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ABSTRACT: Two-dimensional (2D) materials are of great significance to the materials community for their high surface
area and controllable surface properties. However, controlled preparation of 2D structures with biological functions and
biodegradable features is considerably hard. In this work, we demonstrate that, by careful selection of building block struc-
tures and assembly conditions, the above obstacle can be overcome partially by crystallization-driven self-assembly (CDSA)
from PLLA-based diblock glycopolymers. 1D glyco-cylinders and 2D diamond-shaped glyco-platelets with solid or hollow
core were achieved, where the latter structures have not been reported in literatures so far. The glyco-platelets further
demonstrated exciting macrophage activation efficiency with clear size effect compared to their 1D analogues, which indi-

cated their possible potential in immunological applications.

Two-dimensional (2D) planar nanostructures have re-
ceived extensive attention recently, owing to their distin-
guished electronic or biomedical properties that originate
from their thin and flat morphology.4 Besides the tremen-
dous success in the application of inorganic 2D materials,
self-assembly of block copolymers emerges recently as an
powerful route to access organic 2D materials.> ¢ Although
block copolymers are well known to prepare core-shell mi-
cellar structures including spheres, worm-like micelles,
vesicles, preparation of 2D platelets is quite challenging
considering the requirement of epitaxial growth of the co-
polymer and t he followed-up avoidance of surface tension
decrease via bending of the lamellas.” In recent years, the
above difficulty has been partly overcome using the crys-
tallization-driven self-assembly (CDSA) strategy, where
crystalline-coil block copolymers favor the formation of
micelles with low interfacial curvature as a result of the
crystallization of the semi-crystalline segment. The CDSA
method has shown to be impressive to access many com-
plex but precisely-defined nanostructures starting from
different kinds of semi-crystalline polymers in recent
years.®'¢ Although quite a few well-controlled 2D platelet
micelles have been reported, most of them were formed in
organic solvent, while only in very limited number of cases,
water was employed as the bulk solvent with mainly bio-

logically inert blocks e.g. polyethylene glycol as the co-
rona.72° This is mainly ascribed to the lack of synthetic ac-
cessibility to bioactive polymers and the tremendous solu-
bility difference between the crystalline block and the bio-
active block. Furthermore, water is not friendly to crystal-
lization of many semi-crystalline polymers.* Therefore, the
CDSA study of block copolymers containing bioactive
block in aqueous solution is demanding which could be
utilized to fabricate 1D and 2D nanomaterials with biolog-
ical functionality.

In biological systems, the geometry and surface chemis-
try of nanoparticles have significant influence in the deter-
mination of their interactions with cells and subsequent
cellular signaling transduction.?>¢ Our previous study has
shown that 1D cylindrical glyconanoparticles induce the
inflammatory response of macrophages more efficiently
than the spherical glyconanoparticles even with a smaller
endocytosis amount.> While 2D materials, depending on
the size and surface properties, can exhibit unique behav-
iors in their interactions with cells. For example, graphene-
based 2D material have distinctive physical and mechani-
cal bio-interactions modes with cells which are governed
by their 2D geometry (shape, thickness, lateral dimension,
aspect ratio), surface charge and polarity, and mechanical
properties.* 2629 Recently, these graphene-based 2D mate-
rials have been used for diverse biological applications



Scheme 1. Synthesis route of PLLA-based diblock glycopolymer.
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such as stem cell engineering and so on.3* However, be-
sides the inorganic graphene-based 2D materials, there
have been only a small number of reports about organic 2D
structures with bioactive functional surfaces,3 32 analysis of
their structural effect on cellular response is still limited.

Herein, we aim at preparation of polymeric 2D platelet
structures in water composed of tailor-made crystalline-
coil block copolymers featuring biocompatible poly(L-lac-
tide) (PLLA) as the core-forming block and bioactive car-
bohydrate block as the hydrophilic part to provide both
colloidal stability and surface functionality. Meanwhile,
unexpected hollow diamond-shape platelet formation was
observed, we attribute that to the mild PLLA degradation.
Moreover, the cellular uptake behavior and immunological
functions of these glyco-platelets were studied for the first
time. It is worth mentioning that the contribution of the
glyco-block will be discussed in detail as not only a bio-
compatible polymer, but a real active block which carbo-
hydrate species could determine the assembly morphology
and functionality in the study of immune response.

With a combination of ring opening polymerization
(ROP), reversible addition-fragmentation chain transfer
(RAFT) polymerization, and Cu(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction, we prepared a family of
PLLA diblock copolymer amphiphiles (Scheme 1 and Table
1, see Supporting Information for synthesis details). Con-
sidering the hydrophobic character of the PLLA block, we
first tried conventional solvent-switch method for self-as-
sembly, but this approach usually led to irregular struc-
tures with mixed morphology (Figure S22). Then we turned
to seek an alternative self-assembly method i.e. CDSA tech-
nique aiming at uniform structures. Following the success
of the assembly preparation in the previous research,* pol-
ymers in solvent was dissolved as unimers at elevated tem-
perature and as the solution was cooled down, the free pol-
ymer chains would undergo homogeneous nucleation and
slowly reorganize to form crystalline nanostructures. No-
tably, in this procedure the solvent should be carefully cho-
sen in which PLLA chains have adequate mobility to crys-
tallize and the coronal block is well-solvated to stabilize
the formed nano-objects. We studied the self-assembly of
the PLLA,;-b-PMan,, in several solvents, namely methanol

Gal

Table 1. Characterization of PLLA-based diblock
glycopolymer.

Dw of Mn Grafting

a d
Polymer precursor®  (kDa)® ratio® frua
PLLAs;-b-PMan.. 115 8.9 88 % 56 %
PLLA3;-b-PMan,s 117 12.7 80 % 39 %
PLLA;;-b-PGal.;s 117 12.5 77 % 40 %
PLLA;;-b-PLac,s 117 12.1 43% £ %
PLLA,-b-PMans, 132 17.3 72% 37%
PLLA;;-b-PMans. 1.28 22.3 68 % 22%
PLLAs;-b-PManss 134 27.6 59 % 18 %

a Degree of polymerization (DP) and molecular weight were deter-
mined based on the integral result of 'H NMR. » Measured by GPC
(CHCI; or THF against polystyrene (PS) standards). ¢ Calculated based
on the integral result of 'H NMR. ¢ PLLA weight fraction in the diblock
copolymer.

(MeOH), ethanol (EtOH), water (H,O), and their mixtures
with N, N-dimethylformamide (DMF). In the cases of
EtOH or MeOH, irregular platelet-like structures were
found mostly (Figure S23). Although these solvents have
been employed in previous PLLA-containing copolymer
studies,™ the bad solubility of the glyco-block resulted in a
faster micellization rate of the polymers than its crystalli-
zation rate, leading to irregular morphologies. Only when
20 % DMF/ MeOH mixture was employed, some short cyl-
inders were found under TEM (Figure S23f). Glycopolymer
is more compatible with water, when we used aqueous so-
lution to do self-assembly, more well-defined structures
were obtained. Thus, PLLA;;-b-PMan,, was heated in aque-
ous solution with DMF content varied from 0% to 20% (0.5
mg/mL) at 8o °C for 5 h, then the polymer solution was
slowly cooled down to room temperature. As shown in Fig-
ure 1a, PLLA;-b-PMan,, assembled in pure water forming
jagged cylinders. Interestingly, when a small aliquot of the
common solvent DMF was added to the solution before
heating, leaf-like platelets were formed, and with more
DMF being used, the platelets became larger (Figure 1b, c,
d). The number-average area (An) increased nearly linearly



Column-shaped micelle

Figure 1. TEM micrographs of PLLAy;-b-PMan,, self-assembled in (a) pure H,O; (b) 5 % DMF/H,O mixture; (c) 10 % DMF/H,O
mixture; (d) 20% DMF/ H,O mixture. Polymer solution (0.5 mg/mL) was heated at 8o °C for 5 h and cooled to room temperature.
All samples were stained with uranyl acetate. Typical simulation snapshot for the final assembly in different systems: (e) pure
H.O; (f) 5 % DMF/H,O mixture; (g) 10 % DMF/H,O mixture; (h) 20% DMF/ H,O mixture. (i) Schematic illustration of CDSA
process of PLLA;-b-PMan,, diblock copolymers in aqueous solutions with/without DMF.

from 1.1x105 nm? to 3.1x105 nm> when the DMF ratio in-
creased from 5% to 20% (Table S1). However, the thickness
of all these platelets kept uniform, were about 10 nm, (Fig-
ure S24) typical of a polymer crystal with a single layer of
chain folds. 3 34These results can be rationalized by the
crystallization characteristics of the PLLA core-forming
block, where DMF acted as a “plasticizer” to increase the
solubility of the crystallizable PLLA core-forming block
and facilitated the crystallization,35. Such an apparent mor-
phology change was hardly seen in other aqueous CDSA
systems without glycopolymers.

To provide more physical insights into the DMF-ratio-
dependent morphology in the experiments, dissipative
particle dynamics (DPD) simulations (see details of DPD
method in SI) were employed to investigate the self-
assembly of glycopolymers at the molecular level. The
modeling of PLLA;;-b-PMan,, was established by using the
coarse-grained (CG) method, where each group in the pol-
ymers was represented by using one CG bead in the simu-
lation (see the inset of Fig. 1e and Figure S25). The self-as-
sembly behavior in pure water was firstly investigated. As
shown in Figure S26a, hundreds of PLLA4;-b-PMan,, were

randomly placed in the solvated simulation box at the be-
ginning. Due to the hydrophobicity of the PLLA (i.e.,
strong PLLA-PLLA interaction in H,O), the polymers
quickly formed into small aggregates. As time went on, the
small aggregates fused and changed into spherical micelles,
with the PLLA as the core and the glyco-block as the co-
rona to minimize the undesired contact between PLLA and
H,O. And such structure remained stable until the end of
the simulation. In the presence of DMF, the polymers also
aggregated with each other and then fused into spherical
micelles (Fig. S26b), which was similar to that in the case
of pure H,O. Nevertheless, as time went on (i.e., the tem-
perature decreased), there existed an obvious shape tran-
sition, i.e., from the spherical to the column-shaped mi-
celle (the glyco-block mainly distributed at the two ends of
the micelle). Due to the addition of DMF into H,O, the in-
compatibility of PLLA parts with the solvent became weak.
In addition, the conformational entropy of the PLLA parts
at low temperature was also decreased, thus the PLLA
could be stretched (to enhance PLLA-PLLA interaction)
under this situation.



In general, the DPD simulation showed that the addition
of DMF (to H,O) can induce the shape transition of mi-
celles. Such difference can be enlarged by further packing
of these micelles. As shown Figure1i, the spherical micelles
could be just packed in one direction due to the protection
of glyco-block, while the column-shaped micelles were
able to grow in a two-dimensional manner and finally
formed the 2D structure. Notably, the size of the spherical
micelle and the height of the column-shaped micelle in the
simulation was about 10 nm (Figure 1e-h), in good agree-
ment with the diameter of the jagged cylinder and the
height of the platelet (in the experiment), respectively.
These results further confirmed the rationality of the pro-
posed mechanism.

Figure 2. Different CDSA morphologies of PLLA containing
diblock copolymers caused by different carbohydrate compo-
sitions: (a) PLLA;;-b-PMan,s, (b) PLLA;-b-PGal.s, (c) PLLAS;-
b-PLac,s self-assembled in 5% DMF/H,O mixture. Polymer
solution (0.5 mg/mL) was heated at 8o °C for 5 h and cooled
to room temperature. All samples were stained with uranyl
acetate. Typical simulation snapshot for the final assembly in
different systems: (d) PLLAy;-b-PMan,s, (e) PLLA;;-b-PGal,s,
(f) PLLA;-b-PLac,s.

In nature, cells have various types of carbohydrates su-
perficial to the membrane and these carbohydrate species
are closely associated with cellular functions. To mimic
this kind of structure, we intend to study the CDSA of di-
block copolymer with different kinds of saccharides. With
the same polymer precursor PLLA,;-b-PPA,,, the impact
from the attached carbohydrate type on the final morphol-
ogy were explored. As shown in Figure 2, mannoside-con-
jugated polymer PLLA,;-b-PMan,; self-assembled into dia-
mond with a tail shape morphology, indicating that maybe
the transitional copolymer composition from cylinder to
platelet has been reached. The process could be rational-
ized as that platelets were formed at initial stage, then the
remaining polymers underwent an epitaxial growth on the
edge of the platelet to form elongated structures. However,
when galactoside, one of the stereoisomers of mannoside,
was used and the copolymers had the same backbone and
very similar grafting ratio, we found that the resultant mor-
phology was totally different, i.e. stick-like structure be-
came favored. In contrast, when lactoside was employed
with similar carbohydrate content, ill-defined platelets

were formed, similar to CDSA behaviors of PLLA;;-b-
Pman,, in EtOH or MeOH (Figure S23). To understand the
distinct self-assembly behavior of the polymers containing
different types of carbohydrates, DPD simulation was
again employed. Similar to PLLA;;-b-PMan,,, here the final
assembly of PLLA;;-b-PMan,; was also the column-shaped
micelle (Figure 2d), thus (after further packing) the plate-
lets could be observed in the experiments. While for
PLLA4;-b-PGal,,, due to the poorer solubility of galactose
and weaker carbohydrate-carbohydrate interactions,3® the
final assembly in the simulation was sphere-like structures
(Figure 2e and Figure S27). These structures are with more
crowded glyco-corona and less PLLA exposure in the mid-
dle region. Then they could not grow in all directions on
the plane to form a platelet, instead they may grow in one
favored direction and further pack into the stick-like struc-
ture, similar to previous case of PLLA;-b-PMan,, without
DMEF (the upper illustration in Figure 1i). When the type of
carbohydrate changed to lactose, the very poor solubility
of lactose led to the irregular assembly --- the PLLA and
the glyco-block just separated with each other (Figure 3f
and Figure 27b). Since here the glyco-block cannot be used
to protect the undesired contact between PLLA and H.O,
no micelle-like structure could be formed (in the simula-
tion), which may give some hint for the ill-defined aggre-
gates in the experiments.

Previous self-assembled PLLA,;-b-Pman,, platelets have
a rather rugged edge and are not lozenge-shaped like pol-
ymer single crystal, but when the polymer with a longer
PLLA block and larger hydrophilic ratio, e.g. PLLA,,-b-
Pman,,, was employed, smooth-edged diamond-shaped
platelets were formed in pm scale (Figure 3a). The result
indicated that in this system a longer PLLA would lead to
more perfect crystallization than the shorter one. The crys-
talline nature of the diamond-shaped platelets was further
confirmed by the wide-angle X-ray diffraction (WAXD)
analysis (Figure S28). The strongest peak at 16.8° comes
from the diffraction of (10)/(200) planes and the peak at
19.2° comes from (203).3° Unexpectedly, when the solvent
temperature was increased to go °C with extended heating
time to 8 h, hollow diamonds were found (Figure 3b). After
dialysis against water to remove DMF, the solid/hollow 2D
glyconanoparticles were still colloidally stable with carbo-
hydrates covered on the micelle surface (Figure S29).
Moreover, FITC-ConA (lectins specifically binding to man-
nose), or gold nanoparticles were able to be selectively la-
bel the 2D platelets as shown in Figure S30 as a conse-
quence of their specialized interactions with the platelet
corona.

In literatures, fabrication of hollow platelet structure
was seldom reported and demanded multiple steps: stage-
wise growth of patchy platelet, crosslinking of the periph-
eral section and dissolution of the central uncross-linked
region.® 37 Obviously the current attractive formation of
the hollow diamond-shaped platelet needs no complicated
and laborious steps and seems promising. We tried differ-
ent other polymers to follow the same process (9o °C, 8h,
10% DMF) hoping to realize the hollow platelet morphol-
ogy. We found that longer polymer PLLA;;-b-PMans, and
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Figure 3. TEM micrographs of block copolymer self-assem-
bled in 5 % DMF:/H,O mixture: (a) PLLA,,-b-Pmans, was
heated at 8o °C for 5 h, (b) PLLA,,-b-Pman;, was heated at 9o
°C for 8 h, (c) PLLA;;-b-Pmans, was heated at 9o °C for 8 h,
(d) PLLA,;-b-Pmangs was heated at go °C for 8 h before cool-
ing to room temperature. All samples were stained with ura-
nyl acetate. (e) Proposed formation mechanism of hollow di-
amond-shaped platelet and captured intermediate states us-
ing AFM and TEM.

PLLA;;-b-PMansgs can easily form similar hollow platelet
like PLLA,,-b-Pmans, polymer (Figure 3¢, 3d), but shorter
PLLA,;-b-PMan,, and PLLA,;-b-PMan,s polymer cannot
form hollow platelet. However, when we increase the DMF
ratio in solution, they can form hollow platelet too (for
PLLA33-b-Pmani2, 50 %DMF; for PLLA33-Pmanzs, 20 %
DMF, Figure S31). We further checked the chemical com-
position change of the PLLA,,-b-Pman,, hollow diamond
sample. We found that some block copolymer degraded
weakly after a long-time heating process at elevated tem-
perature, the degraded product can be consolidated by 'H
NMR (Figure S32). Specifically, peak intensity of the dou-
blet at 8 5.21 ppm and the quartet at & 1.47 ppm attributed
to CH group and CH; group from PLLA decreased and the
doublet at 8 4.04 ppm and the quartet at & 1.14 ppm as-
signed to the degraded products of the PLLA segments ap-
peared. DOSY spectra also told that after long time heating,
molecules with larger diffusion coefficient at chemical
shifts of 8 4.04 ppm and & 1.14 ppm appeared (Figure S33).

Combining that, we found that there are two parameters
determining the hollow platelet formation: (a) the high
polydispersity of the block glycopolymer which was caused
by weak degradation after long-time heating at elevated
temperature; (b) the adequate mobility of polymer chain
in solution/platelet which was associated with the DMF ra-
tio in solution and glyco-block length of the polymer. With
bigger DMF ratio or longer glyco-block, the polymer chain
would have better mobility. The high polydispersity of the
block copolymer allows the apparent chemical composi-
tion difference between central region and the outer region
in the platelet, and the adequate mobility of polymer chain
would make the central small platelet exfoliating from the
big platelet possible.

As shown in Figure 3e, we give a possible hollow platelet
forming mechanism. After long time heating, the resulted
shortened block copolymers might crystallize first as nu-
clei and pristine PLLA-b-Pman block copolymers add into
the diamond next. This hypothesis was confirmed by AFM
imaging. Unlike the solid diamond formed at low heating
temperature (Figure S34), AFM images of diamonds
formed with a longer heating time (Figure 4e, top right)
show a concave surface structure with a height in the cen-
tral region lower than that in the outer region. And because
the central region of the diamond has less glycopolymer to
maintain its stability than the outer region, it tends to slip
from the diamond, and this slipping process was also cap-
tured by the TEM analysis (Figure 4e, bottom right). On
the other hand, the degradation leads to change of the pol-
ymer composition, some polymers favor cylinder, which
makes some cylinders existing near the hollow diamond
understandable (Figure 3b). When we added trace of mild
base into the system to slightly promote the PLLA degra-
dation but did not cause its full degradation, nearly pure
cylinders were found from the TEM (Figure S35).
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Figure 4. (a) Schematic illustration of different glyconanopar-
ticles interacting with macrophages. (b) Dose-dependent en-
docytosis of different fluorescent PLLA,;-b-Pman,, glyconano-
particles by RAW264.7 macrophages. (c) Glyconanoparticles
with different size/shape (10 pg/mL) promoted the IL-1B, [L-12,
TNF-o, secretions of macrophages after 24 h incubation meas-
ured by ELISA. Data are expressed as the mean + SEM of three
independent experiments; *p < 0.05 and **p < o.01. Cy: cylinder,
SP: small platelet, MP: medium platelet, LP: large platelet.

We have demonstrated that PLLA-based glycopolymer
could be used to fabricate two-dimensional glyco-platelet,
then we tried to studied their interactions with cells. The
above obtained glyconanoparticles formed by PLLA4;-b-
Pman,, polymer are with well-controlled shape and size are
ideal for further biological study. Therefore, via co-assem-
bly of fluorescent PLLA,;-b-Pmancya,s polymer (synthesis
details were given in Supporting Information) with PLLA,;-
b-Pman,,, we obtained four kinds of glyconanoparticles, i.e.
cylinders (Cy), small platelets (SP), medium platelets (MP)



and large platelets (LP) which were labeled with fluores-
cence without big change of glyconanoparticles shape and
size. The residual DMF was removed by dialysis against wa-
ter, and the size of these glyconanoparticles was summa-
rized in supporting information. (Figure Sz25, Table S2). Be-
fore cellular study, the biocompatibility of these glyco-
nanoparticles was first confirmed through cell viability as-
says, which showed negligible cytotoxicity up to 100 pg/mL
(Figure S26). It was found that the shape of the glyconano-
particles has a strong influence on its cellular uptake be-
haviors: 1D glyco-cylinders have obvious higher uptake ef-
ficiency than 2D glyco-platelets. Meanwhile, the size has a
moderate effect on the cellular uptake, i.e. the LPs were in-
ternalized slightly more than the SPs (Figure 4b). We fur-
ther used the four kinds of glyconanoparticles with differ-
ent morphologies to study their immune stimulating prop-
erties by measuring the cytokine release after incubation
with RAW264.7 macrophages. Six different proinflamma-
tory cytokines IL-1f3, IL-12, TNF-a, IL-6, IL-10, CCL-2 were
evaluated after incubating these glyconanoparticles with
RAW264.7 macrophages. Compared with cylinders, all
three kinds of glyco-platelets showed stronger stimulated
secretion of the pro-inflammatory cytokines, and the small
glycoplatelets induced stronger cytokine release than the
bigger ones (Figure 4¢, Figure S27). Interestingly, the en-
docytosis experiment just showed an opposite trend com-
pared with the cytokine release behaviors. It seems that the
morphology plays a crucial role in this process, and the
platelet-shaped glyconanoparticles are more efficient in
macrophage activation than the cylinder-shaped ones,
even with smaller number of particles being uptake.

In conclusion, we demonstrated a simple method using
the CDSA of diblock glycopolymer to form different carbo-
hydrate-functionalized platelets. Furthermore, we ob-
served a morphological transition to form hollow platelets
utilizing the degradation property of the PLLA block on
heating in solution. We further move forward by employ-
ing these materials for biological study. It was found that
the glyconanoparticles of different size and morphology
showed different ability to induce the inflammatory re-
sponse. Platelet-like glyconanoparticles induce the inflam-
matory response more efficiently than cylinder-like ones
and smaller glyco-platelets demonstrated higher stimulat-
ing efficiency. The choice of platelet with optimized size
opens a new avenue to construct biodegradable immune
stimulating materials, which might be useful to convert
immunoseppressive tumor microenvironment in cancer
immunotheapy.
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