
more, another self-assembled object with much smaller (R,),
approximately 11 nm, appeared, which was found to be a
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micelle by TEM (Figure Sa). Results from the 'H NMR
spectrum (Figure S8, Supporting Information), i.e., reappear-
ance of the signals from the pyranose ring of sugars (5 = 3.0—
4.0 ppm) and almost disappearance of the signals from the
phenyl group in water, indicated that the micelles obtained in
water contain PS as the core and glyco-block as the shell.
Similarly, after addition of water, the self-assembled structures
formed by PS,-b-PMan, (n = 19, 9, 7) also showed the
distinctive inversion (Figures S9—S11, Supporting Informa-
tion). The related light scattering data and cryo-TEM images
are shown in Figure Sa. It is noticed that similar to PS,-b-
PMan,; the glyco-inside vesicles of PS,s-b-PMan,y in THF were
converted to glyco-outside micelles in water, and the opposite
morphology change from micelle to vesicle was observed for
the block copolymers with the short sugar blocks, i.e., PS,s-b-
PMan, and PS,s-b-PMan.. It is very interesting to see that in
this process of switching THF to water what we observed is the
concommitance of glyco-inside to glyco-outside inversion and the
transformation between vesicles and micelles. Besides, the data
in Figure Sa show that with decreasing the relative lengths of
the solvophilic block, ie, the sugar block in water, the
aggregate morphology changes from micelles to vesicles. This
result is also in good agreement with the theoretical
expectations.lo

Finally, aggregation and dissociation of the reversed
nanostructures with glycopolymer as the shell can be further
manipulated with Ca**. It is known that Ca®* can induce
carbohydrate—carbohydrate interactions between polysacchar-
ides.!'® In the current case, we find that the effectiveness of
addition of Ca®* strongly depends on the length of the glyco-
block. For PS,s-b-PMan,s (0.4 mg/mL), after Ca** (5§ mM)
was added, the (R;) increased gradually (Figure S16,
Supporting Information), and precipitation was observed
within 0.5 h, which was also visualized under TEM (Figure
S17, Supporting Information). This interaction was proved
reversible upon dialysis against water (Figure S18, Supporting

dx.doi.org/10.1021/mz500211v | ACS Macro Lett. 2014, 3, 534—539


http://pubs.acs.org/action/showImage?doi=10.1021/mz500211v&iName=master.img-005.jpg&w=315&h=238

ACS Macro Letters

Information). However, for PS,s-b-PMan, with a much shorter
sugar block, no change of (R;,) was observed for at least 2 days
after Ca®>* addition by DLS (Figure S19, Supporting
Information) and TEM (Figure S20, Supporting Information).
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Synthesis and characterization of monomer ManAc, block
copolymer PS-b-PManAc, and PS-b-PMan including '"H NMR
as well as details of DLS, TEM, and UV—vis spectroscopy
measurements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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